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Abstract

The family of StAR related lipid transfer proteins (START) is so-named based on the distinctive capacity for
these proteins to transport lipids between membranes. The START domain is a module of about 210
residues, which binds lipids such as glycerolipids, sphingolipids and sterols. This domain has a deep lipid-
binding pocket - that shields the hydrophic ligand from the external aqueous environment - covered by a
lid. Based on their homology, the fifteen START proteins in mammals have been allocated to six distinct
subfamilies, each subfamily being more specialized in the transport and/or sensing of a lipid ligand
species. However within the same subgroup, their expression profile and their subcellular localization
distinguish them and are critical for their different biological functions. Indeed, START proteins act in a
variety of distinct physiological processes, such as lipid transfer between intracellular compartments, lipid
metabolism and modulation of signaling events. Mutation or deregulated expression of START proteins is
linked to pathological processes, including genetic disorders, autoimmune diseases and cancers. Besides
the common single START domain, which is always located at the carboxy-terminal end in mammals, most
START proteins harbor additional domains predicted to be critical in favoring lipid exchange. Evidence
from well characterized START proteins indicates that these additional domains might be tethering
machineries able to bring distinct organelles together and create membrane contact sites prone to lipid
exchange via the START domain.



1. Introduction

Lipids represent a large variety of molecules characterized by their low solubility in water. The major lipids
are glycerolipids, sphingolipids and sterols. At the level of the organism, lipids provide multiple functions
such as energy sources or hormone mediators. At the cellular level, lipids are structural components of
membranes, and they determine the establishment, maintenance and identity of intracellular
compartments. Indeed, eukaryotic cells are compartmentalized in discrete organelles which provide the
cell with functionally specialized aqueous partitions. They are delimited by membranes that constitute a
barrier to the diffusion of soluble signaling molecules or metabolites. Organelles are interdependent units
which rely on routes that ensure the exchange of metabolites and information across the cell. By their
very nature, lipids require complex modes of transport ensured by both vesicular and non-vesicular
mechanisms. Vesicular traffic consists in the formation, transport, docking and fusion of vesicles which
transfer lipids between membranes. Non-vesicular transport of lipids occurs by simple desorption of a
lipid molecule from a membrane, its crossing through the hydrophilic cytoplasm and finally its adsorption
into the target membrane [1]. However, such a mode of transport is precluded by the hydrophobicity of
lipids therefore some proteins, termed Lipid Transfer Protein (LTP) are molecular devices able to convey
lipids within the intracellular space [2][3]. The molecular details of LTP mode of action remain unclear,
however they are propose to function in a stepwise manner, LTP mediate lipid extraction from a donor
membrane, transfer it across a hydrophilic environment and deliver the lipid cargo to an acceptor
membrane. Proteins from the START [(Steroidogenic Acute Regulatory protein) related lipid transfer]
domain family are LTPs involved in the non-vesicular transport of lipids. START domain containing proteins
(STARD) possess a START domain of about 210 amino acids which binds lipids [4-6]. Indeed, the three-
dimensional structure of the START domain defines a hydrophobic cavity that can accommodate one lipid
molecule and thus serves as a “hydrophobic bridge” between the donor and the acceptor membrane [7-
9]. The START domain may also sense lipids rather than transport them in some START proteins.
Interestingly, START domain proteins have diverse lipid specificities and subcellular localizations which
explain their specific role on lipid transport/sensing. In this report, we will review the current knowledge
on their function.

2. Diversity of the START domain protein family

In humans, 15 different proteins possess one START domain. This domain is always unique and at the
carboxy-terminus of the STARD proteins. Based on their sequence homology, these proteins have been
categorized into 6 sub-families; interestingly, using this phylogenetic classification, proteins sharing a
common lipid ligand and similar functions are grouped together (Figure 1).

2.1: The organelle-bound cholesterol carriers group
This group includes the two founding members of the START family, STARD1 (StAR: Steroidogenic Acute
Regulatory Protein) and STARD3 (MLN64). Indeed, the identification of STARD1 a protein essential for
steroidogenesis [10,11] and of Metastatic Lymph Node 64 (MLN64/STARD3), a protein over-expressed in
breast cancer [12], revealed the presence of a conserved domain in carboxyl-terminal position which was
later named START domain. STARD1- and STARD3-START domains have similar biochemical properties:
they both bind cholesterol at a 1:1 ratio and in a steroidogenesis assay, they are able in isolation to
promote cholesterol transport from the outer to the inner mitochondrial membrane where it is available
for the P450 side chain cleavage (P450scc) complex [9,13][14]. Despite these similarities, two main
characteristics distinguish STARD1 and STARD3: first, their expression patterns since STARD1 is mainly
expressed in gonads and adrenals while STARD3 is ubiquitous; second their subcellular localization as
STARD1 is a mitochondrial protein while STARD3 is anchored to the limiting membrane of late endosomes.
The differential expression pattern of STARD1 and STARD3 is explained by the transcription regulation of
their respective encoding genes. STARD1 expression is tightly regulated by cAMP-dependent mechanisms
in the adrenal and gonads in response to trophic hormones [luteinizing hormone(LH)/adrenocorticotropic
hormone(ACTH)] [15][16]. STARD3 possesses features of an ubiquitous gene, its promoter is controlled by
Sp/KLF transcription factors [17]. The subcellular localization of both STARD1 and STARD3 is governed by
their amino-terminal part: STARD1 has a targeting signal to the mitochondria [18,19], while STARD3 has a
membrane anchored domain, the MENTAL (MLN64 N-terminal) domain which anchors the protein to the
limiting membrane of late endosomes [20][21] (Figure 2). Thus STARD1 and STARD3 provide a good



illustration on how these two closely related proteins besides being both cholesterol transfer proteins,
function in very distinct pathways.
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Figure 1: START protein family structure

