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Vascular endothelial growth factor (VEGF) and vascular endothelial growth factor
receptor (VEGFR) play a role in early development, organogenesis, and regeneration,
as well as biomineralization of invertebrates. The involvement of VEGF and VEGFR
in biomineralization was demonstrated in sea urchin larvae but its role in the
biomineralization of other invertebrate groups such as mollusks is not known. We
assessed the potential role of VEGF signaling on biomineralization of a model marine
bivalve, the Pacific oyster Crassostrea gigas, by analyzing the effects of a VEGFR
inhibitor (50 nM axitinib) on shell growth, shell hardness, and expression profiles
of biomineralization-related genes. Bioinformatics analysis identified a wide range
of biomineralization-related genes potentially activated by VEGF including carbonic
anhydrases (CAs), sodium/proton and sodium/calcium exchangers, calmodulins, and
genes involved in chitin metabolism. Exposure to a VEGFR inhibitor axitinib led to
upregulation of CAs (CA7 and CA12), sodium/proton exchanger 10, sodium/calcium
exchanger 1 and 3, as well as calmodulin mRNA in hemocytes (HCs). In the mantle
tissue, axitinib exposure led to a compensatory upregulation of VEGFR mRNA but did
not affect the expression of other studied biomineralization genes. Expression of VEGF,
VEGFR mRNA, or that of the downstream biomineralization-related genes in a non-
biomineralizing tissue (the gill) was not affected by axitinib. The shell mass was higher
in the axitinib treatment group. Inhibition of VEGFR led to significant increase in shell
microhardness, and to a small but statistically significant decrease in crystallinity. Our
results therefore indicate that, although VEGF signaling might not play a crucial role in
shell biomineralization of C. gigas as it does in mammals and echinoderms, it is involved
in regulation of shell formation in bivalves and that effects of VEGF on biomineralization
are likely mediated by HCs.
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INTRODUCTION

Mollusk shells are composite organomineral structures made
of calcium carbonate mineral (primarily calcite and aragonite),
and a minor but structurally important organic fraction. Shell
formation is a complex biologically regulated process (Zhang
et al., 2012) which often occurs under the physicochemical
conditions of low or under-saturation with respect to CaCO3
precipitation (Beniash et al., 2010; Dickinson et al., 2013;
Ivanina et al., 2013b). Two major tissue types – the mantle
and the blood cells [hemocytes (HCs)] – have been identified
as the major players in molluscan biomineralization. Epithelial
cells of the mantle edge (ME) are traditionally associated with
the shell formation as they produce the extracellular matrix
(ECM) proteins directing CaCO3 deposition and controlling
the structure, orientation and size of CaCO3 crystals (Falini
et al., 1996; Nudelman et al., 2006). Transcriptomic studies of
the cells of the ME revealed high expression levels of genes
encoding ECM proteins thereby supporting earlier reports of
the role of the ME in the regulation of shell biomineralization
(Marie et al., 2012; Ivanina et al., 2017). Recent studies also
implicate mollusk HCs in the biomineralization process. HCs are
multifunctional cells involved in the immune defense, wound
repair and biomineralization (Roch, 1999; Sokolova, 2009).
Different HC populations are specialized on either immune
defense or biomineralization (O’Neill et al., 2013; Li et al., 2016a;
Ivanina et al., 2017). Biomineralizing HCs accumulate calcium
carbonate mineral particles and can move by diapedesis from
the blood stream to the extrapallial space (between the mollusk
mantle and the shell) depositing CaCO3 onto the shell surface
(Mount et al., 2004; Li et al., 2016b). The transcriptomic profiles
of the putative biomineralization HCs indicate that they play
a role in the mineral transport, and potentially contribute to
the shell matrix formation (Ivanina et al., 2017). To date, the
molecular mechanisms controlling molluscan biomineralization
and regulating the interplay between different biomineralizing
cells are not well understood. Knowledge of such mechanisms is
essential for understanding the impacts of environmental change
on the shell, the main protective structure of mollusks, and thus
on the survival and performance of mollusks, many of whom are
key aquaculture species and ecosystem engineers (Beniash et al.,
2010; Dickinson et al., 2012; Ivanina et al., 2013a).

Vascular endothelial growth factor (VEGF) stimulates
angiogenesis and osteogenesis in mammals (Street et al.,
2002). Angiogenesis and osteogenesis are closely associated
(Schipani et al., 2009), and bone mineralization initiates around
blood vessels and potentially involves blood cells (Akiva et al.,
2015; Kerschnitzki et al., 2016). In mammals, VEGF induces
differentiation of osteoblasts and mineralizing chondrocytes
and plays a critical role in bone formation, healing and
regeneration (d’Aquino et al., 2007; Wang et al., 2007; Liu
et al., 2012; Chan et al., 2015; Hu and Olsen, 2016). Recently,
VEGF was found to play a critical role in the regulation of
mineralization in echinoderms (sea urchin larvae) where it
controls skeleton morphogenesis (Duloquin et al., 2007; Sun
and Ettensohn, 2014). VEGF signaling is essential for regulation
of morphogenetic patterning of the primary mesenchyme cells

(a major biomineralizing cell type of echinoderms) and for
activation of the skeletogenic gene regulatory network (Duloquin
et al., 2007; Adomako-Ankomah and Ettensohn, 2013, 2014;
Sun and Ettensohn, 2014), so that inhibition of VEGF signaling
causes significant defects in skeletogenesis (Adomako-Ankomah
and Ettensohn, 2013). Furthermore, addition of VEGF to isolated
sea urchin micromeres in vitro induces formation of calcitic
spicules (Knapp et al., 2012). These data indicate that VEGF
is an evolutionary conserved and potent regulator of skeletal
morphogenesis. Based on these findings, we hypothesized that
VEGF may be involved in the control of mollusk shell formation
by regulating the biomineralizing functions of the circulatory
HCs and/or those of the biomineralizing mantle cells. To test
these hypotheses, we used a specific VEGF receptor (VEGFR)
inhibitor axitinib to disrupt VEGF signaling in juvenile and
adult C. gigas, and tested the effects of this disruption on
transcriptomic profile of key biomineralization genes in the HCs
and the mantle as well as on the mechanical and mineralogical
properties of the shells.

