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Graphical abstract

Highlights
e Via proteomics, FETUB was identified/confirmed to be higher in VDD obese children.

e VD can directly downregulate hepatocellular FETUB synthesis in vitro.

e VDR silencing in vitro releases FETUB, suggesting VDR is a negative regulator.
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o VD-supplementation to juvenile mice for 6weeks, reduced circulating FETUB in vivo.

e Plasma FETUB levels likely depend on other VVD-responsive tissues, with the liver.

Abstract

Vitamin D (VD) deficiency (VDD) correlates to obesity, with VD a recognized mediator of metabolic diseases.
From a previous proteomic study identifying adiponectin as a link between VDD and pediatric obesity, herein
we analysed another protein (SSP2301) increased with VDD. A focused 2D-electrophoretic analysis identified
4 corresponding plasma proteins, with one predicted to be fetuin B (FETUB). FETUB was studied due to its
emerging role in metabolic diseases and cytogenetic location (3¢g27.3) with adiponectin. Results were
confirmed in obese children, where plasma FETUB was higher with VDD. A direct effect by 10,25-(OH)2D3
on hepatocellular FETUB synthesis was observed, with a time and dose dependent reduction. Further, we
demonstrated the VD-receptor (VDR) is key, with FETUB “released” with VDR silencing. Finally, VD
supplementation (6weeks) to juvenile mice fed a standard diet, reduced plasma FETUB. Only at 22weeks did
liver FETUB correspond to plasma FETUB, highlighting the contribution of other VD-responsive tissues.
Overall, FETUB is a key protein linking VDD to pediatric obesity. With an emerging role in metabolic
diseases, we demonstrate that VD/VDR directly regulate FETUB.
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Introduction

Lifestyle-related diseases have reached pandemic levels on a global scale. Vitamin D (VD) deficiency (VDD)
is amongst these having a high prevalence in underdeveloped and developed countries, and encompassing both
pediatric and adult populations (Holick MF 2007; 2017). While the historic role of VD is related to skeletal
health, in recent years VDD has been linked to numerous chronic conditions such as obesity, autoimmune
disease, type 2 diabetes mellitus, dyslipidemia, non-alcoholic fatty liver disease (NAFLD), cardiovascular
disease (CVD) and the metabolic syndrome, with an increase in mortality following a J or U-shaped effect
(Holick MF 2007; 2017; Cimini FA et al., 2017; Griibler MR et al., 2017; Pilz et al., 2016; Muscogiuri G et
al., 2017). Overall, VDD is emerging as a major mediator of metabolic diseases and long-term metabolic

outcomes. This is particularly relevant with respect to obese children and their future outcomes.

The vitamin D system encompasses a group of fat soluble prohormones, with the two major forms being

ergocalciferol (VD2) and cholecalciferol (VD3). The main source of VD is from endogenous production,

whereby UV-B from the sun converts 7-dehydrocholesterol in the skin, while diet-derived VD contributes for

20% (Holick 2007). In vivo, VD3 and VD2 are metabolized by the liver to produce 25-dihydroxyvitamin D3

(25-OHD3) or 25-OHD2. These metabolites are then further metabolized by the kidney or extra-renal 1a-
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hydroxylase (CYP27B1) to produce the bioactive forms 10,25-(OH)2D3 and 1a,25-(OH)2D2, which function
as pleiotropic hormones capable of controlling gene expression and the regulation of proliferation,
differentiation, cell survival and metabolism (Holick, 2007). These pleiotropic actions are principally regulated
by the cytosolic/nuclear vitamin D receptor (nVDR) signal-transduction pathways and VD responsive elements
(VDRE) found on key genes (Haussler et al., 2011; Hii CS et al., 2016). Rapid non-genomic VD responses
occur either via membrane VDR (mVDR), 1,25D3-membrane associated rapid response to steroids receptor
(1,25D3-MARRS), or other tyrosine kinase receptors localized in the plasma membrane (Haussler et al., 2011;
Hii CS et al., 2016). While data are limited with respect to alternate receptors, the discovery that most tissues
and cells express VDR and that VD regulates more than 700 genes, has further highlighted an evident and
extensive extra-skeletal and tissue-specific role for VD (Pannu PK et al., 2016).

With the demonstration that VDD rates closely resemble those of overweight and obesity (Pereira-Santos et
al., 2015), evidence is accumulating to suggest that there are clear links between obesity and suboptimal VD
levels (Vimalaswaran et al., 2013; Barchetta et al., 2013; Pannu PK et al., 2016). For example, an inverse
relationship has been repeatedly demonstrated between high body fat and low serum 25-OHD in both adults
and children, regardless of the index for body fat used, including BMI (Vimalaswaran et al., 2013, Bellan et
al., 2014; Cediel G et al., 2016; Mai et al., 2017), waist circumference (WC; Cheng et al., 2010; MacDonald
K et al., 2017), subcutaneous adipose tissue (SAT; Cheng et al., 2010; Rajakumar K et al., 2011) and visceral
adipose tissue (VAT; Cheng et al., 2010; Rajakumar K et al., 2011). Abnormalities have been observed in
adipose tissue (AT)-specific metabolism of VD in adult obese subjects, with the SAT VD metabolic enzymes
significantly reduced in adult obese individuals and circulating VD levels increasing by 27% with weight loss
(Wamberg L et al., 2013). Evidence from a bi-directional Mendelian randomized analysis of 21 adult cohorts
(42,024 subjects), suggests that a higher BMI is causal for reduced circulating 250HD levels (Vimalaswaran
et al., 2013). With respects to children, cross-sectional studies have primarily focused on classical
cardiometabolic risk factors such as blood pressure, fasting glucose and lipids (Atabek ME et al.,
2014; Kelishadi et al., 2014), with studies demonstrating a strong association of VDD to hypertension, diabetes
and prediabetes (Kao et al., 2015; Ekbom K and Marcus C, 2016; Savastio et al., 2016; Mai et al., 2017; Gul
et al., 2017). None of these studies have been able to decipher the metabolic signals that link a poor VD status
to obesity (Song and Sergeev, 2012, Pelczynska et al., 2016).

To identify potential metabolic signals that could link obesity and its associated complications to VD status, a
proteomic approach was previously used to study the proteome-wide plasmatic changes between VDD and
VD sufficient (VDS) obese pediatric subjects, where 53 plasmatic proteins were identified to be differentially
altered between the two groups (Walker et al., 2014). Amongst the top “ten” most significant spots, we
identified that the multimeric forms of adiponectin, particularly the high molecular weight (HMW) form, are
biomarkers that link VDD and pediatric obesity, with significantly reduced levels observed in VDD subjects.
While an important finding in that adiponectin regulates several important metabolic pathways including fatty

acid breakdown and glucose levels (Diez and Iglesias, 2003), it is likely that the molecular links connecting
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VD status to obesity involve a “concert” of events. Considering the complex nature of VD regulation, we chose
in the present investigation to focus on another of the most significant spots previously identified (Walker et
al., 2014). Herein we observed that SSP2301, in contrast to adiponectin, was significantly upregulated in VDD
subjects. With a more focused proteomic analysis we identified this spot as corresponding to fetuin B
(FETUB), an emerging cardiovascular and diabetic risk factor, and confirmed that it is significantly
upregulated in VDD subjects. Located on the same cytogenetic band as adiponectin, herein we demonstrate
that VD acts directly in downregulating FETUB levels both in vitro and in vivo, with the VDR working as a
key negative regulator of FETUB synthesis.

