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Comparative proximity biotinylation implicates the small
GTPase RAB18 in sterol mobilization and biosynthesis
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Loss of functional RAB18 causes the autosomal recessive
condition Warburg Micro syndrome. To better understand this
disease, we used proximity biotinylation to generate an in-
ventory of potential RAB18 effectors. A restricted set of 28
RABI18 interactions were dependent on the binary RAB3-
GAP1-RAB3GAP2 RAB18-guanine nucleotide exchange fac-
tor complex. Twelve of these 28 interactions are supported by
prior reports, and we have directly validated novel interactions
with SEC22A, TMCO4, and INPP5B. Consistent with a role for
RAB18 in regulating membrane contact sites, interactors
included groups of microtubule/membrane-remodeling pro-
teins, membrane-tethering and docking proteins, and lipid-
modifying/transporting proteins. Two of the putative inter-
actors, EBP and OSBPL2/ORP2, have sterol substrates. EBP is a
A8-A7 sterol isomerase, and ORP2 is a lipid transport protein.
This prompted us to investigate a role for RAB18 in cholesterol
biosynthesis. We found that the cholesterol precursor and
EBP-product lathosterol accumulates in both RAB18-null
HeLa cells and RAB3GAP1-null fibroblasts derived from an
affected individual. Furthermore, de novo cholesterol biosyn-
thesis is impaired in cells in which RAB18 is absent or dysre-
gulated or in which ORP2 expression is disrupted. Our data
demonstrate that guanine nucleotide exchange factor—
Rab interactions highly amenable to

dependent are
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interrogation by proximity biotinylation and may suggest that
Micro syndrome is a cholesterol biosynthesis disorder.

Rab proteins are a large subfamily of small GTPases with
discrete roles in coordinating membrane trafficking (1). Like
other small GTPases, they adopt different conformations and
enter into different protein—protein interactions according to
whether they are GDP bound or GTP bound. Although they
possess some intrinsic GTP-hydrolysis activity, their
nucleotide-bound state in cells is tightly governed by two
classes of regulatory proteins. Guanine-nucleotide exchange
factors (GEFs) catalyze the exchange of bound GDP for GTP,
whereas GTPase-activating proteins (GAPs) promote the hy-
drolysis of bound GTP to GDP (2, 3).

Biallelic loss-of-function variants in RABI8, RAB3GAPI,
RAB3GAP2, or TBCID20 cause the autosomal recessive con-
dition Warburg Micro syndrome (4—8) (Mendelian Inheritance
in Man IDs: 600118, 614222, 614225, 615663, and 212720).
RAB3GAP1 and RAB3GAP2 encode subunits of the binary
RAB18—-GEF complex “RAB3GAP,” whereas TBC1D20 encodes
an RAB18-GAP (9, 10). Thus, the same pathology is produced
when functional RAB18 is absent or when its normal regulation
is disrupted. However, it is unclear how RAB18 dysfunction
contributes to disease pathology at a molecular level.

Rab proteins fulfil their roles by way of protein—protein
interactions with interacting partners termed “effectors.” The
identification of these proteins can therefore provide insight
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GEF-dependent RAB18 interactions

into these roles. However, biochemical identification of Rab
effectors is challenging; Rab-effector interactions are usually
GTP dependent and are often highly transient. Immunopre-
cipitation, affinity purification (AP), and yeast-2-hybrid ap-
proaches have each been used but may be more or less
effective depending on the Rab isoform studied (11, 12).

One newer approach is “BiolD” proximity biotinylation
utilizing Rab proteins fused to mutant forms of the biotin
ligase BirA. The Rab fusion protein biotinylates proximal
proteins that are then purified on streptavidin and identified
through mass spectrometry (MS) (13—16). Biotin labeling oc-
curs in a relatively physiological context, and prospective ef-
fectors can be purified under high stringency conditions.
However, a drawback of the technique is that it does not
distinguish between close associations resulting from func-
tional protein—protein interactions and those resulting from
overlapping localizations.

To discriminate functional RABI18 interactions, we
compared BirA*-RAB18 labeling of protein in WT HeLa cells
with that in cells in which RAB18—GEF activity was disrupted
with CRISPR. Known and novel effectors were more strongly
labeled in the WT cells. Twenty eight RAB18 interactions were
categorized as RAB3GAP dependent. These proteins
comprised several groups. Proteins within each group were
clearly interrelated through involvement in connected bio-
logical processes. Moreover, gene-disease associations within
the set included multiple overlapping phenotypes.

The most studied groups of RAB18 effector proteins to date
are the tethering factors that comprise the NRZ-Dsl complex
(ZW10, NBAS, and RINT1) and the endoplasmic reticulum
(ER) SNARE proteins that comprise the Syntaxinl8 complex
(STX18, BNIP1, USEl, and SEC22B) (17-20). Although
SNARE complexes typically mediate membrane fusion, it has
been proposed that RAB18 interacts with these proteins, via
ZW10, in an RAB3GAP-dependent manner, to mediate the
close apposition of membranes to facilitate lipid transfer (17).
It has also been suggested that SEC22B is dispensable for this
function (17). In lipid-loaded cells, active RAB18 becomes
enriched on lipid droplets (LDs) and recruits the NRZ and
SNARE proteins. This is thought to regulate membrane con-
tacts between LDs and the ER and to mediate LD maturation
and possibly biogenesis (17, 19, 21). RAB18-null or depleted
cells exhibit normal fatty acid uptake but reduced tri-
acylglycerol synthesis as well as reduced basal and stimulated
lipolysis (17). This is in agreement with prior studies sug-
gesting it functions in both lipogenesis and lipolysis (22—24).

Our data elaborate the existing model suggesting that
RABI18 effectors act collectively in lipid transfer at membrane
contact sites (MCSs) (17). We identify multiple proteins
already implicated in the establishment and maintenance of
membrane contacts including NRZ and SNARE components.
We verify novel interactions with SEC22A, TMCO4, and
INPP5B using immunoprecipitation of exogenously expressed
fusion proteins. We also identify putative RAB18 interactors
involved in sterol biosynthesis and mobilization, the A8-A7
sterol isomerase EBP, and the lipid transport protein OSBPL2/
ORP2. The putative interaction with EBP led us to examine

2 J Biol. Chem. (2023) 299(11) 105295

sterol profiles and cholesterol biosynthesis in several cell lines.
We find that a sterol product of EBP catalysis—lathosterol—
accumulates in RAB18-null HeLa cells and RAB3GAP1-null
human primary fibroblasts. Furthermore, that cholesterol
biosynthesis is reduced in cells in which RAB18 is absent or
dysregulated and altered in cells with altered constitutive
RABI18 activity. Interestingly, disruption of ORP2 expression
in cells stably expressing WT or constitutively active RAB18
reduces cholesterol biosynthesis to a similar baseline level,
suggesting that it is required for this aspect of RAB18 function.
Because Micro syndrome shares a number of features with
known cholesterol biosynthesis disorders, these data provide a
tentative indication that this deficit might partly underlie dis-
ease pathology.

Results

An inventory of RAB18-GEF-dependent RAB18-associated
proteins in Hela cells

We first used CRISPR to generate a panel of clonal, other-
wise isogenic, HeLa cell lines null for RAB18 and a number of
its regulators (Fig. S1). We then carried out proximity labeling
using transient expression of the same exogenous BirA*-
RAB18 construct in RAB3GAPl-, RAB3GAP2-, and
TRAPPCY-null cell lines and in WT cells (Fig. 14). RAB3-
GAP1 and RAB3GAP2 are each essential subunits of a binary
RAB18-GEF complex (9). TRAPPC9 is reported to be essen-
tial for the RAB18—GEF activity of a different GEF, the mul-
tisubunit TRAPPII complex (25).

Proximity labeling, AP, and MS of biotinylated proteins
were carried out essentially as previously described (15, 26).
Prior to MS analysis, samples from each of the streptavidin
pull-downs were subjected to Western blotting to ensure
comparable BirA*-RAB18 expression (Fig. S2A). Label-free
quantitative proteomics (LFQP) analyses were used to calcu-
late “LFQ intensities” for each RAB18-associated protein (27).
These were then normalized in each experiment according to
the quantity of RAB18 found in each sample. Samples from
three independent experiments were analyzed. Pull-downs
from untransfected biotin-treated cells were used as controls.
After filtering the data to remove known MS contaminants
and any protein identified at a high level in control samples, a
total of 902, 635, and 661 RAB18-associated proteins were
identified in each experiment. A total of 553 proteins were
present in two or more of the replicate experiments (Table S1).

Different Rab—GEF complexes may operate in distinct
subcellular localizations and coordinate associations with
different effectors (28). Therefore, we assessed whether
nonzero intensities for each RAB18-associated protein corre-
lated between samples (Figs. 1B and S2B). Very strong corre-
lations between protein intensities from RAB3GAPI1- and
RAB3GAP2-null cells indicated that loss of either protein had
a functionally equivalent effect (R* = 0.98, Fig. 1B). In contrast,
intensities from RAB3GAP1/2- and TRAPPC9-null cells were
much more poorly correlated (R*> = 0.74, Fig. S2B). We
therefore considered RAB3GAP- and TRAPPC9-dependent
RABI18 interactions separately. Intensities from WT and
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Figure 1. RAB3GAP-dependent RAB18 interactions in Hela cells. A, schematic to show experimental approach. Proximity biotinylation of guanine
nucleotide exchange factor (GEF)-dependent interactors by BirA*-RAB18 (ID-RAB18) is disrupted in GEF-null cells. GEF-independent interactors are bio-
tinylated in both GEF-null and WT cells. Following affinity purification, GEF-dependent interactions are determined by label-free quantitative (LFQ) intensity
ratios. B, plot to show correlation between Log, LFQ intensities of individual proteins identified in samples purified from RAB3GAP1- and RAB3GAP2-null
cells. C, plot to show correlation between Log, LFQ intensities of individual proteins identified in samples purified from WT and RAB3GAP-null cells.
Highlighted datapoints correspond to proteins later found to have RAB3GAP-null:WT intensity ratios <0.5. D, Venn diagram to show overlap between all
RAB18 associations, TRAPPII-dependent interactions (TRAPPCO-null:WT intensity ratios <0.5), and RAB3GAP-dependent associations (RAB3GAP-null:WT
intensity ratios <0.5). E, Western blotting of samples purified from WT and RAB3GAP1-null cells in an independent BiolD experiment. Levels of selected

proteins are consistent with RAB3GAP-null:WT intensity ratios {braces}.

