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ELMO1 (Engulfment and Cell Motility1) is a gene involved in regulating cell motility through
the ELMO1-DOCK2-RAC complex. Contrary to DOCK2 (Dedicator of Cytokinesis 2)
deficiency, which has been reported to be associated with immunodeficiency
diseases, variants of ELMO1 have been associated with autoimmune diseases, such
as diabetes and rheumatoid arthritis (RA). To explore the function of ELMO7T in immune
cells and to verify the functions of novel ELMO1 variants in vivo, we established a zebrafish
elmo7 mutant model. Live imaging revealed that, similar to mammals, the motility of
neutrophils and T-cells was largely attenuated in zebrafish mutants. Consequently, the
response of neutrophils to injury or bacterial infection was significantly reduced in the
mutants. Furthermore, the reduced mobility of neutrophils could be rescued by the
expression of constitutively activated Rac proteins, suggesting that zebrafish elmo7
mutant functions via a conserved mechanism. With this mutant, three novel human
ELMOT1 variants were transiently and specifically expressed in zebrafish neutrophils.
Two variants, p.EQOK (c.268G>A) and p.D194G (c.581A>G), could efficiently recover
the motility defect of neutrophils in the elmo7 mutant; however, the p.R354X (c.1060C>T)
variant failed to rescue the mutant. Based on those results, we identified that zebrafish
elmo7 plays conserved roles in cell motility, similar to higher vertebrates. Using the
transient-expression assay, zebrafish elmo7 mutants could serve as an effective model
for human variant verification in vivo.

Keywords: ELMO1, neutrophil, variants, cell motility, zebrafish

INTRODUCTION

The ELMOI protein is known to interact with DOCK2 and participates in the regulation of cell
motility by regulating the activity of the Rac proteins (Chang et al., 2020; Federici and Soddu, 2020).
DOCK?2 deficiency has been reported to be associated with immunodeficiency diseases (Dobbs et al.,
2015). Conversely, analyses of genetic polymorphisms in different human populations around the
world found that ELMOI was associated with autoimmune diseases such as diabetes, rheumatoid
arthritis, and nephropathy, but not immunodeficiency diseases (Hironori Katoh, 2006; Arandjelovic
et al,, 2019; Bayoumy et al., 2020). In addition to DOCK2, ELMOL1 also interacts with DOCK180 to
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regulate cell migration (Grimsley et al, 2004). Through the
interaction with DOCK proteins or RhoG and subsequent
activation of the small GTPase such as RACs, ELMOI1
involves in regulating lymphocyte migration or promoting
cancer cells invasion (Katoh et al, 2003; Jiang et al, 2011;
Capala et al.,, 2014; Stevenson et al., 2014; Gong et al., 2018;
Park et al., 2020). Studies in mice and cell cultures have revealed
reduced cell migration speeds due to Elmol deficiency. In Elmol-
deficient mice, the number of neutrophils at chronic
inflammation sites was significantly lower than that in wild-
type mice. This neutrophil chemotaxis defect leads to reduced
inflammation and the relief of autoimmune diseases in mice
(Arandjelovic et al,, 2019). Recently, ELMOL1 protein has also
been found to negatively regulate thrombus formation in mice
(Akruti Patel et al., 2019). Moreover, Elmol has been reported to
regulate the vascular morphogenesis, the peripheral neuronal
numbers and myelination, and the structure formation of
kidney during zebrafish development (Epting et al, 2010;
Epting et al., 2015; Sharma et al., 2016; Mikdache et al., 2020).

In a study of inflammatory bowel disease caused by Salmonella
infection, bacterial internalization by macrophages was weakened
in Elmo1I-deficient mice, and led to a decrease in the bacterial load
in mice intestines and reduced the level of intestinal inflammation
(Das et al., 2015). Thus, studies on Elmol in mouse models
indicated that altered Elmol functions changed the function of
immune cells and regulated the progression of autoimmune
diseases (Hathaway et al., 2016).

Previous studies of clinical samples indicated that ELMOI
affected the progression of disease by affecting the chemotaxis of
immune cells to sites of inflammation (Janardhan et al., 2004; Das
et al,, 2015; Hathaway et al., 2016). In some studies, neutrophils
were directly isolated from patients who carried ELMOI variants,
and their migration abilities were evaluated in vitro (Arandjelovic
et al., 2019). However, direct functional verification of ELMOI
variants in vivo has not been performed. Additional ELMOI
variants are routinely identified by high-throughput genome
sequencing of human genomes. However, whether such
ELMOI variants over-activate or reduce the function of
immune cells remains unknown. Therefore, it is necessary to
generate a convenient animal model to directly test the functions
of ELMOI variants in vivo.

Recently, zebrafish have been established as an excellent model
for the verification of variants of heart and hematopoietic diseases
due to their short reproduction cycle, transparent larvae, and
relatively low maintenance/drug management costs (Dooley and
Zon, 2000). In those studies, target genes containing variants of
interest were expressed in zebrafish, and functional analyses were
performed in vivo to assess the susceptibility of such variants to
cardiac and hemostatic diseases (Hu et al,, 2017; Hayashi et al,
2020). For elmol, previous studies focused on its functions in the
development of peripheral neurons, vessel, and kidney (Epting et al,,
2010; Epting et al., 2015; Sharma et al., 2016; Mikdache et al., 2020).
On the other hand, previous study showed that elmol knocked-
down macrophages present defective engulfment of apoptotic cells
and abnormal morphology (Van Ham et al., 2012). Therefore, with
the elmol mutation zebrafish, more functions of zebrafish elmol in
immune cells need to be further explored.