MATERIALS AND METHODS

Animal Care and Experimental
Exposures
Juvenile (5–10 mm shell length) and adult Crassostrea gigas (6–
7 cm shell length) were obtained from Ocean Alaska Hatchery
(Alaska, United States) and Fanny Bay (British Columbia,
Canada), respectively. Prior to the experiments, the oysters were
acclimated for a week at 20◦C and salinity 30 practical salinity
units (PSU) in re-circulating water tanks with artificial sea water
(ASW; Instant Ocean R©, Kent Marine) prior to experiments.

A stock solution of axitinib (ApexBio Technology, Houston,
TX, United States) was prepared in DMSO and stored at −20◦C.
Axitinib is a potent and highly selective inhibitor of VEGFR
tyrosine kinase 1, 2, and 3 that binds to the intracellular ATP
site domain of the VEGFR thereby inhibiting signal transduction
by VEGF at low nanomolar concentrations of axitinib (Gross-
Goupil et al., 2013). Oysters were cultured in ASW containing
50 nM axitinib (VEGF-inhibited) or the equivalent concentration
of DMSO (control). The working concentration of axitinib was
chosen based on the previous published research (Adomako-
Ankomah and Ettensohn, 2013; Sun and Ettensohn, 2014) and
tested for non-specific toxicity by measuring respiration of
juvenile oysters in the presence of different concentrations of
axitinib. These pilot studies showed that 50 nM axitinib did
not inhibit oyster respiration indicating the lack of non-specific
toxicity.

Oysters were divided into eight batches and randomly
assigned to either axitinib or control (DMSO) treatment.
For each treatment, four replicate tanks for juveniles or two
tanks for adults were set up, each tank containing 5 L of
ASW with ∼50 juveniles or 5 adult oysters per tank. Water
temperature was maintained at 21 ± 1◦C and salinity at
30 ± 0.5 PSU in all tanks. Water was changed daily, and
axitinib or DMSO was added after each water change. Juvenile
oysters were exposed for 14 weeks, and adults for 2 weeks.
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Oysters were fed ad libitum every day with a commercial
algal blend (2 ml tank−1) containing Nannochloropsis oculata,
Phaeodactylum tricornutum, and Chlorella spp. (DT’s Live
Marine Phytoplankton, Sycamore, IL, United States). Algae were
added to the tanks immediately following the water change. No
mortality was detected throughout the experiments.

Whole-Organism O2 Consumption Rates
The O2 consumption rates (MO2) were measured in juvenile
oysters every week for 14 weeks by closed-chamber respirometry.
MO2 was measured in 3 ml water-jacketed chambers using
Clarke-type oxygen electrodes (OX1LP-3 ml, Qubit Systems,
Kingston, ON, Canada) in ASW at 20◦C and salinity 30. For each
measurement, two similar-sized juveniles were placed into the
chamber and allowed to recover for 30 min from the handling
stress. The chambers were then closed, and O2 consumption was
monitored for 20–30 min. After the MO2 determinations, all
juvenile oysters were collected and stored in 70% ethanol for body
and shell mass measurements.

Body and Shell Mass Measurements
Juveniles of C. gigas from control and axitinib-treated groups
were collected at time 0 (prior to exposures) and after 14 weeks
of exposure. Total wet body mass of specimens was determined
using a microbalance XP 56 (Metler-Toledo, Toledo, OH,
United States) with a precision of 0.01 mg or better, and dry
tissue mass was calculated from the total dry mass by subtracting
the mass of the shell. To obtain the shell mass, juveniles were
crushed and incubated in NaOCl overnight to digest the tissues;
the remaining shell pieces were then washed in ultrapure water
followed by 70% ethanol, freeze dried, and their mass determined
using a microbalance.

Phylogenetic Analysis of Putative VEGF
and VEGFR Homologs From the Oyster
(Crassostrea gigas) Genome
To ascertain whether sequences annotated as predicted VEGF-
A (XP_011449745.1), VEGF-D (EKC18709.1), and VEGFR1
(EKC41995) loci in the C. gigas genome belong to the VEGF
and VEGFR gene families in invertebrates, we conducted
phylogenetic analysis. Protein sequences were identified using
BLASTp at the NCBI, using C. gigas sequences EKC18709
and EKC41995 as queries. Described Pvf1/VEGF (McDonald
et al., 2003) and PDGF/VEGF-receptor-related (Pvr) (Parsons
and Foley, 2013) homologs from two Drosophila species and
representative molluscan genomes were collected. Representative
VEGF-A, -B, -C, and -D, and VEGFR1 and VEGFR2 (Holmes and
Zachary, 2005) family members from four mammalian genomes
(human, chimpanzee, mouse, and rat), collected from Ensembl1,
were also included in the analysis. Amino acid sequences were
aligned using MUSCLE (Edgar, 2004) as implemented in MEGA7
(Kumar et al., 2016). The resultant multiple sequence alignments
of VEGF and VEGFR homologs, respectively, were used to
reconstruct the maximum-likelihood trees based on the JTT

1ensembl.org

(Jones et al., 1992) substitution model using MEGA7 (Kumar
et al., 2016). Gamma distribution was used to account for the
rate of heterogeneity across sites, estimated as ∼7.4 and ∼4
for VEGF and VEGFR datasets, respectively. To maximize the
number of shared sites used in the analysis, we used a partial
deletion option with a cut-off of 90% coverage to eliminate
positions with multiple gaps. In other words, only positions that
had less than 10% of gaps across all sequences were included
in the tree reconstruction, resulting in 166 and 1027 shared
positions used in VEGF and VEGFR tree reconstructions. About
100 bootstrap replications were used to evaluate the reliability
of internal branches. Pvf2 and Pvf3 sequences from Drosophila
melanogaster and D. simulans were also included in the VEGF
phylogenetic tree (Holmes and Zachary, 2005; Tarsitano et al.,
2006). Pvf-1 sequences, representing Pvr genes from nematodes
Caenorhabditis elegans (Tarsitano et al., 2006) and C. briggsae
were used to root the VEGF tree. The VEGFR tree was rooted
with human and chimpanzee sequences of PTK7 (tyrosine kinase
receptor with seven Ig-like domains), a distant homolog of VEGF
(Seipel et al., 2004).