The START protein family is divided into sub-families based on sequence homology within the START domain. Mt: mitochondria
targeting signal; MENTAL: MLN64 N-terminal domain; PH: pleckstrin homology; FFAT: two phenylalanines in an acidic tract; THIO:
hotdog-fold acyl-CoA thicesterase domain; SAM, sterile alpha motif; RHOGAP: GTPase activating protein; KMD: kinesin motor
domain, FHD: FHA phosphoprotein binding domain

2.1.1 STARDI1 transports cholesterol to the mitochondria
STARDL1 is an essential protein in steroidogenesis: it is crucial to convey cholesterol to the mitochondria
where it is metabolized into pregnenolone by the P450scc enzymatic complex [22]. Accordingly, STARD1
deficient mice die shortly after birth as a consequence of adrenal hormone absence; moreover, in these
animals steroidogenic cells from gonads and adrenals which are unable to synthesize steroid hormones
accumulate cytoplasmic lipid deposits [23]. Despite this well characterized function of STARD1 as a
cholesterol supplier for the mitochondrial P450scc enzyme, its precise molecular mechanism of action is



not ascertained. STARD1 is synthesized as a precursor which is processed by proteolytic cleavage when
imported into the mitochondria. Strikingly, several reports have shown that STARD1 does not need to be
imported into the mitochondria to be active. Indeed, it was shown that the association of the START
domain of STARD1 with the outer mitochondrial membrane in absence of import and further processing
is sufficient to promote cholesterol import and steroidogenesis [24,25]. The final import of the protein
into the mitochondrial matrix is proposed to be the regulatory step shutting down STARD1 action. In mice,
the re-expression of a STARD1 transgene in STARD1-deficient animals completely rescues viability and
steroidogenesis. Interestingly, mice expressing a STARD1 truncated protein not targeted to the
mitochondria have a higher viability and a partially restored steroidogenesis compared to knock-out mice,
but still display lipid accumulation in the adrenal and gonads [26]. These data confirm that STARD1 is able
to act without being targeted to the mitochondria, but also show that its correct subcellular localization
is essential for a full activity in vivo. STARD1 was proposed to be part of a multi-protein complex at the
interface between the inner and the outer mitochondrial membrane which would be the machinery
responsible for cholesterol import towards P450scc [27][22].
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Figure 2: The subcellular localization of START proteins governs their function

Sub-cellular localization analysis of STARD1 (a), STARD3 (b) and STARD4 (c). Each protein was overexpressed in Hela cells and its
localization assessed by immunofluorescence. STARD1 and STARD3 are organelle-bound in the mitochondria and late endosomes
respectively while STARD4 is cytoplasmic.

2.1.2. STARD3 transports endosomal cholesterol

Based on its wide expression pattern and conservation during evolution from worms to mammals, STARD3
is likely a protein involved in a basic cellular function [28]. The topology of STARD3 on the limiting
membrane of endosomes orientates the START domain towards the cytoplasm. Interestingly, besides
anchoring the protein in endosome membranes, the STARD3 MENTAL domain interacts with cholesterol
in vivo; this suggests that the MENTAL domain is instrumental in the mechanism of cholesterol capture
and transport mediated by STARD3 [29]. Moreover the MENTAL domain mediates homotypic as well as
heterotypic interactions with a STARD3 related protein called STARD3NL (STARD3 N-terminal like alias
MENTHO, MLN64 N-terminal Homolog), another MENTAL domain-bearing late endosomal protein
[21,29]. In addition, this domain was shown to affect endosome dynamics since its expression induces an
enlargement and a decreased mobility of endosome vesicles [20,21,30,31]. Up to now, the role of STARD3
on cholesterol transport remains unclear. STARD3 was suggested to transport cholesterol to the
mitochondria [32][33]. However, STARD3 deficient mice are viable and do not display steroidogenesis
defects but only slight sterol metabolic alterations [34].

These biochemical and cellular findings suggest that STARD3 is involved in the transport of cholesterol
between late endosomes and most probably another organelle. Further studies should delineate the
precise function of STARD3.

2.2: The START-only sterol carriers group
Among the START proteins family, three other members share affinity for cholesterol and
hydroxycholesterol. These proteins named STARD4, STARD5 and STARDG6 are only composed of a START
domain [35]. The cholesterol binding properties of STARD4, D5 and D6 are similar to those of STARD1 and
D3.

