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Angiogenesis, the outgrowth of new blood vessels from existing vasculature, is

critical during development, tissue formation, and wound healing. In response

to vascular endothelial growth factors (VEGFs), endothelial cells are activated to

proliferate and move towards the signal, extending the vessel. These events are

directed by VEGF-VEGF receptor (Vegfr2) signal transduction, which in turn is

modulated by heparan sulfate proteoglycans (HSPGs). HSPGs are glycoproteins

covalently attached to HS glycosaminoglycan chains. Transmembrane protein

184a (Tmem184a) has been recently identified as a heparin receptor, which is

believed to bind heparan sulfate chains in vivo. Therefore, Tmem184a has the

potential to fine-tune interactions between VEGF and HS, modulating Vegfr2-

dependent angiogenesis. The function of Tmem184a has been investigated in

the regenerating zebrafish caudal fin, but its role has yet to be evaluated during

developmental angiogenesis. Here we provide insights into how Tmem184a

contributes to the proper formation of the vasculature in zebrafish embryos.

First, we find that knockdown of Tmem184a causes a reduction in the number

of intact intersegmental vessels (ISVs) in the zebrafish embryo. This phenotype

mimics that of vegfr2b knockoutmutants, which have previously been shown to

exhibit severe defects in ISV development. We then test the importance of HS

interactions by removing the binding domain within the Tmem184a protein,

which has a negative effect on angiogenesis. Tmem184a is found to act

synergistically with Vegfr2b, indicating that the two gene products function

in a common pathway to modulate angiogenesis. Moreover, we find that

knockdown of Tmem184a leads to an increase in endothelial cell

proliferation but a decrease in the amount of VE-cadherin present.

Together, these findings suggest that Tmem184a is necessary for ISVs to

organize into mature, complete vessels.
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Introduction

Studies of developmental angiogenesis in mice and zebrafish,

among other model organisms and tissue models, have resulted

in a good understanding of the developmental timing, vessel

patterning, cellular compositions, and control mechanisms of

angiogenesis (reviewed in Geudens and Gerhardt, 2011; Herbert

and Stainier, 2011). While many specific signaling systems that

control the process have been characterized (Herbert and

Stainier, 2011), new details of the signaling systems continue

to be identified (e.g., Corti et al., 2019). The zebrafish, Danio

rerio, is one commonly used model to study vascular

development as the embryos are completely transparent

during embryogenesis, and development to adulthood occurs

in about 2–3 months (e.g., Higashijima, 2008). Moreover, a

reporter line has been established (Lawson and Weinstein,

2002). Transgenic zebrafish, expressing EGFP driven by the

fli1 endothelial cell (EC) marker, express EGFP specifically in

ECs. This aids in the visualization of cell migration and change

during vascular development (Lawson and Weinstein, 2002).

Vasculogenesis begins in zebrafish at 14 h post fertilization

(hpf) when the first population of angioblasts within the lateral

plate mesoderm begins to migrate towards the embryonic trunk

midline (Gavard and Gutkind, 2006; Geudens and Gerhardt,

2011; Helker et al., 2013). This is followed by angiogenesis, the

process by which new vasculature develops from existing vessels

(Geudens and Gerhardt, 2011; Gore et al., 2012; Chiodelli et al.,

2015). Angiogenesis is promoted through EC proliferation, EC

migration toward angiogenic signals, adjustments in

permeability to allow for tissue growth, and EC survival

(reviewed in Herbert and Stainier, 2011; Koch et al., 2011;

Chiodelli et al., 2015; Simons et al., 2016).

During developmental angiogenesis in zebrafish, sprouts

begin to deploy from the dorsal aorta in a carefully

choreographed manner, forming a regular array of ISVs

(Childs et al., 2002). The aortic migrant cells will then follow

the same track, forming the stalk of the vessel (Gavard and

Gutkind, 2006; Hasan et al., 2017). These stalk cells elongate and

are held together by vascular endothelial cadherin/Cadherin 5

(VE-cadherin/Cdh5) junctions, responsible for cell-cell adhesion.

By 30 hpf, there is a pattern of VE-cadherin extending along the

vessel’s axis (Blum et al., 2008). As ISV development continues,

the tip cell will eventually reach the dorsal side of the embryo

(Blum et al., 2008). The stalk cells follow behind, ultimately

contributing to the formation of the dorsal longitudinal

anastomotic vessel (DLAV) (Blum et al., 2008). As these stalk

ISVs extend, the VE-cadherin facilitates the elongation (Sauteur

et al., 2014) and is involved in initiating interactions between cells

from adjacent ISVs leading to completion of the ISVs and

anastomosis and resulting DLAV production (Sauteur et al.,

2017). One convenient aspect of using ISV development in

zebrafish to study signaling within and between endothelial

cells is that the mural cell recruitment to the trunk vessels is

relatively slow, resulting in few VSMC or pericytes associated

with the DA before 72 hpf (Santoro et al., 2009; Whitesell et al.,

2014). Using live imaging, the appearance of some mural cells on

the ventral portion of the DA began about 36 hpf (Ando et al.,

2016), but a requirement for Pdgf signaling for ISV development

that did not depend on mural cells has been noted (Wiens et al.,

2010). ISV sprouting starts around 24 hpf, and there is no

evidence for pericytes or VSMCs on the ISVs until after the

vessels anastomose forming the DLAV (Whitesell et al., 2014).

Angiogenesis is significantly driven by VEGFs. In the

zebrafish, VEGFs are initially expressed in the medial region

of the somites along with several brain regions (Liang et al.,

1998). A crucial VEGF during angiogenesis is VEGF-A (Koch

et al., 2011). When a VEGF-A ligand binds to Vegfr2, the

complex of which is stabilized by HS, the receptor dimerizes

resulting in a conformational change that activates it (Koch et al.,

2011). At this point, Vegfr2 phosphorylates specific intracellular

tyrosine residues, transducing signals in the cell cytoplasm that

result in an increase in the EC proliferation, migration, and

survival, which are all required during angiogenesis (Koch et al.,

2011). Ligand binding by Vegfr2 also triggers endothelial Notch/

Delta signaling, which in turn signals cell differentiation and

outgrowth from the dorsal aorta (Hasan et al., 2017) through

limiting tip cell development and branching (Leslie et al., 2007;

Siekmann and Lawson, 2007; Suchting et al., 2007).

Interactions of HSPGs with growth factors (including VEGF)

and their receptors have been shown to be crucial in vascular

development reviewed in (Herbert and Stainier, 2011; Chiodelli

et al., 2015). HSPGs, consisting of a core protein attached to

heparan sulfate (HS) side chains, are ubiquitously found at the

cell surface in nearly all eukaryotic cells (Bernfield et al., 1999).

