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Abstract

The Vanin genes are a family that encode pantetheinases involved in recycling Coenzyme A,
caytalysing the breakdown of intermediate panetheine to vitamin B5 for reuse in CoA
biosynthesis. The role of pantetheinase in this most fundamental of cellular processes, was
substantially characterised by the 1970s. The next 20 years saw little further interest in
pantetheinase until various genetic studies implicated the vanin locus in a range of normal and
disease phenotypes, and a consequent interest in the other product of pantetheinase activity,
cysteamine. This report seeks to bring together the early biochemical studies with recent biological
data implicating cysteamine as a regulator of the oxidative state of a cell. Numerous studies now
report a role for Vanin in inflammation, oxidative stress, cell migration and numerous diseases
including cardiovascular disease.
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Introduction

Belying its original description as Vascular Non-Inflammatory Molecule 1, Vanin 1 and
related family members Vanin 2 and Vanin 3, which code for pantetheine hydrolase
isoforms, have wide-ranging and diverse effects, although some of them are related to
inflammation. Pantetheine hydrolase or pantetheinase, catalyses the hydrolysis of
pantetheine to pantothenic acid (vitamin B5) and cysteamine, a powerful anti-oxidant.
Functional studies indicate a role for Vanin in inflammation, oxidative stress, cell migration
and numerous diseases. We discuss the role of the Vanin family in these biological pathways
and explore how Vanin and the metabolic products reveal insights into cellular function.
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2. Gene and Protein

Genomic organisation of the Vanin gene family

The human genome encodes three VVanin genes lying in the same transcriptional orientation
within an 80 kb region on chromosome 6q23-6g24[1,2]. Vanin 3 is upstream of Vanin 1 and
downstream of Vanin 2[1]. Orthologues of Vanin 1 and Vanin 3 have been identified as
mouse Vanin 1 and Vanin 3 respectively[1,2].

Human and mouse Vanin genes show approximately 40% amino acid sequence similarity to
biotinidase (Figure 1), although no biotinidase activity is detected from Vanin 1[1,3,4,5].
Biotinidase is part of the same amidohydrolase family, but with different substrate
specificity[3,4]. The human Vanin 1 protein show significant sequence similarity to the
mouse form (77.9%) and with human Vanin 2 (63.5%)[2]. Human Vanin 3 was recently
classified a pseudogene as the open reading frame is disrupted by a frameshift. Nine splice
variants for Vanin 3 have been reported in human neutrophils, however none of these extend
the full span of exon 7, suggesting they don't encode the predicted Vanin protein[6].

Vanin molecules can be membrane bound

The human Vanin genes are similarly organised into 7 exons [1]. For Vanin 1 and Vanin 2,
the 3’ end of exon 7 encodes a 20 amino acid hydrophobic region preceded by an 8-10
residue hydrophilic spacer region containing a glycosylphosphatidylinositol (GPI)-anchored
cleavage site (see Figure 1)[3,7]. In addition, each protein contains a 23 amino acid leader
peptide at the N-terminus. Both sequences are required for coupling with a GPI anchor and
subsequent attachment to the cell membrane. Murine Vanin 3 lacks this GPI-anchoring
consensus [1]. GPI-anchored proteins can be released from cell surfaces by
phosphatidylinositol-specific phospholipase C mediated cleavage[8,9]. The Vanin 2 protein
(originally called GPI-80) exists in both soluble and membrane bound forms[10].

Vanin Molecules are widely expressed

Although several studies have investigated expression of the Vanin genes, a conclusive
tissue distribution pattern remains to be determined. At the mRNA level, mouse Vanin 1
expression is primarily in kidney epithelia, intestine and liver[5]. However, expression can
be detected at some level by PCR in almost all organs tested[5]. Mouse Vanin 3 mRNA
expression can be detected in myeloid cells with lower levels in the spleen and liver[1]. In
other animals including pig and cow, pantetheinase activity has been observed in leukocytes,
fibroblasts, intestinal cells and plasma[4,11].

In humans, Vanin 1 mRNA expression has been demonstrated in the spleen, thymus, lymph
nodes, peripheral blood leukocytes, urethra, kidney, parts of the respiratory tracts, liver and
intestinal tract[2,12]. More recently, Vanin 1 was detected at high abundance in CD15*
granulocytes and CD14* monocytes. Platelets show moderate levels of Vanin 1 mRNA,
whilst CD4/8* T-cells and CD20* B-cells show relatively low levels[13]. This distribution
pattern in leukocytes suggests a role for Vanin 1 in innate immunity.

