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Abstract
The Atlantic bottlenose dolphin has attracted attention due to the evident impact that
environmental stressors have taken on its health. In order to better understand the mechanisms
linking environmental health with dolphin health, we have established cell cultures from dolphin
skin as in vitro tools for molecular evaluations. The vitamin D3 pathway is one mechanism of
interest because of its well established chemopreventative and immunomodulatory properties in
terrestrial mammals. On the other hand, little is known of the physiological role of this molecule
in aquatic animals. 1,25-dihydroxyvitamin D3 (1,25D3), the bioactive and hormonal form of
vitamin D3, exerts its biological function by binding to the vitamin D receptor (VDR), a ligand-
activated regulator of gene transcription. Therefore, we investigated the transcriptomic changes
induced by 1,25D3 administration in dolphin skin cells. Identification of specific genes activated
by 1,25D3 has provided clues to the physiological function of the vitamin D3 pathway in the
dolphin. We found that exposure of the cells to 1,25D3 upregulated transactivation of a vitamin D-
sensitive promoter. cDNA microarray analysis, using a novel dolphin array, identified specific
gene targets within this pathway, and real-time PCR (qPCR) confirmed the enhanced expression
of select genes of interest. These transcriptional changes correlated with an increase in VDR
levels. This is the first report of the presence and activation of the vitamin D3 pathway in a marine
mammal, and our experimental results demonstrate a number of similarities to terrestrial animals.
Conservation of this pathway in the Atlantic bottlenose dolphin is consistent with the importance
of nonclassic functions of vitamin D3, such as its role in innate immunity, similar to what has been
demonstrated in other mammals.
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1. Introduction
The health of the Atlantic bottlenose dolphin has come under scrutiny due to an increase in
mortality and stranding events in correlation with observations of unusual pathologies [1–3].
Dolphin health assessments have become an indicator of detrimental changes occurring
within the animal’s coastal habitat [4,5]. As a protected species, there is a need for more in
vitro and molecular approaches to study the dolphin; consequently, we established cell
strains and SV40-immortalized cell lines from the skin of the Atlantic bottlenose dolphin
[6]. We are using these cellular models to investigate the vitamin D3 pathway and associated
molecular mechanisms as biochemical platforms to correlate environmental stress with
dolphin health.

Vitamin D was first identified for its classical role in calcium homeostasis, a primary
function in terrestrial animals possessing calcified skeletons [7]. However, it is now well-
acknowledged that the active form of vitamin D3, the secosteroid hormone 1,25D3, has
additional functions of chemoprevention and immunomodulation. Chemoprevention refers
to the hormone’s ability to inhibit proliferation, promote differentiation, repair DNA, and
induce apoptosis in several normal and cancer cell types. 1,25D3’s title as an
immunomodulator is merited by evidence of antimicrobial, antioxidant, anti-inflammatory,
and wound healing capabilities [8–11]. The notion that the vitamin D pathway is
functionally important beyond calcium metabolism and transport is supported by expression
of VDR within several different organs and tissues [12–14] and within aquatic organisms
lacking calcified skeletons, such as the sea lamprey [15] and sea squirts [16].

Vitamin D3 enters the systemic circulation either via diet or from the skin after UV-induced
conversion from the sterol precursor, 7-dehydrocholesterol, which resides in the plasma
membrane of skin cells [17–19]. Vitamin D3 travels to the liver where it is hydroxylated by
the cytochrome p450 isoform A1 enzyme to generate 25-hydroxyvitamin D3 [20]. From
here the molecule travels to the kidney where it serves as a substrate for a second
cytochrome p450 enzyme, isoform B1 (CYP27B1), which hydroxylates it at position 1 to
produce the biologically active and hormonal form: 1,25-dihydroxyvitamin D3 (1,25D3)
[20]. Alternatively, this entire synthetic pathway for 1,25D3 can occur within the skin,
which expresses all the necessary enzymes [21–24]. The skin is unique in that it may be the
only organ in which the entire anabolic reaction from 7-DHC to 1,25D3 takes place [25].

1,25D3 can induce a biological response via interaction with VDR, an endocrine member of
the steroid/thyroid hormone nuclear receptor superfamily that functions as a transcription
factor for a large suite of genes. Upon ligand binding, VDR dimerizes with the retinoid X
receptor (RXR), and this heterodimer then recognizes and binds to vitamin D response
elements (VDREs) within the promoters of target genes to either activate or repress
transcription. Genes identified as targets of VDR within the skin are typically associated
with functions including anti-proliferation [26–28], pro-differentiation [26–28],
immunomodulation [29,30], and antimicrobicity [29,31,32].

Our research effort has focused on the 1,25D3-induced transcriptional changes that occur in
dolphin skin cells, using cDNA microarray analysis. The first dolphin microarray has been
generated from peripheral blood leukocytes of wild bottlenose dolphins [33], providing us
with the best tool available to date for transcriptomic analyses in dolphin skin. This is the
first investigation on the effects of 1,25D3 in a marine mammal, and little is known about
the physiological function of vitamin D in aquatic animals, in general. Transcriptomic
patterns mediated by this hormone may aid in the understanding of such a function. The skin
is an ideal model organ for study because it is both a source and target of endogenous
1,25D3. Within the skin, vitamin D plays a part in keratinocyte differentiation, antimicrobial
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peptide production, wound healing, inflammation, and hair cycling. Its link to a number of
pathologies in the skin has made it a desirable therapeutic target [34]. Furthermore, the skin
is directly impacted by environmental stressors, thus relying for protection on innate
immune responses [35], possibly those mediated by the vitamin D3 pathway [11,36–40].