Prediction of Putative VEGF-Regulated
Gene Networks
To identify the potential biomineralization genes regulated by
the VEGF-dependent signaling cascade, we used a custom
bioinformatic pipeline to identify genes that were adjacent
to or contained STAT3, AP-1, and CREB binding sites in
their promoter regions using annotated genome of the oyster
(Crassostrea gigas) (version 9). These transcription factors are
key signal transducers activated by the VEGF-VEGFR signaling
(Abdollahi et al., 2007; Cao, 2010; Gao et al., 2017). Briefly,
the genome was screened for the consensus binding sites for
STAT 3 (5′-TTCC C/G T/G AA-3′), AP-1 (5′-TGA G/C TCA-
3′), and CREB (5′-TGACGTCA-3′). About 70 base-pair regions
containing each potential binding site were obtained from the
genome and used in a subsequent BLASTn search to identify
its position within the C. gigas genome scaffolds. Position
information was then used in combination with a custom Python
script (Supplementary Table 1) to isolate 1000 bases upstream
within each genome scaffold. For each potential binding site, an
approximately 2-kb downstream region of the genome was used
to search for annotated genes from the C. gigas genome project,
using predicted proteins as query sequences in a BLASTx search.
Predicted proteins with e-values less than 1e−10 and an identity
score greater than 95% were assessed for their possible function
through gene ontology (GO) analysis. GO terms were clustered
in the program REVIGO with the whole UniProt database used
to reference the size of each term and semantic similarities
were determined using SimRel medium (0.7) similarity. Among
12,436 genes that have binding sites for STAT3 (1528 genes),
AP-1 (7976 genes), and CREB (3932 genes) in the promoter,
we identified five isoforms of carbonic anhydrase (CA2, CA3,
CA7, CA12, and CA13), two isoforms of sodium-calcium
exchangers (NaHE1 and NaHE3), two isoforms of sodium-
calcium exchangers (NaCaE1 and NaCaE3), a sarcoplasmic Ca
binding protein, two isoforms of calmodulin (1 and 12) as
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well as four isoforms of CSs (CSC, CS1, CS6, and CS8), which
were further used for transcription analyses (Supplementary
Table 2).

Expression of Transcripts of
Biomineralization Genes
The mRNA expression of selected biomineralization-related
genes (Table 1) was determined in the ME, central mantle (CM),
gills, and HCs of adult C. gigas exposed to axitinib or DMSO
for 2 weeks. Total RNA was extracted from 50 to 100 mg of
the mantle or gill tissues using TRI Reagent (Sigma-Aldrich,
St. Louis, MO, United States) according to the manufacturer’s

protocol. RNA from HCs was isolated using mini ZR RNA
MiniPrepTM kit (Zymo Research, Irvine, CA, United States)
according to the manufacturer’s instructions. RNA concentration
was determined using NanoDrop 2000 spectrophotometer
(Thermo Scientific, Pittsburg, CA, United States). Single-
stranded cDNA was obtained from 0.2 µg of the total RNA using
50 U µl−1 SMARTScribeTM reverse Transcriptase (Clontech,
Mountain View, CA, United States) and 20 µmol l−1 of
oligo(dT)18 primers. Transcript expression of the target genes
was determined by qRT-PCR using a 7500 Fast Real-Time PCR
System (Applied BioSystems/Life Technologies, Carlsbad, CA,
United States) and SYBR R© Green PCR kit (Life Technologies,
Bedford, MA, United States) according to the manufacturer’s

TABLE 1 | Primers used to amplify the target VEGF regulated biomineralization genes of C. gigas.

Target Accession number Primer sequence Tm (◦C)