Despite the large number of HS binding proteins, the detailed

mechanisms by which heparin and HS initially alter angiogenesis

are not completely understood. Prior studies (Chen et al., 2004)

identified the HSPG Syndecan-2 (Sdc2) as required for vascular

development in zebrafish. Evidence for roles of Sdc1 in mice

(Beauvais et al., 2009) and Sdc4 (Echtermeyer et al., 2001; Nunes

et al., 2008; Baeyens et al., 2014; Johns et al., 2016) have also been

found. Recent work has identified VEGFA/VEGFR2 specific

requirements for Sdc2 that depend upon Sdc2 protein-induced

specific sulfation changes (Corti et al., 2019).

While HS effects have often been presumed to depend

solely on HS interactions with growth factors and their

receptors, numerous studies have suggested that a receptor

for heparin plays a role in these responses as well. For

example, treatment with exogenous heparin has been used

to identify novel heparin/HS binding proteins (Sarrazin et al.,

2011; Schultz et al., 2017). The heparin receptor, Tmem184a,

was identified in vascular cells (Farwell et al., 2016; Pugh et al.,

2016) with a putative heparin binding domain at the

C-terminal region of the protein. Heparin binds specifically

to Tmem184a which is required for anti-proliferative

signaling cascades induced by heparin treatment of vascular

Frontiers in Physiology frontiersin.org02

Field et al. 10.3389/fphys.2022.845407

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.845407


cells in vitro (Gilotti et al., 2014; Farwell et al., 2016; Pugh

et al., 2016; Li et al., 2020).

Tmem184a has been characterized in vivo in the adult

regenerating zebrafish fin. Interestingly, Tmem184a-

knockdown (KD) in the regenerating fin caused reduced

vascular outgrowth and reduced regenerate length, but an

increased number of ECs and disorganized vessels (Farwell

et al., 2017). These findings suggest that Tmem184a function

is required to limit the proliferation of ECs and thereby modulate

vessel outgrowth during regeneration. Here, we provide evidence

that Tmem184a functions similarly during development.We find

that morpholino (MO)-mediated KD of Tmem184a significantly

decreases the number of intact ISVs in an embryo, mimicking

vegfr2b phenotypes (Habeck et al., 2002; Bahary et al., 2007;

Covassin et al., 2009; Villefranc et al., 2013) while decreasing

embryo survival and demonstrate that reduced Tmem184a and

Vegfr2b synergize during ISV outgrowth.

Tmem184a binds exogenous heparin in vitro and is

responsible for anti-proliferative signaling cascades induced by

heparin (Farwell et al., 2016; Pugh et al., 2016; Farwell et al.,

2017). We hypothesize that it normally interacts with HS chains

in cells. Here we report that Tmem184a has similar effects in

developing zebrafish embryos. Tmem184a KD-reduced ISV

outgrowth is accompanied by increased EC proliferation, and

a decrease in the amount of VE-cadherin expression responsible

for EC adhesion. The putative heparin binding domain is crucial

for Tmem184a effects on angiogenesis. The carboxyl terminal

region containing the putative heparin binding domain is crucial

for the function, and increased expression of Tmem184a lacking

this region results in a dominant negative effect on ISV

outgrowth. These findings are consistent with our previous

in vitro studies and Tmem184a function during fin

regeneration angiogenesis.

Materials and methods

Statement on the ethical treatment of
animals and zebrafish care, housing and
husbandry

This study was performed in accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health.

This protocol was approved by Lehigh’s Institutional

Animal Care and Use Committee (IACUC) (Protocol #

222, initially approved 4/13/2017 and more recently as

protocol 172 approved 10/8/21). Lehigh University’s

Animal Welfare Assurance Number is A-3877-01. All

experiments were conducted to minimize pain and

discomfort. All zebrafish were housed in a re-circulating

system built by Pentair, in 3L tanks with up to 12 fish per

tank. The fish room was on a 14:10 light: dark cycle with a

room temperature maintained at 27–29°C. Water quality was

monitored automatically and dosed to maintain conductivity

(400–600 μs) and pH (6.95–7.30). Nitrogen levels were

maintained by a biofilter and a 10% water change was

performed daily. Re-circulating water was filtered

sequentially through pad filters, bag filters, and a carbon

canister before circulating over ultraviolet lights for

sterilization. Fish were fed three times a day, once with

brine shrimp (hatched from INVE artemia cysts) and twice

with flake food (Zebrafish Select Diet, Aquaneering Inc.).

Zebrafish strains

The zebrafish C32 strain described previously (Rawls et al.,

2003) was used as the animal model for this study. The Tg (fli1:

egfp) transgenic line (as described in Lawson and Weinstein,

2002) was employed for this study. Both males and females were

utilized.

Morpholino injection

MOs purchased from GeneTools, LLC (Philomath, OR) were

dissolved in sterile ddH₂O, at a 1 mM concentration. MOs were

heated to 65°C prior to use. All MOs were tagged with either

fluorescein or lissamine rhodamine. Two non-overlapping MOs

against Tmem184a, published previously (Farwell et al., 2017),

were used: one that was an ATG translational start site blocker

(5′-CTGAGAGTAGTTTCATTCATCCTGA-3′) and one that

was a splice site blocker between exon two and three (5′-AAA
CAGGCACACTCACTGAATGGGC-3′). One MO was used

against Vegfr2 (5′-CCGAATGATACTCCGTATGTCACTT-
3′). This MO has been previously published and confirmed

for Vegfr2 in (Habeck et al., 2002). A fluorescein labeled

“standard control” (SC) MO was used as a control (5′-CCT
CTTACCTCAGTTACAATTTATA-3′). Microinjections were

performed at the 1 cell stage using the Narishige IM 300

Microinjector and Nikon SMZ 800 for visualization. Embryos

were injected with a standard dose of 1 mM unless noted

otherwise. Zygotes were sorted for viability and fertilized

embryos were kept in an egg water and Ampicillin solution

overnight at 28°C. Embryos were then sorted for vascular

expression of GFP using the Nikon Eclipse 80i fluorescence

microscope. GFP-positive (GFP +) embryos were grown to 48

h, de-chorionated using pronase, fixed in 4% paraformaldehyde

(PFA), and kept at 4°C overnight. Embryos were then stored in

phosphate buffered saline (1x PBS) at 4°C in the dark for long

term use. Survival of all embryos was recorded, and survival plots

are based on survival of treated embryos vs. survival of SC

injected embryos. SC injected embryos typically survive at

89% of uninjected siblings, likely due to some damage during

injections.
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Embryo lysates and immunoblotting

MO-injected embryo lysates were made at 48 hpf for

Tmem184a knockdown and standard control. Embryos were

de-chorionated with pronase and transferred to a dish containing

ice cold de-yolking solution composed of phenylmethylsulfonyl

fluoride (0.3 mM PMSF), Ethylenediaminetetraacetic acid

(0.5 mM EDTA), and Ringer’s solution. Yolks were removed

by pipetting up and down with a P200 pipette and monitored

using the Nikon SMZ 800 microscope. The de-yolked embryos

were washed twice with ice cold Ringer’s solution and excess

liquid was removed. The embryos were suspended in sterile water

(1 µL/embryo) and flash frozen in liquid nitrogen. They were

kept at -80°C until the next step. After thawing on ice, they were

homogenized in 2X-SDS sample buffer at the ratio of 2 µL/

embryo, and then sonicated for 10 s and boiled for 5 min.