We report here the establishment of a dolphin in vitro system that has successfully allowed
for the molecular evaluation of the vitamin D3 pathway in a novel species model. We found
that dolphin skin cells express VDR, display sensitivity to exogenous administration of
1,25D3, and react by upregulating genes involved in proliferation, differentiation, apoptosis,
wound healing, and stress responses, similarly to what has been reported in humans and
other terrestrial mammals. These studies provide evidence for a nonclassical role of vitamin
D3 in innate immunity, which may represent an essential mechanism in the skin for
protecting the health of dolphins from environmental stressors.

2. Materials and methods
2.1. Dolphin skin cell culture

Cell strains and continuous cell lines from dolphin skin tissue have been established as
previously described [6]. Skin biopsies were acquired from five wild Atlantic bottlenose
dolphin individuals sampled during capture-release health assessment studies conducted in
the Indian River Lagoon, FL and in Charleston Harbor, SC. Cells were cultured in
Keratinocyte Serum-Free Medium (K-SFM; Gibco/Invitrogen), supplemented with 5% fetal
bovine serum (FBS), 1X antibiotic-antimycotic solution (Gibco/Invitrogen), and 20 μg/ml
ciprofloxacin (Bedford Laboratories). Immortalized cell lines were obtained via SV40
transformation [6]. Most experiments have been conducted in both the “cell strains” (non-
transformed) and the “SV40 cell lines” (transformed). The 1,25-dihydroxyvitamin D3
(1,25D3) compound (Sigma–Aldrich, Inc.) was solubilized in ethanol and administered to
the cells for the indicated dosages and times. Control cells were grown in the presence of the
ethanol solvent using the same volume as 1,25D3 (0.1%, v/v). For treatment periods
exceeding 48 h, culture media and 1,25D3/ethanol were replenished every 48 h from the
time of initial treatment.

2.2. Western blot analysis
Cell lysates were obtained using RIPA buffer (Pierce/Thermo Fisher Scientific). 10 μg of
protein was prepared with SDS loading buffer + 10% β-mercaptoethanol, boiled for 10 min,
and resolved by SDS-PAGE (4–20% Tris–HCl, Pierce Ready Gels, Pierce/Thermo Fisher
Scientific) at 100 V. Proteins were transferred to PVDF membranes (Millipore), and filters
were blocked at room temperature for 1 h with 5% non-fat milk/0.1% Tween 20,
immediately followed by overnight incubation at 4 °C with the primary antibody. Primary
antibodies included anti-chicken VDR rat monoclonal, clone 9A7, IgG (Affinity
BioReagents/Thermo Fisher Scientific), anti-human RXRα rabbit polyclonal IgG (Santa
Cruz Biotechnology, Inc.), and anti-human β-actin mouse mono-clonal IgG (BioVision,
Inc.). The next day blots were incubated with horse radish peroxidase (HRP)-conjugated
IgG for 1 h at room temperature. Both primary and secondary antibodies were diluted in
PBS, 1% milk, 0.2% Tween 20. After each antibody incubation, blots were washed three
times in PBS, 0.2% Tween 20. Signal was detected by enhanced chemiluminescence
(SuperSignal West Pico Chemiluminescent Substrate, Pierce/Thermo Fisher Scientific) and
exposure of the filters to X-ray film. Band intensities from Western blots were measured
using Image J software (NIH).
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2.3. MTT assay
Cells were plated in 96-well plates at 3 × 104 cells per well. Cells were treated with solvent
(ethanol) or 1,25D3 (10−8 M). 5 h prior to the end of treatment, cells were incubated with 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) at a 0.5 mg/ml final
concentration for 5 h at 37 °C. Cells were solubilized in 200 μl DMSO, and viable cells
were detected by measuring the absorbance at 570 nm with the FLUOStar Optima
absorbance reader (BMG LABTECH). Absorbance was expressed as a fold change relative
to the controls. A one-way ANOVA test was used to determine significant differences in
absorbance between treatment groups of eight replicates each (p < 0.05).

2.4. Luciferase assay
Cells were transiently transfected with a promoter-driven reporter construct (a kind gift from
John S. Adams, Cedars-Sinai Medical Center, Los Angeles, CA) containing 6 kb (from
nucleotides −5500 to +455) of the promoter region of the human 25-hydroxyvitamin D3-24-
hydroxylase (CYP24) gene cloned into a promoterless luciferase expression plasmid,
pLUCpl, upstream of the luciferase translation start site [35,41,42]. The luciferase gene is
under inducible control of the CYP24 promoter. Cells were plated in 24-well plates and
transfected with 0.2 μg of the plasmid using Effectene Reagent (Qiagen) in medium (K-
SFM) lacking FBS. 16 h post transfection, cells were replenished with medium containing
FBS and treated with 1,25D3 or ethanol. After treatment, cells were lysed using Passive
Lysis Buffer (Promega Co.) and cell lysates incubated with luciferin (Luciferase Assay
System, Promega Co.) prior to measuring luciferase activity (FLUOStar Optima, BMG
LABTECH). Bioluminescence was expressed as a fold change relative to control samples.
Significant differences between treatment groups were determined with one-way ANOVA
and student’s t-tests (p < 0.05)

2.5. RNA isolation
Total RNA was extracted from cell cultures with TRIzol reagent (Invitrogen). Chloroform
was added (one-fifth volume) to isolate the RNA, which was collected in the upper, aqueous
layer after centrifugation. RNA was precipitated using isopropanol followed by incubation
at −20 °C, centrifugation, and washing of RNA pellets in 75% ethanol. RNA pellets were
resuspended in DEPC-treated, nuclease-free water. RNA was quantified using a DU 800
UV/visible Spectrophotometer (Beckman Coulter).