Verifying ELMO1 Variants in Zebrafish

In our work, we generated zebrafish elmol mutants. Using
time-lapse live imaging to directly record the dynamic immune
cells, we found that the zebrafish elmol gene was involved in
regulating the motility of neutrophils and T-cells, suggesting a
conserved role for elmol from fish to humans. Using the elmol
mutant model, we evaluated three novel ELMOI variants found
in the GuangZhou KingMed Center For Clinical Laboratory Co.,
Ltd genetics database: p.E90K (c.268G>A), p.D194G (c.581A>G),
and p.R354X (c.1060C>T). While p.E90K and p.D194G rescued
the motility defect of neutrophils in elmol mutants, the p.R354X
variant did not.

In summary, we generated a zebrafish model to study the
elmol gene and verified the functions of three novel human
ELMOLI variants in vivo.

MATERIALS AND METHODS

Zebrafish Lines

The zebrafish AB and SR strains, elmol heterozygous fish, and
transgenic fish lines were raised and maintained at 28.5°C in E2
media (Dahm, 2002) and staged as previously reported (Kimmel
et al., 1995). Transgenic lines, including Tg(globin:DsRedx),
which is short for Tg(globin:LoxP-DsRedx-LoxP-GFP) (Tian
et al., 2017), Tg(lyz:DsRed) (Li et al., 2012), Tg(Ick:DsRedx),
which is short for Tg(Ick:LoxP-DsRedx-LoxP-GFP) (Tian et al.,
2017), and Tg(mpegl:DsRedx), which is short for Tg(mpegl:LoxP-
DsRedx-LoxP-GFP) (Lin et al., 2019), were used for fluorescence
imaging and flow cytometry analyses. elmol*?'* mutant was
generated by TALEN technology in the ABSR background. The
primers used for genotyping are listed in Supplementary Table
S1. Ddel digestion was performed following PCR, and while the
wild-type allele could be digested, the mutant allele could not.
Zebrafish embryos were acquired by natural spawning.

The cDNA Synthesis and Quantitative

RT-PCR (qRT-PCR)

In experiments of whole embryos, TRIzol reagent (15596026;
Thermo Fisher Scientific) was used to extract total RNA from the
wild-type, elmol*~ and elmol™~ from the offspring of the
heterozygous intercrosses. Reverse transcription was performed
with M-MLV (M1701; Promega) to obtain the cDNA library.
qRT-PCR was used to detect elmol gene expression using the
SYBR Green master mix (04707516001; Roche). In experiments
with the cells of a specific lineage, we used 3 days post fertilization
(dpf) Tg(globulin: DsRedx), Tg(lyz:DsRed) and Tg(mepgl:
DsRedx), and 5 dpf Tg(Ick:DsRedx) to label erythrocytes,
neutrophils, macrophages and T-cells, respectively. The cells
labeled with DsRed were sorted by flow cytometry, and
collected into TRIzol reagent for total RNA extraction.
Glycogen (R0551; Thermo Fisher Scientific) was added during
RNA precipitation to improve efficiency. The SuperScript™ IV
(180912005 Invitrogen) kit was used to obtain the cDNA library.
In this process, all of the obtained RNA was added to the reverse
transcription PCR. SYBR Green master mix (11198ES03; Yeasen)
was used for qRT-PCR and the expressions of elf and elmol were
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determined. The primers used for qRT-PCR are listed in
Supplementary Table S1.

Whole-Mount In Situ Hybridization and

Probe Synthesis

Whole-mount in situ hybridization (WISH) assays with zebrafish
embryos were conducted as previously described (Thisse and
Thisse, 2008) using probes against elmol, cmyb, lyz, mpegl and
ragl. Antisense elmol RNA probes were synthesized using the full
length elmol CDS (NM_213091.1) cloned into the PCS2 vector.

Immunofluorescence Staining
Immunofluorescence staining assays with zebrafish larvae were
conducted as previously described (Barresi Mj and Devoto, 2000;
Jin et al., 2006). In brief, 3 dpf larvae were fixed in 4%PFA for 2 h
at room temperature. After washing, the larvae were incubated in
primary antibody against ELMO1 (ab155775; Abcam) 1:50
diluted and primary antibody against GFP (ab6658; Abcam) 1:
400 diluted in 5%FBS/1xPBS at 4°C overnight. After washing, the
larvae were incubated in secondary antibody of Alexa Fluor 555-
anti-rabbit (A31572; Invitrogen) and Alexa Fluor 488-anti-goat
(A11055; Invitrogen) for 2 h at room temperature. Images were
taken under Zeiss LSM800 confocal microscope.

Identification of Human Variants From the
GuangZhou KingMed Center For Clinical
Laboratory Co., Ltd. Genetics Database.

Blood samples were collected from patients, and genomic DNA
was extracted with the Q[TAamp DNA Blood Mini kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol. After
enrichment and purification, the DNA libraries were sequenced
on the NovaSeq 6000 sequencer according to the manufacturer’s
instructions (Illumina, San Diego, United States). All reads were
aligned to the reference human genome (UCSC hgl9) using the
Burrows-Wheeler Aligner (BWA) (v.0.5.9-r16) (Li and Durbin,
2010). After data annotation using the PriVar toolkit (Zhang
etal., 2013), the clinical significance of the variants was identified
(Yang et al., 2013).

Expression of Constitutively Activated Racs
To express the constitutively active form of zebrafish Racs, we cloned
the zebrafish p.G12V mutation (Nishida et al., 1999) of the racla/1b/
2 CDS after the corola promoter region, and linked it to DsRed
protein using P2A. The resulting construct, corola:racla/1b/2 CA-
P2A-DsRed (40 ng/uL) and transposase mRNA (50 ng/uL) were
injected into the single cell stage of elmol™~ and sibling embryos.
The lyz:GFP was injected into the above-mentioned embryos as the
control plasmid. The final volume injected was 1nL and the
embryos were raised to the desired stage for analysis.