Lysate samples were stored at -80°C and boiled again before

use. Alternatively, single embryos were prepared using essentially

the method of (Schnabel et al., 2019). Three embryos per

treatment were combined in 20 µL of embryo buffer with

protease inhibitor cocktail, homogenized and mixed with 5X

sample buffer before boiling and running on a gel. Protein

expression was evaluated using fluorescent western blotting as

described previously in (Farwell et al., 2016). A primary antibody

specifically for zebrafish was used to detect VE-cadherin (1:2000,

GenScript). This polyclonal antibody was generated against

amino acids 186-372. Alexa 647 anti-rabbit (1:5000, Jackson

Immuno Labs #711 605 152, RRID:AB_2492288) was used to

detect VE-cadherin primary antibody. Mouse anti-tubulin (1:

10000, Abcam #7291, RRID:AB_2241126) was used to confirm

equal sample loading. Alexa 488 anti-mouse (1:5000, Jackson

Immuno Labs #715-545-150, RRID:AB_2340846) was used to

detect the tubulin primary antibody. Secondary antibodies are

affinity purified to reduce cross-species interactions. ImageJ was

then used to measure band intensities as described in (Banerji

et al., 2016).

Imaging analysis of embryos

Fixed embryos were mounted on double cavity slides using

either 3% methyl cellulose or 1% low melt agarose for

embedding. After the embryos were oriented from head (left)

to tail (right), they were covered with a coverslip. The vascular

phenotype was observed using either the Nikon C2+ confocal

microscope or Zeiss LSM 880 confocal microscope. Z-stack and

still images were taken for analysis. Z-stacks of the whole embryo

were taken to ensure to that vascular growth was mirrored for the

dorsal aorta and cardinal vein. These images were then analyzed

to quantify the number of intact intersegmental vessels along the

trunk and tail of the embryo. For consistency, completed ISVs

were counted starting three from the head down to the cloaca.

Most images are shown as maximum intensity projections of one

half of the fish (thereby including one of the two paired ISVs), or

as maximum intensity projections of the entire fish if so noted.

Only the ISVs that had completed growth up to the DLAV were

considered intact. ImageJ was used to measure the distance

between ISV.

mRNA treatments

Full length mRNA (i.e., 5′UTR plus coding sequence)

encoding 420 amino acids and tmem184a-ΔCT mRNA

(i.e., full length minus coding for the final 100 amino

acids—referred to as the C-terminal domain) for Tmem184a

were synthesized in the pcDNA3.+ plasmid by GenScript. For

each sequence, the plasmid DNA was then linearized by

performing an AvrII digest (NEB). The Invitrogen mMessage

mMachine kit was used to generate capped tmem184a mRNA

and tmem184a-ΔCT mRNA. The concentration was assessed

using the Thermo Scientific Nanodrop 2000; size and integrity of

the mRNAwas evaluated on a formaldehyde gel and imaged. The

mRNAs were diluted to a concentration of 25 ng/μL or 100 ng/μL

with phenol red for visualization. This was heated at 65°C for

5 min and then injected into zebrafish embryos at the 1 cell stage

as described above. The 25 ng/μL mRNA or 100 ng/μL were also

co-injected into embryos that had been injected with the

Tmem184a splice blocking morpholino (i.e., which does not

target the synthesized mRNA). Both the mRNA injected

embryos and co-injected rescue embryos were fixed in 4%

PFA overnight at 48 hpf and then ISV growth was analyzed

using the Nikon C2+ confocal microscope, ×4 objective to

observe the entire embryo and ×16 objective to observe and

analyze ISVs growth within the trunk (defined as starting three

ISVs from head to the cloaca).

PH3 cell proliferation assay

Cell proliferation in 48 hpf GFP + zebrafish embryos was

measured by immunostaining for histone-3-phosphate (PH3)

as described previously for fins (Farwell et al., 2017). Embryos

were washed in 1x PBS (3 × 5 min) in a 24 well plate, followed

by blocking with PH3 buffer (2% BSA/1x PBS, BSA, 0.01%

TX100) for 1 hr. The embryos were placed in primary

antibody (anti-PH3 rabbit (1:100, Millipore 06-570, RRID:

AB_310177) and mouse anti-GFP (1:200, Santa Cruz sc9996,

RRID:AB_627695) made in 2% BSA/2xPBS and incubated in a

dark room overnight (4°C). The anti-GFP antibody ensured

that sufficient staining was present to discriminate nuclei in

the ECs from other nuclei in the embryo. The following day,

the embryos were washed with PH3 blocking buffer 3 ×

5 mins. The embryos were then placed in secondary

antibody (Alexa 647 anti-rabbit (1:200, Jackson Immuno

Labs #711 605 152, RRID: AB_2492288) and TRITC anti-
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mouse (1:200, Jackson Immuno Labs #715-025-151, RRID:

AB_2340767) made in 2% BSA/2x PBS and incubated in a

dark room overnight (4°C). Secondary antibodies were

purchased as affinity purified to reduce cross-species

interactions. Embryos were washed 3 × 5 min in 1x PBS.

PH3 stained Tmem184a KD embryos, and PH3 stained

standard control embryos were imaged for EGFP and

PH3 with the ×10 objective of the Nikon C2+ confocal

microscope. Z-stacks were taken of each embryo image. To

analyze the PH3-positive cells in Fli1-positive endothelial

cells, PH3 was pseudocolored to red and EGFP was

pseudocolored to green for all embryos. The Z-stacks were

projected in 3D and individual PH3/Fli1-positive nuclei were

confirmed by rotating in all directions. The positive cells

showed co-localization of PH3 and Fli1 in yellow. These

data were quantified by observing the images and

calculating the percent of ISVs containing an PH3-stained

nucleus (Farwell et al., 2017).