2.6. cDNA microarray analysis
A novel dolphin microarray has been constructed comprising 3700 expressed sequence tags
(ESTs) from peripheral blood lymphocytes (PBL) of wild bottlenose dolphins [33]. The
ESTs were derived from libraries from LPS- and IL-2- exposed cells, and each EST was
printed on the microarray in quadruplicate. In our experiments, total RNA was isolated from
cells treated with ethanol or 1,25D3 (10−8 M) for 24 or 48 h. 1–2 μg of each RNA sample
was used to generate aminoallyl modified (aa) RNA, using the Allyl MessageAmp II aRNA
Amplification Kit (Ambion, Inc.) to allow for incorporation of a fluorescent Cy3 dye; this
step was performed in triplicate for each sample treatment. Cy3-aaRNA was diluted 1:3 in
hybridization buffer [50% formamide, 2.4% SDS, 4× SSPE, 2.5× Denhardt’s solution, and 1
μl of Mouse Hybloc DNA (Applied Genetics Laboratories, Inc.) blocking solution], boiled
for one minute, and hybridized for 16 h at 50 °C in the dark in a hybridization oven. Prior to
hybridization, the microarray slides were pre-hybridized with a pre-hybridization buffer
(33.3% formamide, 1.6% SDS, 2.6× SSPE, 1.6× Denhardt’s solution and 0.1 μM salmon
sperm DNA) in the dark for 1 h at 50 °C. The next day slides were washed to remove
nonspecific binding. Slides were scanned with ScanArray Express and SpotArray software
at 80 V PMT, and signal intensity was quantified using QuantArray Software. Data analysis
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was performed using a unique code developed specifically for the marinegenomics.org
genomics project, as described elsewhere [33]. In brief, the data analysis entailed subtracting
the background intensity from each spot for normalization; the resulting normalized
intensity values were rank ordered and each value divided by the total number of valid
measurements to give the within array quantile which make up a cumulative distribution
plot. A value for the average differential expression (df) was derived by projecting the
reference (ethanol-treated) and test (1,25D3-treated) values on the cumulative distribution
plot. Values for df arbitrarily range from −1 to +1, with −1 representing those genes most
downregulated and +1 those most upregulated by treatment in relation to control samples. A
bottom limit was set whereby all hybridization raw intensity values less than 800 (on a scale
from 1 to 65,000) were disregarded. The p-values, a measure of the consistency between
triplicate arrays, were determined using the Wilcoxon signed-rank test, and only those genes
with a p-value less than 0.05 were considered in further analyses.

2.7. qPCR
RNA samples (2 μg) were reverse transcribed using the Quantitect Reverse Transcription
Kit (Qiagen), which incorporates a genomic DNA elimination step. Equal quantities of the
resulting cDNA were subjected to real-time PCR using iQ SYBR Green master mix (Bio-
Rad Laboratories). All reactions were performed in triplicate. Primers were designed with
the PrimerPremier software (Bio-Rad Laboratories) against the dolphin ESTs used for the
dolphin cDNA microarray that have been annotated and archived at marinegenomics.org.
Primers for the vitamin D receptor (VDR) were designed against the limited cDNA
sequence information we have obtained from the dolphin VDR transcript expressed in skin
cells. The primers are shown in Table 1. The forward and reverse primers for each gene
were pooled and diluted to a 0.3 μM final concentration. Amplification efficiency for each
primer set was determined using a standard curve and use of the following equation:
efficiency = [10(−1/slope)]−1, where slope was derived from the standard curve. Primer
efficiencies, expressed as percentages, are displayed in Table 3. Amplification was
performed with ~300 ng of cDNA template (normalized among samples) according to the
following parameters: initial activation at 95 °C for 15 s, followed by 40 cycles at 95 °C for
15 s, 58 °C for 30 s, and 72 °C at 42 s, ending with a melt curve analysis at the end of the
amplification. The MyiQ Single-Color Real-Time PCR Detection System, iCycler Thermal
Cycler, and iQ5 Optical System Software (Bio-Rad Laboratories) were used for all PCR
experiments. No template reactions and original RNA-template reactions were run as
controls for primer contamination and genomic DNA contamination, respectively. Resulting
threshold cycle (Ct) values were normalized to Ct values for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), the internal control. GAPDH was validated as a housekeeping
gene using the BestKeeper VBA applet, version 1 [43], whereby GAPDH Ct values for
control and 1,25D3-treated samples from numerous PCR reactions were compared with
those of β-actin, the only other potential housekeeping gene available to us for the dolphin
in this experimental system. GAPDH proved to be the more stable of the two genes for both
cell strains and SV40 cell lines (cell strains: n = 57, SD = 1.37, R = 0.916, p = 0.001; SV40
cell lines: n = 56, SD = 1.30, R = 0.915, p = 0.001). Expression levels of GAPDH, using
2−ΔCt values, did not change significantly with 1,25D3 treatment (p-values > 0.05 for both
cell types and both time points). Because most primer amplification efficiencies were near
100%, differential expression between treated and control samples was calculated via the
2−ΔΔCt method [44], where ΔΔCt is ΔCt1,25D3 − ΔCtEtOH, ΔCt is Cttest gene − CtGAPDH.
This method does not take into account primer efficiency. Only in the case of the ARNT
gene was primer efficiency significantly low (83%); thus, the Pfaffl method [45] was used to
calculate differential expression for ARNT. This equation takes into account primer
efficiencies of both the target and reference gene. One-way ANOVA and the Holm’s
procedure for multiple testing procedures were used to determine significant differences
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between GAPDH-normalized Ct values of the control, 6 h, and 24 h treatment groups for
each gene and each cell type (p < 0.05). Where there was significant differential expression,
student’s t-tests assessed pairwise comparisons (p < 0.05).

