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Null mutation of exocyst complex component 3-like
does not affect vascular development in mice
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Abstract: Exocyst is an octameric protein complex implicated in exocytosis. The exocyst complex is highly
conserved among mammalian species, but the physiological function of each subunit in exocyst remains unclear.
Previously, we identified exocyst complex component 3-like (Exoc3/) as a gene abundantly expressed in embryonic
endothelial cells and implicated in the process of angiogenesis in human umbilical cord endothelial cells. Here, to
reveal the physiological roles of Exoc3/ during development, we generated Exoc3/ knockout (KO) mice by genome
editing with CRISPR/Cas9. Exoc3/ KO mice were viable and showed no significant phenotype in embryonic
angiogenesis or postnatal retinal angiogenesis. Exoc3/ KO mice also showed no significant alteration in cholesterol
homeostasis or insulin secretion, although several reports suggest an association of Exoc3/ with these processes.
Despite the implied roles, Exoc3/ KO mice exhibited no apparent phenotype in vascular development, cholesterol
homeostasis, or insulin secretion.
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Introduction tissue regeneration, and ovulation, as well as pathologi-

cal processes such as tumorigenesis [1, 2]. In response

Angiogenesis is new blood vessel formation from pre-  to vascular endothelial growth factor (VEGF)-A, a spe-
existing endothelial cells and plays major roles in phys-  cialized endothelial cell type called a tip cell extends
iological processes, such as embryonic development, filopodia at the forefront of vascular structures to guide
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migration [3]. Stalk cells localize behind tip cells and
proliferate more rapidly to extend vascular structures
[3]. These processes are coordinated by many autocrine
and paracrine signaling factors, shear stress, and me-
tabolites [1, 2].

Exocyst is a multimeric protein complex that controls
exocytosis by tethering vesicles to the plasma membrane
and regulates cadherin trafficking from recycling endo-
somes to plasma membranes, cadherin clustering [4],
epithelial polarization [5], Notch signaling, and primary
ciliogenesis [6]. The exocyst complex consists of eight
subunits. Exocl1-Exoc8 subunits are highly conserved
from yeast to humans. Knockout (KO) of some subunits
leads to early embryonic lethality with various pheno-
types [7-10]. Exoc3 has four homologous genes in ver-
tebrates, called Exoc3-like (Exoc3l), Exoc3-like 2
(Exoc312), Exoc3-like 3 (Exoc313), and Exoc3-like 4
(Exoc314). Exoc312 is abundantly expressed in embry-
onic endothelial cells. Exoc3/2 KO mice show early
embryonic lethality with cardiovascular defects and
brain abnormalities [11]. As the exocyst complex is also
implicated in vesicle trafficking, it may affect various
developmental processes in a paracrine manner.

A previous Meta analysis has indicated that EXOC3L1,
a human ortholog of Exoc3! is associated with HDL
concentration [12]. Saito et al. reported that Exoc3! pro-
tein forms a complex with Exoc4 and is implicated in
insulin secretion on the basis of in vitro experiments
[13]. Takase and coworker indicated that Exoc3!/ is an
endothelial cell-enriched gene during mouse embryonic
development and knockdown of EXOC3I, causes a se-
vere defect in VEGF-A-dependent angiogenesis in hu-
man umbilical vein endothelial cells (HUVEC) [14].
However, the physiological function of Exoc3/ in mice
remains largely unknown.

In this study, we generated Exoc3/ KO mice by ge-
nome editing with CRISPR/Cas9 and found that Exoc3!/
KO mice were viable until adulthood without any phe-
notypic manifestations. Exoc3/ KO mice showed no
significant alteration in angiogenesis during embryonic
development or in postnatal retinal development. Exoc3!
KO mice also showed no significant change in choles-
terol homeostasis or insulin secretion. Thus, Exoc3/ KO
mice exhibited no apparent phenotype in vascular devel-
opment, cholesterol homeostasis, or insulin secretion,
despite the suggested roles.

Materials and Methods

Animals
Exoc31 KO mice were generated at the animal facility
in the University of Tsukuba. Briefly, 5 ng/ul pX330-mC
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plasmids carrying a Cas9-Cdtl fusion gene and respec-
tive gRNA (Supplementary Table 1) for Exoc3/ and 10
ng/ul donor DNA were injected into fertilized eggs from
C57BL/6J mice (Charles River Laboratories Japan, Yo-
kohama, Japan) in accordance with a previous report
[15]. Genotyping PCR of Exoc3! mice was performed
using BioTaq (Meridian Bioscience, Cincinnati, OH,
USA) with the primers listed in Supplementary Table 2.
This study was approved and conducted in accordance
with the Regulations for Animal Experimentation of
Tsukuba University and Shiga University of Medical
Sciences (Approval numbers: 2017-8-6, 2017-11-4,
2020-11-3, 2022-6-3, 2022-10-6, and 2023-4-7).