Methods

Subjects

Children and adolescents between the age of 5-18 yrs were retrospectively recruited from an observational
study on pediatric obesity, approved by our Local Ethical Committee (Ethics Committee University Hospital
“AOU Maggiore della Carita” di Novara; protocol 199/CE; study CE 14/11; www.maggioreosp.novara.it).
The protocol was conducted in accordance with the declaration of Helsinki of 1975, as revised in 1983. The
purpose of the study was carefully explained, and a written informed consent was obtained from all parents
before the evaluations. Eligible subjects for the study had a body mass index (BMI) exceeding the 95™
percentile, according to the Italian growth charts (Cacciari E et al., 2006), were naive to diet therapy at the
time, presented with 250HD concentrations < 20.0 ng/ml (deficiency; VDD) or > 30 ng/ml (sufficiency; VDS)
according to the Endocrine Society Guidelines (Hollick et al., 2011). Excluded from the study were subjects
with intermediate 250HD concentrations (20.0-30.0 ng/ml), to avoid a possible interference of VD
insufficiency. Exclusion criteria also included diabetes mellitus, the use of drugs which could interfere with
VD, glucose or lipid metabolism, blood pressure or appetite, as well as endocrine or genetic obesity or a low
birth weight. A total of 60 subjects (VDD, n=31; VDS, n=29) of our dataset who met all the above criteria,
were selected for the proteomic analysis; one subject was later excluded from the VDD group. Following the
proteomic results, the study cohort was increased to include a total of 122 subjects (VDD, n=76; VDS, n=46)
for both ELISA and western immunoblotting analyses. The whole group was also sub-grouped according to
the degree of VD status as severe-VDD (<10ng/ml) or moderate-VDD (10-20ng/ml) and VDS (Hollick et al.,
2011).

Anthropometric and biochemical measurements

All the subjects underwent a clinical evaluation according to the Italian growth charts (Cacciari E et al., 2006).
Pubertal stages were determined by a dedicated group of physicians, using the criteria of Marshall and Tanner
(Tanner JM et al., 1976). Height was measured to the nearest 0.1cm using a Harpenden stadiometer. Weight
with light clothing to the nearest 0.1 kg by using a manual scale. BMI was calculated as body weight divided
by squared height (kg/m?). BMI standard deviation score (BMISDS) was calculated with the LMS method

(Cacciari E et al., 2006). Waist circumference (WC) to the nearest 0.1cm was measured at the high point of
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the iliac crest around the abdomen. Prior to other physical evaluations, the systolic (SBP) and diastolic (DBP)
blood pressure were measured using a standard mercury sphygmomanometer. An average of three
measurements on the left arm after 15min at rest in the supine position, were used for analyses. An estimate of
UV radiation was calculated as monthly UV radiation (kJ/m2) values obtained from ENEA (Italian National
Agency for New Technologies, and Sustainable Economic Development) grids (www.solaritaly.enea.it). We
used the mean of the last 3 months (UVR3), according to a previous study (Prodam et al., 2016).

Following a 12h overnight fast, morning blood samples for proteomic analyses, glucose, insulin, lipids,
parathyroid hormone (PTH), alkaline phosphatase (ALP), phosphorus, calcium, 250HD and FETUB were
obtained. Insulin resistance was calculated using the HOMA-IR index. Glucose was expressed in mg/dl (1
mg/dl:0,05551 mMol/liter) and insulin in plU/ml (LpulU/ml = 7.175 pmol/l). All routine measurements were
performed in the hospital’s analysis laboratory using standardized methods. VD as 250HD serum
concentrations (ng/ml), were assayed by a direct competitive chemiluminescent immunoassay with a CV value
of 4% and analytical range of 4- 150ng/ml (Liaison® Test 250HD total, DiaSorin Inc, Stillwater MN-USA).
Parathyroid hormone (PTH) concentrations were assayed by chemiluminescence immunoassay LIAISON® N-
TACT® PTH Il Assay with an analytical range of 3-1900 pg/ml and CV of 3.4% (DiaSorin Inc). Human total
FETUB concentrations (ng/ml) were measured by ELISA according to the manufacturer’s instructions
(BioVendor, Brno, Czech Republic), with the intra-assay and inter-assay coefficients of variation <10% and

<12%, respectively. The sensitivity of the assay was 36.4 pg/ml.

2D-Electrophoresis (2-DE) and image analysis

To prepare platelet-free plasma for 2-DE, all samples were centrifuged at 1300rpm, 4°C for 10min followed
by a second centrifugation at 2400rcf 4°C for 15min, with storage at —80°C. Plasma protein concentrations
were determined using the DC Protein Assay (BioRad, Hercules, CA). To reduce biological variation in the
proteomic analysis, >12 subjects per group were analyzed as recommended (Mischak et al., 2010). Duplicate
2-DE analyses using 7cm immobilized pH gradient (IPG) 4-7 strips and 10% SDS-polyacrylamide gels (SDS-
PAGE), were performed and analyzed, according to our previous study (Walker et al., 2014). Only those spots
that showed a statistically significant difference (p<0.05) between VDD and VDS, were chosen for PDQuest

isoelectric point (pl) and molecular weight (MW) estimations and eventual identification.

Mass spectrometry characterization

From the image analysis, spots of interest were cut and digested in-gel with 20ug/mL trypsin (Sigma) at 37°C
OIN for liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. The LC-MS/MS analyses
were performed by a micro-LC Eksigent Technologies (Dublin, USA) system that included a micro LC200
Eksigent pump with flow module 5-50uL, a programmable autosampler CTC PAL with a Peltier unit (1-45°C).
The LC system was interfaced with a 5600* TripleTOF™ system (AB Sciex, Concord, Canada) equipped with
DuoSprayTM lon Source and CDS (Calibrant Delivery System). The data was acquired with Analyst TF 1.7
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(AB SCIEX, Concord, Canada). Files were searched using ProteinPilot software v. 4.2 (ABSciex) with the
Paragon algorithm. Protein spots were analyzed with the following parameters taken into consideration:
cysteine alkylation, digestion by trypsin, no special factors and False Discovery Rate of 1%. Sequence
identification was done using UniProt Swiss-Prot database containing human proteins (version 2015.06.09
reviewed, containing 20207 sequence entries).

Animal Model

Juvenile C57BL/6 mice (5weeks; Charles River, Calco, LC) were liberally fed with either a standard diet
(STD) or high fat diet (HFD; 60% energy from fat, Mucedola S.r.1, Settimo Milanese, M, Italy) supplemented
with 1000 1U vitamin D3 (10000 1U/mL; 100ul/mouse; Abiogen Pharma SpA, Pisa, PI, Italy), or vehicle (STD,
n=7; STDVD, n=7; HFD, n=5; HFDVD, n=5) via gavage three times a week (wk) for up to 6 wks. The dosage
of vitamin D3 (VD3) and intermittent administration are based on previous published studies, with a minimal
dosage selected for the present investigation (Swami et al., 2012). Baseline weights (gm) as well as weight
gain (gm) and glucose measurements (mg/dl; caudal vein puncture with Breeze 2 measurements; Bayer,
Leverkusen, Germany), were taken in each mouse each week up to the time of sacrifice. A second “long term”
group of mice (STD; n=5; STDVD; n=5: HFD; n=5: HFDVD; n=5) performed the same protocol for up to 22
weeks. At the completion of the protocol, the mice were anesthetized with Avertine (tribromoethanol,
250 mg/kg, Sigma) and sacrificed, with plasma and liver tissue samples collected, snap frozen and stored at -
80°C. All the procedures in mice were approved by the local Ethics Committee for Animal Welfare (IACUC
No. 583; IRCCS Oespedale San Raffaelle) and were carried out in compliance with the European and National

regulations.