3. Results
3.1. 1,25D3-upregulation of VDR in dolphin skin

The primary route through which 1,25D3 exerts its biological function is via binding to
VDR, a potent transcription factor that regulates the expression of genes involved in a
number of physiological functions. It has been established that increased 1,25D3 levels
upregulate VDR protein levels [46]. Therefore, our first objective was to verify that dolphin
skin cells express VDR, display sensitivity to an exogenous 1,25D3 compound, and respond
to 1,25D3 via upregulation of VDR. Western blot analysis was used to assess a response of
the VDR protein to the compound at various dosages and time points. First, we measured the
effects of three different concentrations (10−10, 10−9, and 10−8 M) of 1,25D3 on the cell
strains and cell lines at multiple time points (Fig. 1A). A monoclonal antibody designed
against the chicken VDR sequence was used for Western blot analysis, and it proved to
cross-react with a single dolphin protein ~50–55 kDa, the same size as VDR in other
species. The highest level of VDR expression was observed at a concentration of 10−8 M
1,25D3. An upregulation in VDR was apparent in both cell types after 4 h of treatment. To
verify that 10−8 M levels were non-toxic, we performed an MTT assay to measure cell
viability in both the cell strains and cell lines for time points up to 72 h (Fig. 1B). MTT
assays showed no significant differences in absorbance between treatment groups.
Consequently, we have selected a concentration of 10−8 M 1,25D3 for assessing the effects
of this hormone on VDR levels and transcription in dolphin cells. This concentration of the
1,25D3 compound is comparable to levels used in other studies.

VDR protein and transcript levels were measured over time in response to 1,25D3
administration. Western blot analysis demonstrated upregulation of VDR protein in cell
lysates from both dolphin cell strains and SV40-transformed cell lines treated with 1,25D3
up to 72 h (Fig. 2A). Within the cell strains, increases in VDR were observed as early as 2 h
after treatment, with VDR levels appearing to plateau by 8 h. On the other hand, increased
expression of VDR in the SV40 cell lines was observed later but continued to increase, even
at 72 h. In addition, we measured expression of the retinoid X receptor (RXR), the
heterodimeric partner for VDR necessary for transactivation. Using a polyclonal antibody
designed against the human RXRα sequence, which recognized the dolphin RXRα protein,
we noted very little effect on RXR levels by 1,25D3 (Fig. 2A). We also examined VDR
expression over longer treatment times. SV40-transformed cell lines were treated over
several days with 1,25D3 or ethanol, and protein levels were measured again by Western
blot (Fig. 2B). β-actin-normalized VDR band intensities were quantified and presented
graphically (Fig. 2B). At each time point measured, there was a significant upregulation in
VDR relative to time-matched controls. However, the differences in VDR levels over the
time course were not significant.

VDR contains a VDRE sequence within its own promoter [47], and 1,25D3 is known to
regulate expression of its own receptor [48]; therefore, we also measured VDR transcripts.
For these experiments, SV40 cell lines were treated with 1,25D3 (10−8 M) for 6 h or 24 h,
and total RNA was subjected to qPCR using SYBR green. GAPDH-normalized fold changes
showed a modest but significant upregulation of mRNA levels at 24 h, but not 6 h (Fig. 2C).
We conclude that while 1,25D3 proves to upregulate VDR expression at the transcriptional
level, post-translational effects likely play a part. This is suggested by the increase in VDR
protein observed within 2 h of 1,25D3 exposure in the cell strains (Fig. 2A).
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3.2. 1,25D3-transactivation of a vitamin D-sensitive promoter in dolphin skin
The observation that 1,25D3 upregulates VDR in dolphin cells prompted us to investigate its
activation of a downstream transcriptional response. To assess 1,25D3-transactivation, we
transfected the cells with a reporter plasmid containing a known vitamin D-sensitive
promoter inserted upstream of a luciferase coding region [31,32]. The promoter within this
plasmid encodes the mitochondrial cytochrome p450 24-hydroxylase (CYP24) responsible
for the catabolism of 1,25D3 into its inactive byproducts. This is the most sensitive 1,25D3-
inducible gene known to date [49]. Two known VDRE sequences exist within the CYP24
gene promoter, which have been shown to bind VDR-RXR heterodimers to stimulate
transactivation [31,50,51]. Consequently, we selected this plasmid as the best tool for
confirming 1,25D3-mediated transactivation.

Luciferase assays were performed to measure transcriptional activity within the transfected
cells after 1,25D3 (10−8 M) exposure for 2, 8, or 24 h (Fig. 3). Luciferase activity is
displayed as a fold change over controls (transfected cells treated with solvent only), and it
increased significantly with 8 h of 1,25D3 treatment. The dramatic increase in luciferase
activity observed from these experiments demonstrates that an endogenous dolphin protein
is capable of recognizing and activating the human CYP24 promoter. Interestingly, the
1,25D3-inducible expression of this promoter, as well as basal expression (not shown), were
much stronger in the cell strains compared to the transformed cells. Higher activity and
expression of the CYP24 enzyme have previously been reported in differentiating cells
compared to proliferating cells [52]; this is consistent with the differentiation potential of
our cell strains in contrast to the continuous cell line.

3.3. Specific genes targeted by 1,25D3 in dolphin skin
In order to identify the specific genes targeted by 1,25D3 and better understand the
biological function of the vitamin D pathway in dolphin skin cells, we used the global
transcriptomic approach of cDNA microarray analysis. The first dolphin microarray has
recently been generated and validated [33], providing the best-available dolphin-specific
transcriptomic tool to date. Of the 3700 PBL-derived ESTs on this array, 1343 have been
sequenced, archived, and annotated at www.marinegenomics.org. Such sequence availability
facilitated real-time PCR (qPCR) validation of the microarray results. This dolphin array has
previously been validated using both dolphin PBL and our skin cells; distinct transcriptomic
profiles were detected for each cell type [33]. To demonstrate hybridization efficiency in the
skin cells relative to blood, we compared array hybridizations between skin RNA and blood
RNA (Fig. 4). Fig. 4 depicts single analogous subarrays (out of 48 total on the microarray)
from hybridizations with skin (left) and blood (right) samples. Each spot represents an
individual gene (printed in duplicate per subarray and each subarray printed in duplicate per
slide). The hybridization efficiency between a gene on the array to a gene expressed in the
particular RNA sample is directly proportional to the observed color intensity. The degree of
hybridization is noticeably less for the skin samples, as expected. However, the limitation of
using a blood-derived microarray to evaluate transcriptomic profiles in skin is prevailed by
the number of transcripts represented on this array that we found to also be expressed in the
skin cells. The degree of hybridization appears sufficient for successful differential gene
expression analysis in dolphin skin cells.