RAB3GAP-null samples correlated with an R* = 0.82, but a
number of proteins showed reduced intensities in the
RAB3GAP-null samples (Fig. 1C).

GEF activity promotes Rab GTP binding, and this is usually
necessary for effector interactions. We therefore reasoned that
levels of true effector proteins would be reduced in samples
from GEF-null cells as compared with those from WT cells
(Fig. 1A). We calculated GEF-null:WT intensity ratios for each
RABI18-associated protein (Table S1). Only 28 proteins
showed a RAB3GAP-null:WT ratio <0.5 (Figs. 1D, Tables 1
and Table S1). One hundred sixty-one proteins showed a
TRAPPII-null:WT intensity ratio <0.5 (Fig. 1D and Table S1).
There was only limited overlap between RAB3GAP- and
TRAPPC9-dependent associations (Fig. 1D).

SASBMB

The most comprehensive annotation of candidate RAB18
effectors thus far was made in the 2014 article by Gillingham
et al. (18), which utilized an AP-MS approach and the
Drosophila RAB18 ortholog. In that study, a total of 456
proteins were identified as interacting with RAB18. However,
only 14 of these were well represented in terms of spectral
counts, exhibited low nonspecific binding to GST/Sepharose
and showed low binding to other Rab protein isoforms. We
took these 14 proteins as the most plausible physiological
RABI18 interactors and searched for these in our datasets.

Orthologs or paralogs of 11 of the 14 putative RABIS-
interacting proteins identified by Gillingham et al. were identi-
fied as GEF dependent in our combined dataset. Ten of 14 pro-
teins were among the 28 RAB3GAP-dependent associations
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Table 1
RAB3GAP-dependent RAB18 interactions in Hela cells
Ortholog
protein—protein
Protein n Ratio (see Fig. 14) interaction (18) Additional evidence Functional group
CAMSAP1 3 0.26 Microtubule/membrane
REEP4 3 0.38 Tinti et al., 2012 (29) remodeling
BICD2 2 0.28 BicD Gillingham et al., 2019 (13)
SPG20 2 0.43 CG12001 This study (Fig. 2)*
ZW10 3 0.02 mit(1)15 Xu et al., 2018 (17); Gillingham et al., 2019 (13) Membrane
RINT1 3 0.16 CG8605 Xu et al., 2018 (17) tethering/docking
NBAS 3 0.16 rod Xu et al., 2018 (17); Gillingham et al., 2019 (13)
SCED2 3 0.34 Slh Gillingham et al., 2019 (13)
SEC22A 3 0.45 This study (Fig. 3)
JPH1 3 0.50
STX18 2 0.31 Syx18 Xu et al., 2018 (17)
BNIP1 2 0.37 Xu et al., 2018 (17)
TMCO4 3 0.06 This study (Fig. 4) Lipid
OSBPL2 3 0.49 This study (Fig. 5)° modifying/mobilizing
EBP 3 0.50 This study (Fig. 5)°
INPP5B 2 0.00 This study (Fig. 5)
C2CD2L 2 0.18
C2CD2 2 0.34
RAB3GAP2 3 0.00 CG7061/Rab3-GAP Gerondopoulos et al., 2014 (9) RAB18-GEF complex
RAB3GAP1 3 0.01 CG31935 Gerondopoulos et al., 2014 (9)
MFHAS1 3 0.00 Lrrk Other
TRIM13 3 0.35
TMEM109 3 0.36
PBXIP1 3 0.44
SSR3 3 0.46
ERGIC3 2 0.29
SCARA3 2 0.42
TMEM?245 2 0.43

Twenty eight proteins with mean RAB3GAP-null:WT intensity ratios <0.5, identified in two or more independent proximity biotinylation experiments. Ratios for each protein are
calculated from normalized LFQ intensities in samples purified from RAB3GAP-null cells divided by those purified from WT cells. The mean of ratios from each experiment in
which each protein was identified is shown. Orthologous proteins identified by Gillingham et al., 2014, and other studies providing supporting evidence for interactions, are shown.
Proteins are grouped according to their reported functions. The full dataset is provided in Table S1.

“ Indirect additional evidence for this interaction is presented in this study.

(listed in Table 1). Four of 14 proteins were among the TRAPPII-
dependent associations (Table S1). Nine of 14 RAB18 interactors
from the study by Gillingham et al. and 12 of 28 of the RAB3GAP-
dependent associations from our study have been described in
other previously published works (9, 13, 17, 29).

For initial validation of our dataset and the reproducibility of
our results, we carried out an additional independent BiolD
experiment with WT and RAB3GAP1-null cells and subjected
the resulting samples to Western blotting for selected RAB18-
associated proteins (Fig. 1E). As with the MS, these proteins
showed either complete (RAB3GAP2, ZW10) or partial
(SPG20, STX18) dependence on RAB3GAP for their RAB18
association.

We further validated our approach with additional prox-
imity biotinylation experiments in human embryonic kidney
293 (HEK293) cells. We used cells stably expressing BirA*-
tagged RABI8 fusions incorporating WT RAB18, GTP
hydrolysis—deficient RAB18(GIn67Leu) or nucleotide-binding
deficient RAB18(Ser22Asn) mutants (Fig. S3, A and B). A to-
tal of 96 proteins were identified as associating with RAB18
across all samples (Table S2). GIn67Leu:WT intensity ratios
for known RABI18 interactors ranged from 0.1 to 1.49 indi-
cating that RAB18 associations were altered by the GIn67Leu
variant but not predictably so. In contrast, Ser22Asn:WT in-
tensity ratios were <0.5 for the majority of these proteins.
About 28 nucleotide binding—dependent RAB18 associations
included five of the RAB3GAP-dependent associations and

4 Biol. Chem. (2023) 299(11) 105295

seven of the TRAPPII-dependent associations seen in the
HelLa cells (Fig. S3C). These data confirm that the loss of GEFs
has similar effects on RABI18 interactions to direct loss of
nucleotide binding. In addition, they support the differing
regulation of specific RAB18 interactions by different GEFs.

Validation screening of RAB3GAP-dependent RAB18
associations reveals reduced levels of SPG20 in RAB18-null
and TBC1D20-null cells

Our continued study focused on the 28 RAB3GAP-
dependent RAB18 associations identified in HeLa cells.
Encouragingly, these appeared to share interconnected func-
tions and fell into discrete groups (Table 1). Furthermore,
genes encoding seven of the 28 proteins or their homologs are
associated with inherited diseases that share features with
Micro syndrome (Table 2).

Given the suggestive convergences in protein function and
gene disease associations, we examined the subcellular locali-
zations of 11 putative effectors for which antibodies were
available (Fig. 2, A and B). For a rapid qualitative assessment of
localizations, we employed automated epifluorescence micro-
scopy. The majority of antibodies used were validated in prior
studies or produced bands of the expected sizes when used in
Western blotting (Table S7). However, antibodies for RINT1,
C2CD2, and TRIM13 had only previously been manufacturer
validated. To determine whether the localizations of the

SASBMB
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Table 2

Genes encoding putative RAB18 effectors or their homologs are associated with diseases that share overlapping features with Warburg Micro

syndrome

Gene(s) Homolog(s) Syndrome(s) Inheritance OMIM Overlapping features
RAB3GAPI1, RAB3GAP2, Warburg Micro syndrome; AR 600118; 614222; Intellectual disability (ID),
RABIS8, and TBC1D20 Martsolf syndrome 614225; 615663; 212720 microcephaly (M), ascending

spastic paraplegia (ASP),
cataract (C),
microphthalmia (Mo),
microcornea (Mc),
optic atrophy (OA),
seizures (S), corpus callosum
hypogenesis (CCH), cerebellar
vermis hypoplasia (CVH),
genital abnormalities (GA)

EBP — CDPX2; MEND syndrome XLD; XLR 302960, 300960 ID, M, C, Mo, Mg, S, CCH,
CVH, GA

INPP5B OCRL; INPP5K Lowe syndrome; MDCCAID XLR; AR 309000; 607875 ID,M, C, S

SSR3 — Congenital disorder of AR Ng et al., 2019 (97) ID, M, CCH, GA

glycosylation

SPG20 — Troyer syndrome (SPG20) AR 275900 ID, M, ASP

BICD2 — Spinal muscular atrophy AD 615290; 615291 ASP

REEP4 REEPI; REEP2 SPG31; SPG72 AD 610250; 615625 ASP

NBAS — SOPH syndrome AR 614800 OA

AD, autosomal dominant; AR, autosomal recessive; XLD, X-linked dominant; XLR, X-linked recessive.

putative effectors were appreciably altered in cells lacking
RABI18, we analyzed WT and RAB18-null lines in each case. In
order to directly compare cells of different genotypes under
otherwise identical conditions, we labeled them with
CellTrace-Violet and CellTrace-Far Red reagents before
seeding, immunostaining, and imaging them together. Since
RAB18 can localize to LDs, we analyzed both untreated cells
(Fig. 2A) and cells loaded with oleic acid and labeled with the
LD marker BODIPY-558/568-C12 (Fig. 2B).

The putative effector proteins showed various staining
patterns. These ranged from staining that was enriched at
the perinuclear region of cells, to staining that appeared
reticular, to staining that appeared more diffuse. Staining
patterns were similar in the HeLa cells and also in RPE1
cells generated to provide biological replicates (Fig. S4A).
Each pattern was compatible with the known localization of
RABI18, which is distributed between cis-Golgi, ER, and
cytosolic compartments (10). In lipid-loaded cells, localiza-
tions of proteins with reticular staining patterns overlapped
with LDs, but they did not obviously shift to adopt a pre-
dominantly LD localization. Two proteins that showed
diffuse staining patterns in untreated cells—ZW10 and
SPG20—appeared enriched in the vicinity of LDs (Fig. 2B,
bottom right panels).

We saw no evidence for dramatic changes in protein
localizations in RAB18-null cells as compared with their
WT counterparts. Fluorescence intensities in RAB18-null
and WT cells were also generally similar, except in the
case of staining for SPG20, which appeared lower in
RAB18-null HeLa cells than in WT cells (Fig. 24, bottom
right panels).