Human Vanin 2 mRNA expression has been demonstrated in almost all tissues with highest
expression in the spleen, kidney and blood, particularly neutrophils[1,2,7,12]. Based on the
expression patterns, protein structural similarities and the likelihood that the human Vanin 3
gene is a pseudogene, mouse Vanin 3 functionally corresponds to human Vanin 2. Vanin 3
MRNA has been detected in liver, peripheral blood leukocytes, placenta, urethra and parts of
the respiratory tracts[1,12] but the functional significance of this remains unknown.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaskow et al. Page 3

3. Biochemistry of Vanin

Pantetheinase has absolute specificity

Pantetheinase activity was first ascribed to the Vanin genes in 1996. Pantetheinase
(Pantetheine hydrolyase EC 3.5.1.92) hydrolyses one carboamide linkage in D-pantetheine
forming D-pantothenate (pantothenic acid or vitamin B5), and cysteamine (2-
aminoethanethiol)[4]. The chemical structures are shown in Figure 2.

Pantetheinase has absolute substrate specificity acting on the intact pantetheine molecule at
one of the amide bonds[14,15]. The presence of a reduced thiol is required for enzyme
activity[4,16]. Pantetheinase activity is seen in a pH range from 4-8 with a pH optima of
6.5-7.5 for leukocytes[11,16]. Pantetheinase activity is inhibited by the reduced pantetheine
dimer, pantethine (see Figure 1)[11,14,17].

The pantetheinase-mediated hydrolysis of pantetheine to pantothenate and cysteamine
impacts on a number of biological processes including fatty acid metabolism and the
oxidative stress response (Figure 3). First, pantothenic acid acts as the structural component
of Coenzyme A (CoA)[18]. CoA can be recycled via conversion to pantetheine, which is
then hydrolysed to pantothenate. This turnover of CoA allows for its controlled and
continuous production, which may be mediated by the rate of pantetheine hydrolysis and, in
turn, may have significant biological implications in a number of cellular pathways. If this is
the case, it is possible that the regulation of Vanin gene expression controls fatty acid
metabolism.

Second, cysteamine is a decarboxylated cysteine that acts as a nucleophile, donating both
bonding electrons to its reaction partner[11,16]. Cysteamine is converted either to taurine
through a hypotaurine intermediate, or is oxidised to its disulfide dimer, cystamine[19]. Both
pantothenic acid and cysteamine concentrations are in flux with pantetheine/pantethine
availability. This may ultimately be determined by the extracellular redox conditions that
control the pools of pantetheine and pantethine and hence the activity of pantetheinase.

Cysteamine can avidly attack disulfide groups to yield mixed disulfides and so inactivate
proteins. This highly effective process is attributed to the low pKa value of cysteamine, due
to the protonated amine[17]. A well-studied example of this phenomenon comes from the
autosomal recessive disease Cystinosis which is characterised by a build up of cystine in
lysosomes of cells causing widespread cell damage[20]. Oral administration of cysteamine
alleviates the accumulation of cystine[11,20]. Administration of pantethine instead of
cysteamine produces comparable results with reduced side-effects whilst administration of
pantothenic acid alone shows no effect[20]. In a cell culture model using skin fibroblasts
obtained from cystinotic patients, cystamine was reduced to cysteamine allowing it to react
with the disulfide bond in cystine yielding the mixed disulfide cysteamine-cysteine[20]. This
complex is then able to move from the lysosome to the cytoplasm for removal. Cystamine is
often used in laboratory and clinical investigations as a more stable source of cysteamine.
Although cystamine may have cysteamine-independent functions, it is likely that because it
is rapidly reduced, cysteamine is in fact the functional element.