Microarray experiments to evaluate vitamin D transcriptomic profiles in skin were
conducted using RNA from cell strains treated with either ethanol or 1,25D3 (10−8 M) for
24 h or 48 h. Differential expression of genes between the control and 1,25D3-treated
samples was analyzed using an original code designed specifically for the marine genomics
project at marinegenomics.org [53]. This code denotes average differential expression of a
gene as “df”. The value of df arbitrarily ranges from −1 to +1, with −1 being those genes
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most downregulated and +1 those genes most upregulated by 1,25D3 with respect to genes
on the control slides. We chose to assign significant differential expression to any gene with
a df value less than −0.4 or greater than +0.4 in at least one of the two time points tested (24
h and 48 h) and a p-value less than 0.05 (Wilcoxon signed-rank test). Using these
parameters, 10.0% and 6.2% of the total genes represented on the array were upregulated
with 1,25D3 after 24 h and 48 h, respectively. Only 1.0% and 1.9% were downregulated by
1,25D3 after 24 h and 48 h, respectively. The greatest df value observed in our datasets was
0.87 for 24 h treatment and 0.79 for 48 h treatment; the lowest df values were −0.68 and
−0.79 for 24 h and 48 h treatments, respectively. Several of these significantly upregulated
ESTs (among those that have been sequenced and yielded a BLAST hit against the NCBI
database) were selected for further analysis. Fourteen such genes are presented in Table 2
along with the respective df and p-values for the 24 h and 48 h time points. A df value of
“NA” indicates that particular EST was excluded from the final data analysis for the
indicated time point. This was due to a signal intensity value less than 800; all raw intensity
values less than 800, on a scale of 1 to 65,000, were automatically excluded from analysis.

Differential expression of the genes listed in Table 2 was validated using real-time PCR
(qPCR). qPCR allowed for representation of differential expression as a fold change over
control samples. Validation was done in both the cell strains as well as the SV40-
transformed cell lines. Total RNA from cells treated with solvent-only or 1,25D3 for 6 h or
24 h was subjected to two-step qPCR using SYBR green. Amplification efficiencies for all
primer sets used are listed in Table 3. The resulting threshold cycles (Ct) were used to
calculate differential expression using GAPDH as the internal, reference gene. The qPCR
results are presented both as a graph (Fig. 5) and in Table 3, the latter displaying p-values.
For every gene, there was significant upregulation in at least one of the cell types for at least
one of the two time points. We did observe slight differences in transcriptional responses
between transformed and non-transformed cells but, for the most part, 1,25D3-induced
transcriptomic profiles in the SV40 cell lines were consistent with those of the cell strains.

Some of the changes in expression associated with 1,25D3 were modest, yet significant, for
most cases. The majority of these genes, or at least isoforms of these genes, have been
implicated as 1,25D3 target genes in humans and/or mice [54], confirming the efficacy of
these molecular tools for studying the bottlenose dolphin. It also supports the notion that the
vitamin D pathway may be well conserved between terrestrial and marine mammals.

4. Discussion
Dolphin molecular biology is still a nascent field, and the experimental tools that have been
developed in traditional laboratory models are not yet applicable to dolphin samples.
Consequently, genomic, transcriptomic, and proteomic analyses can be problematic. We are
using the new tools and information we now have at our disposal to investigate the vitamin
D pathway in the dolphin and its comparison to that in terrestrial mammals.

Primary cultures derived from bottlenose dolphin skin tissue have been successfully
passaged to generate cell strains. We find that these cell strains tend to slow in proliferation
after seven to ten passages, eventually entering senescence. To overcome the limitation of
limited lifespan, one of the strains was immortalized via SV40-mediated transformation to
yield continuous cell lines. This is particularly beneficial in a protected species as it
eliminates the need for repeated sample acquisition. Both cellular models have provided a
much-needed in vitro system for investigating dolphin health mechanisms. We are
experimenting simultaneously with cell strains and SV40-immortalized cell lines to confirm
results in each and to validate the cell lines as an appropriate tool in lieu of the limited cell
strains. For most of the results presented here, the data from the cell lines supported what
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was found in the cell strains. However, the differences that were observed are noteworthy.
1,25D3, an agent affecting proliferation and differentiation, will likely have differential
effects on a continuously-proliferating cell line in contrast to normal cells. For this reason,
transformed cell lines should be used judiciously when compared to non-transformed cells.
Nevertheless, they prove useful for confirming results found within the latter.

The luciferase assays showed that 1,25D3 transactivates a vitamin D-sensitive promoter
somewhere between 2 h and 8 h. This is consistent with the qPCR results which indicated
that the majority of specific genes were upregulated 6 h post-treatment. While we have not
identified VDR as a direct mediator of this 1,25D3-induced transactivation within dolphin
cells, we did find that VDR protein upregulation correlated with these transcriptional
responses (Figs. 1A and 2A). Furthermore, it has been shown by others that ligand-bound
VDR-RXR heterodimers bind and transactivate the VDRE sequences within the promoter
sequence of the luciferase reporter plasmid used for our luciferase assays [31,50,51]. Yet,
we do not have direct evidence that VDR is the transcriptional mediator in dolphin cells.