2.2.1. STARD4 transports cholesterol to the ER



STARDA4 is a cytoplasmic protein which has been shown to associate with the endoplasmic reticulum [4,36]
(Figure 2). STARD4 seems to be involved in the transport of cholesterol to the ER which is a crucial event
for cholesterol sensing in the cell. Indeed, cholesterol content in the ER regulates two major homeostatic
systems: first, high cholesterol levels in the ER activate cholesteryl-ester formation catalyzed by the acyl-
CoA:cholesterol acyl-transferase (ACAT) and second, low ER-cholesterol levels activate Sterol regulatory
element-blinding protein-2 (SREBP-2) [37][38]. SREBP-2 is a transcription factor which is sequestered in
an inactive form in the ER membrane under high cholesterol conditions. When cholesterol levels are
lowered in the ER, SREBP is accompanied to the Golgi by SCAP (SREBP-cleavage activating protein) where
it is cleaved to generate a transcriptionally-active protein which reaches the nucleus and activates the
transcription of genes involved in cholesterol uptake and synthesis [37]. When STARD4 is overexpressed,
it induces both cholesteryl-ester formation and ER-retention of SREBP2, events which both mark high ER
cholesterol levels [39][40]. Conversely, siRNA mediated STARD4 down-regulation increases free
cholesterol level which is probably a consequence of a lower supply of cholesterol to the ER for
esterification by the ACAT. Intriguingly, STARD4 role on intracellular cholesterol transport can be
substituted by methyl-B-cyclodextrin, a chemical compound with affinity for cholesterol. Indeed, micro-
injection of methyl-B-cyclodextrin in cells lacking STARD4 is able to restore a normal cholesterol transport
towards the ER [39]. Therefore STARD4 seems to be a non-selective cholesterol transporter which
equilibrates cholesterol content between cellular membranes, a crucial function for cholesterol sensing
in the ER [41]. In line with this, STARD4 is directly regulated by SREBP2 [35,36,42]. Surprisingly, STARD4
deficient mice only display minor alterations in lipid metabolism which suggests a functional redundancy
with other intracellular cholesterol transporters [43].

2.2.2. STARDS is likely a bile acid transporter
STARDS has been reported to bind both cholesterol and hydroxycholesterol [40][44][14]. However, it was
recently suggested that STARDS5 binds primary bile acids (cholic and chenodeoxycholic acid) rather than
cholesterol [45]. This suggests that STARD5 might be involved in bile acid transport or sensing. However,
further works are needed to fully understand the function of this protein.

2.2.3. STARDG6, a male germ cell cholesterol transporter
STARDS is almost exclusively expressed in male germ cells [35,46]. Interestingly, STARD6 is more efficient
than STARD1 to transport cholesterol to the mitochondria in a pregnenolone synthesis assay [14].
However, up to now, the function of this protein remains unknown. It might be involved in the transfer of
cholesterol to the mitochondria or other membranes of male germ cells.

2.3: The Phospholipids/Ceramide carriers group

This subgroup is more heterogenous as STARD2/PCTP, STARD7, STARD10 and STARD11/CERT/GPBP have
different structural organization and ligand specificity. STARD2, STARD7 and STARD10 are START-only
proteins while STARD11 has two additional functional domains interacting with membranes, a PH domain
(Pleckstrin homology) and a FFAT motif (two phenylalanine in an acidic tract) as well as a coiled-coil and
two serine-rich motifs. STARD2, STARD7 and STARD10 bind phosphatidylcholine (PC) and STARD10 also
binds phosphatidylethanolamine (PE) [47-49]. STARD11 binds ceramides [50]. These four proteins are
ubiquitously expressed suggesting that they perform a general function in lipid transport.

2.3.1. STARD2, STARD7 and STARD10 mediate PC transport

STARD2/PC-TP  (phosphatidylcholine transfer protein) promotes the rapid exchange of
phosphatidycholine (PC) probably from its site of synthesis to the plasma membrane and / or the
mitochondria [51]. Accordingly, STARD2 is mainly found in the cytoplasm as well as associated to the
mitochondria, a localization which seems to be controlled by the phosphorylation of STARD2 at serine 110
[52,53]. Though specific for PC, STARD2 exhibits preference towards some PC species with sn-1 palmitoyl
(16:0) and sn-2 unsaturated acyl chains (Kang et al., 2010). This preference might regulate STARD2 activity
according to membrane composition [51].

The STARD7 gene encodes two protein variants which are generated by alternative translation initiation:
the shorter isoform is cytoplasmic while the longer has an extra amino-terminus functioning as a
mitochondrial targeting sequence [47]. This finding therefore suggests that STARD7 is involved in PC
transport to the mitochondria [54].



Interestingly, STARD10 is phosphorylated on serine 284 by casein kinase Il. This residue is positioned
within an acidic sequence at the carboxy-terminus of the protein. Serine 284 phosphorylation inhibits
STARD10 lipid transfer activity. Conversely, replacement of this serine by a non-phosphorylable residue
increases STARD10 activity. Serine 284 phosphorylation regulates STARD10 by preventing its interaction
with membranes, most probably through electrostatic repulsion [55]. This type of post-translational
modification is therefore an efficient mean to regulate the function of the START domain.