VEGF XM_011451443.2 FW 5′-CCGGTGCATGTGTACCAATA-3′ 55

Rev 5′-TGATTTCCTCGTCAGTCATTCC-3′

VEGFR XM_011457891.1 FW 5′-CGGTCTATGGCTCTGCATAAA-3′ 55

Rev 5′-CAAATGCACCTTGACCCAATAC-3′

CAII XM_011449596.1 FW 5′-CATCAACCAGCAGTCAGAAGTA-3′ 55

Rev 5′-TGTTCCGATCCCTTGTCATTAG-3′

CAIII XM_011413668.2 FW 5′-CTACCCTACAACAGGGAGTTCTA-3′ 55

Rev 5′-CTGGTCTGAAATTGCCGTATCT-3′

CAVII XM_011441430.2 FW 5′-GCGGGAATGTAAGGGAGAAA-3′ 55

Rev 5′-GCATTGCTCTCCATGGTTATTG-3′

CAXII EKC34762.1 FW 5′-AAATGGTCAACAACTACCGA-3′ 55

Rev 5′-ATTGCCAGGGAAATTCCAA-3′

CAXIII EKC34781.1 FW 5′-ATACTACGAGAAAACCCGAC-3′ 55

Rev 5′-AGTTCCAACTGTAAGGAAGG-3′

NHX9 XM_011426556.2 FW 5′-TGGTGAAGCTGACTGGTATTG-3′ 55

Rev 5′-CAATGGTTGCCGTCACAAAG-3′

NHE10 EKC18191.1 FW 5′-AGAGATCTAGGTGCCTCTAA-3′ 58

Rev 5′-GCCAGTTTAACAAAGACGTT-3′

NaCaE1 EKC29014.1 FW 5′-CTTCTTTGGAGTTTCATGGC-3′ 55

Rev 5′-TTGTAACCAGTCTCACTAGC-3′

NaCaE3 EKC29016.1 FW 5′-ATGGTGGACCTCTACAACTA-3′ 55

Rev 5′-AAAAATTCGTAACCCCGTTG-3′

Calmodulin-like protein 1 EKC29572.1 FW 5′-ACATATTCCCCCTGATGAAG-3′ 58

Rev 5′-GCTCGTTAATGTTGCCATAG-3′

Calmodulin 12 EKC42677.1 FW 5′-TAAGGACGGAAGTGGAAAAA-3′ 58

Rev 5′-GCCTTGATCATTTCGTCTAC-3′

Sarcoplasmic calcium-binding protein EKC29123.1 FW 5′-AGATGTGGTACAAGTCTCTG-3′ 55

Rev 5′-ACCATTTCTTCATGTCGTTTT-3′

Chitin synthase C EKC28568.1 FW 5′-AAGTTGAACATGAGACGACA-3′ 55

Rev 5′-TTCCATTTTCGCAAAACACA-3′

Chitin synthase 1 EKC40984.1 FW 5′-CTTTAAAGACGACAACCGTG-3′ 55

Rev 5′-GACATCTGGCCATATCTGTT-3′

Chitin synthase 6 EKC34858.1 FW 5′-AGGTTGGAAATAGTGACTCAG-3′ 55

Rev 5′-TGGACCTTAAAAGGGTTCTC-3′

Chitin synthase 8 EKC20511.1 FW 5′-CCGAATACAGATGGTTGTTG-3′ 55

Rev 5′-GCAAGACAAACAACTTTTGC-3′

β-actin X75894 FW 5′-TTGGACTTCGAGCAGGAGATGGC-3′ 55

Rev 5′-ACATGGCCTCTGGGCACCTGA-3′

NCBI accession numbers of the sequences used for primer design and annealing temperatures (Tm) are given for each primer pair.
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instructions. The qRT-PCR reaction mixture consisted of 7.5 µl
of 2X SYBR R© Green master mix, 0.3 µmol l−1 of each forward
and reverse gene-specific primers (Table 1), and 1.5 µl of 10X
diluted cDNA template and water to adjust to 15 µl. The reaction
mixture was subjected to the following cycling: 10 min at 95◦C
to denature DNA and activate Taq polymerase, and 40 cycles
each of 15 s at 94◦C, 30 s at 60◦C, and 30 s at 72◦C. Serial
dilutions of a single cDNA sample (from the ME) were amplified
during each run to determine amplification efficiency and to
test for potential run-to-run amplification variability (Pfaffl,
2001). The target gene mRNA expression was standardized
relative to β-actin mRNA and the internal cDNA standard (Pfaffl,
2001).

FTIR Spectroscopy of Juvenile Shells
Juveniles of C. gigas from control and axitinib-treated groups
were collected at time 0 (prior to exposures), 2 days,
6 weeks, and 14 weeks of exposure and fixed in 70% ethanol.
Juveniles were placed overnight in 4% NaOCl solution to
remove organic material, washed two times 30 min each
with deionized water followed by a wash in 70% ethanol.
Isolated shells were lyophilized for 24 h, and five specimens
per group were ground and pressed in KBr pellets. Pellets
were analyzed using a FTIR spectrometer (Bruker Vertex
70, Bruker, Billerica, MA, United States) in a transmittance
mode with the resolution of 4 cm−1 and 128 scans per
sample. Absorbance spectra were processed using Spectrum 5.1
software (Perkin Elmer, Shelton, CN, United States). The 600–
1000 cm−1 regions of the spectra were isolated, baseline corrected
and normalized, and the positions and heights of absorption
peaks of ν4 and ν2 vibrational bands were measured. The
ν4/ν2 band intensity ratio is inversely proportional to calcite
crystal and is commonly used as a proxy for the crystallinity
of the mineral phase (Beniash et al., 1997; Gueta et al.,
2007).

Microhardness Tests on the Shells of
Juvenile Oysters
The lyophilized right valves of the juvenile oysters were mounted
and polymerized in Epofix epoxy resin (EMS, Hatfield, PA,
United States) at room temperature. Five individuals from
the axitinib-treated and control groups collected at time 0,
2 days, 6 weeks, and 14 weeks of exposure were used for
analyses. To expose shells, the blocks were manually polished
with 320 grit paper in the plane normal to the surface
and transecting the shell from acute apical tip to its most
distal edge until the midline of the shell was exposed. The
samples were further polished with 400, 600, and 800 grit
paper using Buehler Minimet 1000 polisher, followed by fine
polishing with Metadi diamond suspensions down to 0.25 µm.
All polishing was carried out in CaCO3-saturated water. The
microhardness tests were performed using Identamet (Buehler,
Lake Bluff, IL, United States) microindenter at 0.25 N load
and 5 s dwelling time with Vickers tip. Five indentations
were conducted per each sample. To avoid edge effects, each
indentation was positioned at least two indentation diagonals

away from the neighboring indentations and the edges of the
shell. Microhardness values were averaged for five indentations
from each shell, and the average value used as a biological
replicate.

Statistical Analyses
Two-way ANOVA was used to test the effects of the tissues
and presence/absence of VEGF inhibitor on the studied traits
(Table 2). For shell traits, one-way ANOVA and/or Student’s
t-test were used. Prior to analyses, data were tested for
normality and homogeneity of variance by Kolmogorov-Smirnoff
and Levine’s tests, respectively, and normalized as needed
using Box-Cox common transforming method. Fisher’s Least
Significant Differences (LSD) tests were used for planned
posthoc comparisons of the differences between the pairs of
means of interest. All statistical analyses were performed
with JMP Pro 12 (Cary, NC, United States) or OriginPro
2015 software package (Northampton, MA, United States).
Differences were considered significant if the probability of
Type I error was less than 0.05. The data are presented as
means ± standard errors of means (SEM) unless indicated
otherwise.

RESULTS

Effects of Axitinib on Shell and Body
Mass and Metabolism of Oyster
Juveniles
Dry mass of the soft tissues of juveniles prior to experiment
was 0.32 ± 0.05 mg (N = 10); after 14 weeks of exposure it
increased to 0.42 ± 0.06 mg (N = 15) and 0.47 ± 0.11 mg
(N = 15) in the control and axitinib-exposed group, respectively
(p > 0.05 for the differences between the groups). There
was no significant difference in shell mass between 0 and
14 weeks time-points in the control group (5.31 ± 0.32 mg,
N = 10 and 5.27 ± 0.25 mg, N = 15), respectively.
A difference approaching significance in the shell mass was
found between the time 0 and 14 weeks of exposure to
axitinib-group (p = 0.074), with masses of 5.31 ± 0.32 mg
(N = 10) and 6.28 ± 0.39 mg (N = 15), respectively.
Importantly, significant difference in the shell mass was found
after 14 weeks of exposure between the axitinib-treated and
control juveniles (p = 0.048). These data indicate that inhibition
of VEGF signaling pathway lead to a small but significant
increase in the shell mass while the soft tissue mass was not
affected.