FRET Ratio Analysis

In order to analyse the FRET ratio change specific in wild type
and elmol™~ neutrophil, we firstly cloned the RacFRET biosensor
from pRaichu-Racl (Itoh et al., 2002) and inserted it after the lyz
promoter. The resulting plasmid lyz:RacI-FRET was co-injected

Verifying ELMO1 Variants in Zebrafish

with the transposase mRNA into zebrafish embryos at one cell
stage. The final concentration of lyz:Racl-FRET and transposase
mRNA were 40 and 50 ng/uL, respectively. After microinjection,
we raised the embryos to 3 dpf and took the raw images of the
CFP (Ex 458nm; Em 454-534nm), YFP (Ex 514; Em
535-590 nm) and FRET (Ex 458; Em 535-590 nm) by Zeiss
LSM880 with an opened pinhole. A 20x objective was used for
photograph. The FRET to CFP ratio image was produced from
the raw images in a series of processing steps using Image]
software (Bosch and Kardash, 2019). When the final FRET
ratio image was generated, we then analysed the histogram
and exported for data performance.

Expression of Zebrafish elmo1 and its
Variants in T-Cells and Neutrophils

To express the zebrafish elmol in neutrophils, we expressed zebrafish
elmol (NM_213,091.1) under the control of the lyz promoter and
used the P2A self-cleaving peptide to link the zebrafish Elmol and
green fluorescent protein (GFP) (Kitaguchi et al., 2009). To express
the zebrafish elmol in T-cells, Elmol was directly linked with GFP
and its expression was controlled by the Ick promoter (Langenau
et al., 2004). For experiments involving the expression of human
ELMOI variants in neutrophils for in vivo functional verification, the
wild-type form of the human ELMOI (NM_014800.11) CDS and its
variants CDS were directly linked to GFP following the lyz promoter.
The resulting vectors: lyz:elmol®-P2A-GFP  (lyz:elmol®), Ick:
elmol*-GFP (Ick:elmol®), lyz:ELMOIh”—GFP (hu-WT), lyz:E90K-
GFP (E90K), lyzD194G-GFP (D194G), and Ilyz:R354X-GFP
(R354X), (40 ng/uL), as well as transposase mRNA (50 ng/uL)
were injected into the one cell stage of elmol”” and sibling
embryos. lyzzGFP and Ick:DsRedx were injected into the above-
mentioned embryos as the control plasmids. The final volume of the
microinjection was 1 nL. Following injection, embryos were raised to
the desired stage for analysis.

Time-Lapse Imaging and Cell Tracking

Analysis

Time-lapse imaging was performed according to a previous report
(Xu et al., 2016). In brief, 3 dpf larvae were anesthetized in 0.01%
tricaine (A5040; Sigma-Aldrich), mounted in 1% low melting
agarose and imaged on a Zeiss 880 confocal microscope with a
28°C thermal chamber. A 10x objective was used for neutrophil
tracking, while a 20x objective was used for T-cell tracking in time-
lapse images. The Z-step size was set to 3 um and 15-20 planes
were typically taken in the z-stack at <3 min intervals. The images
were processed using Image] software, and cell tracking analysis
was performed using the MTrack] plugin. The tracking path of
individual cells was extracted from the exported tracking results,
and merged using Photoshop software.

Tail Injury Assay

Tail fin injury was performed as previously described (Li et al.,
2012). Briefly, lesions were induced in the tail fin of embryos
anesthetized with 0.01% tricaine (A5040; Sigma-Aldrich) using
a blade.
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FIGURE 1 | The establishment of the zebrafish eimo7 mutant. (A) Schematic representation of the elmo 1 genomic locus (NC_007130.7). The extended region on
exon 18 represents the sequence targeted by the TALEN system. Green: left TALEN arm binding site. Blue: right TALEN arm binding site. Red: spacer site. eimo1 e
corresponds to the wild-type allele while elmo1~/~ represents the loss of function allele in this study. Dashes represent the 13 base pair deletion. (B) Schematic view of the
wild-type EImo1 protein (EImo1 wt) and the mutated Elmo1 protein (Elmo1 mut). The 726 amino acid (aa) EImo1 wt contains five conserved domains (NP_998,256),
while the ElImo1 mut resulting in a truncated protein end up at 619 aa. RBD: RhoG-binding domain; EID: ELMO inhibitory domain; ELMO1: ELMO1 domain; PH:
pleckstrin homology; EAD: ELMO auto-regulatory domain. (C) The gRT-PCR result showed the relative expression level of the elmo1 gene in the offsprings of
heterozygous intercross at 3 dpf. Three independent experiments were performed. One-way ANOVA, *p < 0.05, **p < 0.005. (D) eimo1 expression pattern detected by
WISH in the offsprings of heterozygous intercross at 3 dpf. Scale bar: 200 pm.

Bacterial Infection Assay
E.coli infection was performed as previously described (Nguyen-

Chi et al, 2014). In brief, single colony of E.coli which
expressing GFP (Olson et al., 2014) were incubated in LB
Broth Miller (MKCL4658; Sigma-Aldrich) containing the
antibiotic ampicillin (A100339; Sangon Biotech) at 37°C on
orbital shaker for at least 24 h before experimentation. After
washing cells in 1xPBS and centrifuging at 500 g for 5 min, the
E.coli were resuspended and diluted to the desired
concentration in 1xPBS. E.coli were injected into the otic
vesicle of zebrafish larvae and observed at the desired
developmental stage.