RNA-seq analysis

scRNA-seq data from E9.5 mouse embryos (E-
MTAB-10945) was downloaded from the EMBL Euro-
pean Bioinformatics Institute (https://www.ebi.ac.uk/).
After extraction of the wildtype (WT) subset of E9.5
mouse embryos from the scRNA-seq data [16], we per-
formed conventional scRNA-seq processing using
Seurat v4.1.1 by R (https://www.r-project.org/) [16].
The methods of Azzoni et al. were adopted for quality
control of the dataset and dead cell removal. Briefly, cells
were filtered out by the number of features, unique mo-
lecular identifier (UMI), and the percentage of mitochon-
drial gene expression. After normalization of UMI counts
to the total counts per cell, the 2,000 most highly variable
genes were used to scale the expression and perform
principal component (PC) analysis. To find significant
PCs, the efficacious PC threshold was calculated by (1)
the cumulative %stdev of PCs >90 and %variation as-
sociated with PCs <5, and (2) the last point of change of
%PC variation >0.1. We selected the minimum value
between (1) and (2) as the significant PC for this analy-
sis. After preprocessing for clustering, a k-NN graph was
constructed by Louvain clustering using the top 12 PCs,
and a UMAP was drawn. For doublet removal, we used
DoubletFinder [17]. Cell types were annotated by each
cell lineage marker described previously [16].

Gene expression levels of Exoc3, Exoc3l, Exoc3I2,
Exoc313, and Exoc3/4 in adult mouse tissues were ob-
tained using transcripts per million (TPM) values of
C57BL/6, CD1, and DBA/2J mice obtained from the
Expression atlas database (https://www.ebi.ac.uk/gxa/
home) [18].

Reverse transcription-quantitative PCR

Total RNA was extracted using TRIzol® (Invitrogen,
Waltham, MA, USA), followed by cDNA synthesis using
a ReverTra Ace kit (Toyobo, Osaka, Japan) in accordance
with the manufacturers’ instructions. Real-time PCR was
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performed using Thunderbird SYBR qPCR Mix (Toyo-
bo) by StepOnePlus™ (Thermo Fisher Scientific,
Waltham, MA, USA). Data were normalized to Gapdh
expression. Primer sequences are listed in Supplemen-
tary Table 3.

Immunohistochemistry of embryos

Mice were sacrificed by cervical dislocation. Em-
bryos were dissected out and fixed in 4% paraformalde-
hyde (PFA) for 2 h at 4°C, as described previously [19].
For whole mount immunohistochemistry, after washing
in PBS, embryos were permeabilized in 0.5% Triton
X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for
30 min at 4°C. Permeabilized embryos were blocked in
blocking solution containing 2% bovine serum albumin
(Sigma-Aldrich) and 0.01% Tween 20 (Nacalai Tesque,
Inc., Kyoto, Japan) in PBS (0.01% PBST) for 1 h at room
temperature (RT). The embryos were incubated with a
rat anti-PECAMI antibody (1:200; BD Pharmingen,
Franklin Lakes, NJ, USA) and anti-red fluorescent pro-
tein (RFP) rabbit polyclonal antibody (1:500; MBL Inc.,
Tokyo, Japan). After three washes with 0.2% PBST,
embryos were incubated with secondary antibodies
(Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 488 and Donkey
anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor™ 594) (Invitrogen) for 1 h
at RT. Embryos were then washed three times with 0.2%
PBST. Nuclei were counterstained with 10 xg/ml
Hoechst 33342 (Molecular Probes Inc., Eugene, OR,
USA) for 10 min at RT. Images were acquired under a
BZ-9000 microscope (Keyence, Osaka, Japan) and pro-
cessed using Adobe Photoshop (Adobe Systems, San
Jose, CA, USA).

Evaluation of angiogenesis during embryogenesis

WT and Exoc3!/ KO embryos at 9.5 dpc (20-25 somite
stage) were chosen for evaluation. Total area, vascular
area, and vascular length were calculated by Fiji (version
2.3.0/ 1.53q software) [20]. Total area was the dorsal
area from the level of the posterior edge of the otocyst
to the anterior edge of the third somite pair. Vascular
area was the PECAM1-positive area. Vascular length
was the total length of PECAMI-positive vessels.