Sample preparation and western immunoblot

Where described, whole cell lysates and mouse liver tissue samples were prepared using RIPA buffer (50mM
Tris pH 7.5, 150mM NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS, 0.5mM sodium orthovanadate,
1X SIGMAFAST EDTA free protease inhibitor cocktail [Sigma Aldrich, Saint Louis, MO]) with
concentrations determined using the Pierce BCA Protein Assay (Thermo Scientific, Rockford, IL).
Independent of the experiments performed, all samples were size-fractionated on 10% SDS-PAGE under
reducing conditions and electro-transferred to immuno-blot polyvinylidene difluoride (PVDF) membrane
(BioRad). Membranes were incubated with polyclonal anti-FETUB or fibrinogen y antibodies (SantaCruz,
Hercules, CA) and visualized with the appropriate horseradish peroxidase-conjugated secondary antibody
(Santa Cruz). Total protein in all experiments was assessed by Ponceau S staining and used for normalization
(Sigma). Immunoreactive proteins were detected using enhanced chemiluminescence (Thermo Scientific,
Pierce Biotechnology, Rockford, IL) with image capture performed using either a ChemiDoc Imager or
ChemiDoc Touch Imaging System (BioRad). Results were quantified using QuantityOne or Image Lab

Version 5.2.1 software, where the values are presented as arbitrary units (AU).



PNGase F digestions

Representative plasma samples from the two study groups (n=3) were de-glycosylated using N-glycosidase F
(PNGaseF) deglycosylation kit (Sigma) according to the manufacturer’s instructions. Briefly, for each reaction
3ul of plasma was digested either with or w/o the enzyme (0.5U PNGaseF) at 37°C O/N. Samples were
removed, diluted in SDS/PAGE reducing buffer and FETUB was analyzed by western immunoblot.

Cell culture and treatments

To address the direct effect of 10,25-(OH)2D3 on FETUB synthesis and secretion, the human HepG2 and
HUH7 hepatocellular carcinoma cell lines were utilized (European Collection of Cell Cultures). Each cell line
(HepG2, HUH7) were plated at 0.3 x 10° cells/6-well plate in their maintenance medium (Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and 1% penicillin/streptomycin; Sigma) until 60% confluency.
Following serum clearance, each of the cell lines was then treated with serum-free medium (SFM) with an
equal volume of vehicle (ethanol), or SFM with 10°M to 10"M 10,25-(0OH)2D3 (Sigma) and left to incubate
for up to 48hr. At completion, the conditioned medium was centrifuged at 1000rpm 4C, collected and stored
at -20°C prior to western immunoblotting. Likewise, in the time course experiments, aliquots of conditioned

medium were removed at the indicated intervals for up to 24h, centrifuged and stored at -20°C.

VDR Silencing

To silence VDR expression in hepatocellular carcinoma cells, five lentiviral vectors expressing diverse ShRNA
with the gene for puromyecin selection, were utilized (505; NM000376.1-923s1c1: 506; NM000376.1-578s1cl.:
542; NM000376.1-623s21c1: 543; NM000376.1-1878s21c1: 544; NM000376.1-885s21c1; Sigma). Lentiviral
vectors (EB8, EB10) generated inhouse with the promoter for phosphoglycerate kinase (PGK) driving green
fluorescent protein (GFP) and puromycin genes, were used as controls. Lentiviral (LV) vectors were generated
and expanded (Follenzi and Naldini, 2002), with each viral vector tested in both HUH7 and HepG2 cells to
optimize transduction and puromycin selection-efficiency. A total of 1 x 10° cells/6-well plate, were infected
with a 1/10 dilution of each lentiviral vector for 48hr, at which time the cells were selected using increasing
concentrations of puromycin (1-10ug/ml; Sigma). The LV transduction was assessed by GFP expression in
control cells using fluorescence-activated cell sorting (FACS; FACSCalibur BF-FACS3, BD Biosciences, San
Jose, CA), with integration assessed by PCR of gDNA using the following primer pairs (ShRNA 505 and 506:
foward 5’- CAACCTCCCCTTCTACGAGC-3’ and reverse 5’- GGCTAAGATCTACAGCTGCCTTG - 3”:
SshRNA 542, 543, 544, EB8 and EB10: foward 5’- TTGCTTCCCGTATGGCTTTC-3’ and reverse 5°-
GGCTAAGATCTACAGCTGCCTTG — 3° GAPDH; foward 5°- AACGTGTCAGTGGTGGACCTG-3’and
reverse 5’- AGTGGGTGTCGCTGTTGAAGT-3’). All experiments were subsequently performed in HepG2
cells under puromycin selection at 3mg/ml. Where described, the shVDR HepG2 clones (505, 506, 542, 543
and 544), EB8 and EB10 controls, and HepG2 cells were plated 0.3 x 10° cells/6-well plate and were left to
reach 90% confluency, at which time cell lysates were prepared for western immunoblot analysis. Likewise,
for the inhibition of endocytosis, the shVDR HepG2 clones (505, 506, 542, 544), EB8 control and HepG2 cells
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were plated 0.5 x 10° cells/12-well plate in maintenance medium. At 60% confluency, they were treated dose
dependently with 1 to 10ug/ml of Filipin (Sigma), or 5 to 10ug/ml of chlorpromazine hydrochloride (CPZH)
with the appropriate excipient for 1hr in serum free medium to block endocytosis. Following 1hr, the inhibitors
were replaced with growth medium for a further 24hr, at which time cell lysates were prepared for the analysis
of FETUB by western immunoblot.

Statistical analysis

Data are expressed as mean = SD, where indicated. Where necessary, skewed variables were logarithmically
transformed prior to analyses. Comparisons between groups, treatments and in vitro studies were analyzed by
an unpaired Student’s t-test or ANCOVA with age, sex, puberty, log UVR3, BMI (model 1) or WC (model 2)
as covariates in patient analyses. Correlations between 250HD, parathyroid hormone (PTH) or FETUB and
clinical and biochemical data were examined using Pearson’s correlation coefficients. A repeated measured
ANOVA was used to determine differences in circulating FETUB between severe VDD, VDD and VDS.
Statistical significance was assumed for p<0.05. The statistical analyses were performed with SPSS for
Windows version 17.0 (SPSS; Chicago, IL).

Results

Baseline evaluations: VDD and VDS pediatric obese subjects

A clear predominance of VDD in our pediatric obese cohort was evident with 62.3% of all subjects recruited
having <20ng/ml 250HD concentrations. As the median 250HD concentrations were 11.6+2.6 ng/ml for the
entire VDD cohort, we used this value to further dichotomize the VDD group as severe- or moderate-VDD for
sub-analyses. The clinical and biochemical characteristics of all VDD (n=76) and VDS (n=46) pediatric obese
subjects included in the study are shown in Table 1. Age and Tanner stages were similar between the VDS and
VDD subjects. Baseline evaluations demonstrated that VDD subjects had higher BMI (p<0.004), BMISDS
(p<0.0001), WC (p<0.0002), SBP (p<0.007), DBP (p<0.03), fasting glucose (p<0.005) and PTH (p<0.05)

concentrations, as described previously (Walker et al., 2014).