More recent studies show addition of cysteamine, cystamine or pantethine to murine neural
cells increased cellular cysteine level following an increase in cysteamine[21]. This was
attributed to thiol-disulfide exchange reactions with cystine, which could either release
cysteine or increase uptake of cystine[21,22,23]. Free cysteine could interact with free
cysteamine, be oxidised to cystine or enter the glutathione pool[20]. In one study, this
resulted in the removal of by-products of lipid peroxidation and other metabolic reactions
preventing cytotoxicity[21]. Administration of cystamine to cultured cells or mouse brain
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resulted in an increase in L-cysteine[22,24]. An increase in total glutathione (GSH) was also
observed in cell culture models[22,25]. Cysteamine must therefore play a significant role in

regulating the redox status of the cell, acting not only as a potent antioxidant itself, but also

by regulating cysteine, cystine and GSH levels.

However, cysteamine may also be an inhibitor of gamma glutamylcysteine synthetase (y-
GCS), the rate-limiting enzyme in reduced glutathione (GSH) synthesis. y-GCS is composed
of two subunits that interact via a reversible disulfide bridge[26]. This disulfide bridge can
undergo a thiol-disulfide exchange with cysteamine ultimately rendering y-GCS inactive.
Vanin 1 knockout mice (Vanin 17-) mice, which lack free cysteamine in tissues, display not
only an enhanced resistance to oxidative stress, but also show down-regulated tissue
inflammation in response to oxidative stress[15,27,28]. In murine liver for example, y-GCS
protein levels were significantly higher in Vanin 17~ mice than their wild type counterparts
and were associated with a higher level of GSH, a response attributed to the enhanced
resistance to oxidative stress[15]. Similar results were seen upon induction of acute or
chronic inflammation. Interestingly, these results were not replicated in intestinal tissue.

These antithetical effects of cysteamine could be an artifact of Vanin 1 knockout or may be
a consequence of tissue specific effects. Variations in the amount and time-dependant
release of cysteamine in different tissues in response to a wide range of stimuli may be a
mechanism behind Vanin gene involvement in redox regulation, oxidative stress and
disease.

4. Functions of Vanin in Disease

A number of recent studies have implicated the vanin gene family in the development and
maintainence of disease (see Table 1). Many of these effects have been attributed directly to
the effects of cysteamine, but the other product of vanin activity, pantothenic acid may also
play a role.

Diverse Cysteamine-mediated Effects

In a mouse model of colitis, Vanin 17~ mice exhibit a loss of cysteamine-mediated inhibition
of peroxisome proliferator-activated receptor gamma (PPARY) resulting in an increase in
anti-inflammatory signals and a diminished inflammatory response. In intestinal and thymic
epithelial cells PPARy was reported to be higher in Vanin 17~ mice than in wild type
controls[28]. Importantly, administration of cystamine abrogated this effect. Suppression of
PPARYy resulted in the increased expression of inflammatory cytokines and chemokines, a
response that may be mediated by cysteamine[15,28,29,30,31].

Cysteamine is a Transglutaminase (TGase) inhibitor[32,33]. TGase catalyses the formation
of isopeptide linkages between the y-carboxamide group of protein bound glutamine to the
g-amino group of protein bound lysine[32]. TGases are thought to play a role in many
cellular processes including inflammation and wound healing[34]. Cysteamine inhibits
TGase through a thiol-disulfide exchange by binding to an important cysteine residue in the
active site of TGase and blocking the formation of a thioester intermediate[12,33,35,36,37].
This has particular relevance to Huntington's disease, characterised by the accumulation of
highly cross-linked insoluble proteins, which may be associated with an up-regulation of
TGase. Cystamine mediated an increase in cysteine and GSH levels which may contribute to
neuroprotection by reducing the high levels of oxidative stress in diseased brain[38]. Indeed,
addition of cystamine to cultured astrocytes resulted in the partial suppression of cell death
and a significant reduction in the cleavage of caspase-3[32]

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaskow et al.

Page 5

Vanin 1 has a cytoprotective effect against type 1 diabetes in islet cells[31]. Vanin 17~ mice
showed an increase in diabetes which related to an increase in cleaved caspase-3 levels in
Vanin 17~ pancreatic islet cells[31]. Addition of cysteamine significantly reduced the
number of caspase-3 positive cells. Moreover, Vanin 17 islets were twice as susceptible to
cell death as wild-type cells. This was reduced to wild type levels upon addition of
cystamine. In this disease model, Vanin 1 may act as a pro-survival molecule through the
cysteamine mediated inhibition of caspase-3.