Immunofluorescence of VE-cadherin
cdh5 in zebrafish embryos

To stain VE-cadherin in the zebrafish, a polyclonal antibody was

generated in rabbit (GenScript) against zebrafishVE-cadherin (amino

acids 186-372). This peptide was used to confirm specific peptide

binding of the antibody in Westerns. Tmem184a ATG MO and SC

MO zebrafish embryos fixed at 43 hpf were utilized. Two to four

embryos were stained per trial. Each embryo was placed in a different

well, in a twenty-four well plate. They were first washed in 1xPBST

(1xPBS/0.1% Tween20) 4 × 5min, removing the embryo each time

after a wash and placing it in a new well using a glass pipet. A fifth

wash was done for 1 hour in 1xPBSTX (1xPBS/0.1%Tween/0.1%

Triton). The embryos were then blocked for 1 h (1xPBSTX/10%

BSA). Subsequently, the zebrafish embryos were placed in primary

antibody solution (VE-cadherin 1:200, GenScript) diluted in

1xPBSTX 1% BSA and incubated in a dark room at 4°C

overnight. The following day the zebrafish embryos were washed

5 × 10min and 3 × 1 h with 1xPBSTX 1% BSA. Afterward, the

embryos were placed in a secondary antibody solution (Alexa-

647 anti-rabbit 1:1,000, Jackson Immuno Labs #711-605-152,

RRID: AB_2492288), made in 1xPBSTX 1% BSA and incubated

in a dark room at 4°C overnight. The following day, the embryos were

washed for 4 × 5min in 1xPBST and then mounted onto double

cavity slides for imaging on the Zeiss LSM 880 at ×20 magnification.

Z-stacks were taken for both arterial and venous intersegmental

vessels separately. Maximum intensity projections were then

utilized to better visualize the ISVs, and intensity for each ISV was

determined. Intensities of individual cell to cell adhesions within the

ISVs were also determined.

Statistical analysis

All data shown are presented as the mean ± standard

error of the mean. A two-tailed unpaired t-test was used to

determine if there was a statistically significant difference in

experiments that compared two groups, and an ANOVA test

followed by a Tukey post hoc test was used to compare

multiple groups. A power test analysis was used to

determine the necessary sample size (n) to ensure we had

true significance. Only values giving p < 0.05 are reported as

significant. The statistical software used for analyzing the

data was Prism8.

Results

Evidence for Tmem184a roles during
developmental angiogenesis

Our prior studies on the role of Tmem184a during

angiogenesis in regenerating fins provided evidence that in

vivo, Tmem184a is expressed only in endothelial cells,

whether before amputation or during regeneration (Farwell

et al., 2017). To confirm that the MO treatment of embryos

also results in knockdown of Tmem184a in development, we

identify consistent decreases in Tmem184a protein in

embryos treated with Tmem184a MO (Figure 1).

Tmem184a KD results in decreased
survival and a decreased number of
completed intersegmental vessels

In order to better understand the role of Tmem184a

during angiogenesis in the zebrafish embryo, we performed

MO-mediated KD of the protein and then observed the

resulting vascular phenotypes in embryos with decreased

FIGURE 1
Tmem184a MO Treatment Results in Tmem184a Protein
Decrease. Embryos were injected with SC or Tmem184a ATG MO
and harvested for western blotting. Three identically treated
embryos constituted a single sample. One of three identical
experiments is shown with the graph summarizing the data.
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levels of Tmem184a. KD was performed using two non-over-

lapping MOs, including an ATG blocker, which blocks the

translational start site, and a splice blocker (SB), which

inhibits pre-mRNA processing. We also used a standard

control (SC) MO for comparison. The ATG MO, SB MO,

and SCMO were injected into embryos at the 1 cell stage using

the Tg (fli:egfp) zebrafish transgenic line. To determine

whether Tmem184a KD had any detrimental effect on

trunk vasculature, we imaged MO-injected Tg (fli:egfp)

-positive embryos at 48 hpf (Figures 2A–E). Similar to

uninjected siblings, embryos injected with the SC MO did

not exhibit any defects in vascular development. Tmem184a

MO KD using either targeting MO resulted in significantly

fewer intact ISVs as compared to embryos injected with the SC

MO (Figures 2A,A’ vs 2B,C). Only vessels that successfully

completed outgrowth to converge with the DLAV were

considered intact. Without normal levels of Tmem184a

expression, ISVs began to sprout similarly to control

embryos, but often did not complete outgrowth by 48 h,

resulting in shortened vessel length and an incomplete

DLAV. On average, ATG MO injected embryos had only

7 intact ISVs in the trunk and SB MO injected embryos

had 11, whereas SC embryos have 16 (Figure 2F),

suggesting that Tmem184a is required for proper

angiogenesis.

We previously demonstrated the specificity of both

Tmem184a MOs targeting the Tmem184a protein in the

regenerating zebrafish fin model (Farwell et al., 2017). To

further confirm this specificity, we tested mRNA rescue of

the Tmem184a KD to demonstrate that the observed

phenotypes are due to reduced Tmem184a protein. We

prepared full length, capped mRNA. Embryos were

injected with the Tmem184a SB MO (i.e., which does not

target the in vitro synthesized tmem184a mRNA), followed

by an injection of 25 ng of mRNA. We found that there was a

significantly greater number of intact ISVs in the doubly

injected embryos as compared to embryos injected with the

Tmem184a SB MO alone (Figures 2E vs 2C). Therefore, the

FIGURE 2
Tmem184a KD Results in Decreased Number of Intact Intersegmental Vessels. (A,A9) SCMO injected embryo (n = 35). (B,B9) Tmem184a SB MO
injected embryo (n = 25). (C,C9) Tmem184a ATGMO injected embryo (n = 19). Asterisks indicate ISVs that failed to complete injected embryos. (D,D9)
Injection with full-length Tmem184a mRNA alone (n = 21). (E,E9) Co-injection with full-length Tmem184a mRNA rescues vascular defects in
Tmem184a SBMO injected embryos (n = 15). (A9–E9) illustrate zoomed trunk regions of the fish. (F). KD by SB and ATGMOs compared to SCMO
embryos and rescue embryos with SB MO and Tmem184a mRNA, illustrating the mean number of intact ISVs ± SEM. p < 0.001. (G) Embryo survival
for all treatments shown as compared to SC embryo survival at 24 h ± SEM p < 0.001.
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tmem184a mRNA rescues the defective vessel phenotype and

restores vessels to an intact length. The tmem184a mRNA

alone had no significant effect on the ISV phenotype (such as

induction of additional vasculature) when injected into

embryos not also subjected to the Tmem184a MO

(Figure 2D).