To confirm the reduction in SPG20 fluorescence we
observed in the RAB18-null HeLa cells, and to determine the
effects of other genotypes, we used quantitative fluorescence
microscopy (Fig. 2C). To establish SPG20 antibody specificity,
we first analyzed SPG20-null cells (Fig. 2D, left panels).
Measured background fluorescence intensity of these SPG20-

SASBMB

null cells also provided a baseline level, above which fluores-
cence levels reflect the presence of SPG20 protein (Fig. 2E). In
RAB18-null cells, SPG20 fluorescence was reduced to 67.16 +
17.3% SD (p < 0.001) of that in WT cells (Fig. 2F). Loss of the
RAB18-GEF subunits RAB3GAP1 or RAB3GAP2 had no
significant effect, whereas loss of the RAB18—GAP TBC1D20
led to a reduction comparable to that seen in RAB18-null cells
(57.48 + 11.48% SD, p < 0.001) (Fig. 2F).

We analyzed levels of SPG20 in the corresponding panel
of RPE1 cell lines using LFQP analysis of whole-cell lysates
(Fig. S4B and Table S3). Levels of SPG20 were significantly
reduced in RAB18- and TBC1D20-null RPE1 cells compared
with WT controls (»p < 0.05 following false discovery rate
correction) but not in the other genotypes tested. SPG20 was
one of only 8 of 2017 proteins with significantly altered
levels in the RAB18-null cells and 15 of 2017 with signifi-
cantly altered levels in the TBC1D20-null cells. These data
suggest that these genotypes cause reduced SPG20 levels and
that this is not the result of clonal variation. A comparison
between LFQP data from WT and TBC1D20-null RPE1 and
HeLa cells (Tables S3 and S4) showed limited overlap be-
tween differentially expressed proteins. This indicates that
reduced SPG20 levels are unlikely to have resulted from
widespread dysregulation of proteostasis. The RAB18-
SPG20 interaction has been previously reported and vali-
dated (18), and our findings (aforementioned) provide
further support for a physiological relationship between
these proteins.

SEC22A associates with RAB18, and its knockdown causes
altered LD morphology

Our screen for RAB3GAP-dependent RABI18 interactors
identified all the NRZ complex components as well as the SNARE
proteins STX18 and BNIP1 (Table 1). Interestingly, we did not
identify SEC22B but did identify SEC22A among these proteins.
Although part of the canonical STX18 SNARE complex, SEC22B

J. Biol. Chem. (2023) 299(11) 105295 5
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Figure 2. Initial screening of putative RAB18 effectors reveals that levels of SPG20 are significantly reduced in RAB18-null and TBC1D20-null cells.
A, comparative fluorescence microscopy of selected RAB18-associated proteins in WT and RAB18-null HelLa cells. Cells of different genotypes were labeled
with CellTrace-Violet and CellTrace-Far Red reagents, corresponding to blue and magenta channels, respectively. Cells were stained with antibodies against
indicated proteins in green channel panels (shown in grayscale). B, comparative fluorescence microscopy of selected RAB18-associated proteins in lipid-
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has been reported to be dispensable for the function of RAB18 at
ER-LD contacts (17). SEC22A is one of the two SEC22B ho-
mologs in humans that lack the central coiled-coil SNARE
domain through which SEC22B mediates membrane fusion (30).
Since it had not been previously described as a RAB18-interacting
protein, we investigated this further.

In the absence of appropriate commercially available anti-
bodies for SEC22A, we examined its localization through
expression of an mEmerald-SEC22A fusion protein (Fig. 3A4).
mEmerald-SEC22A produced a characteristic reticular stain-
ing pattern and colocalized with an exogenous ER marker
suggesting that SEC22A localizes to the ER. To verify the
RABI18-SEC22A interaction, we carried out immunoprecipi-
tation experiments after exogenous expression of mEmerald-
SEC22A and/or hemagglutinin (HA)-RAB18 fusion proteins
(Fig. 3B). mEmerald-SEC22A copurified together with HA-
RABI18 in precipitates from WT but not RAB3GAP1-null
cells. These data are consistent with an RAB3GAP-
dependent interaction between RAB18 and SEC22A. Howev-
er, we found that coexpression of mEmerald-SEC22A and
mCherry-RAB18 disrupted normal ER morphology and pro-
duced vesicular structures and/or inclusions positive for both
proteins in both WT and RAB3GAP-null cells (Fig. 3C).
Although not inconsistent with a functional protein—protein
interaction, this precluded the use of coexpressed exogenous
proteins in continued testing.

As another means of assessing SEC22A interactions, we
used proximity biotinylation with a BirA*-SEC22A fusion
protein in the HeLa cell panel. To minimize potential toxicity
while increasing biotin—ligase activity, we used BioID2 (31)
with a p.Gly40Ser active site modification (32) and reduced
biotin incubation time. Despite a low level of
BioID2(Gly40Ser)-SEC22A expression, the construct appeared
to label RAB18 in an RAB3GAP-dependent manner (the la-
beling was reduced in RAB3GAP-null cells) (Fig. 3D). About
55 SEC22A-associated proteins were present in samples from
WT cells in more than two replicate experiments and repre-
sented by more than three unique peptides (Table S5).
Furthermore, a subset of nine SEC22A associations were
attenuated (intensity ratios <0.5) in samples from both
RAB18-null and RAB3GAP-null cells.

A phenotype of altered LD morphology in lipid-loaded cells
has been widely reported in cells deficient in RAB18 (8, 9, 17,
25, 33, 34). Similar observations have been made in cells
deficient in some components of the NRZ or Syntaxinl8
complexes but not in cells deficient in SEC22B (17). To test
whether SEC22A expression influences LD morphology, we
examined the effects of its silencing in oleic acid-loaded
immortalized human hepatocyte (IHH) cells (Fig. 3E). ZW10
and NBAS silencing provided positive controls in our

GEF-dependent RAB18 interactions

experiments. ZW10 and NBAS silencing each led to a signif-
icant reduction in LD number (p < 0.005) compared with
controls and a significant increase in LD size (p < 0.05 and p <
0.005, respectively). The effects of SEC22A silencing mirrored
these findings, producing a significant reduction in LD number
(p < 0.05) and a significant increase in LD size (p < 0.005).
Together, these data implicate SEC22A as involved in the same
RAB18-mediated process(es) as the NRZ and SNARE proteins.

RAB18 recruits the orphan lipase TMCO4 to the ER membrane
in an RAB3GAP-dependent manner

The most novel group of putative RAB18 effectors identified
in our study were the lipid-modifying/mobilizing proteins,
none of which had been reported to associate with RAB18
previously. Among these, TMCO4 was identified in all three
replicate experiments, and its association with RAB18 was
highly RAB3GAP dependent (intensity ratio of 0.06). Inter-
estingly, in silico analysis suggests that it may be a component
of the KICSTOR complex, which is involved in amino acid
sensing (35, 36). Although annotated as containing trans-
membrane and coiled-coil domains, it is orthologous to the
yeast protein Mill/Yfl034w and likely to be a partly soluble
lipase (37). Consistently, TMCO4-enhanced GFP (EGFP)
expressed in HeLa cells showed a diffuse localization. In
contrast, EGFP—RABI18 partly localizes to the ER, as shown by
its colocalization with an ER marker (Fig. 4A4).

To assess the potential RAB18—TMCO4 interaction, we
coexpressed mCherry-RAB18 and TMCO4-EGFP (Fig. 4B). As
in our previous experiments, CellTrace reagents were used to
distinguish cells of WT and mutant genotypes. In WT HeLa
cells, coexpression of mCherry-RAB18 led to a dramatic
redistribution of TMCO4-EGFP to the ER membrane sug-
gesting that RAB18 mediates recruitment of TMCO4 to this
compartment. Redistribution was completely absent in
RAB3GAP1- and RAB3GAP2-null cells but unaffected in
TRAPPCI9-null cells, consistent with the BioIlD data.

As a means of verifying the RAB18—TMCO#4 interaction, we
carried out immunoprecipitation experiments using exogenous
HA-RAB18 and TMCO4-EGFP (Fig. 4C). As expected,
TMCO4-EGFP copurified with HA-RAB18 when expressed in
WT or TRAPPC9-null cells but not when expressed in RAB3-
GAP1-null cells. These data indicate that RAB18 and TMCO4
interact directly or indirectly as part of a protein complex in an
RAB3GAP-dependent manner. Furthermore, both the micro-
scopy and the immunoprecipitation data support the suggestion
that different GEFs can promote different RAB18 interactions.

RAB18 is involved in cholesterol mobilization and biosynthesis

Other putative RAB18 effectors with lipid-related functions
included ORP2/OSBPL2, INPP5B, and EBP. Of these, ORP2

loaded WT and RAB18-null HeLa cells. Cells were stained as aforementioned but were treated for 15 h with 200 pM oleic acid, 1 pg/ml BODIPY-558/568-C12
(red channel; BPY) prior to fixation. C, schematic to show method for quantification of protein levels by fluorescence intensity. In each frame, cell areas for
each genotype are generated by thresholding CellTrace channels, intensity of antibody staining is measured for each cell in multiple frames. D, example
frames showing WT and mutant cells of the indicated genotypes, labeled with CellTrace-Far Red and CellTrace-Violet reagents, respectively, and then
stained for SPG20. E, quantification of SPG20-specific fluorescence in WT cells by direct comparison with SPG20-null cells. F, quantification of SPG20
fluorescence (%wt) in cells of different genotypes. Data were derived from analysis of at least 18 frames—each containing >5 WT and >5 mutant cells—per
genotype. Two-tailed unpaired Welch's t test *p < 0.001. Bars represent 10 pm.

