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Abstract  Lipid transfer proteins play an important role in non-vesicular transport 
of sterols, phospholipids, and sphingolipids among intracellular membranes to 
maintain the proper sterol and lipid distribution. The steroidogenic acute regulatory 
protein-related lipid transfer (START) domain family are defined by a conserved 
210 amino acid sequence that folds into an α/β helix-grip structure containing a 
hydrophobic pocket for ligand binding. The mammalian START proteins bind a 
variety of ligands, including cholesterol, phospholipids, sphingolipids, and bile 
acids with putative roles in non-vesicular lipid transport, tumor suppression, and 
thioesterase activity. However, the functions of many START proteins have yet to 
be well characterized. Recent studies have focused on determining the cell type 
distribution and expression profile of the START proteins, examining the ligand 
specificity and directionality of transport and characterizing disease states that may 
be associated with deregulation of START proteins. This chapter will summarize 
current findings regarding the physiologic and pathological roles of the START 
proteins in non-vesicular lipid transport.

Abbreviations

ACAT	 acyl-CoA:cholesterol acyl-transferase
CHO	 Chinese hamster ovary
DHE	 dehydroergosterol
ER	 endoplasmic reticulum
ERC	 endocytic recycling compartment
EST	 expressed sequence tag
HER2	 human epidermal growth factor receptor 2
HMGR	 HMG-CoA reductase
INSIG 1–2	 insulin-induced genes 1 and 2
LDL	 low density lipoproteins
LE/LY	 late endosome and lysosomes
MENTAL	 MLN64-NH2-terminal
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MLN64	 metastatic axillary lymph node 64 kDa protein
NPC	 Niemann-Pick C
ORP	 OSBP-related protein
OSBP	 oxysterol binding protein
PC	 phosphatidylcholine
PCTP	 phosphatidylcholine transfer protein
PE	 phosphatidylethanolamine
PH	 pleckstrin homology
PM	 plasma membrane
PS	 phosphatidylserine
S1P and S2P	 site 1 and site 2 proteases
SCAP	 SREBP-cleavage-activating protein
SREBP-2	 sterol regulatory element-binding protein-2
STARD	 START-related domain
START	 steroidogenic acute regulatory protein-related lipid transfer
VAP	 vesicle-associated membrane protein-associated protein

Introduction

Our laboratory’s initial interest was the basic cellular process of receptor-mediated 
endocytosis [1], and our main research tool has been quantitative fluorescence mi-
croscopy. We initially used low-density lipoproteins (LDL) as a fluorescent probe 
to study endocytic pathways because they could be labeled brightly, which was very 
useful given the cameras available in the 1980s and 1990s. Later, in collaboration 
with Ira Tabas at Columbia University, we began to explore the role of lipoproteins 
in the formation of macrophage foam cells [2]. This led to investigations into how 
LDL-derived cholesterol gets from late endosomes and lysosomes (LE/LY) into the 
endoplasmic reticulum (ER; [3]), followed by a realization that this process was not 
well understood. We then explored the use of a fluorescent sterol, dehydroergosterol 
(DHE), that had been studied extensively by Schroeder’s group [4, 5], and we began 
to study its intracellular transport [6]. It became obvious that there was extensive 
non-vesicular intracellular transport of sterols in mammalian cells, and we wanted 
to understand what the carriers might be. Jan Breslow, at Rockefeller University, 
discussed STARD4 with us because of his interest in this as an SREBP2-regulated 
protein, and we began a collaboration to investigate the possible role of STARD4 
and STARD5 in sterol transport. Our initial studies were not successful, mainly 
because the microscopy tools available at the time were inadequate. With better 
instruments and a better understanding of the cell biology, we were able to publish 
two papers to date on the cellular role of STARD4 in sterol transport and regulation 
[7, 8]. We continue to explore this fascinating but challenging family of proteins.