We also note that Tmem184a targeting MOs impact

survival (Figure 2G). At 24 h, the KD embryos survived

slightly less often than SC MO treated embryos, and

survival of the KD embryos decreased further at 48 h.

These results suggest that the Tmem184a KD treatment

had a negative impact on embryo survival beyond the

angiogenesis effects we monitored. The number of

survivors in KD embryos did not change dramatically after

48 h, at which point, MO efficacy may be reduced

(i.e., regenerating caudal fin vasculature eventually

recovered and grew out over time). Importantly, survival of

KD embryos that also received the tmem184amRNA matched

the SC MO embryo survival (Figure 2G) further supporting

the idea that the Tmem184a KD was detrimental to the

embryo survival (i.e., since replacing the Tmem184a by

providing mRNA to direct synthesis of the intact protein

countered the KD effects). We note that the survival of the

tmem184amRNA injected embryos that were not also injected

with any MO was slightly lower than the control or rescue

embryos in this assay, but was significantly higher than

either KD treatment. Therefore, there might also be an

impact of too much Tmem184a protein in early embryos,

but we did not observe evidence of that in the trunk

vasculature.

We further demonstrated MO specificity by testing the

Tmem184a ATG and SB MOs for synergistic effects when co-

injected at sub-threshold dosages. Thus, we employed MO

concentrations that showed limited defects in vascular

outgrowth and increased survival for both the Tmem184a

ATG and SB MOs (Supplementary Figures S1A–D). If both

the Tmem184a ATG and SB MOs share a common target

(i.e., tmem184a), more severe phenotypes are expected in

embryos injected with both 0.50 mM ATG MO and

0.75 mM SB MO. Indeed, we found that the number of

intact ISVs in the co-injected embryos was smaller than

expected compared to the simple additive effect of the two

MOs (Supplementary Figure S1E). Further, the two

subthreshold MOs together resulted in lower survival than

the additive effect of the two subthreshold MOs

(Supplementary Figure S1F). These findings provide

evidence for synergy, signifying that both non-overlapping

ATG and SB MOs directly target tmem184a, rather than

producing a phenotype caused by off-target effects. The

evidence that these MOs decrease Tmem184a protein levels

(Figure 1 and our earlier work), in addition to the successful

tmem184a mRNA rescue of MO-induced phenotypes and

demonstrated evidence for synergy of the ATG and SB

MOs provide strong support for the conclusion that

Tmem184a is required during angiogenesis.

Removing Tmem184aHS binding domains
negatively affects angiogenesis

Because Tmem184a was identified as a heparin receptor, it

was important to determine whether the role of Tmem184a in

vascular effects depended on its ability to interact with heparin

and/or HS chains. We previously identified a putative heparin/

HS binding location near the carboxyl terminus of Tmem184a

(Pugh et al., 2016). To test the importance of this putative HS

binding domain in Tmem184a in developmental angiogenesis,

we designed and studied an mRNA variant of tmem184a lacking

the sequence coding for its C-terminal domain and HS binding

site (i.e., tmem184a-ΔCT) (see Figures 3A–F). Unlike the full

length tmem184a mRNA, the tmem184a-ΔCT alone had

significant negative impacts on survival similar to the MOs

(Figure 3G). Embryos injected with 25 ng/μl tmem184a-ΔCT

showed abnormal ISV development (Figure 3E). The average

number of complete ISVs present at 48 h in the 25 ng/μL

tmem184a-ΔCT injected embryos was significantly lower than

in the embryos that were injected with the standard control MO,

and significantly different from injection of 25 ng/μl of the full

length tmem184a mRNA (Figures 3C,C′). Brightfield images

with these treatments do not illustrate differences indicating

additional changes in the fish. Increasing the concentration of

injected tmem184a-ΔCT mRNA to 100 ng/μL further decreased

survival, but had a similar effect on the number of completed

ISVs (Figures 3D,D’). In addition, we noted an increased lateral

distance between ISVs following injection of both doses of

tmem184a-ΔCT mRNA (Figure 3F). The 25 ng/μl dose

increased the distance between ISVs to about 58 μm

(i.e., compared to about 51–53 μm for either the SC MO or

the full length tmem184a mRNA at 25 ng/μL). The 100 ng/μL

dose further increased the distance between ISVs (Figure 3F).

These results indicate that the expression of the Tmem184a-ΔCT
variant inhibits the function of endogenous Tmem184a, and

further suggests that the HS binding domain is important for fish

survival and in modulation of ISV development.

We then tested whether the tmem184a-ΔCT mRNA could

contribute to the rescue of the KD phenotypes of the SB MO

despite causing negative impacts when injected alone

(Figures 4A–E). Embryos were first injected with the

Tmem184a SB MO followed by an injection of tmem184a-

ΔCT mRNA. In embryos that were doubled injected with

25 ng/μL of tmem184a-ΔCT and SB MO, the average number

of intact ISV was about 10, similar to the SB MO alone and the

25 ng/μL alone (Figure 4F). Moreover, embryos that were double

injected with 100 ng/μL tmem184a-ΔCT and SB MO the average

number of intact ISVs decreased further, suggesting that

increasing the dose of the tmem184a-ΔCT mRNA had a
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negative impact on angiogenesis when combined with

Tmem184a KD. These results also indicated that the

truncated Tmem184a could not rescue the Tmem184a KD.

These results are in striking contrast with the injections of the

full length tmem184a mRNA in SB MO treated embryos, which

instead rescues the number of ISVs to wild-type levels (i.e., as

shown for comparison in Figures 4F,G). In addition, injection of

the tmem184a-ΔCTmRNA with the SB MO decreases survival to

around 50% of the SC survival (Figure 4H). These data suggest

that the heparin/HS binding domain is critical for the function of

Tmem184a in angiogenesis, and also decreases embryo survival,

possibly through the effects on angiogenesis.

In embryos that were injected with tmem184a-ΔCT after the

SB Tmem184a MO, we also saw the distance between ISVs

increase compared to embryos that were injected with

tmem184a-ΔCT alone. To ensure the change is not an artifact

of the SB MO we measured fish with the SB Tmem184a MO

injections alone and found the average distance between each ISV

was unchanged compared to the SC and ATG MOs (Figure 4G).

The increased length between ISVs was not part of an overall

significant increase in length of these fish. These results using

tmem184a-ΔCT provide insight regarding the Tmem184a

modulation of angiogenesis by indicating the critical nature of

the probable HS binding domain.