SASBMB

J. Biol. Chem. (2023) 299(11) 105295 7



GEF-dependent RAB18 interactions

70

| IP:HA; IB:GFP
55 ..-lgG
o] s
15+

70

- @ w== = [nput: MEmerald-SEC22A

i - & ST zs_Elnput: HA-RAB18
mEmerald-SEC22A JmCherry-ER 154

mEm-SEC22A + + +
HA-RAB18 - + +

C D

BiolD2(Gly40Ser)-SEC22A

3x107

wild-type

N
X
a0
o
9

Normalized RAB18
LFQP Intensity

GAP1-null

E DAPI BODIPY

siSEC22A
o!‘:’ (] 60 i
§40 A 40 .l H #
3 —$3- cecie * °
@ H e T 40 .o *
_g :::0 * 3. sg800 .
2 20 H 20 °3° 3.3. g o
- . I i i1
4

M 20 H =t
oo e IHH cells

o] o] 0

8 #
g. * 6 6 ° e
=6 $ee3 .
= D .
3 L 0 ®e
= 4 4 3
[0} *!:‘ e%e oo
3 4 ] °3e . !: evoe,

L]

S :l'. 2 5 0ol
52 '°
o
o=

=)
=)
o

B

Figure 3. SEC22A associates with RAB18 and influences lipid droplet (LD) morphology. A, confocal micrograph to show overlapping localization of
exogenous mEmerald-SEC22A (cyan) and mCherry-ER (red) in Hela cells. Images are representative of at least 40 cells in three independent experiments. B,
immunoprecipitation of exogenous HA-RAB18 from WT and RAB3GAP1-null HelLa cells. Cells were transfected with HA-RAB18 and/or mEmerald-SEC22A and
lysed 24 h post-transfection. Anti-HA immunoprecipitates and input samples were subjected to SDS-PAGE and immunostaining for HA and GFP (mEmerald).
C, confocal micrographs showing altered morphology in WT and RAB3GAP1-null Hela cells coexpressing mEmerald-SEC22A and mCherry-RAB18; zoom
shows colabeled vesicular structures. Images are representative of at least 10 cells in two independent experiments. D, RAB18 LFQ intensities from a
reciprocal BiolD experiment showing a reduced association between BiolD2(Gly40Ser)-SEC22A and endogenous RAB18 in RAB3GAP-null compared with WT
HelLa cells. Data were adjusted to account for nonspecific binding of RAB18 to beads and normalized by SEC22A LFQ intensities in each replicate
experiment. Error bars represent SD. Data for other BiolD2(Gly40Ser)-SEC22A-associated proteins are provided in Table S5. E, example of confocal mi-
crographs and scatter plots to show effects of ZW10, NBAS, and SEC22A knockdowns on LD number and diameter. siRNA-treated IHH cells were loaded with
200 nM BSA-conjugated oleate, fixed and stained with BODIPY and DAPI, and imaged. Images were analyzed using ImageJ. Data are representative of three
independent experiments. Two-tailed unpaired Welch’s t test p < 0.05 and *p < 0.005. Bars represent 5 um. BSA, bovine serum albumin; DAPI, 4',6-
diamidino-2-phenylindole; ER, endoplasmic reticulum; HA, hemagglutinin; IHH, immortalized human hepatocyte; LFQ, label-free quantitation.
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Figure 4. mCherry-RAB18 recruits TMCO4-EGFP to the ER membrane in an RAB3GAP-dependent manner. A, confocal micrographs to show diffuse
localization of exogenous TMCO4-EGFP (green) compared with mCherry-ER (red) and overlapping localization of exogenous EGFP-RAB18 (green) and
mCherry-ER in Hela cells. Images are representative of at least 10 cells in two independent experiments. B, confocal micrographs to show localization of
exogenous mCherry-RAB18 and TMCO4-EGFP in WT cells and in mutant cells of different genotypes. WT and mutant cells of the indicated genotypes were
labeled with CellTrace-Violet and CellTrace-Far Red reagents, respectively (magenta and blue channels). Images are representative of at least 30 cells in two
independent experiments. Clear colocalization between mCherry-RAB18 and TMCO4-EGFP was observed in all WT and TRAPPC9-null cells and in no
RAB3GAP1- or RAB3GAP2-null cells. C, immunoprecipitation of exogenous HA-RAB18 from Hela cells of different genotypes. Cells were transfected with the
indicated constructs and lysed 24 h post-transfection. Anti-HA immunoprecipitates and input samples were subjected to SDS-PAGE and immunostaining for
HA and GFP. Bars represent 10 um. EGFP, enhanced GFP; ER, endoplasmic reticulum; HA, hemagglutinin.

(38) has been implicated in many of the same cellular pro-
cesses as RAB18. Both are enriched at ER-LD MCSs upon
lipid loading (17, 23, 24, 39—41). Both regulate lipolysis (22, 24,
39, 40). Both are linked to COPI subunits and ATGL/PNPLA2
(25, 40, 42). Indeed, both in addition have proposed roles in
regulating focal adhesions and cell adhesion (43-45). More-
over, ORP2 is suggested to regulate LXR signaling whilst
RABI8 expression is suggested to be responsive to it (46, 47).
At a molecular level, ORP2 and INPP5B are robustly linked to
a role in cholesterol mobilization. ORP2 is thought to function
as a lipid transfer protein that exchanges cholesterol and
PI(4,5)P, (48). INPP5B is implicated in the hydrolysis of PI(4,5)
P,, presumably driving the exchange process (48). Consis-
tently, several prior studies showed that ORP2 overexpression
enhances cholesterol efflux in Chinese hamster ovary (CHO)
and HeLa cells. In the HeLa cells, cholesterol esterification is
also enhanced, whilst in the CHO cells, it is reduced (49, 50).
On the basis of these findings, we investigated the potential
role of RAB18 in cholesterol uptake and efflux.

We performed loading and efflux experiments to measure the
flux of cholesterol/cholesteryl ester (CE) while modifying the
activity of RAB18. CHO cells were generated to stably express
RAB18(WT), RABI18(GIn67Leu), or RABI18(Ser22Asn)
(Fig. S5A). Labeled sterols were separated by TLC, with

SASBMB

reference to Rf values and cold standards (Fig. S6), and quan-
tified by scintillation counting. In cells labeled with ['*C]-oleate,
but cholesterol depleted with lipoprotein-depleted serum
(LPDS), levels of CE were comparable in RAB18(Ser22Asn) and
RAB18(WT) cells, whereas RAB18(GIn67Leu) cells stored
significantly more (Fig. 5A, left panel). In cells labeled with
[**C]-oleate and cholesterol loaded with fetal bovine serum
(EBS), levels of CE in RAB18(Ser22Asn) remained unchanged,
whereas its storage was elevated in RAB18(WT) cells and
RAB18(GIn67Leu) cells (Fig. 5A, right panel). Interestingly, in
both [**C]-oleate/LPDS and ['*C]-oleate/EBS cells, the addition
of high-density lipoprotein (a vehicle mediating removal of
cellular cholesterol) led to rapid depletion of CE in
RAB18(GIn67Leu) cells but not in RABI18(Ser22Asn) or
RABI18(WT) cells (Fig. 54). Consistently, RAB18(Gln67Leu)
cells also effluxed significantly more [*H]-sterol upon their in-
cubation with apolipoprotein (apo) A-I than the other cell types
(Fig. 5B). These observations were not explained by altered
expression of ABCA1, the transporter responsible for the rate-
limiting step of cholesterol efflux (Fig. S5B). These data sug-
gest that “activated” GTP-bound RAB18 strongly promotes the
storage, turnover, and mobilization of CE stored in LDs. A
plausible explanation for this is that active RAB18 promotes
cholesterol mobilization via ORP2 and INPP5B. The effects of

J. Biol. Chem. (2023) 299(11) 105295 9



GEF-dependent RAB18 interactions

A

w

['“C]-oleate with LPDS ['“C]-oleate with FBS

— * =

£ { 15000 « wild-type x4 #

° x

£ 100001 I . = GIn67Leu £, T

g 8 10000f A Ser22Asn =

i} 3 3 2

2 g

O 5000 D
3 2,

= Q

= E

5 =0 T T

ol o ~ &
) A ’1«‘?‘
. ) & © 4
time (h) time (h) & of )
EBP SC5D DHCR7
Lanosterol --------- > e > >
3 4 4 Desmosterol
| | |
Al
Dihydrolanosterol ---------i > ﬂ» el DHGRZ Cholestanol
Cholesta-8(9)-en-3B-ol  Lathosterol 7-DHC Cholesterol

B wild-type B Parent
[ RAB18-null [:] Affected

IS
[=3

%Sterol
o 8
Y
K

*
%Cholesterol

o =

o (=]

0.0
3 > > >
é@@ & é@@ OQ@ o & & & & 'b(é
3 E K 2 o o o o o
S o &5 «° ° ° X s° &
& V & N & & S
&
«®
F [®H]-mevalonate-loading [®H]-acetate-loading G
8000 & 3
2 c 2 HA; IB:mCherry
ﬁeooo :
2
24000 P:HA; IB:HA
[0
82000 |"| | | |'I'| r]
w Input: mCherry-INPP5B
9 » » > D Ny
NY Y » » » » »
@ @ o & g5 S 5 W L nput: HA-RAB18
S & ¥ &< &V O
Nl X X ¢ N R
2 2 ) 0 2 2 05 ) O
K «F & LR & & L& & mChemyINPPSB + + +
& §® & § & & HA-RAB18 - + +
H [*H]-mevalonate-loading [*H]-mevalonate-loading
*
10000 _,_‘,
g B scr
3 7500 N [ ORP2_exon8_gRNA
2 2 1e+05
5000 3
. + £
‘o 2500 T
L;L_’ |—‘0—| «_ 5e+04
0 8
$ & o -
939 %9 0e+00:!
& F ) > o
of of & & o
& & ~ [ 24

Figure 5. RAB18 is involved in the mobilization and biosynthesis of cholesterol. A, plots to show cholesteryl ester (CE) loading and efflux. CHO cells,
stably expressing RAB18(WT), RAB18(GIn67Leu), and RAB18(Ser22Asn), were incubated with ["*Cl-oleate, for 24 h, in the presence of lipoprotein-depleted
serum (LPDS) (left panel) or FBS (right panel). Following lipid extraction, TLC was used to separate CE, and radioactivity was measured by scintillation
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active RAB18 on sterol efflux are similar to those of ORP2
overexpression. Furthermore, although ORP2 overexpression in
CHO cells reduces cholesterol esterification rather than
increasing it, the fact that it can enhance both cholesterol efflux
and esterification in HeLa cells suggests its involvement in
bidirectional transport (49, 50).