The duration of experimental exposure had no significant
effect on the respiration of control or axitinib-exposed juvenile
oysters (F165,13 = 1.56, p = 0.149); therefore, data for different
time points within each experimental group were pooled for
subsequent analyses. Exposure to axitinib had no effect on
O2 consumption rates of juveniles (24.17 ± 2.8 µmol O2
animal−1 h−1 and 28.47 ± 3.09 µmol O2 animal−1 h−1 for
control and axitinib-exposed group, respectively, N = 82–84,
p = 0.307).
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TABLE 2 | ANOVA: Effects of the axitinib on the expression of biomineralization mRNAs in Crassostrea gigas.

Genes Factor effect

Tissue Inhibitor Tissue × Inhibitor

VEGF F1,35 = 8.9448 p = 0.0003 F3,35 = 1.8166 p = 0.1885 F3,35 = 0.1413 p = 0.9344

VEGF receptor∗ F1,35 = 17.2279 p = 0.0008 F3,35 = 0.1379 p = 0.7200 F3,35 = 2.4541 p = 0.1379

CAII∗ F3,24 = 2.1602 p = 0. 1707 F1,24 = 6.3606 p = 0.0357 F3,24 = 0.1236 p = 0.9435

CAIII∗ F3,24 = 3.1807 p = 0.0847 F1,24 = 0.4613 p = 0.5162 F3,24 = 0.3988 p = 0.7577

CAVII∗ F3,24 = 1.1568 p = 0.3842 F1,24 = 2.1295 p = 0.1826 F3,24 = 0.7326 p = 0.05611

CAXII∗ F3,24 = 1.2385 p = 0.3579 F1,24 = 0.2265 p = 0.6468 F3,24 = 0.6416 p = 0.6094

CAXIII F3,24 = 0.1349 p = 0.9379 F1,24 = 0.2521 p = 0.6220 F3,24 = 0.5214 p = 0.96733

NHX9∗ F3,32 = 21.5863 p = 0.0003 F1,32 = 0.0481 p = 0.8319 F3,32 = 2.3698 p = 0.1465

NHX10∗ F3,32 = 3.7221 p = 0.0609 F1,32 = 1.691 p = 0.2297 F3,32 = 2.2883 p = 0.1553

NaCaE1∗ F3,32 = 1.6629 p = 0.2511 F1,32 = 1.1714 p = 0.3107 F3,32 = 0.2887 p = 0.8325

NaCaE3∗ F3,32 = 2.4989 p = 0.1336 F1,32 = 2.7951 p = 0.1331 F3,32 = 0.0677 p = 0.9755

Sarc Ca-binding∗ F3,35 = 0.1235 p = 0.9436 F1,35 = 0.0026 p = 0.9607 F3,35 = 0.2248 p = 0.8765

Calmodulin 1 F3,35 = 22.5625 p < 0.0001 F1,35 = 0.1953 p = 0.6620 F3,35 = 1.4397 p = 0.2523

Calmodulin 12∗ F3,35 = 3.1445 p = 0.0867 F1,35 = 0.7283 p = 0.4182 F3,35 = 0.1793 p = 0.9075

Chitin synthase C∗ F3,35 = 3.3730 p = 0.0751 F1,35 = 7.2938 p = 0.0270 F3,35 = 2.3564 p = 0.1479

Chitin synthase 1∗ F3,35 = 2.2835 p = 0.1559 F1,35 = 0.0206 p = 0.8894 F3,35 = 2.8012 p = 0.1085

Chitin synthase 6∗ F3,35 = 0.2413 p = 0.8652 F1,35 = 1.9504 p = 0.2001 F3,35 = 0.2163 p = 0.8824

Chitin synthase 8∗ F3,35 = 3.1039 p = 0.0889 F1,35 = 0.0214 p = 0.8874 F3,35 = 0.5138 p = 0.6841

F ratios (with the degrees of freedom for the factor effect and the error shown as a subscript) are given. Significant effects (p < 0.05) are highlighted in bold. ∗ Data were
normalized using Box-Cox common transformation method.

Mineralogical and Mechanical Properties
of the Shells of Oyster Juveniles
The FTIR spectroscopic analysis showed a significantly higher
ν4/ν2 intensity ratio in the shells of juveniles from the axitinib-
treated group compared with those from the control group
(3.24 ± 0.28 and 2.91 ± 0.06, respectively, p = 0.046) after
14 weeks exposure. This indicates that the mineral of the shells in
the axitinib-treated group is less crystalline than in the controls
(Beniash et al., 1997; Gueta et al., 2007).

The Vickers microhardness of shells of juveniles in the
axitinib-treated group was higher than in the control (ANOVA
for the effect of treatment: F1,26 = 23.48, p < 0.001) and increased
with the exposure duration (i.e., the age of oysters) in both groups
(ANOVA for the effect of exposure time: F2,26 = 8.08, p = 0.002).
After 14 weeks of exposure, the Vickers microhardness was∼20%
higher (202.74 ± 21.72) in the axitinib-treated group compared
to the controls (166.75± 24.17) (p = 0.04).

Phylogenetic Analysis of VEGF and
VEGFR Homologs
Phylogenetic analysis confirmed presence of VEGF and VEGFR
homologs in the oyster genome. As Figure 1A shows, both
C. gigas sequences annotated as VEGF (XP_011449745.1,
annotated as VEGF-A, and EKC18709.1, annotated as VEGF-
D) cluster with other molluscan VEGF-like sequences, including
XP_022327278.1 sequence from C. virginica annotated as VEGF
C-like. Oyster VEGF-like sequences form a cluster with a pair
of sequences, one of which is annotated as a platelet-derived
growth factor subunit B (PDGF-B) from Yesso scallop grouped
with a recently described PDGF/VEGF homolog from the pearl

oyster Pinctada fucata (Huang et al., 2017), although the internal
branch lacks significant bootstrap support. Jointly, these bivalve
sequences, together with representatives of gastropods, form a
clade with Pvf1 sequences from Drosophila genomes. Mammalian
representatives of VEGF gene family form a separate clade
from the invertebrate Pvf1-like group, subdivided into VEGF-
A and -B, and VEGF-C and -D clusters, supported by the
bootstrap values of 89, 94, and 100%, respectively. Pvf2 and
Pvf3 sequences from Drosophila cluster together outside of this
mammalian clade, with the bootstrap support of 85%, thus,
offering (albeit weak) support for the hypothesis that oyster
VEGF-like sequences are more closely related to Pvf1 genes.
The lack of strong bootstrap support for internal branches
representing deeper divergences within this gene superfamily
likely reflects ancient divergence times between taxa, for example,
the estimated divergence time between oysters and Drosophila
is ∼753 MYA, per TimeTree.org (Hedges et al., 2015) as
well as a relatively small number of shared sites available
in this alignment (166 amino acid sites were used in tree
reconstruction, out of total 328 amino acids in C. gigas
protein).