FIGURE 3
Removing HS binding domains negatively affects Angiogenesis. Embryos were injected with (A,A9) SC MO (n = 20) (C,C9) 25 ng/μL tmem184a
ΔCT (n = 60) or (D,D9) 100 ng/µL tmem184a ΔCT (n = 60) and evaluated at 48 hpf as described in Methods. SB results are shown for comparison
(B,B9). (A99–D99) illustrate brightfield images from identically treated embryos. Graph (E) illustrates the intact ISVs in SC, tmem184a -ΔCT at either
concentration. p < 0.001 (F) The distance between ISVs was measured for each treatment using Image J. P < 0.001 (G) Embryo survival for all
treatments illustrated relative to 24 h survival of SC embryos.
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Tmem184a and Vegfr2 function
synergistically to modulate angiogenesis

Angiogenesis is driven by VEGF binding to its receptor

(Vegfr2). Vegfr2b mutants have known defects in

angiogenesis and exhibit shorter ISVs or vessels that fail to

sprout at all. This phenotype is recapitulated by MO-mediated

knockdown of Vegfr2 as well (e.g., Figures 5A vs 5B). We

hypothesized that Tmem184a interacting with HSPGs might

cooperate with Vegfr2 signaling. We utilized a previously

characterized Vegfr2b MO to test if Tmem184a and

Vegfr2b function in a common pathway to influence

angiogenesis (Figures 5A–E). We first demonstrated that we

could recapitulate the previously published vegfr2b

phenotypes. Embryos injected with the Vegfr2 MO had

only 4 intact ISVs on average at 48 hpf as compared to the

FIGURE 4
tmem184a-ΔCTmRNA does not rescue knockdown phenotypes. Embryos were injected with (A,A9) SC MO (n = 20) (B,B9) SB MO followed by
25 ng/μL full-length Tmem184a mRNA (n = 60) (C,C9) SB MO (n = 40) (D,D9) SB MO followed by 25 ng/μL tmem184a-ΔCT (n = 60) or (E,E9) SB MO
followed by 100 ng/µL tmem184a-ΔCT (n = 60) and evaluated at 48 hpf as described inMethods. (F) The graph illustrates the intact ISVs in SC, rescue
(SB MO plus full-length Tmem184a mRNA as in Figure 2) embryos, SB MO plus tmem184a-ΔCT at either concentration. p < 0.001. (G) The
distance between ISVs was measured for each treatment using Image J. P < 0.001. (H) Embryo survival for all treatments illustrated relative to 24 h
survival of SC embryos.
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SC MO, which had 16 intact ISVs on average (Figure 5F). We

next tested if Vegfr2 and Tmem184a work together in a

common molecular pathway by testing for synergistic

effects of the two MOs (Figure 5F). The sub-threshold dose

of the Vegfr2 MO (0.25 mM) was then co-injected into

embryos at the 1 cell stage along with the Tmem184a ATG

MO at 0.50 mM. At these concentrations, neither MO alone

has much effect on survival or ISV completion at 48 hpf

(Figure 5G). The survival of the co-injected embryos was

lower than the additive effect of the two subthreshold MOs

(Figure 5H). And, we found that the co-injected embryos

exhibited significantly fewer intact ISVs as compared to

the additive effects of the two MOs (Figure 5G).

Together these findings suggest that Tmem184a and

FIGURE 5
Tmem184a and Vegfr2 Function Synergistically to Modulate Angiogenesis. (A,A9) Standard control MO injected embryos (n = 35). (B,B9)
Vegfr2 MO injected embryos (n = 20). Asterisks indicate ISVs that have failed to complete growth. (C,C9) Embryos injected with the subthreshold
concentration of the Tmem184a ATG MO (0.50 mM) (n = 14). (D,D9) Embryos injected with the subthreshold concentration of the Vegfr2 MO
(0.25 mM) (n = 8). (E,E9) 48 hpf embryos co-injected with both subthreshold concentrations of the Tmem184a ATG and Vegfr2 MOs (n = 37).
Asterisks indicate ISVs that failed to complete growth. (F) This graph illustrates themean number of intact ISVs ± SEM in 1 mmVegfr2 and SCMOs. p <
0.01. (G) The graph is the mean number of intact ISVs ± SEM in subthreshold injected Tmem184a ATG and Vegfr2 MOs as compared to both
subthreshold MOs. p < 0.01. (H) Embryo survival for all treatments illustrated relative to 24 h survival of SC embryos.
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Vegfr2 are acting in a common pathway to modulate

angiogenesis.

Tmem184a knockdown causes an
increase in endothelial cell proliferation

Angiogenesis is dependent upon the Vegfr2 signaling

cascade in order for ECs to proliferate and form a vessel.

Published data indicate a decrease in EC proliferation in

vegfr2b mutants. A similar change in the number of

available ECs might be responsible for the lack of intact

ISVs seen in the Tmem184a KD phenotype. However, our

previous data in the zebrafish regenerating fin made it clear

that KD of Tmem184a leads to an increase in EC proliferation,

indicating that Tmem184a is a negative regulator of EC

proliferation in regeneration. In order to determine how

Tmem184a influences cell proliferation during development

we evaluated the number of histone 3 phosphate (PH3)-

positive ECs in 48 hpf zebrafish embryos treated for

Tmem184a KD. PH3 staining was quantified using Z-stack

confocal images to evaluate where PH3 (red) co-localized

inside Fli-positive ECs (green) (Figures 6A,B). Co-

localization was evident by the appearance of yellow signal

in ECs. We found that Tmem184a KD embryos exhibited an

increase in PH3 staining in ISVs as compared to the SC, and

therefore an increase in EC proliferation compared to

controls (Figure 6C). Because we determined the

PH3 labeled nuclei per ISV, the small number of

PH3 nuclei in Vegfr2 MO treated embryos matched the

lower number of ISVs in these embryos, consistent with

published data indicating that lack of EC proliferation

correlated with lack of ISV production in Vegfr2 KD

embryos. The observed increase in cell proliferation in our

Tmem184a KD embryos strongly suggests that the lack of

intact ISVs in Tmem184a KD embryos is not secondary to a

FIGURE 6
Tmem184a KD Causes an Increase in Cell Proliferation. (A) Example images of PH3 staining in SC, Tmem184a, and Vegfr2 MO knockdown
embryos at 48 hpf. White arrows indicate where the PH3 staining co-localizes with the GFP in the vasculature of the ATG MO-treated embryo,
highlighted in yellow. Z-stack images were rotated to confirm nuclear PH3 in the EC. Embryos injected with the Tmem184a MO (n = 21) exhibit an
increase in the percentage of ISVs that contain an PH3 stained nucleus compared to either SC (n = 21) or Vegfr2 (n = 11) injected embryos. (B)
One PH3 nucleus in an ISV is shown in all planes. Cross-hairs intersect at the stained ISV localized nucleus. (C) The graph illustrates the percentage of
ISVs per embryo containing an PH3-stained nucleus. p < 0.001.
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lack of cell availability, but rather indicates that these cells are

unable to organize into proper vessels. This disorganization is

also consistent with the disorganized vasculature observed in

Tmem184a KD regenerating vasculature published

previously.