EBP is involved in de novo cholesterol biosynthesis (51). In the
Bloch pathway, it catalyzes the conversion of 5a-cholesta-8, 24-
dien-3p-ol (zymosterol) to 5a-cholesta-7, 24-dien-3p-ol (24-
dehydrolathosterol). In the Kandutsch—Russel pathway, it cata-
lyzes the conversion of 5a-cholest-8(9)-en-3f-ol to 5a-cholest-7-
en-3B-ol (lathosterol) (52). Given this role, we next explored
whether the absence of putative RAB18 reglulation of EBP might
produce abnormal sterol profiles. A schematic of the cholesterol
biosynthetic pathway is shown in Figure 5C. We incubated WT
and RAB18-null HeLa cells for 48 h in media supplemented with
LPDS and then subjected samples to analysis by GC-MS-SIM
(selected ion monitoring) (Fig. 5D). Representative labeled
chromatograms are shown in Fig. S7, A and B. In RAB18-null
cells, we found that levels of the EBP substrate cholest-8(9)-en-
3p-ol were not significantly different from those in WT cells. In
contrast, levels of EBP-product lathosterol were significantly
higher (p < 0.01). Moreover, levels of desmosterol—downstream
of 24-dehydrolathosterol in the Bloch pathway—were signifi-
cantly lower in RAB18-null cells (p < 0.01). These differences
remain significant when the data are calibrated to reflect absolute
levels of sterols rather than detected ions (Fig. S7, C and D).

We extended our sterol profiling with additional experi-
ments using RAB3GAP1-deficient primary fibroblasts from an
individual with Micro syndrome together with control cells
derived from a parent (Fig. 5E). Representative labeled chro-
matograms are shown in Fig. S8. Following culturing with
LPDS, as in the HeLa cells, we found that lathosterol levels
were higher in the RAB3GAP1-deficient fibroblasts than in the
control cells. More testing of fibroblasts from additional con-
trol and Micro syndrome individuals will be required to
exclude the possibility that altered lathosterol levels result
from interindividual differences other than disease status.
Nevertheless, the finding that levels of the same specific sterol

GEF-dependent RAB18 interactions

are elevated in a second cell type, deficient in a second Micro
syndrome gene, provide good evidence that the RAB18—EBP
interaction identified in our screening is meaningful.

ORP2 is required for RAB18-mediated cholesterol biosynthesis

We next reasoned that the elevated levels of a cholesterol
precursor we observed in the RAB18-null and RAB3GAPI1-
deficient cells might be reflected in altered cholesterol
biosynthesis. In particular, that the elevated lathosterol levels
might reflect its accumulation because of perturbed transit
through the biosynthetic pathway. To explore this possibility,
we cultured the panel of HeLa cell lines for 24 h in media
supplemented with LPDS, treated them for 24 h with [*H]-
mevalonate or [°Hl-acetate, and then quantified labeled
cholesterol (Fig. 5F). Under both conditions, cholesterol syn-
thesis in two clonal WT controls was comparable, but it was
reduced in RAB18-, RAB3GAP1-, RAB3GAP2-, TBC1D20-,
and TRAPPC9-null cells. Levels of newly produced cholesterol
were lowest in the RAB18-null cells (39.5 + 2.5% SD and 6.8 +
0.5% SD of controls for [*H]-mevalonate and [*H]-acetate,
respectively). Levels in the cells of other genotypes were be-
tween 46 + 2.5% to 73 + 5% SD for [°H]-mevalonate and 23 +
2% to 43 + 2% SD for [*H]-acetate. These data strongly suggest
that RAB18 and its regulators are required for normal
cholesterol biosynthesis.

We attempted more direct verification of the putative in-
teractions between RAB18 and ORP2, EBP and INPP5B using
exogenously expressed fusion proteins and immunoprecipitation
and GFP-Trap experiments. We were able to verify an RAB3GAP-
dependent interaction between HA-RAB18 and mCherry-
INPP5B using immunoprecipitation (Fig. 5G). However, we did
not detect the interactions with EBP or ORP2, perhaps indicating
that these are transient, weak, disrupted by the lysis conditions or
tags used, or involve alternative protein isoforms.

Several lines of evidence support the existence of different
protein isoforms of ORP2. At a functional level, these include
differing findings from various knockout and knockdown
models (Table S6). Most strikingly, knockout mice generated

counting. Measurements were made at t = 0 and at 4 and 8 h following the addition of 50 ug/ml high-density lipoprotein (HDL) to the cells. B, bar graph to
show cholesterol efflux. CHO cells were mcubated with PHl-cholesterol, for 24 h, in the presence of FBS. After washing, they were incubated with 25 ug/ml
apolipoprotein A-l for 5 h. The quantity of [*H]-sterol in the media is shown as a percentage of the total cellular radioactivity (mean + SD). C, schematic of
postsqualene cholesterol biosynthesis pathway with the sterols quantified by GC-MS-selected ion monitoring (GC-MS-SIM) named. Solid arrows indicate
biosynthetic steps catalyzed by EBP, SC5D, and DHCR7?. D, bar graph of sterol profile in WT and RAB18-null HelLa cells. Cells were grown in media sup-
plemented with LPDS for 48 h. Extracted sterols were analyzed by GC-M-SIM. Percent of sterol was calculated as a proportion of total quantified sterols,
excluding cholesterol, following normalization to a 5a-cholestane internal standard. n = 3; £SD. E, bar graph of sterol profile in parental control fibroblasts
and RAB3GAP1-deficient fibroblasts from an individual with Micro syndrome. Cells were grown in media supplemented with LPDS for 48 h. Extracted sterols
were analyzed by GC-MS-SIM. Percent of cholesterol was calculated to express each quantified sterol as a proportion of total quantified cholesterol. F, bar
graphs to show incorporation of [*H]-mevalonate and [*H]-acetate into cholesterol in a panel of Hela cell lines. Cells were grown in media supplemented
with LPDS for 24 h and then incubated with 5 pCi/well [>H]-mevalonate or 10 pCi/well [*H]-acetate for 24 h. TLC was used to separate free cholesterol, and
radioactivity was quantified by scintillation counting (n = 3; mean + SD). G, immunoprecipitation of HA-RAB18 from Hela cells of different genotypes. Cells
were transfected with the indicated constructs and lysed 24 h post-transfection. Anti- HA immunoprecipitates and input samples were subjected to SDS-
PAGE and immunostaining for HA and mCherry. H, bar graph to show incorporation of [*H]-mevalonate into cholesterol in HEK293 cells transduced with
lentivirus constructs. Cells transduced with the |nd|cated constructs were selected with puromycin for at least 7 days, grown in media supplemented with
LPDS for 24 h, and then incubated with 5 pCi/well [*H]-mevalonate for 24 h. TLC was used to separate free cholesterol, and radioactivity was quantified by
scintillation counting (n = 3; mean + SD). |, Western blotting to show levels of full-length OSBPL2 expression in cells transduced with the indicated lentivirus
constructs. Prior to sampling, cells were selected with puromycin for at least 7 days. J, bar graph to show incorporation of [*H]-mevalonate into cholesterol
in HEK293 cells stably expressing RAB18(WT), RAB18(GIn67Leu), and RAB18(Ser22Asn) and transduced with lentivirus constructs. Cells transduced with
nontargeting (scr) or ORP2 exon 8-targeting CRISPR constructs were selected with puromycin for at least 7 days, grown in media supplemented with LPDS
for 24 h, and then incubated with 5 pCi/well [*H]-mevalonate for 24 h. TLC was used to separate free cholesterol and radioactivity was quantified by
scintillation counting (n = 4; mean * SD). Two-tailed unpaired Welch’s t test *p < 0.05, *p < 0.01, and Tp < 0.001. HA, hemagglutinin; HEK293, human
embryonic kidney 293 cell line.
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through deletion of sequence encoding exons 3 and 4 of the
canonical transcript exhibit hearing loss whilst mice generated
through the introduction of frameshift variants into exon 3 do
not (53, 54). More obliquely, HeLa and Hep2G cells in which
exon 2 is edited with small deletions have increased cholesterol
(40, 55). In contrast, HEK293 cells in which the exon 2 splice-
donor site is probably excised show evidence for cholesterol
insufficiency, including reduced DH4-accessible plasma
membrane cholesterol, sensitivity to lipoprotein depletion in
media, and impaired proliferation improved by cholesterol
supplementation (48). Broadly, the findings of increased
cholesterol are consistent with one set of models (47, 56—-58),
whilst the findings of reduced accessible cholesterol are
consistent with another (45, 59).

Various human ORP2 transcripts are annotated on
Ensembl, including four with unique CCDS (consensus CDS
protein set) entries (Ensembl release 109, CCDS release 24).
Northern blotting supports the existence of two major
transcripts and three additional transcripts (60), but publicly
available long-read sequencing data are not yet of sufficient
depth to accurately ascertain their precise identity and the
extent of their contribution to gene expression. In human
and mouse, cap analysis of gene expression data indicates
that transcription begins at a single site or closely adjacent
sites within a CpG island (Fig. S9), and there is little indi-
cation of prominent transcription start sites elsewhere at the
locus.

Different protein isoforms can result from regulation at
the level of translation as well as regulation at the level of
alternative splicing (61-63). Interestingly, ribosome profiling
data for ORP2 provide evidence for such translational con-
trol. In human, mouse, and zebrafish, substantial translation
occurs upstream of the Metl codon in a region of the 5'-
UTR corresponding to short upstream ORFs (Fig. S10).
These may regulate translation initiation at the main ORP2
ORF. In human and mouse, profiling data employing
chemical treatments to identify translation initiation sites
identify potential initiation downstream of the annotated
canonical start codon (Fig. S11). In humans, one site is at
Met33, with a corresponding site observed nearby in mouse.
An ORP2 protein translated from these sites would lack the
VAP-interacting FFAT motif and have an approximate mo-
lecular weight of 52 kDa. Consistent with its being expressed
physiologically, a 51 kDa ORP2 band is observed upon
Western blotting of cells transfected with human ORP2
complementary DNA and also upon blotting of a panel of
mouse tissues (49).

Consistent with possible translation initiation further
downstream, human ORP2 transcripts containing exon 3
frameshift variants are unusually not subject to nonsense-
mediated decay. Levels of ORP2 mRNA are unchanged in
individuals harboring these variants, and the expression of
truncated protein products is proposed to contribute to
autosomal dominant pathophysiology (54). Furthermore, one
ORP2 splice variant, NM_001278649.3 (CCDS63323), has an
annotated translation-initiation site at an AUG that is in exon
5 of the canonical transcript. NM_001278649.3 contains a
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unique exon for which low-level ribosome profiling signal
provides evidence of both physiological expression and ribo-
some engagement (Fig. S12, A and B).