Sterols are ubiquitous components of cell membranes in eukaryotes. Among the 
major lipid components of eukaryotic membranes, sterols have a unique chemical 
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structure. Cholesterol, a 27 carbon molecule, contains a single hydroxyl as the only 
polar component, four planar rings and a short alkyl chain [9]. Its structure is in con-
trast with most phospholipids, which are composed of large polar headgroups and 
long hydrocarbon chains. Cholesterol is heterogeneously distributed among cellular 
organelles with ~ 60 % of total cellular cholesterol in the plasma membrane (PM) of 
mammalian cells, while relatively low amounts are maintained in the mitochondria 
and ER, the latter being the site of cholesterol biosynthesis and storage [10–14]. In 
several cell types, the endocytic recycling compartment (ERC) has been shown to 
be a major pool of intracellular cholesterol [6, 15].

Cellular cholesterol content has major effects on the biophysical properties of 
membranes [16], which can alter the functional properties of membrane proteins 
[17, 18]. Therefore, maintaining the proper distribution of cholesterol among cel-
lular membranes is required for homeostasis. As discussed in this chapter, sterol 
transport among organelles plays a key role in the cell’s mechanisms for maintain-
ing cholesterol homeostasis. At the cellular level, excess cholesterol can be regu-
lated rapidly by esterification by acyl-CoA:cholesterol acyl-transferase (ACAT) 
followed by storage in lipid droplets. The rate-limiting step in esterification of cho-
lesterol by ACAT is delivery of cholesterol to the ER, which can be assisted by vari-
ous lipid transfer proteins [15, 19]. At the level of the whole organism, cholesterol 
is metabolized in the liver to bile acids, and excretion of bile is the major pathway 
for elimination of cholesterol. Dysregulation of cholesterol homeostasis is an im-
portant contributor to diseases such as atherosclerosis and some lysosomal storage 
disorders, and it can play a role in some cancers as well [20–22].

Cellular cholesterol levels are tightly regulated by coordinated biosynthetic and 
efflux pathways. Mammalian cells obtain cholesterol by two primary mechanisms: 
uptake from lipoproteins and de novo biosynthesis. Figure 8.1 illustrates pathways 
of intracellular sterol transport. Alterations in the cholesterol content of the ER 
causes profound changes in the expression of genes involved in the biosynthesis 
and uptake of cholesterol through the actions of the Insig-SCAP-SREBP2 proteins 
[23]. Endogenous cellular cholesterol biosynthesis occurs in the ER, which contains 
the major rate-limiting enzyme in cholesterol biosynthesis, HMG-CoA reductase 
(HMGR). HMGR expression is transcriptionally regulated by the sterol regulatory 
element-binding protein-2 (SREBP2) transcription factor [24]. When cellular ste-
rols are abundant, SREBPs are retained in the ER membrane in a complex with the 
cholesterol-sensing protein, SREBP-cleavage-activating protein (SCAP), and the 
ER retention proteins insulin-induced genes 1 and 2 (INSIG 1–2) [11].

When cholesterol content in the ER is depleted, SCAP undergoes a conforma-
tional change and is released from Insig, allowing the SREBP2-SCAP complex to 
translocate to the Golgi apparatus [13]. In the Golgi, SREBP2 is proteolytically 
processed by the site 1 and site 2 proteases (S1P and S2P) to release the 50 kDa 
amino (N)-terminal transcription factor that translocates to the nucleus to activate 
the expression of genes involved in sterol biosynthesis, uptake, and metabolism 
[25]. Therefore, changes in cholesterol levels in membranes such as the PM must 
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be sensed in the ER to maintain cholesterol homeostasis. Studies of lipid traffick-
ing from the PM generally find extremely low levels of delivery to the ER [26], 
indicating that non-vesicular transport must be required for effective movement of 
cholesterol from the PM [19] to the ER [1].