Statistical Analysis

Statistical parameters (mean + SD) and statistical significance
are shown in the figures and described in the Figure Legends.
All statistical analyses were performed using GraphPad Prism
version 7. Unpaired Student’s t-tests were used to calculate
the p-value of pairwise comparisons. For multiple
comparisons, significance was calculated using one-way
ANOVA followed by the Dunnett’s multiple comparisons

test. For survival curves, significance was calculated using the
Kaplan-Meier curve. Two-tailed p-values were calculated for
all ¢-tests.

RESULTS

The Establishment of the Zebrafish elmo1
Mutant

We carried out WISH to examine the expression pattern of elmol
in zebrafish. We found that elmol was expressed in vessels at the
20-somites stage. From 22 h post fertilisation (hpf), elmol began
to accumulate in the CNS, as was also observed in a prior study
(Epting et al., 2010) (Supplementary Figure S1A). qRT-PCR
revealed that elmol accumulated in leukocytes (Supplementary
Figure S1B). To establish a zebrafish model to study human
variants of elmol, we used TALEN technology (Moore et al,
2012) and targeted exon 18 to disrupt the elmol gene
(NC_007130.7) (Figure 1A). A frame shift mutation was
caused by a 13 bp deletion and resulted in a premature stop
codon, which lead to the loss of the PH domain (Figure 1B). We
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FIGURE 2 | T-cell motility in the thymus was reduced at the larval stage of the eimo7 mutant. (A) rag? WISH data indicate a T-cell defect in the elmo?1 “larvae at 5

dpf. Scale bar: 200 um. (B, C) Quantification of coro7a:GFP positive cells (B) represents whole leukocytes and Ick:DsRedx positive (C) cells represent T-cells within the
thymus in the wild-type (WT), elmo1*/~, elmo1~~ larvae respectively. There was no significance between them. One-way ANOVA, ns: no significance. (D) Fluorescence
images show that coro7a:GFP represent whole leukocytes and /ck:DsRedx represent T-cells show no significance between the siblings and elmo7~~ larvae in the
thymus at 5 dpf. The white dotted region indicates the thymus in the image. Scale bar: 10 pm. (E) Track path of ick:DsRedx labeled T-cells of the WT, elmo7*~ and
elmo1~/~ larvae recorded by live imaging at 5 dpf. The white dotted region indicates the thymus. Each line represents the migration path of one T-cell. Scale bar: 10 ym.
(F) Quantification of T-cells migration speed in live imaging of the WT (13 cells of 4 larvae), eimo1*~ (10 cells of 4 larvae) and elmo7~~ (15 cells of 5 larvae) larvae in the
thymus at 5 dpf. The migration speed of T-cells dramatically decreased in the elmo1 ~/~ larvae. Each dot represents the average speed of one T-cell. Three independent
experiments were performed. One-way ANOVA, ns: no significance, **p < 0.005, ***p < 0.001.

named this mutant elmol*?’® and use elmol™~ for short
hereafter. Using qRT-PCR and WISH, the expression level of
elmol in the offspring of mutant heterozygote intercrosses was

at the Larval Stage of the eilmo1 Mutant

T-Cell Motility in the Thymus was Reduced

evaluated. A gradient level of expression was observed in the wild-
type (WT), elmol™", and elmol™™ larvae at 3 dpf (Figures
1C,D); thus, indicating that the mutant form of the elmol
mRNA might be unstable. Furthermore, we directly examined
Elmol protein in the elmol™™ larvae. We found that Elmol
protein was readily detected in the siblings by
immunofluorescence staining while it was hardly detected in
the elmol™", suggesting a reduced Elmol level in mutants
(Supplementary Figure S1D).

The elmol™ larvae survived to adulthood and adult mutants
remained healthy throughout the first year compared with their
siblings. However, the death rate of adult mutants increased
rapidly after 1year (Supplementary Figure S1C). As Elmol
has been reported to regulate leukocyte motility in mice, we
hypothesized that mutation of elmol might lead to immune
dysfunction (Sarkar et al., 2017; Arandjelovic et al., 2019).

We first preformed WISH to examine the development of
hematopoietic lineages in the elmol™" larvae. cmyb, lyz, and
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FIGURE 3 | Neutrophils showed attenuated motility and impaired chemotaxis to injury/infection in the eimo7 mutant. (A) Track path of lyz:DsRed labeled
neutrophils of the WT, eimo1*/~ and elmo1~~ larvae on the yolk sac recorded by live imaging at 3 dpf. The white dotted circle indicates the imaging region of the yolk sac.
Each line represents the migration path of individual cells. Scale bar: 50 um. (B) Quantification of neutrophils migration speed of the WT (6 cells of 3 larvae), eimo1 (15
cells of 5 larvae), and elmo7~~ (10 cells of 5 larvae). The elmo7~~ showed dramatically decreased speed compared with the WT and elmo1*/~. (C) Fluorescent
image of tail fin transection of the WT, elmo7*/~ and elmo7~~ larvae at 3 dpf. The larvae tail region was imaged and the white dotted line represents the transection site.
lyz:DsRed represents neutrophils failed to accumulate to the injury site in the elmo?~~ compared with the WT and elmo7*~. Scale bar: 50 ym. (D) Quantification of
neutrophils accumulated at the tail fin transection site. Neutrophils of the eimo1 ~~ larvae failed to respond to injury compared with the WT and elmo1 - (E) Fluorescent
image of bacterial infection in the otic vesicle of WT, eimo7*/~ and elmo1~~ larvae at 3 dpf. The white dotted circle represents the infection region. Bacteria of £.coli were
labeled by GFP. lyz:DsRed labeled neutrophils showed a decreasing number at the infection region in the elmo1 - compared with the WT and elmo1 +~ Scale bar:
50 pm. (F) Quantification of lyz:DsRed labeled neutrophils accumulated at the infection region. Neutrophils of the eimo7~~ larvae failed to respond to infection compared
with the WT and elmo7*~. In quantification results, each dot represents the neutrophil number in the infected region in individual larvae. Three independent experiments
were performed. Here presents one result of three experiments. One-way ANOVA, ns: no significance, *p < 0.05, **p < 0.005, ***p < 0.001. (B, C, F).