Clearly, if nonsense-mediated decay does not necessarily
degrade frameshift-containing ORP2 transcripts, then the ef-
fects of frameshift-inducing CRISPR gene editing may not be
straightforward. One explanation for the different phenotypes
of different knockout animals (53, 54), and exon 2-targeted
CRISPR cell lines (40, 48, 55), could be differential effects on
the regulation of alternative ORP2 isoforms initiating from
alternative start codons.

To independently determine the effects of ORP2 disruption
on cholesterol biosynthesis, we generated lentivirus particles
for the expression of Cas9 together with guide RNAs that were
nontargeting (scr) or targeted exon 5 or exon 8 of the OSBPL2
gene. HEK293 cells were transduced with these particles, and
then transduced cells were selected with puromycin. The cells
were cultured in media supplemented with LPDS and treated
with [*H]-mevalonate for 24 h, and then labeled cholesterol
was quantified by TLC. Surprisingly, we found that when exon
5 was targeted, cholesterol synthesis was significantly
increased (to 184 + 7% SD scr), whereas when exon 8 was
targeted, cholesterol synthesis was significantly reduced (to
31 + 1% SD scr) (Fig. 5H). We cannot fully account for these
data but note that apart from the exon 2-targeted cell lines
discussed previously, all other CRISPR-generated ORP2
models associated with increased cholesterol also target exon 5
(Table S6 and Fig. S12C).

To establish which targeting construct was most likely to
reflect the effects of introduction of null alleles, we carried
out additional experiments in which cells were transduced
with the exon 5- and exon 8-targeting constructs simulta-
neously (Fig. S13). The phenotypic effects of null alleles
would be expected to predominate under dual transduction
since further disruption of a functional allele might produce
a null, whereas further disruption of a null allele would be
unlikely to restore function. We found that cholesterol
synthesis was significantly reduced in the dual-transduced
cells and to a comparable extent to that seen with the
exon 8-targeting construct alone (Fig. S134). Therefore, we
conclude that the exon 8-targeting construct is most likely
to cause absent or reduced gene expression, whereas the
exon 5-targeting construct is most likely to produce altered
gene expression. Consistently, the exon 8-targeting
construct also produces a greater apparent reduction in
full-length protein expression than the exon 5 construct
(Figs. 5 and S13B).

To determine whether ORP2 is involved in the RAB18-
mediated regulation of cholesterol biosynthesis, we generated
HEK293 cell lines stably expressing WT RAB18, RAB18
(GIn67Leu), and RAB18 (Ser22Asn). We then transduced
these with either nontargeting or OSBPL2 exon 8-targeting
lentivirus and analyzed cholesterol biosynthesis as before
(Fig. 5/). We found that compared with cells expressing WT
RAB18, cholesterol biosynthesis was increased in the
RAB18(GIn67Leu) cells in which RABI8 is constitutively
active (to 162 + 15% SD WT), whilst it was reduced in the
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RAB18(Ser22Asn) cells in which it is constitutively inactive (to
67 + 4% SD WT). These data further support the involvement
of RABI8 in the cholesterol biosynthesis. We found that
transduction with the OSBPL2 exon 8-targeting lentivirus
significantly reduced cholesterol biosynthesis in each cell line,
with synthesis in both WT RAB18- and RAB18(GIn67Leu)-
expressing cells reduced to a comparable baseline level.
These data suggest that RAB18-mediated cholesterol biosyn-
thesis requires ORP2.

Discussion

In this study, we have complemented previous work
showing that proximity biotinylation is a powerful means of
identifying candidate Rab effectors (13). Furthermore, at least
in the case of RAB18, we have found that comparing biotin
labeling produced by a BirA*-Rab in WT and GEF-deficient
cells can be particularly informative. We found that marked
reductions in RAB18 association in RAB3GAP-null cells were
restricted to only 28 proteins and that these comprised known
and/or plausible effectors. We were able to exclude ~94% of
RAB18 associations from consideration as more likely to
represent “noise” from bystander proteins.

We anticipate that our approach could be readily applied in
the study of other GTPases with known GEFs. In support of its
specificity and sensitivity, prior evidence identified 12 of the 28
interactions we detected. Independent experiments with a
mutant RAB18 fusion protein confirmed nucleotide binding
dependence of several interactors, and immunofluorescence
confirmed compatible localizations of several more. The
known functions of the proteins were consistent with previous
work implicating RAB18 in coordination of lipid exchange
between apposed membranes (17). Furthermore, gene-disease
associations showed substantial overlap with RAB18 defi-
ciency/Warburg Micro syndrome. We have presented addi-
tional validation by immunoprecipitation of novel interactions
with SEC22A, TMCO4, and INPP5B (Figs. 3B, 4C, and 5G).
Our more indirect data are consistent with functional in-
teractions between RAB18 and its known interactor SPG20
(Figs. 2, D—F and S4B) and novel putative interactors ORP2
and EBP (Fig. 5, A-F, H, and )).

Together, our protein-interaction data implicate RAB18 in
regulation of a stepwise process in which membrane/cyto-
skeletal remodeling precedes the engagement of tethering
proteins and then SNAREs to establish MCSs. The possible
substitution of SEC22B for SEC22A in an RABI18-regulated
Syntaxinl8 SNARE complex, and a possible role for this
complex in promoting membrane contacts rather than mem-
brane fusion, is consistent with previous data (17). Further-
more, it would be compatible with roles for the NRZ-Dsl1
complex and SCFD2/Sly1 in dynamically orchestrating SNARE
complex assembly (64—66). More ambiguously, the RAB18-
interacting microtubule-binding proteins have not previously
been reported to work together but do function in compatible
locations. SPG20 and CAMSAP1 each associate with mitotic
spindle poles, REEP4 participates in spindle-dependent ER
clearance from metaphase chromatin, and BICD2 is a
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component of the minus-end-directed dynein—dynactin motor
complex (67-73). Our TRAPPII-dependent RAB18 interaction
data indicate that different GEF complexes affect largely
distinct subsets of interactions. However, more work will be
required to determine whether these regulators mediate in-
dependent or interdependent functions.

Proteins implicated in lipid biology—particularly sterol
biology—were prominent in our dataset. Consistent with the
putative interaction between RAB18 and novel effectors ORP2
and INPP5B, which are reported to function in cholesterol
mobilization (48-50), altered RAB18 activity was associated
with altered cholesterol/CE mobilization in our experiments
(Fig. 5, A and B). Other research implicates interactions be-
tween other Rab and ORP/OSBP isoforms in cholesterol
mobilization at discrete sites (74, 75), and several INPPs
including INPP5B have a broad Rab-binding specificity (12, 13,
76). Thus, there may be a conserved relationship between
these protein families, functioning in an analogous manner to
the ARF1 GTPase, OSBP, and the phosphatase SACMIL
(SAC1), in mediating sterol exchange (77).

Consistent with a functional interaction between RAB18 and
EBP, levels of the EBP-product lathosterol were elevated in
RAB18-null HeLa cells and in RAB3GAP1-deficient human
primary fibroblasts (Fig. 5, D and E). Cholesterol biosynthesis in
HeLa cells was impaired when RAB18 was absent or dysregu-
lated (Fig. 5F). Moreover, it was also impaired when ORP2
expression was disrupted (Fig. 5, H-/). Given that ORP2 and
INPP5B function in sterol mobilization, whereas EBP functions
in sterol biosynthesis, an attractive hypothesis is that RAB18
might coordinate their activities; that ORP2 might act as an
exchanger for the products of EBP catalysis as well as for
cholesterol (Fig. S14). In this case, defective mobilization of
lathosterol would explain its accumulation in RAB18-null cells.
Impaired delivery of substrates to downstream biosynthetic
enzymes would explain the reduced cholesterol biosynthesis
observed in these and the other model cell lines. The mobili-
zation of cholesterol precursors by ORP proteins would not be
unprecedented since the mobilization of cholesterol and its
metabolites by these proteins is well established. Nevertheless,
future work should aim to test this hypothesis more definitively.
Important preliminary questions are whether there are different
ORP2 protein isoforms and whether these have divergent
functions. The varied findings from ORP2 CRISPR models
(Fig. 5, H and I and Table S6) should be explained, and the
potential splice and translational regulation of ORP2 transcripts
(Figs. S9-S13) should be addressed.

Among the other lipid-related proteins, TMCO4 may
potentially be directly or indirectly associated with sterol
metabolism. Although its substrate(s) are unknown, its
expression is found to be upregulated in hypercholesterolemia
(78), and it is present on lipid rafts (79). C2CD2L/TMEM24
and C2CD2 might potentially function in concert with ORP2
and/or INPP5B, since C2CD2L is found to mediate phos-
phatidylinositol transport and to facilitate generation of
PI(4,5)P, (80).

Our objective in studying RAB18 was to better understand
the molecular pathology of Warburg Micro syndrome. Though
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our protein-interaction data are relatively preliminary, our
functional findings represent good progress toward this goal.
One key finding is that levels of lathosterol are significantly
elevated in primary fibroblasts from an affected individual
when these cells are cultured under LPDS (Fig. 5E). In future
work, we aim to determine whether this is reproducible in
fibroblasts of other genotypes from other Micro syndrome
individuals. If so, this could form the basis for a biochemical
test for Micro syndrome, which would complement genetic
testing.

Another key finding is that disrupted de novo cholesterol
biosynthesis may contribute to disease pathogenesis. Strongly
supporting this suggestion, genes encoding multiple choles-
terol biosynthesis enzymes are linked to similar disorders
(52). For example, pathogenic variants in the lathosterol
oxidase gene, SC5D, cause lathosterolosis, which is associated
with microcephaly, intellectual disability, micrognathia, high
arched palate, and cataract (81-85). Pathogenic variants in
the 7-dehydrocholesterol reductase gene, DHCR7, cause
Smith-Lemli-Opitz syndrome, which has a similar spectrum
of features and is among the top differential diagnoses for
Micro syndrome (7, 86). Indeed, the similarities with Smith—
Lemli—Opitz syndrome were noted in the report first iden-
tifying RAB18 as a disease-associated gene more than a
decade ago (5).