Early studies of Vanin 1 describe a role regulating cell adhesion in the migration of
haematopoietic precursors in the thymus [3]. In humans, Vanin 2 is reported to participate in
haematopoietic cell trafficking[7]. GPI-80, the product of Vanin 2, is thought to play a role
in neutrophil adhesion and migration by modulating B2 integrin function[7,39]. Specifically,
GPI-80 crosslinking increases CR3 expression. CR3 (Macl or CD11b/CD18) is part of the
B2 Integrin family [39,40]. CR3 and GPI-80 where shown to be in very close physical
proximity (£7nm) to one another on adherent neutrophils[40]. During neutrophil adherence,
CD14 leaves the vicinity of CR3 allowing GPI-80 to interact, facilitating the movement of
neutrophils to a wound site[40]. GPI-80 was also shown to cluster on the forward surface of
migrating neutrophils[41] which may increase the level of B2 integrin on the surface of
activated human neutrophils and so modulate neutrophil adherence and migration.

A number of genetic studies have suggested that the region encoding the Vanin genes may
be associated with cancer [42] and inflammation/infection [43]. However, it is also possible
that changes in Vanin gene expression are epiphenomenal to the real mechanism of action.
Nonetheless, the overwhelming evidence suggesting that cysteamine has a significant role in
inflammation, apoptosis and related cellular processes strongly supports a role for vanin
activity in the regulation of these disease pathways.

A Role for Pantothenic Acid in Disease?

Little data are available indicating a role for pantothenic acid in disease. As a CoA
precursor, it is unlikely that this molecule is a passive bystander. There is some evidence
that the effects of pantothenic acid are wider. For instance, pantothenic acid is thought to
increase the wound healing process by facilitating the recruitment of fibroblasts to the
affected area[1,44]. Addition of pantothenic acid to human dermal fibroblasts increased not
only the number of cells across the edge of the wound but also the speed and distance these
cells travelled[44]. It is of note that Vanin 1 itself also has effects at a wound site[15]; a
decrease in F4/80+ macrophages occurs in the absence of Vanin 1[28,30,31]. This action of
vanin could be beneficial to help rid the wound of pathogens and damaged cells, but whether
pantothenate is directly involved is yet to be determined.

Tne Vanins in Cardiovascular Disease

Our interest in the Vanins and their metabolic products stems from our recent observation
that Vanin 1 expression shows a strong correlation with cardiovascular phenotypes[45].
Using transcript levels as endophenotypes, we identified Vanin 1 as a quantitative trait locus
associated with high density lipoprotein-cholesterol (HDL-C) levels. Vanin 1 exhibits a
genetic correlation with HDL-C of 0.28 based on quantitative differences in mean HDL-C
levels and variation in Vanin 1 genotype. Given its central role in recycling CoA, an
intriguing possiblity is that VVanin-1 is a central regulator of not only stress responses via
production of cysteamine but also lipid biosynthesis by controlling the flux through the fatty
acid and/or cholesterol biosynthetic pathways (see figure 3). Review of what is known about
pantotheinase and its effects provides some credence to this notion.
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In this regard, pantethine administration has been shown to lower serum triglycerides, low
density lipoprotein (LDL) and Apo-B while increasing HDL-C and Apo-A[46,47]. Wittwer
et al. determined the contribution of pantethine and its breakdown products on lipid
profiles[17]. Pantethine and cysteamine showed similar cholesterol lowering effects on lipid
profiles, whereas pantothenic acid did not[17]. Therefore, cysteamine produced either by the
action of Vanin on pantethine (via its reduction to pantetheine) or by direct administration, is
likely influencing lipid metabolism. The mechanism by which this occurs is still largely
unknown. Early work suggested that cysteamine inhibited HMG-CoA (3-hydroxy-3-
methylglutaryl-CoA) causing a reduction in cholesterol synthesis and perhaps a shift
towards fatty acid metabolism[48]. Further work suggested that pantethine helps breakdown
triglyceride deposits as well as promoting fatty acid catabolism in the liver[47]. More
recently the effects of taurine on cholesterol and lipid levels have been reported[49]. Zhang
et al. (2003) showed a hypocholesterolemic effect of dietary taurine in overweight adults[50]
and in a 2008 study, taurine was shown to reduce the secretion of apolipoprotein B100 and
lipids in liver cells[51]. Hence, taurine supplementation may be beneficial for the prevention
of artherosclorosis. As cysteamine can be converted to taurine via hypotaurine (see Figure
3), Vanin also may be involved in regulating lipid biosynthesis by regulating the abundance
of taurine.