2.3.2. STARD11/CERT mediates ER to Golgi ceramide transport

STARD11 is one of the best characterized START protein. It mediates non-vesicular transport of ceramide
from its site of synthesis in the ER to the Golgi apparatus where it is converted into sphingomyelin [50].
Additionally, CERT-transported ceramide might serve as substrate to glucosylceramide synthase which
synthetizes glucosylceramides (GlcSer) in the Golgi [56]. STARD11 can efficiently transfer several species
of ceramide with long chain fatty acid (C14-C20) [57]. While in vitro, the transfer of ceramide from donor
to acceptor membranes only requires the START domain, in vivo, STARD11 function involves the
cooperation of several protein modules, namely the PH domain and the FFAT motif [58]. The unique role
of STARD11 on ceramide transport was confirmed in deficient mice. STARD11 -/- mice die during
embryogenesis around E11.5 as a result of cardiovascular insufficiency. In STARD11 deficient embryos,
the ER exhibits several morphological alterations which are accompanied by ceramide accumulation and
a global decrease in sphingomyelin content [59]. Strikingly, cells also display mitochondria alterations
which may result from a ceramide mislocalization to this organelle induced by STARD11 absence.

2.4: The RhoGAP-START group
This group comprises three proteins: STARD8 (DLC-3), STARD12 (DLC-1) and STARD13 (DLC-2) which all
have a SAM (Sterile Alpha motif), a Rho-GAP (Rho-GTP activating protein) and a START domain
[60][61][62]. The function of the SAM domain in these proteins is not yet fully understood. However, it
was reported that the SAM domain of STARD12 interacts with eukaryotic elongation factor 1A1 (EF1A1),
a protein involved in cell growth/death and cytoskeletal network control [63]. This interaction allows the
efficient localization of EF1A1 to the membrane periphery and ruffles and restrains migration in a Rho-
GAP dependent manner.
Up to now, the main known biological activity of STARD8/D12 and D13 is mediated by their Rho-GAP
domain. This domain regulates Rho GTPases activity by favoring the hydrolysis of GTP thereby allowing
the switch from the active to the inactive conformation of the protein. STARD12 exerts a Rho-GAP activity
in vitro on RhoA, RhoB, RhoC and to a lesser extent on Cdc42; STARD8 and STARD13 are both active on
RhoA and Cdc42 [64,65][66][67,68]. In accordance with this activity on Rho GTPases, STARD8 or D12 or
D13 overexpression was shown to affect the actin cytoskeleton with a disruption of actin stress fibers and
a resulting change in cell morphology, an effect that was dependent on an active Rho-GAP domain
[65][69][64].
Between the Rho-GAP and the START domain is positioned an unstructured region which is responsible
for the targeting of STARD8/D12 and D13 to focal adhesions [65][70][71]. Interestingly, this region was
shown to interact with the Src homology 2 (SH2) domain of cten (C-terminal tensin like) and the PTB
domain of tensinl and 2, which are focal adhesion resident proteins, thereby explaining the recruitment
of STARD8/D12 and D13 in these specialized areas of the plasma membrane [72][73] [61].
Thus, the three proteins STARDS, D12 and D13 are highly similar in terms of structure, cellular localization
and role on the actin cytoskeleton which suggests that they have redundant functions. In accordance with
this, STARD13-deficient mice are viable and develop normally [74]. However, pancreas-specific ablation
of STARD13 was recently shown to affect pancreatic development. In these animals, the pancreas displays
a reduced size and epithelial morphogenesis defects linked to the actin cytoskeleton [75]. In contrast,
STARD12 ablation results in embryonic lethality before E10.5 which suggests that this protein has unique
functions which cannot be compensated by STARD8 or STARD13 [74,76].
The position of STARDS, D12 and D13 at specific subcellular localizations, their ability to activate small
GTP-binding proteins that play a central role in diverse biological processes such as intracellular traffic,
adhesion, polarity, motility and cell division raise the possibility that they act locally to initiate regulatory
signaling cascades in a lipid binding dependent manner. In other words, proteins from this subfamily might
represent signaling relay for their lipid ligands whose identification is unfortunately missing. In line with
this hypothesis, STARD13 was shown to mediate ceramide signaling in Chinese hamster ovary cells.
Indeed, STARD13 is required to induce mitochondrial phosphatidylglycerolphosphate (PGP) synthase
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activition in response to ceramides, a function that was linked to RhoA activity [77]. STARD13 seems
therefore to connect lipid biosynthesis and RhoA activity.

2.5: The thioesterase group
This group consists of two proteins, STARD14 and STARD15, and is part of the acyl-CoA thioesterase
(ACOT) family known to hydrolyze acyl-CoA molecules. The presence of a START domain distinguishes
STARD14 and 15 from the other ACOT proteins. Indeed, STARD14 (ACOT11/BFIT/Them1) and STARD15
(ACOT12/CACH) associate two hot dog-like thioesterase domains (THIO) with a START domain [78]. The
ligand of STARD14- and STARD15-START domains is unknown though crystallographic studies indicate that
it might be a fatty acid [79].