This poses an interesting question in that, in order for cholesterol levels sensed 
in the ER to reflect the cholesterol distribution and content in other organelles, such 
as the PM and endosomes, there must be a mechanism for rapid redistribution of 
cholesterol. Several lines of evidence indicate that non-vesicular transport plays an 
important role in maintaining the correct distribution of cholesterol among organ-
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Fig. 8.1   1, 2 LDL particles containing cholesterol-esters and free cholesterol are internalized by 
clathrin-mediated endocytosis of the LDL receptor [1]. 3 The low pH in early endosomes causes 
the LDL to be released from its receptor, and the empty LDL receptor returns to the cell surface 
for further rounds of endocytosis. 4 The LDL is retained in the early sorting endosomes, which 
mature into late endosomes where it encounters acid hydrolases including lysosomal acid lipase, 
which hydrolyzes the cholesteryl esters in the core of the LDL particles. 5 The free cholesterol is 
transported out of LE/LY and delivered to other cellular membranes including the plasma mem-
brane and ER by primarily non-vesicular mechanisms. 6 Cholesterol in the plasma membrane 
can traffic to the ERC and back by both vesicular and non-vesicular mechanisms. 7 Cholesterol 
transport from the plasma membrane to the ER informs the homeostatic machinery about the free 
cholesterol levels in the cell. LDL low density lipoproteins, LE/LY late endosome and lysosomes, 
ER endoplasmic reticulum, ERC endocytic recycling compartment
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elles. Lipid transfer proteins play an important role in non-vesicular transport of 
sterols and lipids among intracellular organelles [27]. They also play an important 
role in sensing abundance of lipids and regulating cellular physiology [28]. Newly 
synthesized cholesterol in the ER is rapidly trafficked to the PM, by non-vesicular 
mechanisms [29–31]. A fluorescent sterol, DHE, showed a distribution in Chinese 
hamster ovary (CHO) fibroblasts similar to cholesterol [6]. When the DHE in the 
ERC was photobleached, much of it was replaced by DHE from elsewhere in the 
cell (mainly the PM) within a few minutes [6]. Most of this transport of DHE was 
adenosine triphosphate (ATP)-independent, so it must have been by a non-vesicular 
process. Additionally, following receptor mediated endocytosis of LDL, free cho-
lesterol is generated by hydrolysis of cholesterol esters in the LE/LY compartments 
[32]. The cholesterol that is released from the LE/LY is distributed throughout the 
cell, including the PM [19] and the ER [1, 33]. Since there are not major vesicular 
trafficking routes from the LE/LY to either the PM or the ER, it is likely that much 
of this transport is non-vesicular.

There are several protein families that are classified as sterol transfer proteins, 
which have been shown to be capable of transferring sterols between membranes 
[34]. Sterol transfer proteins can interact directly with membrane compartments to 
extract sterol and then diffuse in complex with the sterol to acceptor membranes 
[35]. In some cases, such as ER-PM contact sites, the membranes of two organ-
elles are held in close proximity by protein complexes, and this can facilitate rap-
id exchange of sterol between the membranes by reducing the distance that the 
sterol:protein complex must travel. This mechanism would also provide a means 
for targeted delivery of sterol from donor to acceptor membranes. Two major gene 
families for lipid transfer proteins that have been implicated in such trafficking are 
the steroidogenic acute regulatory protein (StAR)-related lipid-transfer (START) 
domain family [36] and the oxysterol-binding protein (OSBP) and OSBP-related 
protein (ORP) family, which have been discussed in detail elsewhere [37, 38]. 
This chapter will summarize the current knowledge of the physiologic roles of the 
START proteins in non-vesicular lipid transport.