Immunostaining of whole mount retinas
Whole-mounted retinas were stained in accordance
with a previous report [21]. Briefly, enucleated eyes of
P7 WT and Exoc3] KO mice were fixed for 20 min in
4% PFA at RT. A small hole was made in the cornea
using a 27 G needle, and a circular incision was intro-
duced using fine scissors. Subsequently, retinal cups

were dissected from the eyes and post-fixed for 30 min
in 4% PFA at 4°C. Primary antibodies were rabbit anti-
neuron-glial antigen-2 (NG2) (1:200; Millipore-Sigma,
St. Louis, MO, USA) and hamster anti-PECAMI1
(1:1000; Abcam, Cambridge, UK ). Secondary antibod-
ies were species-specific secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) or streptavidin coupled to Alexa Fluor dyes (In-
vitrogen). Nuclei were counterstained with 10 ug/ml
Hoechst 33342 (Molecular Probes Inc., Eugene, OR,
USA) for 10 min at RT. Whole retinas were mounted
using ProLong™ Gold Antifade Mountant (Thermo
Fisher Scientific). Confocal images were acquired under
a TCS-SP8 microscope (Leica, Wetzlar, Germany).
Fluorescence was produced using a 552 nm laser for
Cy3, a 488 nm laser for Alexa Fluor 488, and a 405 nm
UV laser for Hoechst 33342 and 4°,6-diamidino-2-phe-
nylindole (DAPI). Z-stack images were obtained every
5 um. The hybrid detector HyD (Leica) was used for
signal amplification. Projection images were created by
3D viewer software (Leica) from z-stack images.

Measurement
concentration
Blood samples were collected from tail veins of

of the plasma cholesterol

7-8-week-old male and female mice and transferred into
tubes containing 10 U heparin (Nipro Pharma Corp.,
Osaka, Japan), followed by centrifugation at 1,000 x g
for 15 min at 4°C to separate the plasma. Plasma choles-
terol concentrations were measured using an E-test
WAKO kit (Fujifilm Wako Pure Chemical Corp., Osaka,
Japan) in accordance with the manufacturer’s instructions.

Glucose tolerance test

A glucose tolerance test was performed as described
previously [22]. Briefly, 10-week-old male WT and KO
mice were fasted overnight (16—18 h) and then intra-
peritoneally injected with a D-glucose solution (2 g/kg
BW). Blood samples were collected at Omin and 15min.
Blood glucose levels were measured using a Glutest Neo
alpha (Sanwa Kagaku Kenkyusho Co., Ltd., Aichi, Ja-
pan), and plasma insulin levels were determined by an
ELISA (#M1104; Morinaga, Tokyo, Japan). Homeo-
static model assessment of insulin resistance (HOMA -
IR) an index of insulin resistance was calculated using
the following formula [23]: HOMA-IR = fasting blood
glucose (mg/dl) x fasting plasma insulin (mU/1) / 405.

Biochemical testing

10-week-old female WT and KO mice were eutha-
nized by cervical spine fracture dislocation. Whole blood
from the heart was collected in a heparin-Li-coated tube
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(#450536; Greiner, Tokyo, Japan) and blood plasma was
measured by a VetScan VS2 (Medical space SPACE,
Saitama, Japan) with MultiRoter 1 General Diagnostic
Panel A (Zoetis JAPAN, Tokyo, Japan).

Blood cell counting

10-week-old female WT and KO mice were eutha-
nized by cervical spine fracture dislocation. Whole blood
from the heart was collected in an EDTA-coated tube (#
2909000; Tokyo Garasu Kikai, Tokyo, Japan) and ana-
lyzed by a Celltac o (Nihon Kohden, Tokyo, Japan).

Statistical analysis

The unpaired Student’s ¢-test, one-way ANOVA with
the post hoc Tukey-Kramer test, and two-way ANOVA
with the post hoc Sidak test were used for statistical
analysis. Data are presented as means + SEM or means
+ SD. Statistical significance was determined at P<0.05.

The observed values of crossing the heterozygotes
were compared with the expected values by the chi-
squared test with P<0.05 considered significant.