2.5.1. STARD14 hydrolyses long-chain fatty acyl-CoA

STARD14 was shown to be preferentially active towards long-chain fatty acyl-CoAs, its active form being
a dimer. While THIO domains of STARD14 are active in isolation, the START domain is necessary for
optimal enzyme activity [80]. Alterative splicing generates two STARD14 isoforms with distinct START
domain carboxy-terminal ends [81]. However, the exact contribution of these variants is unclear.
Interestingly, the amino-terminal end of STARD14 was shown to be an operative mitochondria targeting
signal [82]. However, the enzymatic activity of STARD14 was mainly found in the cytosol and microsomes
in mouse tissues [80].

2.5.2. STARD15 hydrolyses acetyl-CoA
STARD15 differs from STARD14 in substrate specificity, it acts preferentially on acetyl-CoA [83]. STARD15
is mainly expressed in the liver and is cytoplasmic [84].

Despite their common structural traits, STARD14 and STARD15 have different expression patterns,
subcellular localizations and substrate specificities. The presence of a START domain in these enzymes
suggests that it might be involved in supplying substrates to the catalytically active THIO domain.

2.6: STARDY, a unique member of the family

Among the START protein family, STARD9 has unique features: it is a large protein of more than 500 kDa
with a modular organization consisting of an N-terminal kinesin motor domain, an FHA phosphoprotein
binding domain and a C-terminal START domain [85]. Based on homology, STARD9 belongs to the kinesin-
3 family and is therefore also named Kif16a [86]. STARD9 was shown to associate with centrosomes and
to be crucial for mitosis. Indeed, STARD9-depleted cells display several mitosis defects which ultimately
lead to apoptosis. Interestingly, STARD9 inactivation was shown to synergize with taxol to trigger
apoptosis making this protein a potential therapeutic target in cancer therapy [85]. Most intriguingly, the
role of the START domain in STARDY remains unknown though its presence suggests a link between lipids
and centrosome function.

3. Molecular mechanism of START proteins action

3.1. The 3D structure of the START domain defines a lipid binding cavity
The three-dimensional structures of 8 out of 15 START proteins have been described (STARD1, D2, D3, D4,
D5, D11, D13 and D14) [7-9,87][79]. They all display similar structural features with a helix-grip fold
consisting in a central anti-parallel B-sheet with 9 B-strands gripped by two o helices (a1 and a4) (Figure
3). Two Q loops (21 and Q2) are inserted between strands 5/f6 and strands 7/B8, respectively.
Interestingly, the START domain defines an amphiphilic inner cavity which was shown to be wide enough
to accommodate one lipid molecule [9]. Moreover, STARD2 and STARD11 have been crystallized with one
ligand molecule (PC and ceramide, respectively) (Figure 3) [7,87]. In these two structures, the lipid
molecule is buried within the START domain cavity, the hydrophilic head being in the innermost part of
the cavity where it interacts with specific residues and the acyl chains being surrounded by the
hydrophobic walls. The narrow opening of the cavity implies that the START domain needs structural
rearrangements to take up the lipid molecule. Several models have been proposed to explain this
structural change: the START domain was proposed to partially unfold in a “molten globule”
conformation. For STARD1, this transition occurs at low pH, a condition that could be found at the outer
mitochondria and therefore allow STARD1 to transport cholesterol at this specific place [88]. Alternatively,
structural rearrangements involving movement of the a4 helix and/or the Q1 loop were proposed
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[89][90]. Interestingly, molecular dynamics simulations favor the sole involvement of the Q21 loop which
appears to be highly dynamic [87][91]. Moreover, in other clades, START domains are not systematically
located at the carboxy-terminal end of proteins but can be followed by other domains such as a DUF1336
domain in plants (rice, thale cress...) or a Fbox and a WD40 domain in some protists (Dictyostelium
discoideum), which argues against a role for the a4 helix as a lid [92].

Figure 3: The START domain structure forms a cavity encompassing one lipid molecule

Structure of the START domain of STARD11 with a C18 ceramide molecule (PDB ID:2e3q) [87]. o helices (magenta: 1-4), B sheets
(cyan: 1-9) and Q loops (orange: 1,2) are numbered from the amino- to the carboxy-terminus. C, N and O atoms within the
ceramide molecule are in yellow, blue and red, respectively. Ribbon drawing (A) and cut-away view of the molecular surface (B) are
shown. These figures were prepared with PyMOL (The PyMOL molecular graphics system. http://www.pymol.org).

3.2 The START domain is attracted by membranes

The ability of START proteins to transport lipids suggests that they are able to sense membranes in order
to take up and deliver their ligand. Accordingly, the presence of membrane interacting surfaces on the
START domain has been proposed. For instance, the partially amphiphilic a4 helix of STARD2 was shown
to favor membrane interaction [93]. Similarly, STARD11 possesses exposed hydrophobic residues in the
Q1 loop which are crucial for its ceramide transport activity [87]. As a last example, STARD4 exhibits a
patch of basic residues near the Q1 loop which is required for an efficient lipid transport; accordingly,
electrostatic interaction between STARD4 and anionic lipids were shown to enhance STARD4 activity
[8,39]. These models support the notion that within the START domain, structural elements must guide
the domain with respect to the biological membrane and ensure a positioning favorable for the exchange
of the lipid ligand. In addition, as suggested by studies on STARD10 phosphorylation (see above), the
interaction with membranes is probably a way to regulate the function of the START domain.