Identification of plasma proteins upregulated between VDD and VDS pediatric obese subjects

In a previous proteomic analysis (IPG3-10) in plasma from VDD and VDS obese pediatric subjects, amongst
the “top ten” protein spots identified, we found that SSP2301 was significantly higher in VDD subjects
(p<0.04; Walker et al., 2014). Localized within a protein cluster of highly abundant plasma proteins, PDQuest
estimated SSP2301 to have a MW 55kDa and a pI5 (Walker et al., 2014). Based on these estimates, we sought
to investigate this spot by performing a more focused 2DE analysis using IPG4-7 strips to increase the spot
resolution, and increasing our subject cohort to improve the statistical outcome. From a total of 60 subjects
(VDD, n=30; VDS, n=29) analyzed by 2DE and corrected for Sypro-Ruby background anomalies, 43 “spots”

were identified by PDQuest to be differentially expressed between the two groups (p<0.1), of which 21 were
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considered significant (p<0.05; Supplementary Table 1). Of these 21 spots, 4 localized within a 10% range
corresponding to the estimated MW and pl of SSP2301, and each was detected at significantly higher
circulating levels in VDD subjects (Figure 1; Table 2). These four spots (SSP 3302, 4202, 4204, 5202) were
subsequently analyzed by LC-MS/MS, where SSP 4204 and 5202 where both identified to be Fibrinogen yA/y’
with a MW=50.09kDa (Figure 2A).

Obesity-associated hyperfibrinogenemia is frequent in both adults and children, with higher fibrinogen levels
increasing the risk of thrombotic events (Ernst et al., 1993; Balagopal et al., 2011). Fibrinogen v in both adults
and children is emerging as an important biomarker for cardiovascular disease (CVD), due to its increased
resistance to fibrinolysis (Falls and Farrel, 1997; Lovely et al., 2002, 2013). On this basis, we chose to
investigate the distribution of fibrinogen y by western immunoblot according to 250HD levels in the plasma
of both VDD (n=76) and VDS (n=47) obese pediatric subjects. As demonstrated, no significant difference in
total plasma fibrinogen v levels were observed and nor were they observed with further subdivision of the
VDD group, suggesting the differences identified by 2DE relating to VD status could more likely be related to

individual fibrinogen y isoforms and their post translational modifications (Figure 2B).

In contrast to SSP4204 and 5202, LC-MS/MS of SSP3302 and 4202 failed to identify any relevant circulating
proteins, likely due to low concentrations and keratin interference. To predict the identity of SSP4202 and
3302, gel matching was used as an alternative approach. A 2DE study by Jung et al., (2015) comparing the
serum from adult patients with acute myocardial infarction and stable angina by PDQuest combined with LC-
MS/MS, identified spot SSP4202 to be fetuin B (FETUB; Jung S-H et al., 2015). In addition to FETUB being
a circulating protein having a MW/pl corresponding to our range of interest, we chose to investigate whether
SSP4202 in the present study could be FETUB due to several important characteristics. Human FETUB is
structurally related to fetuin A (FETUA), a protein inhibitor of systemic ectopic calcification and a potent
cardiovascular risk factor (Schafer C et al., 2003; Fiore CE et al., 2007). FETUB itself has a similar role to
FETUA, albeit with a lower affinity, and recently it has been shown to be involved in the development of acute
myocardial infarction (Denecke et al., 2003; Jung et al., 2015). More importantly, FETUB localizes to the
identical cytogenetic band where adiponectin is found, 3g27.3 (Rankinen et al., 2006). Adiponectin has
recently been demonstrated to be significantly reduced in VDD pediatric obese subjects and to be directly
upregulated by VD administration (Walker et al., 2014; Mai et al., 2017). To understand if SSP4202 could be
FETUB, 2DE western immunoblots of plasma using IPG4-7 strips and a FETUB-specific antibody were
performed, in which 5 isoforms of FETUB were clearly observed (Figure 3A). When aligned to matched 2DE
gels stained for total protein, SSP4202 corresponded to one of these isoforms confirming that SSP4202 was
likely a FETUB isoform. To support this finding, additional 2DE western immunoblots of plasma using IPG3-
6 and 5-8 strips, further confirmed that SSP4202 is FETUB (Supplementary Figure 1). While present in the
2DE analyses, the remaining FETUB isoforms identified by 2DE western analyses are most likely masked by

the highly abundant fibrinogen y isoforms, which co-migrate at a similar MW/pl (Figure 3A).
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Validation of higher circulating FETUB in VDD pediatric obese subjects.

Several approaches were utilized to investigate if differences exist between plasma FETUB in VDD and VDS
obese pediatric subjects. In the first, western immunoblot evaluations of our cohort of VDD (n=76) and VDS
(n=47) subjects revealed 3 clear FETUB isoforms, which we labelled respectively high-FETUB (H), medium
(M) and low (L), according to their MW (Figure 3B). A densitometric analyses of total FETUB in all subjects,
confirmed that FETUB expression was significantly elevated in pediatric obese subjects with VDD (VDD vs
VDS; 9196.5+2156 vs 7802.1+1606.7 AU; p<0.0003). Likewise, when the VDD cohort was further subdivided
into severe-VDD (n=30) and moderate-VDD (n=46), FETUB levels remained significantly higher in both
groups, with respect to the VDS group (p<0.0004; Figure 3B). Densitometric analysis of the 3 FETUB isoforms
showed that the M- and L-FETUB isoforms were significantly higher in plasma of VDD subjects compared to
VDS, while in contrast H-FETUB remained unchanged (Supplementary Figure 2A). It should be noted that
human FETUB has two protein isoforms of 382aa (Fetuin B) and 345aa (Fetuin B beta) generated by
alternative splicing and it is a heavily N-linked glycosylated protein. De-glycosylation of plasma FETUB by
PNGaseF digestion revealed both FETUB and FETUB beta, establishing that H-FETUB and M-FETUB are
glycosylated FETUB (Supplementary Figure 2B). As H-FETUB is unchanged with respect to 250HD
concentrations, this highlights that VD status may predominantly influence FETUB levels as opposed to the

glycosylation status, although this observation requires further investigation.

Due to the significant differences observed by western immunoblot, we chose to investigate total FETUB
levels by ELISA in VDD and VDS. This approach confirmed the western immunoblot results, as circulating
total FETUB were significantly higher in VDD when compared to VDS (VDD vs VDS; 89.3+12.7 vs
78.9+10.4 ng/ml; p<0.0001). Likewise, total FETUB circulating concentrations were higher in both severe-
VDD and moderate-VDD, when compared to VDS (p<0.0001; Figure 3C). When the results were corrected
for independent cofounders (age, gender, puberty, UVR3, BMI or WC), FETUB remained higher in VDD
subjects according to both model 1 (p<0.04) and 2 (p<0.02).

Circulating FETUB in pediatric obese subjects is associated with 250HD levels

While total FETUB circulating concentrations are significantly higher in VDD obese pediatric subjects as
opposed to VDS, we wanted to understand if these levels were dependent on 250HD levels, or other principal
calcium/phosphate regulating hormones. As described, VDD subjects presented with significantly higher PTH
levels with respect to VDS subjects (Table 1). Correlation analyses demonstrated that FETUB positively
correlated with alkaline phosphatase (r=0.246; p<0.009) and SBP (r=0.211; p<0.01), and negatively with
250HD concentrations (r=-0.359; p<0.0001), while no correlation was observed to PTH, calcium or

phosphorus.
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Vitamin D3 treatment directly and rapidly downregulates FETUB secretion in HepG2 and HUH7
hepatocellular cell lines.

The tissue-specific expression of FETUB has been demonstrated to be predominantly but not exclusively
expressed in the liver of both humans and mice (Denecke et al., 2003). To examine if VD can directly regulate
FETUB synthesis and secretion, two human hepatocellular carcinoma cell lines, HepG2 and HUH7, were
treated for a 48hr period in SFM with or w/o increasing concentrations (10° — 10"M) of the bioactive form of
VD3, 1a,25-(OH)2D3, with the conditioned medium at 48hr. A western immunoblot analysis of FETUB in
the conditioned medium, demonstrated a significant decrease in total FETUB secretion with increasing
concentrations of 10,25-(OH)2D3 (n=4; Figure 4A). These results were further confirmed in the conditioned
medium of both cell lines in time dependent experiments, with 10'M 10,25-(OH)2D3 showing an effect as
early as 1hr in HUH7 and 2hr in HepG2 cells (n=3; Figure 4B).