Sterol Transport Proteins and the START Domain Family

The START domain is defined by a 210 amino acid sequence that folds into an α/β 
helix-grip structure containing a hydrophobic pocket for ligand binding [39, 40]. 
Database analyses have identified START domains in the genomes of plants, bac-
teria, protists, and animals, but they have not been identified in either archaea or 
yeast. Interestingly, START domains are most abundant in plants and are found in 
proteins that contain a homeodomain, suggesting a role in transcriptional regulation 
[41]. This unique protein architecture of the START-homeodomain is found only in 
plants. However, the presence of a START domain in conjunction with other motifs, 
to form multi-domain proteins, is common in various phyla and permits additional 
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protein functionality such as enzymatic activity, signaling, and protein localization 
[42].

The mammalian START domain protein family is composed of 15 members 
that group into six subfamilies based on domain architecture and ligand speci-
ficity [42]. In general terms, there are the cholesterol/oxysterol binding proteins 
(STARD1/3 subfamily), soluble proteins (STARD4/5/6 subfamily), phospholipid- 
and sphingolipid-binding proteins (STARD2 [phosphatidylcholine transfer protein, 
PCTP]/7/8/10/11 subfamily), putative Rho-GTPase signaling (STARD8/12/13 sub-
family), thioesterase activity containing proteins (STAR4/15 subfamily), and the 
STARD9 subfamily composed of a single member.

Mechanism of START-mediated Sterol Transport

The crystal structures of human STARD3/metastatic axillary lymph node 64 kDa 
protein (MLN64) and murine STARD4 were among the first of the START pro-
teins to be described [39, 43]. The structures of these proteins showed an α/β helix-
grip structure composed of nine anti-parallel β sheets flanked at the amino- and 
carboxyl-termini by α helices. The core of this protein forms a hydrophobic pocket 
that would accommodate a single sterol molecule. The suggested mechanisms for 
START domain cholesterol transfer has been described elsewhere [44, 45]. In brief, 
structural and biophysical studies have proposed two models: Movement of the 
carboxyl termini helix leads to a molten globule transition to facilitate cholesterol 
absorption and release [44, 46]. Alternatively, molecular dynamics studies have 
proposed that movement of the omega-1 loop, following membrane binding, may 
be sufficient for activity [45]. Comparing the structure of several sterol transfer pro-
teins, demonstrates that they each contain a hydrophobic ligand pocket capable of 
binding a single sterol molecule [43, 47, 48]. In several of these proteins, the sterol-
binding pocket is under “gated” regulation that could open and close upon interac-
tion with the lipid bilayer, as suggested by molecular dynamic studies, to facilitate 
sterol/lipid absorption and delivery to specific membranes. To date, several crystal 
structures of START family members have been reported, confirming that the helix-
grip structure is maintained across five mammalian START subfamilies [49, 50].

The Soluble Sterol Transporters STARD4 Subfamily

The STARD4 subfamily is composed of STARD4, STARD5, and STARD6. This 
subfamily is most closely related to the STARD1/3 subfamily with approximately 
25 % sequence identity in the START domains [51]. STARD4 was identified as a 
novel expressed sequence tag (EST) in a microarray designed to identify genes 
that are transcriptionally regulated by cholesterol in the liver. Briefly, mice that 
were fed a high cholesterol diet had reduced STARD4 messenger ribonucleic acid 
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(mRNA) levels in comparison to control animals. Expression of STARD4 in 3T3-
L1 fibroblasts and a human monocytic cell line derived from an acute monocytic 
leukemia patient (THP-1) was suppressed by sterol overloading and enhanced by 
statin treatment [52]. These findings are consistent with STARD4 being transcrip-
tionally regulated by cellular cholesterol levels via SREBP-2 [53]. Subsequently, 
STARD5 and STARD6 were identified by BLAST search of the whole genome and 
EST databases [51]. Analysis of the protein-coding sequence for the STARD4 fam-
ily indicates a protein of ~ 25 kDa that is entirely composed of the START domain 
without a membrane targeting sequence. The cytosolic distribution of these START 
proteins has led to increased interest and speculation regarding the role of these 
proteins in cholesterol trafficking and homeostasis. To understand the role of this 
START protein subfamily, we will discuss the properties and proposed functions of 
its members.