Experimental procedures
Plasmids

The EGFP-RABI18 construct has been described previously
(9). The RAB18 sequence was excised from this construct
using BamHI and HindIII restriction enzymes (New England
Biolabs) and used to generate constructs encoding mEmerald-
RAB18 and mCherry-RAB18 by ligation into mEmerald-C1
and mCherry-C1 vectors (Addgene) using HC T4 Ligase and
rapid ligation buffer (Promega). Constructs encoding BirA*-
RABI18, BiolD2(Gly40Ser)-SEC22A, and mEmerald-SEC22A
were generated following PCR amplification from template
and subcloning into an intermediate pCR-Blunt II-TOPO
vector using a Zero Blunt TOPO PCR Cloning Kit (Thermo-
Fisher Scientific) according to the manufacturer’s instructions.
Fragments were excised from intermediate vectors and then
subcloned into target vectors using restriction ligation, as
aforementioned. A construct encoding mCherry-ER was ob-
tained from Addgene, and a construct encoding TMCO4-
EGFP was synthesized and cloned by GeneWiz. Generation
of recombinant pX461 and pX462 plasmids for CRISPR gene
editing and recombinant pCMV vectors for preparation of
stable CHO cell lines are described later. Generation of re-
combinant pcDNA5 FRT/TO FLAG-BirA(Argl18Gly) and
pcDNA5 FRT/TO vectors for preparation of stable T-Rex-
293 cell lines is described later. Details of other plasmids, PCR
templates, primers, and target vectors are listed in Table S7.

Antibodies and reagents

A custom polyclonal antibody to RAB18 generated by
Eurogentec has been described previously (10). An antibody to
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RAB3GAP1 was obtained from Bethyl Labs, an antibody to
GEFP was obtained from Takara Bio, an antibody to B-tubulin
was obtained from Abcam, and an antibody to B-actin was
obtained from ThermoFisher. Antibodies to HA, RAB3GAP2,
and TBC1D20 were obtained from Merck. Antibodies to
ZW10, STX18, SPG20, RINT1, REEP4, BNIP1, C2CD2,
TRIM13, WES1, INPP5B, OSBPL2, and NBAS were obtained
from Proteintech. Antibody catalog numbers and the dilutions
used in this study are listed in Table S7.

Cell culture

HeLa, T-REx-293, HEK293FT, IHH cells, and human fi-
broblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), RPE1 cells in DMEM/F12 media, and CHO
cells in alpha-MEM media (ThermoFisher). In each case,
media were supplemented with 10% fetal calf serum and 1%
penicillin—streptomycin. Cells were maintained at 37 °C and
5% CO,. Human fibroblasts were originally derived from bi-
opsies taken from an unaffected mother and her affected infant
daughter. These cells were imported into the United Kingdom
as mature cultures. Cell lines were routinely tested for myco-
plasma and always found negative. The sources of the cell lines
and evidence for their authenticity are given in Table S7.

Generation of clonal “knockout” HeLa and RPE1 cell lines

CRISPR-Cas9 gene editing was carried out essentially as
described in the study by Ran et al. (87). Guide RNA (gRNA)
sequences are shown in Table S7. A list of the clonal cell lines
generated for this study, together with the loss-of-function
variants they carry, is shown in Fig. SIA. Western blot vali-
dation is shown in Fig. S1, B—E. Briefly, for each targeted exon,
pairs of gRNA sequences were selected using the online
CRISPR design tool (http://crispr.mit.edu/). Oligonucleotide
pairs incorporating these sequences (Sigma) were annealed (at
50 mM ea.) in 10 mM Tris (pH 8), 50 mM NaCl, and 1 mM
EDTA by incubation at 95 °C for 10 min followed by cooling
to room temperature. Annealed oligonucleotides were diluted
and ligated into BbsI-digested pX461 and pX462 plasmids
(Addgene) using HC T4 Ligase and rapid ligation buffer
(Promega). Sequences of all recombinant plasmids were veri-
fied by direct sequencing. Pairs of plasmids were cotransfected
into cells using Lipofectamine 2000 reagent according to the
manufacturer’s instructions. Cells were selected for puromycin
resistance (conferred by pX462) using 24 h puromycin treat-
ment. Following 12 h recovery, they were selected for GFP
fluorescence (conferred by pX461) and cloned using FACSA-
ria2 SORP, Influx, or FACSMelody Instruments (BD). After
sufficient growth, clones were analyzed by PCR of the targeted
exons (primers are listed in Table S7). In order to sequence
individual gene-edited alleles, PCR products from each clone
were first cloned into ZeroBlunt TOPO vector (ThermoFisher)
and then subjected to colony PCR. These PCR products were
then analyzed by direct sequencing. Sequencing data were
assessed using BioEdit software (http://www.mbio.ncsu.edu/
BioEdit/bioedit.html).
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BirA*/BiolD proximity labeling (HeLa cells)

Proximity labeling in HeLa cells was carried out largely as
described by Roux et al. (15) but with minor modifications.
HeLa cells were grown to 80% confluence in T75 flasks, and
then each flask was transfected with 1 to 1.5 pg of the BirA*-
RABI18 construct or 1 pg of the BiolD2(Gly40Ser)-SEC22A
construct using Lipofectamine 2000 reagent in Opti-MEM
serum-free medium (ThermoFisher) for 4 h, according to the
manufacturer’s instructions. About 24 h post-transfection,
media were replaced with fresh media containing 50 uM
biotin (Merck), and the cells were incubated for a further 24 or
6 h (for BirA*-RAB18 and BiolD2(Gly40Ser)-SEC22A experi-
ments, respectively). Cells were then trypsinized and washed
twice in PBS before pellets were transferred to 2 ml micro-
centrifuge tubes and snap frozen. For each pellet, lysis was
carried out in 420 ul of a buffer containing 0.2% SDS, 6%
Triton X-100, 500 mM NaCl, 1 mM DTT, EDTA-free prote-
ase-inhibitor solution (Expedeon), and 50 mM Tris (pH 7.4).
Lysates were sonicated for 10 min using a Bioruptor device
together with protein extraction beads (Diagenode). Each
lysate was diluted with 1080 pl 50 mM Tris (pH 7.4), and they
were then clarified by centrifugation at 20,000¢ for 30 min at 4
°C. AP of biotinylated proteins was carried out by incubation
of clarified lysates with streptavidin-coated magnetic Dyna-
beads (ThermoFisher) for 24 h at 4 °C. Note that a mixture of
Dynabeads—MyOne C1, MyOne T1, M270, and M280—was
used to overcome a problem with bead clumping observed
when MyOne C1 beads were used alone. Successive washes
were carried out at room temperature with 2% SDS, a buffer
containing 1% Triton X-100, 1 mM EDTA, 500 mM NacCl,
50 mM Hepes (pH 7.5), a buffer containing 0.5% NP-40, 1 mM
EDTA, 250 mM LiCl, 10 mM Tris (pH 7.4), 50 mM Tris (pH
7.4), and 50 mM ammonium bicarbonate.

MS

Washed beads from BioID experiments with HeLa cells
were subjected to limited proteolysis by trypsin (0.3 pg) at 27
°C for 6.5 hin 2 mM urea, 1 mM DTT, 75 mM Tris, pH = 8.5,
and then supernatants were incubated overnight at 37 °C.
Samples were alkylated with 50 mM iodoacetamide in the dark
for 20 min and then acidified by addition of 8 ul 10% TFA.
Peptides were generated using trypsin. Trypsin cleaves on the
C-terminal side of lysine and arginine residues unless the C-
terminal residue is proline. Hydrolysis is slower where the C-
terminal residue is acidic. Peptides were loaded on to activated
(methanol), equilibrated (0.1% TFA) C18 stage tips before
being washed with 0.1% TFA, and eluted with 0.1% TFA/80
acetonitrile. The organic was dried off, 0.1% TFA added to
15 pl, and 5 pl injected onto LC—MS. Peptides were separated
on an Ultimate nano HPLC instrument (ThermoFisher) and
analyzed on either an Orbitrap Lumos or a Q Exactive Plus
instrument (ThermoFisher).

Three sets of replicate samples were used for the BiolD-
RAB18 experiment with HeLa cells (Fig. 1 and Table SI).
Two different WT clones and two different null genotypes of
each of the RAB3GAP1-, RAB3GAP2-, and TRAPPC9-null
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cells were used (Fig. S1). Three sets of replicate samples
were used in the BiolD2(Gly40Ser)-SEC22A experiment
(Fig. 3D and Table S5), though preparation of one “RAB3-
GAP1-null” replicate failed. In each experiment, each set of
samples was prepared independently, and so these can be
considered biological replicates.

Analysis

After data-dependent acquisition of higher-energy colli-
sional dissociation fragmentation spectra, data were analyzed
using MaxQuant (version 2.2.0.0 for the BiolD-RAB18
experiment and version 1.6.7.0 for the BioID2(Gly40Ser)-
SEC22A experiment). For the BioID-RAB18 experiment, the
UniProt Human 2022 _05 database with 20,594 entries was
searched. For the BiolD2(Gly40Ser)-SEC22A experiment, the
UniProt Human 2019 07 database with 20,667 entries was
searched. Two missed/nonspecific cleavages were permitted.
Fixed modification by carbamidomethylation of cysteine resi-
dues was considered. Variable modification by oxidation of
methionine residues and N-terminal acetylation were consid-
ered. Mass error was set at 20 ppm for the first search toler-
ance and 4.5 ppm main search tolerance. Thresholds for
accepting individual spectra were set at p < 0.05. Single-
peptide identifications of proteins were used in analysis of
the BiolD-RAB18 experiment with single peptide identifica-
tions made “by modification site only” excluded. Percent of
false discovery rate for these single-peptide identifications, and
that for the combined dataset, was estimated at <5% using the
decoy search method. Additional parameters and gradients
used for separation are provided in Table S7. Annotated
spectra for single-peptide identifications are provided in the
“single_peptide_identifications” document in the supporting
information section.

Quantification data were produced with MaxLFQ (27). For
the BiolD-RAB18 experiment, data were first processed to
remove any protein identified in samples from control
(untransfected, biotin treated) samples at high levels (>25%
WT LFQ value) in any replicate from all replicates. Next,
proteins identified in only one replicate sample set were
removed. For each sample set, LFQ values were normalized
according to the quantity of RAB18 detected in each sample.
GEF-null:WT ratios for each protein were calculated for each
replicate sample set, and then their means were calculated for
the experiment (Table S1, columns “mean RAB3GAP ratio”
and “mean TRAPII ratio”). The GEF-null:WT <0.5 criterion
for selection of putative effectors (Fig. 1, A and D and Table 1)
is an arbitrary cutoff rather than a measure of statistical val-
idity. A similar approach was taken to analyze BioID2-SEC22A
data (Table S5), except that “mean RAB3GAP ratio” and
“mean RABI18 ratio” were calculated for each protein.