VDR silencing (shVDR) demonstrates that VDR is a potential negative regulator of FETUB in HepG2
cells

Vitamin D induces its actions primarily via the cytosolic/nuclear vitamin D receptor (VDR) and VD responsive
elements (VDRE) found on numerous key genes, with rapid responses occurring via mVDR or 1,25Ds-
MARRS, both localized in the plasma membrane (Haussler et al., 2011; Hii CS et al., 2016). With a specific
and rapid downregulation of FETUB secretion in HepG2 and HUH7 hepatocellular carcinoma cell lines with
1a,25-(OH)2D3 treatments, effects seen as early as 1-2 hours, we wanted to perform some preliminary
experiments to understand if this direct and rapid effect was coordinated by the VDR and/or other regulatory
pathway/s. To assess the role of VDR, the HepG2 expression of VDR was disrupted by shRNA delivery of 5
different lentiviral vectors (505, 506, 542, 543, 544). Following puromycin selection, the integration of the
five shVDR and two control vectors (EB8 and EB10) was confirmed by PCR (Figure 5A). Vitamin D receptor
protein expression was demonstrated to be blocked in all five shVDR clones by a VDR-specific western
immunoblot, while expression was maintained in the two controls and uninfected HepG2 cells (Figure 5B).
With VDR silencing confirmed, the endogenous synthesis of FETUB was investigated. Interestingly, the
FETUB-specific western immunoblot demonstrated a higher endogenous expression of FETUB in the shVDR
clones than in the controls and uninfected cells (Figure 5B). This observation suggests that the VDR could be

a central player in the regulation of FETUB production, serving as a potential key negative regulator.

Based on these unexpected results, we opted to perform a preliminary evaluation of the potential molecular
players involved in FETUB upregulation in the absence of VDR. According to the traditional “genomic”
model, the VD/ nVDR complex dimerizes with the retinoid X receptor (RXR) which binds to VDRE in VD-
responsive genes, recruits either coactivators or corepressors which in turn modulate gene expression. Fetuin
B lacks a classic VDRE, however, the examination of RXR in VDR-silenced HepG2 cells, demonstrated that
RXRa parallels that of endogenous FETUB expression, with higher levels in shVDR cells, when compared to

controls (Figure 5B). Furthermore, a 2DE-western immunoblot demonstrated a significant reduction in the pl
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of RXRa in shVDR HepG2 cells, suggesting the likely phosphorylation of RXRa in the absence of VDR
(Figure 5C). It is well accepted that acidic phosphate groups cause the pl to decrease and therefore proteins to
shift to acidic pl region, depending on the number and site of phosphorylation (Gauci S et al., 2008). A central
player in the “non-genomic” VD actions or crosstalk between VD activated membrane receptors and gene
regulation, is the mitogen-activated protein kinase (MAPK) pathway. No differences in the levels of
extracellular signal-regulated kinase (ERK) 1 or 2 was observed (Figure 5C), however, both ERKs had a
reduced pl in 2DE western immunoblot of sh\VDR HepG2 cells, suggesting an increase in the phosphorylation
and hence activity of ERK. The increased activity of ERK in VDR silenced HepG2 cells highlights the
involvement of other potential membrane receptors in FETUB upregulation. As such we investigated what
would happen to FETUB synthesis should endocytosis be inhibited in shVDR cells and controls in growth
conditions. With the inhibition of endocytosis and therefore membrane receptor/s internalization with two
independent inhibitors, we observed a specific downregulation of FETUB endogenous expression in shVDR
HepG2 cells, highlighting the co-involvement of other membrane receptors in the regulation of FETUB (Figure
5D). These preliminary results suggest that VD/VDR are key negative regulators of FETUB synthesis and that
the observed upregulation of FETUB in the absence of VDR may be the result of non-genomic events involving

other receptor-mediated regulatory mechanisms which are independent of the traditional “genomic” model.

Vitamin D3 administration to mice fed STD or HFD downregulates FETUB protein expression

To understand if the vitamin D3-specific downregulation of FETUB observed in vitro in two independent liver
cell lines could be replicated in vivo, two groups of mice subjected to a standard (STD) or high fat diet (HFD),
were supplemented with 1000 IU vitamin D3 (STDVD; HFDVD) or placebo (STD; HFD), for up to 6 weeks.
Two diet models were selected based on previous contradictory findings with respect to FETUB, particularly
with reference to a HFD. While hFETUB has been demonstrated to be significantly elevated in patients with
liver steatosis (Meex et al., 2015) and hFETUA has been shown to be upregulated in pediatric obesity and fatty
liver disease (Reinehr T and Roth, 2008), a proteomic study identified that both rat FETUB (rFETUB) and
rFETUA were downregulated in the plasma of rats fed a HFD and prone to obesity (Choi J-W et al., 2010).
We were therefore interested in understanding the effects of vitamin-D3 on FETUB in mice, particularly with

respects to diet.

With regards to %A weight gain over the 6week period, mice subjected to a HFD gained more weight than
STD, with the differences becoming significant at 4 weeks (Figure 6A). Mice fed a STD with vitamin D3
supplementation paralleled those fed a STD, while those fed a HFD with vitamin D3 gained weight faster than
mice fed exclusively a HFD, with HFD mice catching up at 5 weeks. Finally, STDVD versus HFDVD mice
remained significantly different from the outset of the experiment to its completion, with HFDVD mice gaining
almost 50% more weight than STDVD mice (Figure 6A). With respect to glycaemia, no significant differences
were observed in glucose levels between the 4 groups over the duration of the experiment. At 6 weeks,

circulating mFETUB levels were analyzed by western immunoblot in the plasma from the 4 groups. In contrast
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to hFETUB, a single dominant mFETUB isoform was detected (Figure 6B). A densitometric analysis of this
isoform demonstrated that there was no difference in FETUB levels according to the type of ad libitum diet,
however a difference was observed with regards to vitamin-D3 supplementation. At 6weeks a significant
decrease in circulating mFETUB in STDVD mice with respect to STD mice (p<0.05) was observed, while in
HFD mice there was a modest yet insignificant trend (Figure 6B). These results support the in vitro findings

in human liver cells.

We then chose to focus on the source of circulating mFETUB. Being that FETUB is predominantly synthesized
by the liver (Denecke et al., 2003) and we observed a direct VD effect in two human liver cell lines on FETUB
synthesis, we examined the endogenous FETUB levels in mouse livers to understand if the demonstrated
circulating levels at 6 weeks were dependent on the liver production of FETUB. Unexpectedly, we saw no
significant difference in endogenous MFETUB levels regardless of the type of diet or vitamin-D3
supplementation (Supplementary Figure 3A). In contrast to mFETUB, we observed that mMFETUA showed
significantly higher levels in the HFD model supporting the findings of Reinehr and Roth, (2008), however,
these levels were exclusively dependent on the type of diet and independent of vitamin-D3 supplementation

(Supplementary Figure 3B).

To understand if the lack of association at 6weeks of treatment between mFETUB circulating levels and the
liver production of FETUB could be time dependent, a second group of mice administered a STD or HFD
supplemented with or without VD3 for up to 22weeks, were investigated. In contrast to mice treated for
6weeks, at 22weeks an effect of both diet and VD supplementation on liver-specific endogenous FETUB
production was observed by western immunoblot analysis (Figure 6C). Mice fed exclusively a HFD showed
near significantly higher FETUB levels than those fed a STD (p<0.057), while VD supplementation was
associated with significantly reduced FETUB expression in both diet models with respect to placebo treated
mice (Figure 6C). Although an age-related effect cannot be ruled out, these results suggest that while the liver-
specific production contributes to circulating FETUB levels, it likely that the early effect observed at 6weeks

comes from other VVD-responsive tissues.