Microarray technology is relatively new to the marine mammal field, and the generation of
the first dolphin-specific microarray is a major advancement. Still, arrays have not yet
reached the complexity of those developed for organisms in which more extensive genome
information is available, and this limitation should be factored into the interpretation of our
results. At the time our microarray experiments were conducted, the dolphin cDNA array
contained 3700 ESTs, of which only 1395 had been sequenced; the remaining 2305 are
unsequenced and unidentified EST clones (i.e. clones derived from the cDNA libraries that
have been printed onto the array but not yet sequenced). This pool of sequenced genes is
further limited to those ESTs with significant homology to known genes/proteins (i.e.
returned a BLAST hit against the NCBI database) and even further tothose also expressed in
skin (see Fig. 4).While the microarray did provide an indication of general transcriptomic
alterations induced by 1,25D3 in skin, we did not anticipate identification of a large number
of specific genes, as with typical microarray experiments. The genes listed in Table 2 were
selected from the results as key representatives of the different biological processes affected
by 1,25D3 in dolphin skin cells. However, due to the skewed pool of available genes on the
microarray, the genes listed are not an indication of the distribution, diversity, and totality of
the biological functions affected by 1,25D3 in these cells.

Of the genes selected for further investigation (listed in Tables 1 and 2), the majority are
associated in one way or another with the biological processes of proliferation,
differentiation, apoptosis, or skin immunity/barrier functions. Proliferation is a key element
of tumorigenesis as well as skin-associated hyperproliferative disorders and wound healing.
Differentiation is a well-defined and inherent property of keratinocytes critical for skin
function, wound healing, and protection of the skin against exterior pathogens. The
epidermis undergoes rapid turnover to ensure proper sloughing of the exterior-most layers of
the skin, and this turnover rate is particularly high in the dolphin [55]. Apoptosis is not only
necessary in abnormal and/or injured cells but also for this epidermal sloughing process.
Skin immunity and barrier formation are most crucial for defending the body from the
external environment and for healing wounds; recent studies have begun addressing vitamin
D’s position in innate immunity and wound healing within the skin [9,56].

One conspicuous indicator of the increased threat to dolphin health has been the observation
of cutaneous lesions, rashes, and infections on these animals [57–62]. Such skin pathologies
may be similar to those in humans, which are often associated with altered antimicrobial
production, inflammation, increased proliferation with decreased differentiation, and
disrupted cytokine/growth factor signaling [56,63]. All of these are well known functions of
1,25D3, the reason this pathway is implicated in several hyperproliferative and
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inflammatory skin conditions (e.g. atopic dermatitis, rosacea, psoriasis, and vitiligo). The
genes identified in this study support such immunomodulatory properties of vitamin D in
dolphin skin.

Calmodulin functions as a calcium-binding protein, and calcium’s roles in cellular
differentiation, proliferation, apoptosis, and would healing within the skin have been well
characterized [64]. Calmodulin itself is involved in cell cycle and wound healing and serves
as a keratinocyte terminal differentiation marker [65,66]. Cyclins, cell division cycle (CDC)
proteins, and the budding inhibited by benzimidazoles (BUB) proteins all are direct
regulators of the cell cycle, consistent with the anti-proliferative capabilities of 1,25D3.
Hyperproliferation of skin cells is not only a hallmark of skin cancers but also of
autoimmune disorders such as psoriasis. Cyclin I belongs to the cyclin subgroup family that
comprises cyclins G1 and G2. The biological functions of this subfamily are still obscure,
but there is evidence that cyclin I is critical for cell growth arrest and is expressed in
terminally differentiated tissues [67]. BUB is a mitotic checkpoint protein that regulates the
alignment of chromosomes on the mitotic spindle during anaphase [68]. The CDC proteins
(also known as septins) are critical for cytokinesis with mutations in the CDC10 isoform,
specifically, shown to prevent cytokinesis [69]. Several genes identified from the microarray
are signaling molecules associated with pathways affecting a variety of biological processes.
Studies investigating the functions of HINT1 suggest it to be a modulator of apoptotic
signaling, a novel tumor suppressor, and a regulator of transcription [70–72]. The MAPK
family comprises phosphorylation-activated kinases responsible for a multitude of signaling
pathways. MAPKs may regulate cell proliferation, differentiation, and wound healing within
the epidermis [73]. A-kinase anchor proteins bind the regulatory domain of protein kinase A
(PKA) to confine it within various compartments of the cell to regulate PKA signaling
specificity. AKAP9 was downregulated in peripheral blood lymphocytes of patients with
arsenic-induced skin lesions, suggesting a possible responsibility of AKAPs in immunity
and wound healing [74]. PTPs are signaling molecules involved in differentiation, cell
growth, apoptosis, mitosis and oncogenic transformation, all of which make them likely
targets of the vitamin D3 pathway. Their tyrosine dephosphorylation activity serves to
regulate signal transduction pathways including the MAPK cascade [75,76]. Polymorphisms
of the PTPN22 isoform have been connected to several autoimmune disorders, many the
same as those linked to vitamin D [77–82]. In addition, oxidative stress may inhibit PTPs
[83]. More studies are addressing vitamin D’s antioxidant potential, including within the
skin where it may protect keratinocytes against oxidative stress [84,85]. 1,25D3 upregulated
the heat shock factor binding protein (HSBP1), which negatively regulates the heat shock
response by direct inhibition of the heat shock factor [86]. We found 1,25D3 upregulation of
ARNT, also known as HIF1β, particularly noteworthy due to its role in a wide array of
crucial adaptive processes, as the promiscuous heterodimeric transcription factor partner for
ArH, HIF1α, and MOP2 [87]. ARNT’s role in skin homeostasis and protection from
environmental stress was investigated using ARNT-specific ablation in mouse skin; the
authors found that ARNT was critical for epidermal sphingolipd composition, barrier
function and development [88,89]. Interestingly, BRCA1 interacts with ARNT as a
coactivator for the ARNT-ArH transcription complex. BRCA1 is a dominantly inherited
gene that has been well-studied as a tumor suppressor for breast and ovarian cancers. Not
only does BRCA negatively regulate growth of breast, ovarian, and colon cells, it may aid in
DNA repair within keratinocytes [90]. Med11 is a subunit of the Mediator complex, the
multi-protein coactivator required for activation of RNA polymerase II transactivation via
interaction with the polymerase’s C-terminal domain [91]. Many of the mediator proteins
have also been identified within the multi-subunit DRIP (VDR-interacting protein) complex,
which bridges the VDR to RNA polymerase II [92,93]. It could be speculated that 1,25D3
upregulates the expression of specific subunits within this DRIP/mediator complex prior to
its coactivation of VDR. Apaf1 and CRADD proteins are both directly involved in apoptotic
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machinery. A reduction in and/or resistance to apoptosis has been suggested as a cause of
the increased cell proliferation associated with autoimmune disorders, such as psoriasis
[94,95]. Apaf1 associates with the apoptosome and is involved in cytochrome c-dependent
activation of caspases 3 and 9; loss of APAF1 expression has been associated with
melanoma [96]. The protein encoded by CRADD (aka RAIDD) is a death domain (CARD/
DD)-containing protein that serves as an adapter protein linking caspases to apoptosis
signaling pathways, such as caspase 2 and the TNFR signaling complex [97,98].