mpegl were used as markers in hematopoietic progenitor and
stem cell (HSPCs), neutrophils, and macrophages, respectively.
The WISH results revealed no significant differences in those
markers between WT and elmol™ larvae at 3 dpf
(Supplementary Figures S2A-C). Only ragl, which represents
T-cells, was slightly decreased in elmol™~ larvae at 5 dpf in the
thymus (Figure 2A). Interestingly, the number of Tg(corola:
GFP)-expressing leukocytes and that of Tg(Ick:DsRedx)-
expressing T-cells in the thymus were similar between
homozygous elmol™~ and heterozygous or wild-type siblings

(Figures 2B-D). Thus, the reduction of ragl in mutants might
suggest immature T-cell development instead of cellular loss.
Similar to the findings at the larval stage, T-cell number in
adulthood was not significantly different between elmol ™~ and
siblings in the kidney, peripheral blood (PB) and spleen
(Supplementary Figures S3A-G), as determined by flow
cytometry.

We next examined whether T-cell motility was affected in the
mutant, as suggested in a previous study in which ELMOI and
DOCK2 worked in concert to regulate T-cell motility in
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peripheral lymphoid organs (PLOs), including spleen and
lymphoid nodes (Stevenson et al., 2014). We carried out live
imaging to trace individual T-cells in the thymus of Tg (Ick:
DsRedx) larvae. The results showed that the speed of T-cell
migration was drastically decreased in elmol”” larvae,
suggesting impaired mobility of elmol deficient T-cells
(Figures 2E,F).

Neutrophils Showed Attenuated Motility
and Impaired Chemotaxis to Injury/Infection

in the e/mo1 Mutant

Previous studies showed that fewer neutrophils responded to
inflammation in Elmo1-deficient mice (Arandjelovic et al., 2019).
Thus, we asked whether defects of neutrophils could be observed
in zebrafish elmol mutants. Our WISH data revealed a normal
number of neutrophils in elmol™” larvae (Supplementary
Figure S2B), and thus, we first examined the motility of
neutrophils on the yolk sac using live imaging of Tg (lyz:
DsRed) larvae at 3 dpf. We found that neutrophils failed to
elongate their pseudopodia (Supplementary Figure S4A) and
exhibited clumsy amoeboid movement in the elmol™~ larvae
compared with their siblings (Supplementary Video SI).
Consequently, the speed of neutrophil movement decreased
from 0.08 um/s in siblings to 0.01 um/s in elmol™" larvae
(Figures 3A,B). In addition, we further examined the motility
of macrophage on the yolk sac at 3 dpf. On the contrary to
neutrophil, the basal movement of macrophage showed no
difference between elmol™~ and siblings suggesting that elmol
is not essential for macrophage motility (Supplementary Figures
$4C,D).

To test whether the attenuated motility would affect an
immune response, we performed tail fin transection in 3 dpf
Tg(lyz:DsRed) larvae. As previously reported, wild-type
neutrophils first arrived at the site of injury within 30 min of
tail fin transection. Their number peaked at around 6 h post-
transection (hpt) and returned to the basal level at 24 hpt (Li et al.,
2012). In contrast, the neutrophil number was greatly reduced at
the site of injury in elmol ™~ larvae from 30 min to 6 hpt after tail
fin transection (Figures 3C,D; Supplementary Figure S4B).

We next examined the chemotaxis of neutrophils under
infection conditions. We injected fluorescent E.coli into the
otic vesicle of 3 dpf Tg(lyz:DsRed) larvae so that neutrophil
chemotaxis toward bacteria could be observed directly. Since
neutrophil count peaked at 3 h post-injection (hpi) (Harvie and
Huttenlocher, 2015), we calculated the number of neutrophils in
the region of the otic vesicle between 2-4 hpi. We found that
neutrophil number was largely reduced in the otic vesicle in
elmol™" larvae, suggesting the elmol deficiency caused defects in
the neutrophil response to bacterial infection (Figures 3E,F).

The elmo1 was Cell-Autonomously
Required for the Motility of Leukocytes in

Zebrafish Larvae
We next investigated whether the impaired motility of leukocytes
inthe elmol™’~ mutant was due to cell-autonomous or non-

Verifying ELMO1 Variants in Zebrafish

cell-autonomous effects. We utilized the neutrophil-
specific promoter, lyz, to transiently express the WT
form of zebrafish elmol (elmol*®) in neutrophils of
elmol™~ mutants and their siblings. Neutrophils
expressing WT elmol were visualized by GFP-linked
Elmol (lyz:elmol*®). The migration of such neutrophils
on the yolk sac was recorded by live imaging and their
migration speeds were calculated. We found that the speed
of neutrophils largely recovered after neutrophil-specific
elmo1*® expression (Figures 4A,B; Supplementary Video
S2). We also examined the function of elmol in T-cells
using a similar approach. The elmol*® was transiently
expressed from the Ick promoter (Ick:elmol*) in T-cells
and the results indicated that the speed of T-cells in
elmol™~ elevated (Figures 4C,D).
Collectively, our results suggested that elmol was cell-
autonomously required for the motility of neutrophils
and T-cells in zebrafish larvae.

larvae was

Constitutively Activated Rac Rescued the
Neutrophil Motility Deficiency of the elmo1