3.3. START proteins likely acts preferentially in inter-organelle membrane contact sites
(MCS)
The lipid transport activity mediated by START proteins is likely favored by the proximity between the
donor and the acceptor membrane. Interestingly, membrane contact sites where the membranes of two
organelles are apposed have been observed in cells. These MCS involve predominantly the ER which
contacts several other organelles [94,95]. The involvement of MCS in START-mediated lipid transport is
supported by the characterization of STARD11 protein [58]. As stated earlier, STARD11 has two protein
modules, a PH domain and a FFAT motif, that define its interaction with two organelles, the Golgi and the
ER, respectively. Indeed, the PH domain of STARD11 binds to PI4P, a phosphoinositide highly enriched in
the Golgi membrane [96]. The FFAT motif is a small peptide which binds to ER membrane proteins called
vesicle-associated membrane-associated protein (VAP-A and VAP-B) [97]. A model of STARD11 action in
ceramide transport has therefore been proposed [58].The binding of STARD11 to the ER through its FFAT
motif allows the START domain to take up one ceramide molecule from the ER membrane. The PH domain
of STARD11 then targets the protein to the Golgi where the ceramide molecule is released. To achieve its
function, STARD11 might shuttle between the two organelles. Alternatively and more probably, the
protein might bind simultaneously to the two membranes and therefore act within MCS [98]. In this
scenario, the START domain efficiently transfers ceramide molecules by a ‘neck-swinging’ movement
(Figure 4). The characterization of STARD11 regulation by phosphorylation reinforced this model. Indeed,



STARD11 phosphorylation in a serine-rich motif was shown to inhibit its function, the level of
phosphorylation resulting from a balance between phosphorylation by Protein Kinase D (PKD) and casein
kinase | (CKI y2) and dephosphorylation by protein phosphatase 2Ce (PP2Ce). Accordingly, a non-
phosphorylable mutant of STARD11 (S132A) was shown to be more active than wild-type protein.
Interestingly, while wild-type STARD11 is localized in the cytoplasm and associated with the Golgi, the
S132A mutant was predominantly associated with the Golgi. One interesting possibility would be that
active STARD11 is localized in ER-Golgi MCS.

The characterization of STARD11 therefore suggests that some START proteins have the ability to generate
inter-organelle MCS or to be recruited to these specialized areas of the cell. This original positioning
should indeed facilitate START proteins lipid transfer activity. However, further work is required to
precisely delineate START proteins role in organelles tethering and its consequence on lipid transport.
Some lipid transfer proteins have the ability to counterexchange two lipid species between membranes
[99]. For instance, Osh4p, a yeast Oxysterol-binding homology / Oxysterol-binding protein-related
(Osh/ORP) protein transports sterol and PI4P between membranes along opposite routes [99]. This
original lipid transfer activity, found in other LTP families such as the Sec14p or the PITP family, could
therefore be present in the START family [3]. In line with this, STARD11 binds weakly diacylglycerol, a
byproduct of sphingomyelin synthesis; it was therefore proposed that STARD11 transports ceramide from
the ER to the Golgi where it is metabolized into sphingomyelin, and exchanged for diacylglycerol [100].

A . SGMS . .
ceramide— sphingomyelin
R Late
U Endosome : cholesterol
FFAL- @ ?
STARD3 SP
?
VAP
|| ceramide : cholesterol
ER

Figure 4: STARD11 mediates ceramide transfer from ER to Gelgi through membrane contact sites
MSP: major sperm protein domain; TM: transmembrane domain; PI4P: Phosphatidylinositol 4-phosphate; SGMS: sphingomyelin
synthase.

4. START proteins in lipid metabolism

4.1. START proteins deficiency may affect lipid content in some organs

The role of START proteins in intracellular lipid transport suggests that they have a function in lipid
metabolism. Several START protein deficient mouse models have been generated and their lipid
metabolism analyzed. Surprisingly, most of these deficient mice models only display minor metabolic
defects with a modest modification of lipid content in some tissues. For instance, STARD3 deficient mice
only show a slight increase in sterol ester storage when fed a high fat diet [34]. In the same line, female
STARD4 knockout mice merely display moderate LDL and cholesterol decrease when fed a 0.5%
cholesterol diet [43], and STARD13 -/- mice are lighter with less fat tissue than WT mice [74]. These data
suggest the existence of functional redundancies in lipid transport mediated by most START proteins,
which is likely operated by other START proteins from the same group or by other lipid transfer proteins
such as Osh/ORP proteins [41].