Likewise, predicted VEGFR sequence from C. gigas is clustered
with the VEGFR-like sequence from C. virginica, joined by
a VEGFR sequence from Yesso scallop (Figure 1B). These
bivalve sequences form a clade with representatives of gastropods,
supported by a 82% bootstrap, and together they form a
molluscan clade with cephalopod representatives (99% support).
Representative mammalian VEGFR1 (FLT1) and VEGFR2
(KDR) sequences form a separate sister clade, split into two
clusters, supported by 100% bootstrap values, with Drosophila
representatives clustered outside of this grouping, with 61%
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FIGURE 1 | Maximum-likelihood-based phylogenetic trees of VEGF (A) and VEGFR (B) sequences reconstructed using JTT+gamma substitution model. Each
sequence is designated by its GenBank or Ensembl accession number and species name. Sequences from C. gigas are highlighted with red boxes. Numbers above
branches represent percent bootstrap support.

support for the joint cluster. This indicates that oyster VEGFR-
like sequences are likely related to mammalian VEGFR1 and
-R2 sequences. Interestingly, according to the multiple sequence
alignment, the binding region of axitinib at human VEGFR2
protein [residues 801–826 (McTigue et al., 2012)] appears to
share multiple sites with amino acid residues that have the same
physicochemical properties not only with mammalian VEGFR1
sequences, but also with invertebrate sequences (Figure 2).
Such conservation at the level of physicochemical amino
acid properties suggests that similar to interactions with the
mammalian VEGFR2 proteins, axitinib likely has an inhibitory
effect on oyster VEGF receptors.

Functional Annotation of
VEGF-Regulated Genes
Our bioinformatic pipeline recovered 79859 predicted total sites
for the studied transcription factors, including 6040 sites for
STAT3, 42967 sites for AP1, and 30852 sites for CREB. Of
these, there were 12436 genes found adjacent to the transcription
factors, specifically with 1528 adjacent to STAT3; 7976 to AP1 and
3932 to CREB. Of these, 996, 5152, and 2522 genes contained
GO information for STAT3, AP1, and CREB, respectively
(Supplementary Table 1). In total 526, 1663, and 897 GO groups
were used in the program REVIGO for STAT3, AP1, and CREB,
respectively.

Across all three transcription factors, we found similar
REVIGO profiles associated with different GO groups in
the Biological Process and Molecular Function domains.
Some of the most abundant GO groups for the Biological

Process domain were relatively large and encompassing GO
groups, including metabolism [GO:0008152], regulation of
DNA-templated transcription [GO: 0006355], carbohydrate
metabolism [GO:0005975], intracellular signal transduction
[GO:0035556], and transmembrane transport [GO:0055085].
Some of the smaller GO categories found in high abundance
associated with the transcription factors included chitin
metabolism [GO:0006030], hemophilic cell adhesion via plasma
membrane adhesion molecules [GO:0007156], and integrin-
mediated signaling pathway [GO:0007229] (Supplementary
Figure 1).

In the Molecular Function domain, the most abundant
GO groups corresponded to large encompassing groups,
such as ATP binding [GO:0005524] and zinc ion binding
[GO:0008270]. There were also abundant groups associated with
intermediate GO encompassing groups, such as calcium ion
binding [GO:0005509] and G-protein coupled receptor activity
[GO:0004930]. Finally, among the lower abundant GO groups,
there was proportionately larger representation of chitin binding
[GO:0008061] and scavenger receptor activity [GO:0005044]
compared to other GO categories occurring in similar frequencies
(Supplementary Figure 1). Among these, one of the G-protein
coupled receptors was linked back to a kisspeptin protein
(K1PWK8_CRAGI) which has putative regulatory role in the
mantle function (Cardoso et al., 2016). Additionally, there were
numerous proteins associated with calcium ion binding, chitin
binding, and other GO groups relevant to mantle function and
formation selected for further investigation of the transcript
levels (as described below).
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FIGURE 2 | Section of the multiple sequence alignment of VEGFR proteins sequences that shows conservation of physicochemical properties of residues involved in
interactions with axitinib. The coordinates on right refer to the absolute amino acid position number for each sequence, while coordinates above the alignment refer
to the position in the alignment. Red stripe marks the span between Y801 and K826 residues of human VEGFR2 involved in axitinib binding according to McTigue
et al. (2012). The species name abbreviations, top to bottom, are Hum (human), Chi (chimpanzee), Mou (mouse), Rat (rat), C. gigas, C. virgi (C. virginica), Mizuhop
(Mizuhopecten yessoensis), Octopus (Octopus bimaculoides), Idiosep (Idiosepius paradoxus), Biompha (Biomphalaria glabrata), Aplysia (Aplysia californica), D_mel
(Drosophila melanogaster), D_sim (Drosophila simulans), Cel (Caenorhabditis elegans), and Cbr (Caenorhabditis briggsae). The following sequences (GenBank,
FlyBase, or Ensembl accession numbers) were used in the alignment (top to bottom): ENSG00000128052, ENSPTRP00000027639, ENSMUSP00000109144,
ENSRNOP00000066886, P17948.2, ENSPTRP00000009777, ENSMUSP00000031653, ENSRNOP00000001248, EKC41995.1, XP_022322561.1, OWF52925.1,
XP_014782180.1, BAI67804.1, XP_013075054.1, XP_012937883.1, NP_787997.2, FBpp0313964, NP_509835.2, CAP35166.2, NP_509836.1, Q13308.2, and
ENSPTRG00000018188. Conserved sites containing amino acid residues with identical physicochemical properties show polar (black lettering, green background),
hydrophobic (white lettering, black background), positively charged (pink lettering, blue background), amphoteric (red lettering, green background), small (green
lettering, yellow background), aliphatic (red lettering, gray background), negatively charged (green lettering, blue background), and charged (white lettering, blue
background) residues.