Several microarray studies have been performed in various cell types treated with 1,25D3
metabolites or analogs, and a large suite of 1,25D3 target genes have been identified from
them. One of the most comprehensive studies performed was done by John White’s group
who compiled an extensive list of 1,25D3 target genes from humans and mice [54]. This
study identified human gene targets within SCC25 cells using microarray analysis. The
authors also implicated potential vitamin D targets via human and mouse genome-wide
screens for VDRE consensus sequences (both the classical DR3 and ER6 elements).
“Nonconsensus” sequences (single nucleotide mismatch from the classical DR3 or ER6
motifs) were included in this search. Citing these results and those from other microarray
studies, we compiled a summary of homologs or homologous isoforms to each of the
dolphin genes that we identified. All findings, to our knowledge, are presented in Table 4.
The microarray studies conducted in the SCC25 cells identified CALML3, CCNG2,
CDC2L6, MAPK13, AKAP12, PTPN1, PTPNS1, and HIF1α as upregulated by 1,25D3;
CCND2 and CDC25 were downregulated. According to the human genome searches,
PTPN22 contains a consensus VDRE, while, calmodulins 1, 2 and 3, CDC10, BUB1,
HINT1, HSBP1, ARNT2, BRCA2, and Med8, APAF1, and several cyclin, MAPK, AKAP,
and PTPN isoforms possess nonconsensus VDREs. Within the mouse genome, BUB3,
HINT2, MAPK6, HIF1α and HIF3α, Med8 and several cyclin, CDC, and PTPN isoforms
possess VDRE nonconsensus motifs. Beyond this study, other groups also identified 1,25D3
targets that are homologous to the dolphin genes (or their isoforms) (Table 4, far right
columns). In human primary keratinocytes, 1,25D3 (12 h) upregulated cyclins G1 and G2,
CDC2, and AKAP8 and downregulated BUB8 [99]. Another microarray study within breast
cancer cells found that calmodulin 2 (CALM2), cyclin I (CYC1), cyclin G1 (CCNG1) and
cyclin G2 (CCNG2) were upregulated by 1,25D3 after 6 h and 24 h [100]. In prostate cancer
cells, cyclin K [101] and AKAP12 were upregulated [102]. 1,25D3 downregulated cyclin
D1 (CCND1) and CDC6 in mouse osteoblasts (12 h) [103], BRCA2 and MAPK5 in breast
cancer cells (6 h and 24 h) [100], and CDC2 in prostate cancer cells (6 h and 24 h) [102].
Others have shown via Western blot decreases in CCND1 protein levels, after treating a
breast cancer cell line with a vitamin D analog for 24 h and 72 h [104].

While there is ambiguity as to whether 1,25D3 upregulates or downregulates some of these
genes, the discovery of their differential expression in other species supports their identities
as vitamin D target genes in both terrestrial and marine mammals. Our results serve as
confirmation of 1,25D3 regulation for those genes discovered to possess potential promoter
VDREs in the work by Wang et al. [54]. Furthermore, similarities affirm the validity of our
dolphin microarray-skin cell experimental system. Altogether, our findings presented here
suggest that the vitamin D pathway may play an analogous function within the dolphin as it
does in other species studied.