Discussion

Amongst lifestyle-related diseases, pediatric obesity and VDD are raising significant concerns in many
countries, particularly with regards to their long-term metabolic outcomes and eventual impact on national
healthcare systems. While it is must be recognized that genotype, lifestyle and behavioral factors such as diet
and the levels of physical activity play critical roles in these epidemics, there is evidence indicating that VD
may contribute to the regulation of weight gain, particularly when associated to energy-restricted diets (Song
and Sergeev, 2012; Farhangi MA et al., 2017; Gomaa AM and El-Aziz EA, 2017). Despite the clear
associations found between body weight composition and VD levels (Vimaleswaran et al., 2013; Barchetta et

al., 2013; Bellan et al., 2014; Pannu PK et al., 2016; Cediel G et al., 2016; Mai et al., 2017; Cheng et al., 2010;
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MacDonald K et al., 2017; Rajakumar K et al., 2011), studies to date have not been able to decipher the causal
metabolic signals that link a poor VD status to obesity and its complications (Song and Sergeev, 2012,
Pelczynska et al., 2016). In a previous investigation we used a proteomic approach to identify potential
circulating biomarkers that could provide a link between VDD and pediatric obesity (Walker et al., 2014). This
study highlighted the multimeric forms of adiponectin as a molecular link and demonstrated a direct VD
regulation of adiponectin synthesis. Considering the complex nature of VD regulation, we chose in the present
investigation to focus on another of the top “ten” spots identified (Walker et al., 2014). Spot SSP2301, in
contrast to adiponectin, was found to be significantly upregulated in VDD subjects.

To investigate SSP2301 we used an increased cohort of pediatric obese patients and a more focused 2D-
electrophoretic analysis based on predicted pl and MW values by PDQuest for SSP2301. In our increased
cohort of pediatric obese subjects, we observed a clear dominance of VDD with respect to VDS, with almost
29% of these VDD subjects classified with severe VDD. The incongruent dataset used in this study is a
limitation, however as the median 250HD concentration in the VDD group was borderline with severe VDD,
we opted to perform a large part of our analyses between VDD and VDS. In agreement with previous surveys
in children, the VDD children enrolled were more obese, more insulin resistant and showed higher fasting
glucose, SBP and DBP-than their VDS counterparts (Reis et al., 2009; Kelly et al., 2011; Olson ML etal., 2012
(JCEM); Walker et al., 2014). The 2DE analysis of the plasma from these subjects highlighted four protein
spots which were significantly elevated in VDD subjects and corresponded to the estimated pl and MW for
SSP2301. Two of these spots were predicted to be Fibrinogen y and one to be FETUB. While plasma analyses
confirmed that FETUB concentrations were significantly higher in the plasma from severe- and moderate-
VDD subjects and independent of PTH concentrations, no relationship could be demonstrated for fibrinogen
v. A possible explanation for the incongruent fibrinogen vy results is that VVD status could be correlated to the
individual fibrinogen y isoforms, as opposed to total circulating levels. Fibrinogen y has two alternative splice
variants and is N-glycosylated (Fornace et al., 1984; Nagel and Meyer, 2014). The alternatively spliced variants
have been shown to be differentially regulated by inflammatory responses (Rein-Smith et al., 2013), while the
glycosylation of fibrinogen has important consequences on the structure of clots (Nagel and Meyer, 2014),
suggesting that the influence of VD status could be related to the post translational modifications of fibrinogen
v. An alternative explanation is that as fibrinogen vy is a highly abundant plasma protein with a similar pl and
MW to FETUB, it could be masking the identification of the FETUB isoforms by LC-MS/MS. Fetuin B like
fibrinogen v, has multiple isoforms in circulation as the result of alternative splicing and N-linked glycosylation
(Murakami et al., 2007). While we can conclude that the total plasma concentration of FETUB correlated to
VD concentrations and were independent of PTH in obese pediatric subjects, further experimentation is

required to understand the relationship to fibrinogen v.

Fetuin B as a potential link between obesity and VDD, can be supported by several very important
characteristics. Human FETUB is structurally related to fetuin A (FETUA), both of which are members of the
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cystatin superfamily comprising of structurally related protease inhibitors (Lee et al., 2009). Fetuins have
diverse functions including the regulation of osteogenesis, mineralization and systemic inflammation (Denecke
etal., 2003; Szweras et al., 2002; Ombrellino et al., 2001). Circulating FETUA levels are increased in NAFLD
independent of obesity (Stefan et al., 2006), while it also considered an independent risk factor for type 2
diabetes mellitus in adults and children (Stefan N et al., 2008), and a potent cardiovascular risk factor (Fiore
CE etal., 2007). Only now is data emerging on the importance of FETUB, with the levels of FETUB increased
in liver steatosis and type 2 diabetes mellitus (Meex RC et al., 2015), patients with chronic obstructive
pulmonary disease (COPD; Diao et al., 2016), coronary artery disease (Zhu et al., 2017), as well as the
demonstration of its functional involvement in the development of acute myocardial infarction and (Jung et
al., 2015). At the cellular level, treatment with FETUB in hepatoyctes and myocytes in vitro results in insulin
resistance, supported by the observation of glucose intolerance following FETUB administration to lean mice
(Meex et al., 2015). Another interesting observation is that human FETUB is found on chromosome 3q27.3,
the identical cytogenetic band in which adiponectin is located (Rankinen et al., 2006). As described,
adiponectin has been demonstrated to be significantly reduced in VDD pediatric obese subjects and to be
directly upregulated by VD administration (Walker et al., 2014; Mai et al., 2017). These findings also highlight

that 3g27.3 could be an important regulatory region for VD actions.

To investigate whether VD has a direct effect on FETUB synthesis, we used hepatocellular carcinoma cell
lines as it has been demonstrated that FETUB is predominantly expressed by the liver in humans and mice
(Denecke et al., 2003). Both the nVDR and mVDR are expressed in the liver and regulate VD actions (Norman
AW, 2006), with a differential expression profile observed according to the liver cell type (Gascon-Barre M
et al., 2003). While the highest VDR expression has been observed in bilary epithelial cells, kupffer and other
non-parenchymal cells, a modest expression has been seen in unstimulated hepatocytes and in hepatocellular
carcinoma cell lines (Gascon-Barre M et al., 2003; Moya M et al., 2010). While it remains to be understood
the effect of VD on other liver cell types, in the present study we demonstrated that VD could act directly with
the secretion of FETUB inhibited with 10,25-(OH)2D3 supplementation. The direct regulation of FETUB by
1a,25-(OH)2D3 is an important finding not only from the perspective of VDD and pediatric obesity, but in
light that the VD axis is now receiving much attention in liver pathophysiology. A high prevalence of VDD is
seen in both adult and pediatric patients with liver diseases, including hepatitis C virus (HCV) and HBV,
NAFLD, autoimmune liver diseases, liver transplantation, liver fibrosis, hepatocellular carcinoma and acute
liver injury (Elangovan H et al., 2017). As described, the levels of FETUB are significantly increased in liver
steatosis, with FETUB administration in lean mice causing glucose intolerance (Meex RC et al., 2015). While
arole for FETUB in other liver diseases remains to be defined, in the present study we have demonstrated that

FETUB can be directly downregulated by VD supplementation at the cellular level.