Mutant

Previous studies demonstrated that ELMOI regulated cell
migration by activating RAC proteins (Grimsley et al,
2004; Gong et al., 2018). There are three RAC genes,
including RACI, RAC2, and RAC3 in vertebrate. RACI is
ubiquitously expressed, while RAC2 is specifically expressed
in hematopoietic cells (Mulloy et al., 2010), and RAC3 is
primarily found in the neurons (Wang and Zheng, 2007).
In zebrafish, RACI and RAC3 have two orthologue: racla/b
and rac3a/b, whereas RAC2 only has one orthologue: rac2.
From the single-cell transcriptome atlas of zebrafish, racla/b
and rac2, but not rac3a/b, are expressed in leukocytes
(Farnsworth et al., 2020). We employed RacFRET biosensor
to examine whether the Rac activation was affected due to
Elmol deficiency. We cloned the RacFRET biosensor from the
Raichu-Racl plasmid (Itoh et al., 2002) and constructed it
after the lyz promoter so that the FRET biosensor can be
specifically expressed in neutrophils. As described in previous
studies, CFP and YFP was used as the donor and the acceptor,
respectively (Itoh et al., 2002). We measure the FRET to CFP
change ratio to represent the GTP-bound Rac activity (Aoki
and Matsuda, 2009; Bosch and Kardash, 2019), and found that
the mean ratio of FRET decreased in elmol™~ neutrophils
(Supplementary Figures S5A-C). These results indicated
that the Elmol deficiency resulted in reduced Rac binding
to GTP. Next, to investigate whether the cell motility defects
of the elmol ™ larvae were caused by reduced Rac activation,
we transiently expressed constitutively active racla/b and rac2
under the control of the leukocyte-specific corola promoter in
the elmol mutant. We linked DsRed to Racs using the P2A
self-cleaving peptide to visualize neutrophils expressing
constitutively active Rac protein (p.G12V). Their
movement was recorded by live imaging and their speed
was calculated. Compared with the control (Figure 5A), we
found that constitutively active Racla (Figures 5B,E) and
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FIGURE 4 | The elmo 1 was cell-autonomously required for the motility of leukocytes in zebrafish larvae. (A) Track path of neutrophils expressing lyz:GFP (control) or
lyz:elmo1?6-GFP (lyz:elmo17°) on the yolk sac in the elmo 1™~ and sibling larvae recorded by live imaging at 3 dpf. Each line represents the migration path of a single cell
recorded by live imaging. Scale bar: 50 pm. (B) Quantification of the neutrophils migration speed of the control and elmo1ze group in elmo1~~ (14 cells of 4 larvae, 17
cells of 6 larvae) and sibling (11 cells of 4 larvae, 17 cells of 6 larvae) larvae. Compared with the control group, the migration speed of neutrophils expressing lyz:
elmo17° was significantly increased in the elmo1~~ larvae. Each dot represents the average speed of one individual cell. Three independent experiments were performed.
Here present the summarized results of three experiments. One-way ANOVA, ns: no significance, ***p < 0.001. (C) Track path of T-cells expressing Ick:DsRedx (control)
or Ick:elmo1?°-GFP (Ick:elmo 1) within the thymus in eilmo1~~ and sibling larvae recorded by live imaging at 5 dpf. Each line represents the migration path of a single cell
recorded by live imaging. Scale bar: 10 pm. (D) Quantification of the T-cells migration speed of control and elmo12° group in eimo1~~ (15 cells of 4 larvae, 30 cells of 9
larvae) and sibling (22 cells of 4 larvae, 31 cells of 9 larvae) larvae. Compared with the control group, the migration speed of T-cells expressing Ick:elmo 17 was
significantly increased in the elmo?~~ larvae. Each dot represents the average speed of one individual cell. Three independent experiments were performed. Here
present the summarized results of three experiments. One-way ANOVA, ns: no significance, ***p < 0.001.

Rac2 (Figures 5D,E), but not Raclb (Figures 5C,E), could
significantly rescue the defective motility of neutrophils in
elmol™™ larvae (Supplementary Video S3).

The Zebrafish elmo1 Mutant can Serve as
an In Vivo Model to Verify the Functions of

Human Variants

Zebrafish Elmol (NP_998256) shares 89.41% identity with
human ELMO1 (NP_055615) (Epting et al., 2010). Our data
also indicated that zebrafish Elmol was similar to higher
vertebrates in that it regulated the motility of neutrophils
through the Rac proteins. Therefore, we believe that elmol
mutant zebrafish can serve as a valuable tool for the in vivo

functional verification of human ELMOI variants. We first
verified whether human ELMOI could rescue the reduced
neutrophil motility in zebrafish elmol mutant by transiently
expressing the human ELMO1-GFP fusion protein. The
migration of neutrophils expressing human ELMO1 was
recorded using time-lapse live imaging. As expected, the
expression of wild-type human ELMO1 (hu-WT) effectively
rescued the impaired motility of elmol mutant neutrophils,
indicating the conservative role of human ELMOI in zebrafish
(Figures 6B,C,G; Supplementary Video S4). Therefore,
elmol mutant zebrafish could be used to verify human
variants.