STARD4: Cholesterol Trafficking Among Intracellular Organelles

STARD4 is widely expressed in a variety of tissues [51] and was detected by im-
munohistochemistry in human hepatocytes and Kupffer cells [52]. The subcellular 
localization of STARD4 is difficult to ascertain. As a soluble cytoplasmic protein 
with no obvious targeting motif, it may be distributed throughout the cytoplasm. 
Immunolocalization requires permeabilization of cells with detergents, which can 
release many cytoplasmic proteins even in fixed cells and can also disrupt the mem-
branes to which a protein such as STARD4 may bind. It has been reported that 
STARD4 can be seen associated with the ER by immunolocalization [52], but the 
fraction that is associated with the ER in the intact cell is difficult to determine.

 Several lines of evidence, both in cells and in vitro, show that STARD4 can 
transfer cholesterol efficiently. STARD4 can transfer sterol between liposomes in 
a process that depends on the composition of the donor and acceptor membranes 
[7]. Analysis of the STARD4 surface revealed a region enriched in basic residues 
near the sterol-binding pocket that facilitates STARD4’s interaction with negatively 
charged membranes [7]. Mutations in the basic patch markedly decreased the sterol 
transfer rate of STARD4, indicating that the interaction with anionic lipids is re-
quired for maximal activity. This finding is of particular interest since the cytoplas-
mic leaflets of the PM, the ERC, and ER are highly enriched in anionic lipids, par-
ticularly phosphatidylserine [54]. Additionally, the sterol transfer rate of STARD4 
was increased by threefold when acceptor liposomes were enriched in unsaturated 
lipids [7]. Since the ER is more highly enriched in unsaturated lipids than other 
organelles [55], STARD4-mediated delivery of sterol to the ER could be enhanced 
by the abundance of unsaturated lipids.

Several experimental results support the hypothesis that STARD4 plays an im-
portant role in delivery of cholesterol to the ER. In studies with isolated micro-
somes, cholesterol esterification by ACAT1, an ER enzyme, is stimulated by pu-
rified STARD4 [52]. Overexpression of STARD4 in mouse hepatocytes leads to 
an increase in cholesterol esterification by ACAT [52]. The role of STARD4 in 
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transporting cholesterol to the ER is further supported by a recent study of STARD4 
in U2OS human osteosarcoma cells [7]. STARD4 overexpression increased choles-
terol ester levels. STARD4 silencing by small interfering RNA (siRNA) attenuated 
cholesterol-mediated regulation of SREBP-2 activation, while STARD4 overex-
pression amplified sterol sensing by the SCAP/SREBP-2 proteins in the ER. Si-
lencing STARD4 increased the cellular cholesterol levels, presumably as a result 
of the slower delivery of cholesterol to the ER. Interestingly, this effect of reduced 
STARD4 expression on cholesterol levels could be reversed by microinjection of 
methyl-β-cyclodextrin, a cyclic sugar that nonselectively exchanges cholesterol 
among membranes. These data suggest that delivery of cholesterol to the sterol-
sensing membranes of the ER is an important function of STARD4.

STARD4 also plays a role in sterol transport to other organelles. When U2OS 
cells are incubated with the fluorescent sterol, DHE, the ERC is the major intracel-
lular organelle that is labeled [6]. Fluorescence recovery after photobleaching the 
ERC allows measurement of the rate of transport of DHE back into the ERC, and 
overexpression of STARD4 significantly increased the transport of DHE into the 
ERC [7]. Knockdown of STARD4 in HepG2 cells resulted in decreased sterol trans-
port to the ERC as well as reduced ER-associated cholesterol and cholesterol esters 
[8]. Again, microinjection of methyl-β-cyclodextrin into the cells had a similar ef-
fect to overexpression of STARD4. Transient expression of STARD4 in Cos-1 cells 
resulted in an increase in steroidogenesis though at a lower efficiency than StAR 
and STARD3 [53, 56], suggesting that STARD4 may be able to deliver cholesterol 
to mitochondria. This indicates that there may be some overlap in the function of 
the StAR sterol transporters.