Results and Discussion

Generation of Exoc3l knockout mice
Previously, we identified Exoc3! as an endothelial cell-

enriched gene by microarray analysis [14]. Because
scRNA-seq analysis reveals gene expression patterns
and specificity at higher resolution than microarray, we
re-examined endothelial cell expression of Exoc3/ using
a public database of sScRNA-seq data from E9.5 mouse
embryos [16]. Exoc3] was confirmed to be expressed
moderately in cluster 6 (hemato/endothelial cells) and
10 (endothelium), indicating that Exoc3/ was expressed
in a subset of endothelial cells (Supplementary Figs.
la—c). Exoc3l was also expressed widely in tissues in
adult mice (Supplementary Fig. 1d).

To examine the physiological function of Exoc3/, we
designed two gRNAs to knock-in a tdTomato cassette
into the Exoc3! locus and obtained alleles: a tdTomato
knock-in allele and A allele lacking the entire coding
sequence (Fig. 1a). We confirmed targeted knock-in of
tdTomato into the Exoc3I locus and targeted deletion of
the A allele (Fig. 1b) with respective primer sets to detect
5"and 3' regions. Furthermore, we sequenced the exon2
and tdTomato of the knock-in allele and confirmed the
reading frame (data not shown).

When Exoc3! heterozygotes were crossed, Exoc3I KO
mice were born and survived at least until 8 weeks at the
expected Mendelian ratio (Fig. 1c). Body weight and the
results regarding biochemical testing and blood cell
counts from WT and KO were comparable (Fig. 1d and
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Fig. 1. Generation of Exoc3/ KO mice. (a) Schematic representation of Exoc3/ mutant alleles in mice. HR: homologous recombination;
KI: knock-in. NHEJ; Non-homologous end-joining, KI; knock-in. (b) Genotyping PCR of Exoc3I/dTomato Exoc3] tdTomato/tdTo-
mato and Exoc3! *Ain mice. A-E indicate PCR primers. WT band at 10kb in Exoc3! *“in mice was not amplified efficiently
under a competitive condition. (c) Table showing the Mendelian ratios of E9.5, PO, and 8-week-old mice. (d) Body weight of
Exoc3! WT and mutant mice. PO: n=5, Sweeks; WT: n=5, KO: n=4, 10weeks: n=9 (e) Relative mRNA expression of Exoc3/ and
tdTomato in the adult tail of 8weeks WT, Exoc31+dTomato and Exoc3l 1dTomato/dTomato (n=3) Data are presented as means + SEM
(d) or means + SD (e). ns: not significant. P-values were determined using the unpaired Student’s z-test.
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Supplementary Fig. 2). Endogenous Exoc3/ mRNA was
undetectable in Exoc3! KO mice, while tdTomato mRNA
was detectable in Exoc3[+/tdTomato KI and Exoc3! td-
Tomato/tdTomato KI mice (Fig. 1e). However, tdTo-
mato fluorescence was undetectable under a microscope,
whereas strong red fluorescence was observed in blood
vessels of Flt1-tdsRed BAC Tg mice as a positive control
(Supplementary Fig. 3) [24]. Although we tried to en-
hance the tdTomato signal using an antibody against
RFP, we did not observe any detectable signal, suggest-
ing that tdTomato expression level may be low.

Angiogenesis during embryogenesis and the
postnatal stage

Because we previously identified Exoc3/ as a critical
endothelial cell gene in cultured HUVECs, we evalu-
ated angiogenesis during embryonic development by
immunohistochemistry of PECAM1, an endothelial cell
marker (Fig. 2a). The PECAMI1 staining pattern of
Exoc31 KO embryos at E9.5 were indistinguishable from
those of WT embryos (Fig. 2a). We measured the angio-
genic region of the dorsal area, which underwent drastic

PECAM1

Lateral view Dorsal view

KO

angiogenesis (highlighted by dotted lines in Fig. 2a), and
found no significant difference between WT and Exoc3!
KO embryos (Fig. 2b).

Retinal angiogenesis starts after birth and is an ideal
model to evaluate postnatal angiogenesis [3]. We per-
formed immunohistochemistry with antibodies against
PECAMI1 and NG2, a pericyte marker, in the retinas of
WT and Exoc3!/ KO mice at P7 (Fig. 3a). Radial growth,
the distance from the center to the vascular front, the
number of filopodia at the vascular front, and pericyte
coverage were comparable, indicating that Exoc3/ KO
mice had no apparent vascular defect at E9.5 or retinal
vascular defect at P7 (Fig. 3b).