The pleiotropic actions of VD are achieved via an orchestra of events involving both genomic and non-genomic

pathways which lead to the activation or repression of target genes (Haussler et al., 2011; Hii CS et al., 2016).
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Activation of 1a,25-(OH)2D3-dependent target genes, such as p21 (Liu M et al., 1996), occurs via a ligand-
dependent association of the VDR with coactivator proteins and heterodimerization with RXR, with binding
to VDREs (Haussler et al., 2011; Hii CS et al., 2016). The VDR is also central to 1a,25-(OH)2D3-dependent
repression of target genes, however, the mechanisms are quite distinct from the 1a,25-(OH)2D3 mediated
activation. Target genes repressed by 1a,25-(OH)2D3 such as parathyroid hormone (Demay MB et al., 1992).
Interleukin-2 (IL2; Alroy et al., 1995) and granulocyte-macrophage colony-stimulating factor (GM-CSF;
Towers et al., 1999), have a “negative” VDRE (nVDRE) which have a different sequence organization and
can operate independently of RXR. With 1a,25-(OH)2D3-specific repression of FETUB demonstrated in
HepG2 and HUHY cells, we investigated whether the VDR could be central to this regulation by silencing its
expression. Interestingly, we observed that silencing of VDR under normal growth conditions appeared to
release FETUB synthesis with significantly higher endogenous and secreted levels observed in shVDR cells.
This observed FETUB upregulation was paralleled by an increase in expression and phosphorylation of RXR,
and the phosphorylation of ERK. While a more comprehensive investigation is required to understand the
molecular players involved in the VD regulation of FETUB, our observations suggest that VDR is a central
player. To our knowledge there is no demonstration of classic VDRESs in hFETUB promoter, suggesting that
la,25-(OH)2D3-mediated repression of FETUB may involve nVDRES, or alternate mechanisms. Examples of
la,25-(OH)2D3-mediated repression include GM-CSF gene, where VD-repression involves a two-hit
mechanism; VDR outcompeting NFAT1 at a novel nVDRE which in turn stabilizes a Jun-Fos heterodimer to
an adjacent AP-1 site through a direct interaction between VDR and c-Jun (Towers TL et al., 1999). It cannot
be excluded that the negative regulation of FETUB by VDR involves epigenetic mechanisms or micro RNAs
(Zenata and Vizel, 2017). While the mechanism of 1a,25-(OH)2D3-repression of FETUB remains to be
established, the present study has highlighted that VDR is likely key to the molecular architecture co-involved
in the negative regulation of FETUB.

Our preliminary results provide evidence the potential involvement of RXR and ERK as molecular players in
the regulation of FETUB. Without further investigation, we are unable to make specific conclusions, however,
in hepatocellular tissue and cell lines it is known that activated Ras-mitogen activated protein kinase (MAPK)
pathway phosphorylates RXRa (Shimizu M et al., 2009). Phosphorylated RXRa. resists ubiquitination and
proteasome-mediated degradation, which under normal conditions occurs following its release from
heterodimers (Shimizu M et al., 2009). What we could be seeing in our shVDR cell model is that in the absence
of VDR, the increased phosphorylation of RXR potentially linked an increased Erk phosphorylation by
alternate receptor/signalling pathways, leads to the accumulation RXR, due to its resistance to ubiquitination
and degradation. While for some tissues and cell lines phosphorylated RXR is inactive, alternatively in other
cell systems phosphorylated RXR is involved gene docking and regulation (Haussler et al., 2011). For example,
the farnesoid X receptor (FXR), a member of the nuclear receptor family, directly regulates FETUB in human
hepatocytes, and it does so in collaboration with RXR (Murakami et al., 2007). In fact, in the present study we

observed that with the inhibition of endocytosis and subsequent internalization of membrane receptors, there
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was a suppression of the shVDR-specific upregulation of FETUB, highlighting the importance of other
receptor mediated signalling pathways and a clear crosstalk in the regulation of FETUB.

Despite numerous studies providing evidence of increased circulating FETUB levels in several disease states,
it remains that there are only a limited number of studies investigating the clinical significance of elevated
FETUB. As described, Jung et al., (2015) demonstrated that FETUB is involvement in the development of
acute myocardial infarction, while others (Meex et al., 2015) observed that treatment with FETUB in primary
hepatoyctes and myocytes in vitro caused insulin resistance, with FETUB administration causing the
development of glucose intolerance in lean mice. Further, in obese mice with increased FETUB levels (Choi
et al., 2010), a 72% reduction of circulating FETUB using adenoviral administration of sShFETUB, resulted in
an overall improvement in whole-body glucose metabolism, independent of an effect body mass (Meex et al.,
2015). Collectively, these results highlight the importance of reducing circulating FETUB levels to improve
clinical outcomes. The scope of our in vivo model was to investigate whether VD3-supplementation in juvenile
mice could reduce FETUB circulating levels in two ad libitum diet-dependent models. At 6 weeks vitamin-D3
supplementation, we could demonstrate that juvenile STD mice had reduced circulating FETUB levels, while
HFD mice were unresponsive. Despite reduced plasma levels in STD mice, however, we surprisingly observed
no effect on the endogenous production of liver-specific FETUB, with a clear effect eventually observed only
by extending vitamin-D3 supplementation to 22weeks. While an age effect cannot be ruled out at 22 weeks,
these results suggest that while the liver-specific production contributes to circulating FETUB levels, it is
likely that the effect observed at 6 weeks comes from other VD-responsive tissues. In support of this
observation, Meex et al., (2015) also observed decreased FETUB expression in white adipose tissue and heart
with adenoviral-shFETUB, although they emphasize that liver is the most likely primary source of circulating
FETUB. With respects to clinical outcome, no effect on glucose levels at 6 weeks with vitamin-D3
supplementation were observed, however, a negative effect on HFD mice was demonstrated with a dramatic
increase %A weight gain with respect to placebo. 1,25(0OH).D3 has been shown to inhibit adipogenesis in mouse
3T3-L1 preadipocytes (Blumberg JM et al., 2006; Kong J et al., 2006), but it has also been shown to enhance
adipogenesis in primary mouse preadipocytes and human subcutaneous preadipocytes during maturation and
lipid accumulation (Nimitphong et al., 2012). While there is an increase in adipogenesis by VD, this is thought
to be a healthy remodeling of AT, with the prevention oxidative stress and increased glucose metabolism
observed in HFD-mice supplemented with VD3 (Nimitphong et al., 2012; Manna et al., 2017). Other tissues
such as adipose tissue was not investigated in the present investigation for FETUB expression. The large
discrepancy in body mass with vitamin-D3 supplementation could be an important issue with respects to

circulating FETUB levels.

Vitamin D repletion has been suggested as a promising approach for the prevention of obesity and the
development of its associated complications. Despite the discovery of VD at the beginning of the last century

and extensive investigations, the “concert” of metabolic events that link obesity with VD levels remain largely
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unknown. In the present study, we used a proteomic approach to study the global plasmatic changes between
VD deficient and normal obese pediatric subjects identifying circulating FETUB as a novel plasmatic
biomarker that could provide a mechanistic link between VDD and pediatric obesity, with a direct effect of
10,25-(OH)2D3 on FETUB synthesis and secretion in both in vitro and in vivo models. While the mechanism
of VD control over FETUB remains to be clearly defined, the silencing of the VDR, highlights that the VDR
central to the negative regulation of FETUB by VD, and thus important therapeutic target for the direct
modulation of FETUB.
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FIGURE LEGENDS

Figure 1: Proteomic evaluation highlights four spots significantly higher in the plasma of VDD within
the pl and MW range of SSP2301. A 2D-electrophoretic analysis was performed in duplicate for 60 subjects
using IPG4-7, with proteins detected by Sypro Ruby staining. Spot/s found to be higher in the plasma of VD
deficient (VDD; n=31) subjects as opposed to VD sensitive (VDS; n=29) subjects within the pl and MW range
of SSP2301, are indicated by the PDQuest identification number SSP3302, SSP4202, SSP4204 and SSP5202.
Supportive evidence for the upregulation of SSP3302 and 4202, is shown by 3D images of 2D-gels.
Representative gels are shown.
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Figure 2: LC-MS/MS analysis identifies SSP4202 and SSP5202 to be fibrinogen y. A. LC-MS/MS analysis
of SSP4204 and SSP5202 to be fibrinogen y. B. Western immunoblot analyses of plasma from VD deficient
(VDD; n=76) and VD sensitive (VDS; n=46) pediatric obese subjects using an anti-fibrinogen y antibody.