Increased cholesterol transport to the ER may result in ER stress. While it is 
well established that STARD4 is transcriptionally regulated by SREBP-2, STARD4 
mRNA was also found to be increased following transient treatment with tunica-
mycin, a small molecule activator of ER stress [53, 57]. While the functional rel-
evance of increased STARD4 mRNA following ER stress is unknown, transient 
increases in STARD4 under disease conditions associated with ER stress may affect 
cholesterol homeostasis by increasing cholesterol delivery to the ER, which would 
increase both SREBP-2 processing and cholesterol esterification.

Recently, a homozygous STARD4 knockout mouse has been described [58]. In-
terestingly, STARD4 knockout mice develop normally and do not present with a 
distinct lipid phenotype; plasma and hepatic lipid profiles of STARD4 knockout 
mice were similar to wild-type mice. Female STARD4 knockout mice did have de-
creased phospholipid and cholesterol content in their gallbladder [58]. Statin treat-
ment did not alter the hepatic or plasma lipid profiles of wild-type or STARD4 
knockout mice. The mRNA levels of various START proteins were not significantly 
altered in STARD4 knockout mice, indicating that expression of other START pro-
teins is not responsive to loss of STARD4 [58]. This likely indicates that there is 
redundancy for sterol transport, beyond the START family, in mammalian cells. It 
remains unclear whether there are stresses—dietary or disease specific—that may 
be exacerbated by loss of STARD4.
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STARD5 and ER Stress

STARD5 has been reported to bind cholesterol as well as 25-hydroxycholesterol, 
and it is widely expressed in a variety of tissues with the highest expression in liver 
and kidney [51, 59]. In the liver, STARD5 is localized solely to the Kupffer cells 
[60]. STARD5 does not transfer cholesterol to mitochondria in cells or in vitro [61]. 
Expression of STARD5 in hepatocytes results in a threefold increase in free cho-
lesterol levels, particularly in the Golgi region and possibly the ER [60]. As a sterol 
transporter, it has been suggested that STARD5 may shuttle cholesterol among or-
ganelles [60, 62]. However, recent structural studies of STARD5 have shown that it 
does not bind cholesterol but rather cholic acid, a precursor in bile acid biogenesis 
[63]. With this new finding, further studies will be required to identify the biologi-
cally relevant substrates of STARD5. It is reported that unlike STARD4, STARD5 
overexpression does not result in an increase in cholesterol ester formation, but in-
creases free cholesterol levels, indicating distinct roles and functions for these sterol 
transporters in cholesterol homeostasis [7, 59, 61]. Additionally, overexpression of 
STARD5 in macrophages increased SREBP2 mRNA levels, which may result in 
increase in cholesterol biosynthesis [64]. It is likely that STARD5 participates in 
some aspect of cholesterol regulation, but its precise role is uncertain.

STARD5 mRNA levels are increased following treatment with agents that pro-
mote ER stress, such as thapsigargin in 3T3 cells or cholesterol overloading in J774 
macrophages [53, 62]. The precise function of STARD5 under ER stress is not 
known, but chronic ER stress is associated with several metabolic disease states 
including type 2 diabetes and cancer [62, 65]. In a diabetic mouse model, STARD5 
mRNA and protein steady state levels were significantly increased, and free choles-
terol levels were elevated compared to control animals [62].