For other START proteins, the phenotype observed was quite surprising. STARD10 is a phosphatidylcholine
transfer protein highly expressed in the liver. Surprisingly, STARD10 deficient mice do not display defects
in PC secretion into the bile nor in PC content in the liver [101]. Rather, they secrete higher amounts of
bile acids, primarily taurine-conjugated. In addition, the level of secondary bile acids in the liver of
STARD10-deficient mice is lower. Since secondary bile acids result from primary bile acids modifications
in the intestinal lumen and are reabsorbed by the intestine and delivered back to the liver, this phenotype
suggests that these mice have an impairment of the enterohepatic cycling. In fact, the apical sodium-
dependent bile acid transporter (or solute carrier family 10, member 2 SLC10A2), which is responsible for
reabsorbing the majority of bile acids from the intestinal lumen exhibits a highly decreased expression
level in the intestine of these mice. Accordingly, the fecal excretion of bile acids is increased in STARD10-
deficient mice [101]. Interestingly, some Peroxisome proliferator-activated receptor alpha (PPARa)
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regulated genes responsible for bile acid metabolism regulation are affected in the liver of Stard10
deficient mice, which suggests that STARD10 loss modulates PPARa activity. Similarly to STARD10, STARD2
transfers PC in vitro and unexpectedly STARD2 knock-out animals do not display defects in PC secretion
into the bile or into surfactant, two biological fluids highly enriched in this lipid [102][51]. However,
STARD2 was shown to be involved in adaptive thermogenesis, as discussed below.

Other START proteins (e.g. STARD11) are unique; deficient mice die early during development and fail to
provide physiological insight into the function of these proteins regarding lipid metabolism.

4.2. STARD2 and STARD14 modulate energy consumption and thermogenesis

The characterization of STARD2 interaction partners uncovered a potential functional link with STARD14
(aka ACOT11). Indeed, STARD2 was shown to interact with the acyl-CoA thioesterase ACOT13 (aka Them2)
[53]. Therefore, STARD2/ACOT13 interaction brings together two protein domains, namely START and
THIO domains, in STARD2 and ACOT13 respectively. Strikingly, these two domains are associated within a
single protein in STARD14. This link is corroborated by the similarity between STARD2 and STARD14 knock-
out mice phenotypes.

STARD2 was reported to regulate adaptive thermogenesis in brown adipose tissue [103]. Indeed, STARD2
expression varies inversely to the ambient temperature. Moreover, STARD2 deficient mice show an
increased body temperature at room temperature and are able to efficiently maintain their temperature
when placed in a cold environment [103]. Accordingly, brown fat, the main tissue involved in
thermogenesis, displayed cells with enlarged and elongated mitochondria. This morphological
modification was accompanied with an increase in thermogenic genes expression and increased fatty acid
consumption [103][104]. Hence, STARD2 -/- mice have an adaptive increase in body fat.

STARD14 is another START protein involved in the regulation of thermogenesis. STARD14 was initially
named BFIT (Brown Fat Inducible Thioesterase) as this gene is induced in the brown adipose tissue of cold-
challenged animals [81]. STARD14 deficient mice are viable and grow normally [105]. Despite nearly two-
fold increased food consumption, they are resistant to diet-induced obesity. This is explained by an
increased energy expenditure which is characterized by increased oxygen consumption and heat
production. In order to be used for energy production, fatty acids are activated by acyl-CoA synthetases
to generate fatty acyl-CoAs which can be catabolized by the B-oxidation pathway in the mitochondria.
Alternatively, fatty acyl-CoAs can be hydrolyzed into fatty acid and CoA by ACOTs which are enzymes
proposed to regulate fatty acyl-CoAs levels. Accordingly, STARD14 (aka ACOT11) deficient mice display
higher long-chain fatty acyl-CoAs levels, increased fatty acid oxidation and up-regulation of genes that
promote energy expenditure in brown adipose tissue. STARD14 -/- mice are also protected against diet-
induced inflammation in white adipose tissue, hepatic steatosis and show improved glucose homeostasis.
These data suggest that STARD14 operates to decrease energy consumption which in the context of
nutritional excess may ultimately lead to insulin resistance. Therefore, STARD14 may be a useful target in
metabolic syndrome.

5. Involvement of START proteins in diseases
5.1. STARD1 is mutated in a genetic disorder, congenital lipoid adrenal hyperplasia

Several diseases are associated with START proteins. The first disease associated to this protein family
was congenital lipoid adrenal hyperplasia, a recessive genetic disorder in which many mutations of
STARD1 have been identified [11]. This disease is characterized by a complete lack of steroid hormones
synthesis which is accompanied by a pathological accumulation of cholesterol in lipid droplets within the
gonads and adrenal glands [106]. This phenotype reflects the inability of mutant STARD1 protein to
transport cholesterol across the mitochondrial membranes to allow its conversion into pregnenolone, the
precursor of steroid hormones [22].