Figure 2
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Figure 3: Protein SSP4202 predicted to be FETUB, with western immunoblot and a FETUB-specific
ELISA of plasma samples confirming that FETUB is increased in VDD pediatric obese. A. A western
immunoblot of 2DE analyses was performed in human plasma samples using anti-FETUB antibody (n=4).
Each 2DE analysis was also stained for total protein using Sypro Ruby (n=4). SSP4202 and 5202 are
highlighted with the FETUB isoform corresponding to SSP4202 indicated by an arrow. B. A western
immunoblot (WIB) analysis under reduced conditions of FETUB in the plasma of representative VDD
(<20ng/ml; n=76) and VDS (>30ng/ml; n=46) subjects. “H” represents a high molecular weight isoform, “M”
medium and “L” low molecular weight isoform. Included is a graphical representation of the densitometric
analyses of FETUB western immunoblot in severe-VDD, moderate-VDD and VDS subjects. Densitometric
results were normalized to plasma protein concentrations. C. Fetuin B-specific ELISA performed on the
plasma of severe-VDD (n=30), moderate-VDD (n=46) and VDS (n=47) subjects.
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Figure 4: Total FETUB secretion decreases in hepatocellular carcinoma cell lines treated with 1a,25-
(OH)2D3. A. HepG2 and HUH7 hepatocellular carcinoma cells were treated at 60% confluency with
increasing concentrations of 1a,25-(OH)2D3 (10° to 10"M) in serum free medium or serum free medium with
vehicle for 48h. The conditioned medium was analyzed by western immunoblot under reduced conditions and
analyzed for FETUB using anti-FETUB antibody. B. HepG2 and HUH?7 cells were treated with 10'M 1a,25-
(OH)2D3 or vehicle in serum free medium for up to 24hr. Fetuin B in conditioned medium was analyzed at 1,
2, 3,5, 7 and 24hr by western immunoblot under reduced conditions using anti-FETUB antibody. The gels in

both experiments are representative of n=4 experiments.
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Figure 5: VDR silencing (shVDR) in HepG2 cells demonstrates that VDR is a potential negative
regulator of FETUB. A. Representative PCR performed on gDNA from shVDR clones, viral controls (EB8
and EB10) and HepG2 cells (-ve control) using backbone specific primers to demonstrate successful
integration. Concentration and gDNA quality were assessed a Gapdh PCR. Integration PCRs were performed
for each independent shRNA delivery (n=3). B. Western immunaoblot analyses under reduced conditions in
20ug of whole cell lysates from shVVDR clones (shVDR) and controls (CTR). Antibodies specific for VDR,
FETUB, RXRa and ERK were utilized to analyze their endogenous expression, with results normalized to
total protein. Gels are representative of n=3 experiments for 3 independent viral deliveries performed. C.
Representative western immunoblot analyses for RXRo and ERK of 2DE with 100ug of whole cell lysates
from shVDR clones (shVDR542) and controls (EB8). Arrows highlight pl shifts observed for RXRa and
ERK1 p44 and ERK2 p42. D. Representative western immunoblot analyses of endogenous FETUB
(FETUBendog) under reduced conditions in 20ug of whole cell lysates from shVVDR clones and controls
(shEB8 or HepG2) following a 1hr treatment with increasing concentrations of filipin (1-10ug/ml) or CPZH
(5-10ug/ml), followed by 24hr in maintenance medium. Results are representative of 4 independent shVDR

clones and are normalized to total protein (n=3).
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Figure 6: Vitamin D administration for 6 weeks downregulates murine circulating FETUB in a diet
dependent fashion, with a delayed response observed in liver tissue FETUB expression. A. Graphical
representation of the %A weight gain (gm) measured weekly with respect to baseline in STD, STDVD, HFD
and HFDVD mice after 6 weeks (T6) of supplementation with VD. Data are expressed as mean £ SEM. B.
Western immunoblot analysis of FETUB in the plasma of representative STD (n=7), STDVD (n=7), HFD
(n=5) and HFDVD (n=5) mice following 6 weeks of supplementation. Data are expressed as mean + SEM. C.
Representative western immunoblot analysis of FETUB protein expression in 20ug of liver cell lysates from
STD (n=5), STDVD (n=5), HFD (n=5) and HFDVD (n=5) mice after 22 weeks of supplementation. Results
are normalized to total protein and are expressed as mean = SEM.
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Table 1. Clinical and biochemical data for the patient cohort according to vitamin D status.

Variable VDS VDD
Age (yrs) 10.8+3.0 11.6+£2.9
Sex (M/F) 17/29 38/38
Puberty (PP/P) 16/30 22/54
BMI (Kg/m2) 27.5+4.6 29.414 2%*
BMISDS (Kg/m2) 2.017+0.513 2.200+0.438**
WC (cm) 88.7+12.7 94.6+11.3**
SBP (mmHg) 123.5+£14.5 129.8+15.4**
DBP (mmHg) 80.9+9.5 84.4+11.1*
T-c (mg/dl) 137.0+26.4 144.1+27.3
HDL-c (mg/dl) 41.0+10.8 40.5+9.3
TG (mg/dl) 77.4+40.1 87.6+44.3
Glucose (mg/dl) 86.3+7.2 90.2+7.3**
Insulin (mIU/L) 14.4+8.5 18.6+£23.0
HOMA-IR 3.1+1.9 3.6+2.3
250HD (ng/ml) 37.9+2.8 11.6+2.6***
FETUB (ng/ml) 89.3+12.7 78.9£10.4***
ALP (1U/L) 501.3+196.2 564.0+254.5
Calcium (mg/dl) 9.1+0.5 9.2+0.4
Phosforus (mg/dl) 4.5+0.5 4.7+£0.6
PTH (pg/ml) 15.5%5.1 20.2+10.0*

Data comparing VDS and VDD subjects are expressed as mean = SD. * p<0.05; ** p<0.01; ***
p<0.0001. Abbreviations. PP, pre-pubertal. P, pubertal. ALP, alkaline phosphatases. AU, arbitrary
unit. BMI, body mass index. BMISDS, BMI standard deviation score. HDL-c, HDL cholesterol.
HOMA-IR, homeostatic model assessment insulin resistance. T-c, total cholesterol. TG, triglycerides.
WC, waist circumference.

31



Table 2. Significantly modulated plasma proteins between VDD and VDS obese pediatric subjects.

PDQuest ID MW kDa* pl* VDD (n=31) VDS (n=29) P-value
SSP (AU) (AU)
3302 51 5.2 432.7 207.3 0.049
4202 50 5.3 1542.4 1022.2 0.016
4204 50 5.4 9554.3 8025.3 0.043
5202 50 5.6 12328.8 10871.6 0.036

*PDQuest estimate.
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