Tmem184a knockdown correlates with a
decrease in the expression of VE-cadherin

VE-cadherin, a cell-cell adhesion glycoprotein, is important

in the adhesion and junctional permeability of endothelial cells in

FIGURE 7
KD of Tmem184a results in decreased levels of VE-cadherin. Embryos were injected with control or ATG-MO for Tmem184a, sorted for GFP
positive and fixed at 43 hpf. Embryos were stained with the Anti-zebrafish VE-cadherin antibody as described in Methods and imaged on the Zeiss
LSM 880 confocal microscope at 20x. (A) Sections in the mid-section of representative embryos are illustrated. Sections illustrated are maximum
intensity images as in Methods. Data from 34 Tmem184a KD ISVs and 29 control ISVs from four embryos of each type were analyzed for VE-
cadherin intensity across all ISVs in the mid-sections imaged and a graph illustrating relative VE-cadherin is shown in (B). A student’s T test was used
to determine significance, p < 0.001 (C) Western blots of identically treated embryo lysates are shown.
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the developing vasculature. Sprouting of new ISVs and extension

dorsally continues as VE-cadherin cell-cell contacts re-organize

to contribute to the formation of the DLAV.

Given that we did not find a lack of EC proliferation to be

the cause of our incomplete ISVs, we considered that vessels in

our morphant fish may be unable to complete outgrowth

because of altered VE-cadherin-modulated outgrowth. We

hypothesized that decreased Tmem184a levels might result

in decreased VE-cadherin, and that the stalk cells in the

sprouting ISV would then be less effective at migration and

less able to organize dorsally. In order to test this, we performed

immunostaining for VE-cadherin in 43 hpf zebrafish embryos

treated for Tmem184a ATG KD and in standard controls. The

time was chosen to optimize the visual VE-cadherin difference

in ISVs between control and KD embryos. These embryos were

analyzed using confocal microscopy with Z-stack imaging to

evaluate co-localization of VE-cadherin with the GFP in the

vasculature (Figure 7A). Intensity of the VE-cadherin staining

was then measured per ISV (Figure 7). We found a decrease in

VE-cadherin intensity in the ISVs of the Tmem184a ATG KD

embryos as compared to controls (Figure 7B). We confirmed

that there was a decrease in VE-cadherin levels in the ATG KD

embryos through western blotting of embryo lysates

(Figure 7C). Therefore, it is possible that despite the excess

EC proliferation, ECs in the Tmem184a KD embryos are less

able to organize to form a vessel because of a lack of VE-

cadherin adhesions.

Discussion

The heparin receptor, Tmem184a, was identified in vascular

ECs (Farwell et al., 2016). Tmem184a is responsible for the anti-

proliferative signaling cascades induced by heparin in vitro

(Gilotti et al., 2014; Pugh et al., 2016; Li et al., 2020). Previous

in vivo studies show that Tmem184a is required for proper

vascular regeneration length in the adult regenerating

zebrafish caudal fin (Farwell et al., 2017). Here, we provide

evidence that Tmem184a is required for proper vessel growth

in the developing embryo as well, and KD of Tmem184a also

decreases embryo survival. There are no previous reports of

Tmem184a in vascular development for any species. Our data

are consistent with the model shown in Figure 8 which identifies

a role for this heparin receptor in developmental as well as

regenerative angiogenesis. We demonstrate that knocking down

Tmem184a expression negatively impacts angiogenesis and

supported this observation with a rescue experiment which

rescues survival along with ISV development. Our data

indicate that in the Tmem184a KD embryos, ISVs begin to

sprout at the same time identified in control embryos (e.g.,

Gore et al., 2012), but complete outgrowth fails, and many

ISVs are not complete at 48 hpf. This developmental

phenotype resembles our previous findings of regenerative

angiogenesis where endothelial cells proliferate, but do not

grow out properly. In addition, we see decreased survival,

something not possible to observe in the regeneration studies.

FIGURE 8
Model. Based on the literature, we hypothesized HS interaction with Tmem184a is involved in modulation of Vegfr2 signal transduction. VEGF
binding to Vegfr2 induces a signaling cascade responsible for the EC survival, permeability, migration, and proliferation necessary for angiogenesis.
The present study provides evidence supporting this hypothesis.
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Our earlier identification of Tmem184a as a heparin

receptor (Farwell et al., 2016; Pugh et al., 2016) suggests

that Tmem184a functions through interactions with HS

chains. Therefore, we investigated whether Tmem184a was

modulating angiogenesis via HSPG chains by synthesizing

mRNA that does not contain coding for the putative HS

binding domain from the Tmem184a mRNA and injecting

the resulting shortened message into the single cell stage

embryos. By including a shortened mRNA, the coding in

the message results in a truncated protein that does not

include a HS/heparin binding site. Our results indicate that

the tmem184a-ΔCT mRNA has a negative effect on the ISV

development, even in embryos where normal Tmem184a is

present. This domain is therefore important for modulating

angiogenesis. We observed that by increasing the dose of the

tmem184a-ΔCT mRNA, there was a greater effect on the ISV

development and survival levels were lower. The effect is not

seen in the full-length Tmem184a mRNA. Double injections

with the tmem184a-ΔCT mRNA and Tmem184a SB MO, also

supported the need for the HS chain interactions in

Tmem184a modulation of angiogenesis. The increase in

severity of the SB MO phenotype by tmem184a-ΔCT

mRNA implies that Tmem184a is involved in complex

formation, presumably at least partly through the putative

HS binding domain and HSPG interactions. This additional

phenotype identified in the tmem184a-ΔCT mRNA treated

embryos implies a more complicated function than one where

Tmem184a simply binds to HS chains. At the minimum, the

remainder of the Tmem184a protein must form dimers as

suggested by heparin binding assays (Pugh et al., 2016) or

interact with other proteins such that the presence of

Tmem184a without the putative heparin binding domain

competes with the wild type Tmem184a in the embryos

without MO KD causing both the same outcomes as the

KD embryos and the increase in spacing between ISVs.