mRNA Expression of the
VEGF-Regulated Genes
VEGF and VEGF Receptor (VEGFR)
Under the control conditions, VEGF mRNA expression
varied among the tissues of adult oysters, with significantly
lower expression levels in HCs than in the ME or the
gills, and intermediate values in the CM (Figure 3A). The
exposure to axitinib led to a modest increase in the VEGF
expression in HCs, which eliminated the tissue-specific
differences in VEGF mRNA levels (Figure 3A). Expression
of VEGFR in the control group was significantly higher
in gills than in the tissues involved in biomineralization
(Figure 3B). Exposure to axitinib led to an increase of VEGFR
mRNA expression in the mantle and a decrease in the gills
(Figure 3B).

Genes Involved in Acid-Base and Ion Regulation
Out of five studied CA isoforms (CA2, CA3, CA7, CA12, and
CA134), only CA2 was differentially expressed in the studied
tissues with higher mRNA level in the gills compared with the
mantle or HCs (Figures 3C–G). Exposure to VEGFR inhibitor
significantly affected expression profile of CA2 but not that of
other studied CA isoforms in oyster tissues (Figures 3C–G and

Table 2). Notably, exposure to axitinib led to a strong increase
in mRNA expression of CA2, CA7, and CA12 in HCs (by ∼9,
12- and 5-fold, respectively); however, this increase was not
statistically significant due to a large variation and relatively small
sample size (N = 3–5).

Under the control conditions, expression of NaHE9
transporter was higher in the gills than in the other studied
tissues (Figure 4A and Table 2), while mRNA expression of
NaHE10 was significantly lower in the gills than in the ME cells
(Figure 4B). Expression of NaCaE1 was significantly elevated
in HCs (Figure 4C), where expression of NaCaE3 was similar
in all studied tissues (Figure 4D). Exposure to axitinib led to a
notable albeit statistically non-significant increase of NaHE10,
NaCaE1 and NaCaE3 mRNA expression in HCs (by ∼4.5, 2-
and 4-fold, respectively), whereas NaHE9 expression remained
low (Figure 4). Axitinib exposure also significantly stimulated
NaHE10 mRNA expression in the gills by 85% (Figure 4B).

Genes Involved in Ca2+ Binding
Among the three studied Ca2+-binding genes [calmodulin 1
(CAM1), calmodulin 12 (CAM12) and sarcoplasmic calcium-
binding protein (SCP)], mRNA expression or CAM1 and CAM12
were lower in HCs than in other tissues of the control oysters
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FIGURE 3 | Levels of mRNA expression of VEGF, VEGF receptor, and different isoforms of carbonic anhydrase in tissues of adult C. gigas in response to a 2-week
axitinib exposure. Genes: (A) VEGF – vascular endothelial growth factor, (B) VEGF Rec – vascular endothelial growth factor receptor; (C–G) CA2, CA3, CA7, CA12,
and CA13 – carbonic anhydrases 2, 3, 7, 12, and 13, respectively. Control – control oysters and Inh – axitinib-exposed oysters. Expression levels in the mantle edge
(ME), central mantle (CM), hemocytes (HC), and the gills (Gill) are shown. Different letters indicate significant differences between different tissues under the same
treatment conditions (i.e., control or axitinib exposure); columns that do not share a letter are significantly different (p < 0.05). N = 3–5.
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FIGURE 4 | Levels of mRNA expression of ion transporters and Ca binding proteins in tissues of adult C. gigas in response to a 2-week axitinib exposure. Genes:
(A,B) NaHE9 and NaHE10 – Na+/H+ exchangers 9 and 10, respectively; (C,D) NaCaE1 and NaCaE3 – Na+/Ca2+ exchangers 1 and 3, respectively; (E) SCP –
sarcoplasmic calcium-binding protein; (F,G) CAM 1 and CAM 12 – calmodulin 1 and 12, respectively. Control – control oysters and Inh – axitinib-exposed oysters.
Expression levels in the mantle edge (ME), central mantle (CM), hemocytes (HC), and the gills (Gill) are shown. Different letters indicate significant differences between
different tissues under the same treatment conditions (i.e., control or axitinib exposure); columns that do not share a letter are significantly different (p < 0.05).
Asterisks indicate significant differences between the control and axitinib-exposed oysters in the same tissue. N = 3–5.
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(Figures 4E–G and Table 2). Expression levels of CAM1
and SCP mRNA were not significantly affected by axitinib
exposure (Figures 4E,F). In contrast, mRNA expression of
CAM12 was significantly higher in HC of animals exposed to
the VEGFR inhibitor compared with the respective controls
(Figure 4G).

Chitin Synthases (CSs)
In control oysters, mRNA expression of chitin synthase C (CSC)
and chitin synthase 6 (CS6) were similar in all studied tissues
(Figures 5A,C). Expression of CS1 mRNA was lower in the
gills than in the other tissues, although the differences were
only significant between the gills and the CM cells (Figure 5B).
Expression of CS8 mRNA was the lowest in HCs compared with
other tissues (Figure 5D). Axitinib treatment led to a statistically
significant increase in CSC expression in the gills (Figure 5A
and Table 2). The expression of CS1 was higher in CM than in
other tissues, and this difference was significant between CM and
gills (Figure 3B). The exposure to the VEGFR inhibitor led to
a decrease in CS1 expression in CM, yet significant differences
remained between CM and gills (Figure 5B). Notably, axitinib
exposure led to a strong upregulation of CS6 and CS8 mRNA

expression in HCs (by∼15 and 45-fold, respectively) albeit these
differences were not statistically significant (Figures 5C,D).