STARD6: Cholesterol Transport to the Mitochondria

STARD6 was identified as being predominantly expressed in testes and was later 
shown to be solely localized to the germ lines, with highest expression in sper-
matids [51]. However, the function of STARD6 in spermatids remains unknown. 
Recent work has suggested a role for STARD6 in sperm motility and quality as it 
is a gene required for mitochondrial nicotinamide adenine dinucleotide hydrogen 
(NADH)-dependent dehydrogenase activity [66]. This finding is in agreement with 
previous reports that STARD6 transports cholesterol to the mitochondria as effec-
tively as StAR and STARD3 [46, 61]. These findings suggest that STARD6 may 
function to deliver cholesterol to the mitochondria in male germ cells, but the exact 
functions remains to be determined. Like the other members of the STARD4 sub-
family, STARD6 lacks an organelle-targeting sequence, so further work is required 
to investigate the role of STARD6 in cholesterol transport to specific organelles 
(mitochondria, ER, or PM) in male germ cells [42].



182 D. B. Iaea et al.

The Oxysterol-Cholesterol-Binding Proteins STARD1/3

StAR and STARD3 are similar in that both START domains are selective for cho-
lesterol and are targeted to specific membrane compartments [67]. StAR is the 
prototypic and founding member of the START domain protein family. StAR is 
primarily expressed in the adrenal and gonads. Among the START domain family, 
StAR contains a classical amino-terminal-targeting sequences that directs it to the 
mitochondria [68]. Recent biochemical studies indicate that StAR may form a func-
tional complex with a cholesterol transfer channel where it facilitates cholesterol 
transport from the outer to inner mitochondrial membrane [69, 70]. However, the 
precise molecular mechanism for StAR cholesterol transfer across the membranes 
of mitochondria is not known although various studies have provided insights into 
this process. Greater details regarding the current model of StAR and its mechanism 
of action can be found in Chaps. 2 and 3 as well as recent reviews [36, 44, 68].

STARD3 and Cholesterol Efflux from LE/LY

STARD3/MLN64 is a multi-pass transmembrane protein with an MLN64-NH2-
terminal (MENTAL) domain that localizes to late endosomes with the START do-
main orientated into the cytosol at the carboxy terminus [71, 72]. The localization of 
MLN64 to late endosomes has suggested a role in cholesterol efflux from this com-
partment as well as a potential role in Niemann-Pick C (NPC) disease, which has 
been discussed in preceding chapters [27, 73]. NPC disease is a lipid storage disor-
der caused by mutation in either NPC1 or NPC2 that results in accumulation of free 
cholesterol in LE/LY, leading to systemic and neurological disorders [20]. Briefly, 
following endocytosis of LDL and generation of free cholesterol by lysosomal acid 
lipase in LE/LY, NPC2 binds cholesterol and transfers it to the cholesterol-binding 
domain of NPC1, a transmembrane protein in the limiting membrane of the lyso-
some. NPC1 transfers cholesterol out of the lysosome by an unknown mechanism 
[74, 75]. STARD3 has been proposed to participate in the efflux of cholesterol from 
the LE/LY, but the mechanism for this is unclear [73]. It has been proposed that 
STARD3 plays a role in cholesterol transport from the LE/LY to mitochondria for 
steroidogenesis [75]. However, the exact function of STARD3/MLN64 in choles-
terol trafficking remains unclear [76].

The Phospho/Sphingolipid-Binding START Proteins

This subfamily of the START protein is composed of the phosphatidylcholine (PC)-
binding STARD2 (PCTP), STARD7, and STARD10 as well as STARD11, which 
binds ceramide [42]. Of the STARD2 family, STARD2/PCTP and STARD11/CERT 
have been extensively studied and reviewed [50, 77, 78]. Purified PCTP was shown 
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to selectively transport PC between membranes in cells and in vitro [79, 80]. A 
potential function for STARD2 is to facilitate PC delivery to the hepatic canalicular 
and alveolar membrane for incorporation into bile acids and lung surfactant synthe-
sis, respectively [81]. The crystal structure of PCTP bound to PC demonstrates the 
characteristic helix-grip fold and hydrophobic tunnel of the START family. Inter-
estingly, the PC head group provides ligand specificity, and the hydrophobic tunnel 
can accommodate PC regardless of acyl chain saturation [49].