The study at hand contributes to the elucidation of vitamin D3, whose function depends on
the cell type, organ, and organism in which it is studied. To date an extensive amount of
vitamin D research has been conducted in terrestrial animal models; however, nothing is
known of the pathway in marine mammals. Originally discovered for its role in calcium
metabolism, today 1,25D3 is additionally acknowledged for its chemopreventative and
immunomodulatory properties. An increasing body of experimental evidence corroborates
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the role of the vitamin D pathway in enhancing both innate and adaptive immunity in
humans [36,40]. The similarities we have detected between the bottlenose dolphin and man
suggest that vitamin D enhances innate immunity in this marine mammal as well. Therefore,
dolphin skin cells will be used to assess 1,25D3’s effects on vitamin D-related phenotypes
including antimicrobial peptide production, wound healing, cell proliferation, apoptosis, and
oxidative stress. Any effects can be correlated with upregulation of the genes identified in
this study, most of which associate directly or indirectly with one or more of these functions.
We are currently testing the protective effects of 1,25D3 in vitro on dolphin skin cells after
exposure to harmful agents. The ultimate objective is to evaluate the effects of
environmental stressors on 1,25D3-induced transcriptomic profiles and phenotypes in order
to understand how the vitamin D3 pathway might protect marine mammals from the
negative impact of stressors.
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Fig. 1.
The concentration-dependent effect of 1,25D3 on VDR protein levels within dolphin skin
cells. (A) VDR protein levels were assessed by Western blots after solvent (ctl), 10−10, 10−9,
or 10−8 M concentrations of a 1,25D3 compound were administered to dolphin cell strains
and SV40 cell lines for 2, 4, or 24 h. The same blot was stripped and reprobed with β-actin.
(B) MTT assays measured cell viability as influenced by 10−8 M 1,25D3 treatment for the
indicated times. Columns represent the average fold change in absorbance and bars the
standard deviation among eight replicates. No significant differences in cell viability were
detected within either the cell strains or the SV40 cell lines (one-way ANOVA, p < 0.05).
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Fig. 2.
Time-dependent effects of 1,25D3 administration on VDR expression. (A) Western blots
depict VDR, RXR, and β-actin protein levels within dolphin skin cell strains and SV40-
immortalized cells before (Ctl: solvent only) and after treatment with 10−8 M 1,25D3 for the
indicated times. The same blot was probed with VDR, RXR, and β-actin antibodies. (B)
VDR protein levels are shown for longer treatment times (up to 12 days) by Western blot. In
these experiments, SV40 cell lines were treated with solvent only (−) or 1,25D3 (+). The
graph below illustrates quantified VDR band intensities after normalization to β-actin band
intensities, as a fold change over time-matched controls (solvent-only). Columns represent
the mean fold changes and bars the standard errors from three independent experiments.
Student’s t-tests determined significant differences between controls and 1,25D3-treated
samples (*, p < 0.05). No significant differences in VDR levels among the various time
points were detected (one-way ANOVA, p < 0.05). (C) qPCR was used to measure VDR
transcript levels in the SV40 cell lines treated with 10−8 M 1,25D3 for 6 h or 24 h. Columns
represent the mean fold inductions (displayed) over the control (solvent) samples, and bars
indicate the standard deviation among eleven replicate qPCR reactions. Significant changes
(p < 0.05) in expression were determined by one-way ANOVA followed by pairwise
comparisons using a Student’s t-test (*).
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Fig. 3.
Luciferase assay for dolphin cell cultures transfected with a 1,25D3-inducible promoter/
luciferase reporter plasmid and treated with 1,25D3 (10−8 M) for 2, 8, 24, or 36 h.
Luciferase activity is expressed as a fold change from the “Control” samples (solvent-
treated, transfected cells). “No plasmid” samples were neither transfected nor treated.
Columns represent the average fold change and bars the standard deviations for three to
eight independently-transfected replicates. Significant differences (p < 0.05) were
determined using one-way ANOVA followed by Student’s t-test pairwise comparisons (p-
values shown) between “Control” and 1,25D3-treated cells for cell strains (*) and SV40 cell
lines (**).
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Fig. 4.
Dolphin skin cell RNA hybridization to a bottlenose dolphin blood microarray. Microarray
hybridizations of RNA samples from non-treated bottlenose dolphin skin cells (left) versus
bottlenose dolphin blood samples (right). One subarray (of 48 total) from the microarray
chip is pictured. Fluorescent spots indicate an EST present on the array that hybridized to a
gene expressed within the sample. The degree of fluorescence is directly proportional to
expression of the gene.
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Fig. 5.
Real-time PCR (qPCR) validation of select genes identified as upregulated by 1,25D3 from
cDNA microarray analysis, presented as a chart. Differential expression between solvent-
and 1,25D3-treated cells is shown as a fold induction over solvent-treated samples. Columns
represent the average GAPDH-normalized fold changes, and bars represent the standard
deviation for triplicate qPCR reactions from two individual experiments.
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Table 1

Primer sets used for each gene are listed (5′–3′).

Gene name Forward primer Reverse primer

GAPDH GGGAGTCCTTGCCCCAACT GGATGGAAACCGCATGGA

CALM3 TGATGGTAACGGCACAATTGA TTCACTGTCTGTGTCTTTCATTTTTCT

CYC1 AGCAGCCTCCTACCATCATCTC CATTTCCTCTACTTTGCGTTTAGCA

CDC10 GGTGTTCAGTTGCTGCTCACA CAGGCTGCCAGCAATTACTATTATC

BUB3 GGAGCTAAGATGACCGGTTCTAAC TCCCAGGAGGAGACCAACAG

HINT1 TTAATGATTGTTGGCAAGAAATGTG CCTTCATTCACCACCATTCGA

MAPK6 GGCATGTCGTTTGCACACA CCTTGTCTTAGTGCATTTCTTTTGTC

AKAP10 AGCTTGGAAGGTTGCTAAAATGA GTGGACTTCTCTAACGGCTGATC

Ptpn12 GAAAACTGGGAGTTCAACACCAA GGAACTGTTGTGATGATCTGTGAGA

HSBP1 ATGACATGAGCAGTCGCATTG CCACCCCGGCCTGTGT

BRCA1 GTCAGAGGCGATGTTGTCAATG CTTTCTGTCCTGGGATTCTCTTG

MED11 CTTCGAGGAAGGACTGTCAGATG CAGGTTCGAGCCACCTCACT

APAF1 TGGACCTGGACTCTAGCAGTCA AAGTAGGAAGTCTGGTATGTAAAAAACCA

CRADD TGACGGAAAGCCATGTTCAA TGCTTTAGGACCCCTGGTAGGT

VDR ACACTGCAGACCTACATCCG CTTGGAGTGTTCCTCGTTCA
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