We next identified fourteen novel non-synonymous variants
in the coding region of the human ELMOI gene from the
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FIGURE 5 | Constitutively activated Rac rescued the neutrophil motility deficiency of the elmo1 mutant. (A) Track path of neutrophils expressing lyz:GFP in the
elmo1~~ and sibling larvae recorded by live imaging at 3 dpf. (B-D) Track path of neutrophils expressing constitutively activated Racs (Racs CA) in the elmo?~~ and
sibling larvae recorded by live imaging at 3 dpf. (B) Rac1a CA, (C) Rac1b CA, (D) Rac2 CA. Each line represents the migration path of individual cells. (A-D) Scale bar:
50 pm. (E) Quantification of the migration speed of control and neutrophils expressing constitutively activated Racs in the elmo7~~ (6 cells of 3 larvae, 10 cells of 6
larvae, 13 cells of 6 larvae, 25 cells of 6 larvae) and sibling (6 cells of 3 larvae, 22 cells of 6 larvae, 18 cells of 6 larvae, 18 cells of 6 larvae) larvae. Compared with the control
group, the migration speed of neutrophils expressing Rac1a CA (Rac1a) and Rac2 CA (Rac2) were significantly increased. Neutrophils expressing Racia CA (Rac1a)
also show an increased the migration speed in sibling. Each dot represents the speed of individual cells. Three independent experiments were performed. Here present
the summarized results of three experiments. One-way ANOVA, ns: no significance, *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.

GuangZhou KingMed Center For Clinical Laboratory Co., Ltd ~ changed the amino acid properties, whereas p.R354X
genetics database (Table 1). Based on the conservation of amino ~ (c.1060C>T) resulted in a premature stop codon prior to the
acids, we excluded four variants in which the amino acids = PH domain, which interacts with the DOCK protein
differed between human and zebrafish. Furthermore, eight  (Figure 6A). To verify the functional changes of p.E90K,
variants were excluded because their amino acid properties  p.D194G, and p.R354X in vivo, we transiently expressed
were not significantly changed. Of the remaining three  human ELMOI carrying these variants in neutrophils. The
variants, p.E90K (c.268G>A) and p.D194G (c.581A>G)  ELMOI-positive neutrophils were visualized using GFP, which
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FIGURE 6 | The zebrafish elmo? mutant can serve as an in vivo model to verify the functions of human variants. (A) Schematic view of human ELMO1 protein
conserved domains. Position of tested variants: p.EQOK (E9OK), p.D194G (D194G), and p.R354X (R354X) are indicated. (B~F) Track path of neutrophils expressing lyz:
GFP control (B) or human ELMO1 (C-F) in the e/mo7~~ and siblings recorded by live imaging at 3 dpf. Human wild-type (hu-WT) form (C), E90K (D), D194G (E), R354X
(F). (G, H) Quantification of the migration speed of the control group and neutrophils expressing human ELMO1 variants in the elmo 77~ (7 cells of 3 larvae, 20 cells

of 6 larvae, 16 cells of 6 larvae, 8 cells of 6 larvae, 7 cells of 3 larvae) (G) and sibling (15 cells of 3 larvae, 16 cells of 7 larvae, 12 cells of 8 larvae, 14 cells of 7 larvae, 10 cells
of 5larvae). (H). hu-WT, EQOK, and D194G could efficiently rescue the migration speed in the elmo1 mutant compared with control. R354X failed to rescue the defects in
elmo1~~ and even show a decreased migration speed in siblings. One-way ANOVA, ns: no significance, *p < 0.05, ***p < 0.001. Scale bar: 50 um (B-F).

was directly fused to ELMO1. The migration paths of neutrophils
were recorded using live imaging and the migration speeds were
calculated. Compared with the control group (Figures 6B,G),
p.E90K and p.D194G (Figures 6D,E,G; Supplementary Video
S$4) could effectively restore the migration speed of elmol™~
larvae, while p.R354X (Figures 6F,G) failed to do so.
Interestingly, the transient expression of p.R354X also
significantly reduced the migration speed of neutrophils in
siblings (Figures 6F,H; Supplementary Video S5).

DISCUSSION

As a member of the ELMO1-DOCK?2 protein complex, it is known
that DOCK2 deficiency can lead to inherent immunodeficiency
diseases in the human population, whereas genetic polymorphism
studies have shown that ELMOI variants are associated with
autoimmune diseases. In mice arthritis model induced by K/BxN
serum or collagen, Elmol deficiency can relieve the inflammatory
response and cause a better outcome of the disease by reducing the
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TABLE 1 | Informations of the human ELMO1 variants. Here list the identified fourteen novel non-synonymous variants in the coding region of the human ELMO1 gene found
from the KingMed Diagnostics Group genetics database. (1-10) List the variants in which amino acids are conserved between human and zebrafish. (1-3) p.EQOK
(c.268G>A) and p.D194G (c.581A>G) changed the amino acid properties, whereas p.R354X (c.1060C>T) resulted in a premature stop codon prior to the pH domain, which
interacts with the DOCK protein. (11-14) List the variants in which amino acids are conserved between human and zebrafish.