STARD7 was originally identified as a transcript overexpressed in placental 
choriocarcinoma cells [82]. It shares ~ 25 % sequence identity with PCTP and se-
lectively transfers PC but not phosphatidylserine (PS], phosphatidylethanolamine 
(PE), or sphingomyelin between membranes in vitro [83]. Similarly, STARD10 was 
identified as a phosphoprotein overexpressed in tumors of the human epidermal 
growth factor receptor 2 (HER2) transgenic mouse [84]. Purified STARD10 trans-
fers PC and PE in vitro and in vivo but displays some ligand specificity toward PC 
in comparison to PE [85].

STARD7 and PC Distribution

A variant of STARD7, STARD7–1, was identified by protein database analysis and 
was found to have an extended amino terminus that forms an amphipathic helix to 
localize the protein to the mitochondria [83]. In a mouse hepatoma cell line, over-
expression of STARD7 resulted in an increase in mitochondrial PC levels while 
silencing using siRNA did not alter PC levels in the mitochondria. STARD7 may 
function at the cytoplasmic leaflet of the outer mitochondrial membrane to regulate 
mitochondrial PC levels [83]. STARD7 is highly expressed in proliferating cells 
including lung, colon, and liver cells and may function to deliver PC for mitochon-
drial biogenesis, function, and homeostasis.

STARD11/CERT and Ceramide Transport

STARD11, more commonly known as ceramide transfer protein (CERT), is a ce-
ramide transport protein that acts to transport ceramide from the ER to the Golgi 
[86], where it is converted to sphingomyelin and glucosylceramide [87]. Unlike the 
other members of the STARD2 family, STARD11/CERT has additional structural 
domains that target the START domain to selective membrane compartments for 
cellular function. CERT has an amino terminal pleckstrin homology (PH) domain, a 
central Two phenylalanines in an acidic tract (FFAT) motif, and a carboxy terminal 
START domain. The PH domain and the FFAT motif act to target CERT to either 
the Golgi by binding of the PH domain to the phosphoinositide, PI4P, or to the ER 
by interaction with the ER resident protein vesicle-associated membrane protein-
associated protein (VAP), via the FFAT motif [72]. The phosphorylation of CERT 
is proposed to enhance membrane interaction by allowing the PH and FFAT motifs 
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to interact with their respective membrane targets in order to position the START 
domain for ceramide extraction and delivery [78, 86]. The structure of the START 
domain of CERT has been determined and confirms the helix-grip fold and hydro-
phobic pocket that would facilitate ceramide binding [50].

Summary

As illustrated in Fig. 8.1, non-vesicular lipid trafficking plays an essential role in 
the maintenance of cellular lipid distribution. Recent advances in biochemistry and 
cell biology have led to the description of several basic properties, including the 
rate of sterol transport. Unfortunately, very little is understood about the molecular 
mechanisms involved in non-vesicular transport. Several proteins have been identi-
fied as sterol transporters including the START and ORP families. Of the mamma-
lian START domain proteins, the STARD1/3 and STARD4 families are involved in 
sterol transport. While the biological function of StAR is well established, further 
work remains to elucidate the functional relevance of STARD3/4/5/6. Interestingly, 
STARD4 and STARD5 have been proposed to function at the ER although with dis-
tinct roles. Knockout animals of STARD4 were viable and did not have altered lipid 
profiles. However, it is possible that a phenotype following loss of STARD4 could 
potentially be exacerbated by dietary or disease related stresses. The STARD2/
PCTP subfamily functions in a variety of pathways and transports several differ-
ent lipids. It is important to continue to examine START protein expression and 
function in both normal and disease states in order to establish and distinguish their 
biological significance in lipid homeostasis.
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