This phenotype is not just more severe than the SB MO

KD treatment, because the ATG MO and the SB MO alone

both result in similar loss of complete ISVs and a decrease in

survival but do not increase in distance between the ISVs.

Possibly, the signals that lead to sprouting accumulate more

slowly in the tmem184a-ΔCT mRNA-treated embryos,

resulting in delays in the ISV sprouting.

The incomplete ISV phenotype observed with Tmem184a

KD is similar to what has been observed in some

Vegfr2 mutations (Gavard and Gutkind, 2006; Covassin

et al., 2009) where only partial ISV outgrowth occurs. In

complete VEGF/Vegfr2 deletion, some early vascular

development still occurs. However, these VEGF deletion

embryos have more severe ISV effects than seen in

Tmem184a KD embryos, but similar to those in our

Vegfr2 KD embryos (Habeck et al., 2002). We tested our

hypothesis that Tmem184a modulates angiogenesis through

the Vegfr2 pathway through a synergy experiment. We find

that Tmem184a synergizes with Vegfr2 signaling, identifying

a potential mechanism by which Tmem184a modulates

angiogenesis. Because Vegfr2 signaling promotes the EC

proliferation, migration, tissue permeability, and survival

that are all required for angiogenesis and complete

circulatory development (Koch et al., 2011), we suggest that

Tmem184a is acting in one or more of these Vegfr2-induced

outcomes to modulate proper vessel development. It is

intriguing to consider the fact that co-receptors (Lanahan

et al., 2013), different VEGF ligands (Fearnley et al., 2016),

and other mechanisms that modulate the internalization

process (Lanahan et al., 2010; Lanahan et al., 2014), also

impact Vegfr2 signaling outcomes. For example, Plcg1

(downstream from Vegfr2) defects are as severe as the most

severe VEGF mutants (Covassin et al., 2009). Therefore, KD of

Tmem184a could impede normal development by limiting

one or more of the outcomes and/or by altering the balance

between the various outcomes.

We examined whether Tmem184a KD had an impact on EC

proliferation, leaving fewer cells to form a complete vessel, or

resulting in too many cells to organize properly, as we observed

in Tmem184a KD in fin regeneration (Farwell et al., 2017). Our

findings show that Tmem184a KD increases EC proliferation as it

does in cell culture and zebrafish fin regenerating models. This

suggests that cell availability is not an issue for vessel development

after Tmem184a KD, but that the available cells are unable to

organize into proper vessels during angiogenesis. Therefore,

Tmem184a does not completely match Vegfr2 signaling, but

rather Tmem184a either modulates one or more outcomes of

Vegfr2 signaling or is required for a sub-set of the outcomes,

acting to achieve balance between the outcomes.

We therefore examined whether Tmem184a KD altered VE-

cadherin, a cell adhesion protein, the internalization of which is

downstream of Vegfr2 and critical for angiogenesis. We find that

when Tmem184a is knocked down, VE-cadherin, is also decreased

in ISVs. Without proper adhesions, it is possible that ECs may be

less able to migrate dorsally and correctly stack on one another to

form a complete ISV. VE-cadherin is critical for organization of

cell-cell interactions required to reorganize the actin fibers in the

developing stalk, though longitudinal vessels formed by

vasculogenesis appear to develop normally in the absence of

VE-cadherin (Sauteur et al., 2014). VE-cadherin is involved in

initial contacts that mediate the cell-cell junctions in anastomosis

leading to the formation of the DLAV (Sauteur et al., 2017). It is

unclear whether the VE-cadherin decrease is the only outcome of

Tmem184a KD. The mechanism by which the KD of Tmem184a

results in lowered levels of VE-cadherin remains to be determined.

VE-cadherin phosphorylation and dephosphorylation are critical

for modulation of adherens junction maturation and permeability

(Carra et al., 2012; Sidibe et al., 2014; Sidibe and Imhof, 2014).

Thus, signaling through Tmem184a could impact VE-cadherin

phosphorylation leading to the decreased levels in response to VE-

cadherin endocytosis. Earlier studies (Best and Adams, 2009)
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suggest a potential role for Tmem184a in vesicle trafficking, one

mechanism by which the loss of Tmem184a could impact VE-

cadherin levels. It will be critical to determine whether the decrease

in VE-cadherin levels is the mechanism responsible for the

lower survival and lack of ISV completion in Tmem184a KD

embryos or is simply evidence of the problem and not part of a

mechanism.

We infer from these results that Tmem184a interacts with the

Vegf receptor through HS chains provided by an HSPG given

that HSPGs typically have three HS chains per HSPG, and these

chains spread out in different directions making it probable that

they can interact with different proteins. It is possible that a

different relationship between the Vegf receptor and Tmem184a

might exist instead. Further investigation involving which HSPG

is connecting Tmem184a to Vegf and Vegfr2 will be crucial to

determine the necessary HSPG(s). Syndecan (Sdc) -2, -3, and

-4 are HSPGs expressed in zebrafish and have been illustrated to

play roles in cellular signaling and the activation of downstream

pathways. Sdc2, for instance, participates in blood vessel

patterning downstream of axial vessel differentiation (Chen

et al., 2004) and is necessary for vascular development (Chen

et al., 2004; Corti et al., 2019). The absence of Sdc2 results in

failed or abnormally developed ISVs. The HS chains attached to

Sdc2 protein can bind to VEGF and facilitate the interaction with

its receptor Vegfr2, in turn helping to activate angiogenesis

(Couchman et al., 2016). Many others have found evidence

for Sdc4 involvement in angiogenesis (Echtermeyer et al.,

2001). In particular, migration, flow responses and lymphatic

angiogenesis seem to depend on Sdc4 (Baeyens et al., 2014;Wang

et al., 2016) and Sdc4 plays a role inmodulating migration in FGF

angiogenic signaling (Elfenbein et al., 2009). Intriguingly,

Sdc4 has recently been identified as critical for modulating

VE-cadherin internalization and recycling during angiogenesis

(De Rossi et al., 2021). It is also possible that multiple HSPGs

interact with Tmem184a and are coordinately involved in

modulating angiogenesis. Additional studies will be necessary

to resolve these possibilities.

In conclusion, we have described how KD of Tmem184a

interferes with proper vessel development in an in vivo model

through collaborations with the VEGF receptor, Vegfr2, by

increasing cell proliferation and decreasing cell adhesion

proteins. The process appears to require interaction between

Tmem184a and HSPGs. Further understanding of the

mechanisms by which Tmem184a modulates angiogenesis

may have implications in developing therapies for human

angiogenic diseases.
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