The various data indicating a role for cysteamine in improving lipid profiles suggests that
increased Vanin 1 activity may have a protective effect against cardiovascular disease. This,
however, contrasts with the negative effects of cysteamine-driven inflammation and
oxidative stress. Again, the antithetical effects of cysteamine may be explained by tissue-
specific regulation by pantetheinase. We propose that VVanin gene expression is likely to be
tightly controlled within a tissue in order to regulate the abundance of cysteamine and
pantothenic acid in response to stimuli and the differences between, or even within tissues
may be both contrasting and antagonistic.

Emerging Importance

The consequences of Vanin gene family expression remain unclear. Involvement in
inflammation is supported, but specific roles in other pathways are not clear. The effects of
the Vanin genes seem to be driven by cysteamine, but the possible role of pantothenic acid
cannot be ignored. It is likely that the concentration of these two products, which is
dependent on pantetheinase activity, is important for maintaining normal cell function so
Vanin expression must be tightly controlled. Dysregulation of these genes would disrupt a
number of biological pathways setting in motion a cascade of events, contributing to a
disease state. The manipulation of VVanin expression or inhibition/administration of
cysteamine could be eficacious in the treatment of a number of diseases. With respect to
cardiovascular disease, it may be possible to regulate both fatty acid biosynthesis and the
stress response simply by regulating Vanin activity.
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Figure 1.

Human Vanin family structural predictions. Predicted N glycosylation sites shown as
underscored residues in green: N-Signal peptides in bold; predicted active site residues
(based on biotinidase) boxed in red including * ; predicted a-helices in yellow (light
shading); predicted B-sheets shaded in grey (dark); predicted GPI-anchor site residues in
white with blue box; * identical residues; : conservative substitution; . non-conservative
substitution; Missense residue in VNN3 shown in strikeout and red has been changed to
allow readthrough to the predicted stop codon.
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Figure 2.
Substrates and metabolites of Vanin Activity.
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Figure 3.
Overview of the main pathways influenced by Vanin Activity.
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Disease

Cell type

Result

Reference

Inflammation (NSAID- and
Schistosoma-induced intestinal
inflammation)

Intestine (mouse)

Vanin 17 mice 1 GSH and y-GCS vs.
WT + cysteamine negated effect.

Martin et al. 2004

Inflammation (Colitis)

Gut epithelial cells (mouse)

Vanin 1~ mice 1 PPARy mRNA and
protein vs. WT. + cysteamine negated
effect.

Berruyer et al.
2006

Inflammation (Psoratic skin)

Differentiated keratinocytes (human)

1 Vanin 1/Vanin 3 mRNA after
addition of Th1 cytokines.

Jensen et al. 2009

Malaria (Inflammation and
Oxidative stress)

Spleen, Liver, Blood (mouse)

Vanin 1 Vanin 3 mice 1
susceptibility to malaria. + cystamine:
| mortality, | blood paresitemia.

Min-Oo et al.
2007

Carcinogenesis (Inflammation-
driven colorectal cancer)

Gut epithelial cells (mouse)

Vanin 17~ mice: 70% | in tumours and
| NF-xp vs. WT.

Pouyet et al. 2010

Huntington's Disease

Brain (mouse)

+ cysteamine: | TGase, |abnormal
movements and prolonged survival.

Karpuj et al. 2002

Huntington's Disease

Cultured astrocytes

+ cysteamine: partial suppression of

cell death and | cleavage of caspase-3.

lentile et al. 2003

Wound Healing

Dermal fibroblasts (human)

+ pantothenic acid: 1 number of
fibroblasts, 1 speed and distance
travelled.

Weimann et al.
1999

Type 1 diabetes (Drug-induced
and auto immune diabetes)

Pancreatic islet cells and kidney capsules

Pancreas: Vanin 17~ 1 incidence
diabetes 1 number of cleaved
caspase-3 positive cells 1
susceptibility to death compared to wit.

Roisin-Bouffay et
al. 2008

Lipedemia

Blood

+ pantethine or + cysteamine
| TG, LDL, ApoB

1 HDL-C and ApoA

+ pantothenic acid, no change.

Wittwer et al.
1987
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