cDNA change Amino acid change Functional domain

1 C.268G>A p.E9OK EID

2 c.581A>G p.D194G EID

3 ¢.1060C>T p.R354X ELMOI
4 c.22G>A p.V8l RBD

5 c.34A>G p.l12v RBD

6 c.610A>G p.1204V EID

7 c.825T>G p.1275M EID

8 c1771T>G p.L591V PH

9 c.15653G>A p.R518H ELMOI
10 c.1873A>G p.M625V PH

I c.791A>G p.N264S EID

12 c.864T>G p.N288K EID

13 €.2038G>C p.DB8OH PH

14 c.2125G>A p.A709T PxxP

accumulation of neutrophils (Arandjelovic et al,, 2019). This study
gave us a hint that elmol gene function on regulating the chemotaxis
of neutrophils and even other immune cells. So far, most of the works
have been done under pathological conditions such as diabetes, bowl
inflammation, and RA in the mice model (Arandjelovic et al., 2019;
Das et al,, 2015; Hathaway et al., 2016). These results indicate that
ELMOL affects the motility of immune cells. In our study, we used the
zebrafish model to directly observe the behavior of immune cells
affected by Elmol through in vivo live imaging under physiological
conditions. Consistent with previous studies about the ELMO1
participated in regulating cell migration in mice and cell culture
(Gumienny et al., 2001; Grimsley et al., 2004; Arandjelovic et al,
2019), we found that the random ameboid migration of neutrophils
and T-cells were significantly reduced in elmol™ larvae, and the
chemotaxis of neutrophils was also reduced after injury or infection in
elmol™™ larvae by in vivo live imaging (Figure 2, Figure3).
Consistent with Mikdache’s report in which macrophage activity
in the elmol mutant was found normal in the Posterior Lateral Line
ganglion, we also found that the motility of macrophage showed no
differences between sibling and elmol ™ larvae at 3 dpf (Mikdache
et al,, 2020). Although, in elmol morphant, macrophages showed
abnormal morphology in the brain at 48 hpf and failed to engulf
apoptotic cells in elmol knock-down embryos (van Ham et al., 2012),
we have observed that macrophages showed normal morphology in
elmol mutant embryos on the yolk. The inconsistency between the
morphants and mutants is possibly due to the nonspecific effects of
morpholino. Alternatively, a genetic compensation response could be
provoked in mutant macrophages (Rossi et al., 2015). It warrants
further study to distinguish which possibility is true. However, no
patients carried ELMOI bi-allele mutation have been reported yet.
Whether ELMOI mutation could lead to immunodeficiency in
human warrants further study.

Racs have been reported works as the downstream of DOCK-
ELMOL1 complex in regulating cell motility (Brugnera et al., 2002;
Epting et al,, 2015; Chang et al., 2020; Mutsuko Kukimoto-Niino et al,,
2021). It is known that, in the case of ELMO1-DOCK2-RACI1, RAC1
directly bind to the DHR2 domain of the DOCK2 protein (Chang

Properties change Neutrophil motility Amino acid in zebrafish

acid-basic Rescued
acid-nonpolar Rescued
stop Negative
nonpolar-nonpolar Not available

nonpolar-nonpolar
nonpolar-nonpolar
nonpolar-nonpolar
nonpolar-nonpolar
basic-basic
nonpolar-nonpolar
polar-polar
polar-polar
acid-acid
nonpolar-polar

mmO I

et al, 2020). Interestingly, Mutsuko Kukimoto-Niino et al. reported
that RAC1 could also interacted with the PH domain on the ELMO]I,
by which, the PH domain of ELMOL1 stabilizes the transition state of
the DOCK5 (DHR-2)-Racl complex, providing the structural basis
for ELMOIl-mediated enhancement of the catalytic activity of
DOCKS5 (Mutsuko Kukimoto-Niino et al., 2021). As expected, the
Rac activity was disrupted in elmol™~ larvae. (Supplementary
Figures S5A-C). Whether the Racs activity in neutrophils is
regulated via Dock proteins or directly by Elmol remains to be
clarified. We found that in addition to constitutively activated Racla,
constitutively activated Rac2 could also effectively rescued the motility
defects of neutrophils in elmol mutants; thus, suggesting that Racs
functioned downstream of Elmol in zebrafish. More importantly,
human ELMOI could also rescue the defective motility phenotype of
mutant neutrophils in zebrafish. These results indicated that elmol
acted through a conserved mechanism in zebrafish (Stevenson et al,,
2014; Chang et al,, 2020); thus, supporting the use of zebrafish as a
suitable animal model for identifying functional changes in human
ELMOI variants.

We performed live imaging on transparent zebrafish larvae to
verify the function of the human ELMOI variant of neutrophil
motility. This assay also provided us a unique opportunity to
directly observe the function of ELMOI variants in vivo. For the
three ELMOI variants chosen for analysis, p.E90K and p.D194G
variants were located in the conserved ELMO inhibitory domain
(EID). However, they were not on the ELMO1-DOCK?2 interface
or the interface with any other known partner of ELMOI, such as
RhoG1 or BAIl (Katoh and Negishi, 2003; Park et al., 2007).
Therefore, we hypothesized that these two variants may not
substantially interfere with the function of ELMOI. Indeed,
these two variants successfully rescued the abnormal neutrophil
motility of elmol mutant zebrafish. The remaining variant,
p-R354X (c.1060C>T), resulted in a stop codon prior to the PH
domain, which interacted with the DOCK or RAC, suggesting that
it would fail to regulate downstream effecter activities. As expected,
the p.R354X variant could not recover the migration speed of
neutrophils in the elmol mutant. Interestingly, this variant also
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impaired the migration of neutrophils in siblings. We hypothesized
that the transiently expressed p.R354X variant may outcompete
wild-type ELMOL1 for its N-terminal binding partners, including
RhoG and BAIl, under over-expression condition. Consequently,
the function of wild-type ELMOL1 was attenuated in such zebrafish.

Although zebrafish provide a quick and convenient model for
testing ELMOI variants in vivo, we also observed that the transient
expression of variants in zebrafish had limitations. For example, we
expressed ELMOI variants under the control of the lyz promoter,
which may lead to higher concentrations of ELMOI variant proteins
in neutrophils than physiological conditions. This may, in turn, cause
excessive activation or inhibition of ELMOI. To overcome this
challenge, we may use the endogenous elmol promoter instead of
the lyz promoter to drive the expression of ELMOI variants. Large-
scale clinical analyses with in vivo functional studies of ELMOI
variants should also be combined to better understand the
physiological or pathological roles of such variants.

In summary, we found that zebrafish elmol gene functioned in
a conserved way in neutrophils. With the zebrafish elmol mutant,
we have established a convenient in vivo model for the effective
analysis of human ELMOI variants. This model could facilitate
the characterization of ELMOI variants and provide valuable
suggestions for clinical decision-making. Similar methods could
also be applied in zebrafish to in vivo evaluations of genetic
variants of other genes.
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