Previous reports indicate that the pathological angio-
genesis such as tumour angiogenesis involves different
molecular mechanism from normal angiogenesis [2],
thus it will be interesting to investigate whether Exoc3!
plays a role in tumour angiogenesis.

Cholesterol level and insulin secretion
Although Exoc3! mice did not show significant phe-
notype in embryonic angiogenesis and postnatal retinal
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Fig. 2. Embryonic angiogenesis in Exoc3/ KO mice. (a) Whole mount PECAM1 immunostaining of WT and Exoc3!
KO embryos at 9.5 dpc (20-25 somite stage). A higher magnification of the dotted square is shown in the
right. Scale bars in the lateral view, dorsal view, and higher magnification indicate 500 gm, 500 gm, and 100
um, respectively. The vascular area was measured by Fiji software. Total area was measured from the bottom
of the otocyst to the third somite pair. Vascular area was the area obtained by subtracting the non-vascular
area from the total area. Vascular length indicates the perimeter of the vascular area. (b) Quantification of
the vascular area and Vascular length in the back region of mouse embryo at E9.5 WT (n=7), KO (n=5) Data
are means £ SEM. ns: not significant. P-values were determined using the unpaired Student’s #-test.

Exp. Anim. 2024; 73(1): 93-100

97



S. TAKASHIMA, ET AL.

PECAM1 PECAM1

PECAM1/ NG2

- -
o 3]
1 ]

Radial growth (mm)
2

o
o

250

200

i 450

100

Filopodia/ Field
8
1

o
|

100

80

60 -

40

20

Pericyte coverage (%)

Het KO

Fig. 3. Retinal angiogenesis in Exoc3/ KO neonates. (a) Evaluation of retinal angiogenesis in Exoc3/ KO mice at
P7. Scale bars in the whole retina and magnified images indicate 1 mm and 100um, respectively. (b) Ra-
dial outgrowth, filopodia number, and pericyte coverage of WT (n=4), Exoc3/ hetero KI (n=2), and Exoc3!
KO (n=3) neonates. ns: not significant. P-values were determined using the unpaired Student’s ¢-test.

angiogenesis, several reports have suggested that Exoc3!/
plays other physiological roles than vascular develop-
ment. Lanktree et al. reported that Exoc3! is associated
with cholesterol homeostasis on the basis of linkage
analysis [ 12]. Therefore, we determined whether Exoc3!
KO mice showed any alteration in the total level of cho-
lesterol (Fig. 4a). Concentrations of plasma cholesterol
were comparable among WT, Exoc3! heterozygous, and
Exoc3] KO mice.

Saito et al. reported that Exoc3/ may be implicated in
insulin secretion from an insulinoma cell line [13].
Therefore, we investigated whether Exoc3/ played a role
in insulin secretion (Figs. 4b—d). The glucose tolerance
test indicated no significant difference between WT and
Exoc3] KO mice (Fig. 4b). The level of plasma insulin
and insulin resistance were also comparable between
WT and Exoc3! KO mice (Figs. 4c and d). Taken to-
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gether, Exoc3/ KO mice did not show any significant
phenotype in terms of vascular development, choles-
terol homeostasis, or insulin secretion. The reason why
Exoc31 KO mice did not show any significant phenotype
in these biological processes was unclear, but it may be
due to the compensation by the other members, because
there are four other similar members, EXOC3 (also
called SEC6), EXOC312, EXOC313 and EXOC314
(Supplementary Fig. 4a). Exoc3l is a highly conserved
protein between mouse and human (Supplementary Fig.
4b), suggesting a role in both species.

In summary, Exoc3! KO mice did not show any sig-
nificant phenotypes in vascular development, choles-
terol homeostasis, or insulin secretion.
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Metabolic parameters of Exoc3! KO mice. (a) Concentrations of plasma cholesterol in controls (WT, n=8), heterozygotes (Het,

n=14), and homozygotes (KO, n=9) of 7-8-week-old male and female. (b) Glucose tolerance test comparing 10-week-old male
WT and KO mice (2 g glucose/kg i.p.; n=9). (c) Plasma insulin levels of 10-week-old male WT and KO mice at baseline and 15
min after glucose administration (2 g glucose/kg i.p.; n=9). (d) HOMA-IR index of 10-week-old male WT and KO mice (n=9).
Data are presented as means = SEM. ns: not significant. P-values were determined using the unpaired Student’s #-test (d), one-
way ANOVA with the post hoc Tukey-Kramer test (a), and two-way ANOVA with the post hoc Sidak test (b, c).
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