DISCUSSION

Disruption of VEGF signaling did not result in the detrimental
effects on biomineralization in juvenile C. gigas. The shell mass
after 14 weeks of axitinib exposure was significantly higher
than in the controls, suggesting that VEGF signaling might act
as a suppressor of shell growth. Notably, calcite crystallinity
slightly but significantly decreased, while there was a significant
20% increase in the microhardness of the shells from the
specimens exposed to axitinib, suggesting a complex effects of
this inhibitor on shell formation. However, the body growth
(assessed by the soft body mass) and metabolic rates were
similar in the control and axitinib-exposed juveniles indicating
that the disruption of VEGF signaling does not lead to major
negative systemic effects in oysters. This contrasts findings in sea
urchin larvae where axitinib exposure disrupts the skeletogenic
gene regulatory network, resulting in a dramatic disruption of
skeletogenesis (Adomako-Ankomah and Ettensohn, 2013, 2014;
Sun and Ettensohn, 2014) and the fact that VEGF activates

FIGURE 5 | Levels of mRNA expression of chitin synthases in tissues of adult C. gigas in response to a 2-week axitinib exposure. Genes: (A–D) CSC, CS1, CS6,
and CS8 – chitin synthases C, 1, 6, and 8, respectively. Control – control oysters and Inh – axitinib-exposed oysters. Expression levels in the mantle edge (ME),
central mantle (CM), hemocytes (HC), and the gills (Gill) are shown Different letters indicate significant differences between different tissues under the same treatment
conditions (i.e., control or axitinib exposure); columns that do not share a letter are significantly different (p < 0.05). Asterisks indicate significant differences between
the control and axitinib-exposed oysters in the same tissue. N = 3–5.
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spiculogenesis in the in vitro sea urchin PMC culture (Knapp
et al., 2012). Lack of the major disruption of shell formation
in C. gigas juveniles during prolonged (14 weeks) exposure to
axitinib may indicate that VEGF signaling plays a less prominent
and potentially different role in biomineralization in bivalves
than in echinoderms and vertebrates (d’Aquino et al., 2007;
Wang et al., 2007; Liu et al., 2012; Adomako-Ankomah and
Ettensohn, 2013, 2014; Sun and Ettensohn, 2014; Chan et al.,
2015; Hu and Olsen, 2016). Alternatively, this may indicate
lower sensitivity of the bivalve VEGFR to axitinib. Although
the axitinib-binding properties of the bivalve VEGFR have not
been studied, the latter explanation appears less probable, given
similarity of the putative axitinib-binding sites of oyster and
mammalian VEGFR (Figure 2) and consistent responses of the
shell mass and mechanical properties as well as the transcription
profiles of VEGF-responsive genes to axitinib exposure in oysters.

It is worth noting that mineral crystallinity of the shells of
juvenile C. gigas under control conditions was higher than the
reported crystallinity values for the shells of the juveniles of
a closely related eastern oyster Crassostrea virginica (Beniash
et al., 2010), with ν4/ν2 ratios 2.9 vs. 3.9, respectively. The
microhardness of the shell was lower in the juveniles of C. gigas
than in the juveniles of C. virginica, 170 VH vs. 250 VH (Beniash
et al., 2010). The reasons for these differences in shell properties
between two morphologically and ecologically similar species
are presently unknown, but emphasize the notion that shell
formation in bivalves is under the tight and potentially species-
specific biological control (Addadi et al., 2006; Checa et al., 2009;
Marin et al., 2012).

Our bioinformatic analyses identified three closely related
isoforms of VEGF (VEGF-A, -C, and -D) and two isoforms
of VEGF receptor (similar to the vertebrate VEGFR1) in the
genome of C. gigas. Transcriptomic profiles of biomineralization-
related genes showed modest change in response to a 2-week
exposure to a potent VEGFR inhibitor, axitinib, in adult C. gigas.
Expression patterns of the studied CAs, ion transporters, Ca2+

binding proteins and shell matrix producing enzymes (CSs)
did not strongly respond to VEGF inhibition in a major
biomineralizing tissue, the mantle. This was similar to the
general lack of a transcriptomic response of these genes in a
non-biomineralizing tissue (the gills), except for the slight but
significant upregulation of mRNA level of Na+/H+ exchanger
10 and CSC in the gills of axitinib-exposed oysters. Interestingly,
HCs showed the strongest transcriptomic response to VEGFR
inhibition of all the studied tissues, with upregulation of multiple
genes by 2- to 45-fold in axitinib treatments. Albeit many of
these increases were statistically not significant due to the large
individual variation and a limited sample size, the consistent
trend shows an increase in VEGF expression in HCs of axitinib-
treated oysters, as well as a strong upregulation of mRNA for
CAs (CA2, CA7, and CA12), Na+-dependent ion transporters
(NaHE10, NaCaE1), calmodulin 12, and CSs (CS6 and CS8).
This indicates that HCs are more sensitive to the disruption
of VEGF signaling and may potentially compensate for it by
increased production of VEGF. Furthermore, this indicates that
transcriptional regulation of the same genes differs in different
tissues of oysters potentially reflecting tissue-specific differences

in the densities and/or properties of VEGFR and/or epigenetic
changes in the gene promoters that alter sensitivity to VEGF-
derived signals. It is intriguing to speculate that the relatively high
sensitivity of oyster HCs to VEGF-related signals may be related
to the mesodermal origin of these cells (Smith et al., 2016) similar
to the primary mesenchyme cells of echinoderms, as well as the
mineralizing odontoblasts and chondrocytes of vertebrates, and
opposed to the less VEGF-sensitive ectoderm-originated tissues
such as the mantle and the gills. This hypothesis as well as the
mechanisms underlying the differential sensitivity of tissue types
and biomineralization processes to VEGF signaling in different
invertebrates require further investigation.

As a corollary, our present study shows that although VEGF
might play a role in some aspects of shell formation in mollusks,
it is not a key regulator of the mineralization processes as in
vertebrates and echinoderms (Mayer et al., 2005; Duloquin et al.,
2007; Knapp et al., 2012; Liu et al., 2012) hinting toward a
possibility that the involvement of VEGF in biomineralization
may have developed in deuterostomata. Future studies are
needed to determine the physiological roles of VEGF-VEGFR
signaling in oysters and other mollusks such as involvement
in the regulation of energy and carbohydrate metabolism,
DNA transcription and G-protein coupled receptor signaling
identified as the candidate processes for VEGF regulation in our
bioinformatic pipeline.
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