5.2. START proteins in cancer
START proteins are commonly linked to a second condition which is cancer. Indeed, the expression of
several START domain proteins is altered in cancers. For instance, breast cancers overexpressing the
erbB2/HER2 gene, a member of the EGF receptor family, also overexpress STARD3 [12,107] and STARD10
[48,108]. STARD3 and ErbB2 genes are co-located on chromosome 17 q12-g21, a region frequently
amplified in breast cancers. The proximity of the two genes and their identical promoter regulatory
elements explain their coexpression and suggest that they cooperate in malignant transformation [17].
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Indeed, STARD3 downregulation was shown to impair cell growth in ErbB2-amplified cell lines [109][110].
STARD10 overexpression in breast cancer is quite broad and is not limited to ErbB2 positive cases.
However, a link has been found between STARD10 and EGF receptor (EGFR/ErbB1). Indeed, STARD10
cooperates with ErbB1 in the process of malignant transformation, suggesting a role for this protein in the
cancerous phenotype [108]. Intriguingly, a retrospective clinical study associated a loss of STARD10
expression with a poor clinical outcome both in ErbB2 positive and negative tumors [111]. In line with
this, STARD10 was recently identified as a target of miR-661 during SNAIll-induced epithelial to
mesenchymal transition thus suggesting that STARD10 loss of expression could be a feature of aggressive
mesenchymal tumors [112].

Some START domain proteins encoding genes are inactivated in cancer. STARD12 gene originally named
Deleted in Liver Cancer 1 (DLC-1) is a tumor suppressor located on chromosome 8 p21-22, a region
exhibiting frequent loss of heterozygosity in cancer [113][114][60]. This gene is lost in some liver and
breast primary tumors [68,113,115] and is under-expressed in tumors cell lines derived from liver, breast,
colon and prostate [116,117]. Interestingly, STARD12 is a target of Hepatitis C virus (HCV), a major cause
of hepatocellular carcinoma. Indeed, HCV infection was shown to induce expression of the microRNA miR-
141 which targets STARD12 for silencing; in turn, STARD12 silencing enhances cell proliferation and HCV
replication, which is probably a mechanism of HCV-associated carcinogenesis [118]. In line with its tumor
suppressor function, STARD12 re-expression in cancer cell lines from different origin inhibits their growth
in vitro and in vivo [117,119,120][121,122]. The other two members of the Rho-GAP-START subfamily
STARD13 and STARDS are also potential tumor suppressor genes. Indeed, STARD13 is located in 13g12.3,
a chromosomal region with frequent allelic loss in hepatocellular carcinoma and other cancers [64][123].
STARDS also presents a loss of expression in certain cancers and seems to have a tumor suppressor
function [124]. The high conservation of these genes suggests that they are involved in similar functions
in cancer. Rho GTPase activity was shown to contribute to cancer initiation/progression. Since STARDS,
STARD12 and STARD13 are Rho-GAP proteins which inactivate Rho GTPase, their loss by removing a Rho
GTPase inactivation mechanism favors tumorigenesis. Thus their function in cancer likely occurs through
their Rho-GAP activity rather than their START domain.

5.3. STARD11 is involved in an autoimmune syndrome, pathogen infection and cancer
The ceramide transport protein STARD11 was initially called Goodpasture binding protein (GPBP) or
Collagen alpha3 (1V) chain binding protein (COL4A3BP). Indeed, STARD11 was proposed to be involved in
Goodpasture syndrome, a disease characterized by the production of autoantibodies against the NC1
domain of collagen IV a3 chain, a component of basement membranes [125]. However, the link between
STARD11 and the pathology is not fully understood. Though devoid of a recognizable kinase motif,
STARD11 was proposed to bind and phosphorylate the antigen in this disease. In mice, STARD11
overexpression results in glomerular basement membrane disruption and immunoglobulin type A
deposition which are clinical signs of lupus nephritis [126].
STARD11 was involved in host-pathogen interactions in cells infected by the intracellular bacteria
Chlamydia trachomatis. Indeed, this pathogen resides in a membrane-bound vacuole which recruits
STARD11 thanks to the bacterial protein IncD. STARD11 in turn interacts with VAP protein thereby
promoting ER-inclusion membrane contact sites formation. This hijacking of the host protein STARD11
might be a ceramide supply route for the bacteria [127,128].
Finally, STARD11 is involved in cancer. Indeed, STARD11 has been implicated in the mechanisms of
sensitivity to drugs used in chemotherapy, and in particular paclitaxel, a molecule of the taxane family
which inhibits microtubule [129]. STARD11 by changing the ceramide content in cancer cells may
modulate their response to apoptotic signals induced by the drug. In cancer cells, STARD11 depletion was
shown to induce cell death through an autophagy-dependent pathway [130]. Thus, STARD11 expression
may be a useful prognosis marker and potentially an additional therapeutic target in tumors resistant to
chemotherapy. Interestingly, several inhibitors of STARD11 have been identified, such as the chemical
compound HPA-12 as well as some limonoids which are natural compounds employed in traditional
medicine [131][132]. Given the common alteration of START proteins in a variety of pathologies including
cancer, START proteins may indeed represent novel target for therapies.
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6. Conclusion

The basic study of START proteins provides important advances in our knowledge of the mechanisms
underlying intracellular lipid traffic. The characterization of several START domains by structural,
biophysical and biochemical studies allows to propose different mechanistic models of lipid transfer. The
generation of several START protein deficient mouse models underlines unique roles for few members
and redundant roles for most START proteins. Besides, the characterization of additional structural and
catalytic domains present in complex START proteins indicates that they likely belong to molecular
machineries devoted to the traffic, sensing and/or signaling of lipids within the cell. Future work will
further clarify the molecular identities of these machineries and how they are interconnected to other

cellular processes.
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