Cell labeling

In order to distinguish cells of different genotypes within the
same well/on the same coverslip, CellTrace-Violet and
CellTrace-Far Red reagents (ThermoFisher) were used to label
cells before they were seeded. Cells of different genotypes were
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first trypsinized and washed with PBS separately. They were
then stained in suspension by incubation with either 1 pM
CellTrace-Violet reagent or 200 nM CellTrace-Far Red reagent
for 20 min at 37 °C. Remaining dye was removed by addition
of a 10-fold excess of full media, incubation for a further 5 min,
and then by centrifugation and resuspension of the resulting
pellets in fresh media. Differently labeled cells were combined
prior to seeding.

Immunofluorescence microscopy

Cells were seeded in 96-well glass-bottom plates (Perki-
nElmer) coated with Matrigel (Corning) according to the
manufacturer’s instructions and allowed to adhere for 48 h
prior to fixation. In lipid-loading experiments, cells were
treated with 200 uM oleic acid complexed to albumin (Merck)
and 1 pg/ml BODIPY-558/568-C12 (ThermoFisher) for 15 h
prior to fixation. Cells were fixed using a solution of 3%
deionized glyoxal, 20% EtOH, 0.75% acetic acid, pH = 5 (88),
for 20 min at room temperature. They were then washed with
PBS containing 0.9 mM CaCl, and 0.5 mM MgCl, and blocked
with a sterile-filtered buffer containing 1% milk, 2% donkey
serum (Merck), 0.05% Triton X-100 (Merck), 0.9 mM CaCl,,
and 0.5 mM MgCl, in PBS (pH = 7.4) for at least 1 h prior to
incubation with primary antibody. Primary antibodies were
added in blocking buffer without Triton X-100, and plates
were incubated overnight at 4 °C. Antibody dilutions are listed
in Table S7. Following washing in PBS, cells were incubated
with 1:2000 Alexa 488-conjugated secondary antibody (Ther-
moFisher) in blocking buffer at room temperature for 1 to 2 h.
Following further washing in PBS, cells were imaged using an
Operetta High Content Imaging System (PerkinElmer)
equipped with Harmony software (PerkinElmer). In compar-
ative fluorescence quantitation experiments, at least 18 frames
—each containing >5 WT and >5 mutant cells—were
analyzed per genotype. Image] software (National Institutes of
Health) was used to produce regions of interest corresponding
to each cell using thresholding tools and images from the
405 nm and 645 nm channels. Median 490 nm fluorescence
intensity was measured for each cell, and mutant fluorescence
intensity (as %WT) was calculated for each frame and com-
bined for each genotype.

Confocal microscopy—Ilive cell imaging

HeLa or RPE1 cells were seeded on glass-bottom dishes
(World Precision Instruments) coated with Matrigel (Corning)
and allowed to adhere for 24 h prior to transfection. Trans-
fections and cotransfections were carried out with 0.5 pg of
each of the indicated constructs using Lipofectamine 2000
reagent in Opti-MEM serum-free medium for 4 h, according
to the manufacturer’s instructions. Media were replaced, and
cells were allowed to recover for at least 18 h prior to imaging.
Imaging was carried out on a Nikon A1R confocal microscope
equipped with the Nikon Perfect Focus System using a 60x oil
immersion objective with a 1.4 numerical aperture. The
pinhole was set to airyl. CellTrace-Violet reagent was excited
using a 403.5 nm laser, and emitted light was collected at 425
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to 475 nm. EGFP and mEmerald were excited using a 488 nm
laser, and emitted light was collected at 500 to 550 nm.
mCherry was excited using a 561.3 nm laser, and emitted light
was collected at 570 to 620 nm. CellTrace-Far Red reagent was
excited using a 638 nm laser, and emitted light was collected at
663 to 738 nm. Gain was adjusted to minimize collection of
background fluorescence whilst selecting cells expressing
relatively low levels of recombinant protein for imaging.
Numbers of cells imaged are indicated in the figure legends.

Immunoprecipitation

HeLa cells were seeded onto 10 cm dishes or 6-well plates
and allowed to adhere for 24 h prior to transfection. Trans-
fections and cotransfections were carried out with 0.5 pg of
each of the indicated constructs using Lipofectamine 2000
reagent in Opti-MEM serum-free medium for 4 h, according
to the manufacturer’s instructions. About 24 h post-
transfection, cells were trypsinised, washed with PBS, then
lysed in a buffer containing 150 mM NacCl, 0.5% Triton X-100
and EDTA-free protease-inhibitor solution, 10 mM Tris, pH =
7.4. Lysates were clarified by centrifugation, input samples
taken, and the remaining supernatants then added to 4 ug
rabbit anti-HA antibody (Merck). After 30 min incubation at 4
°C on a rotator, 100 pl washed protein G-coupled Dynabeads
(ThermoFisher) were added and samples were incubated for a
further 1 h. The Dynabeads were washed three times with
buffer containing 150 mM NaCl, 0.1% Triton X-100, 10 mM
Tris, pH = 7.4, then combined with a reducing loading buffer
and subjected to SDS-PAGE.

Generation of stable CHO cell lines

A PCR product encoding mouse RAB18 was subcloned into
an intermediate TOPO vector using a TOPO PCR Cloning Kit
(ThermoFisher) according to the manufacturer’s instructions.
The RAB18 fragment was then excised and subcloned into the
pCMV vector. PCR-based site-directed mutagenesis using a
GeneArt kit (ThermoFisher) was then used to generate
pCMV-RAB18(GIn67Leu) and pCMV-RAB18(Ser22Asn)
constructs. CHO cells were transfected using Lipofectamine
2000 reagent (ThermoFisher), and cells stably expressing each
construct were selected for with blasticidin. Under continued
selection, clonal cell lines were grown from single cells, and
then RAB18 protein expression was assessed. Cell lines
comparably expressing RAB18 constructs at levels 2.5 to 5
times higher than those WT cells were used in subsequent
experiments.

Generation of stable T-Rex-293 cell lines

PCR products encoding mouse RAB18, RAB18(GIn67Leu),
and RABI18(Ser22Asn) were subcloned into Notl-linearized
pcDNA5 FRT/TO FLAG-BirA(Argl18Gly) or pcDNA5 FRT/
TO vectors using the In-Fusion HD EcoDry Cloning Plus kit
(Takara Bio) according to the manufacturer’s instructions.
Details of PCR templates, primers, and target vectors are listed
in Table S7. About 1.5 pg of each recombinant vector together
with 13.5 pug of pOG44 plasmid (ThermoFisher) were used in
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cotransfections of T-REx-293 cells, in 10 cm dishes, with
TransIT-LT1 Transfection Reagent (Mirus Bio). About 16 h
following transfection, media were replaced and cells were
allowed to recover for 24 h. Each dish was then split to four
times 10 cm dishes in selection media containing 10 pg/ml
blasticidin and 50 pg/ml hygromycin B. Resistant clones were
pooled and passaged once prior to use.

Lipid-loading experiments

For LD number and diameter measurements, IHH cells
were seeded onto glass coverslips. siRNA transfections were
carried out using FuGene reagent (Promega) according to the
manufacturer’s instructions. siRNAs targeting ZW10 and
NBAS were obtained from IDT; siRNA targeting SEC22A was
obtained from Horizon Discovery. About 48 h following
transfection, cells were treated with 200 nM bovine serum
albumin—conjugated oleate for 24 h. Coverslips were washed,
fixed with 3% paraformaldehyde, and stained with 1 pg/ml
BODIPY and 300 nM 4/,6-diamidino-2-phenylindole. Fluo-
rescence images were captured on a Zeiss LSM 780 confocal
microscope equipped with a 100x objective. Images were
analyzed using Image] software. Data are representative of
three independent experiments.

For cholesterol storage and efflux experiments with [**C]-
oleate, CHO cell lines (described previously) were seeded onto
12-well plates and then grown to 60 to 75% confluence in
Alpha media supplemented with 10% LPDS. Cells were grown
in the presence of 10% LPDS for at least 24 h prior to the
addition of oleate.About 1 uCi/ml [**C]-oleate (PerkinElmer)
was added in the presence of 10% LPDS or 10% FBS for 24 h.
Cells were then washed and incubated with 50 pg/ml high-
density lipoprotein for 0, 4, or 8 h. Cellular lipids were
extracted with hexane. Lipids were then dried down and
separated by TLC. Hexane:diethyl ether:acetic acid (80:20:2)
and heptane:diethyl ether:methanol:acetic acid; 80:30:3:1.5
solvent systems were used. TLC plates were obtained from
Analtech. Bands corresponding to CE were scraped from the
TLC plate, and radioactivity was determined by scintillation
counting in a Beckman Coulter LS6500 Scintillation Counter
using BetaMax ES Liquid Scintillation Cocktail (Thermo-
Fisher). Three independent experiments were carried out, each
with four replicates of each condition. Data from a represen-
tative experiment are shown.

For cholesterol efflux experiments with [®H]-cholesterol,
CHO cells were seeded onto 12-well plates and then grown to
60% confluence in Alpha media supplemented with 10% FBS.
About 5 pCi/ml [®H]-cholesterol (PerkinElmer) was added in
the presence of 10% FBS. After 3x PBS washes, cells were
incubated with serum-free media containing 25 pg/ml of hu-
man apolipoprotein A-I for 5 h. Apolipoprotein A-I was a kind
gift of Dr Paul Weers (California State University). Radioac-
tivity in aliquots of media was determined by scintillation
counting in a Beckman Coulter LS6500 Scintillation Counter
using LSC Cocktail (PerkinElmer). Cell lysates were produced
by addition of 0.1 N NaOH for 1 h, and their radioactivity was
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determined as aforementioned. Cholesterol efflux was calcu-
lated as an average (+SD) of the percent cholesterol efflux (as a
ratio of the media cpm/[media + cellular cpm] x 100%).

For the cholesterol biosynthesis experiments, HeLa cells or
HEK?293 cells were seeded onto 12-well plates and then grown
to 80% confluence in DMEM supplemented with 10% LPDS
for 24 h. Following incubation with 5 uCi/well [*H]-mevalo-
nate or 10 pCi/well [*H]-acetate for 24 h, TLC was used to
separate free cholesterol, and radioactivity was quantified by
scintillation counting as aforementioned.

Sterol analysis (Hela cells)

HeLa cells were grown to 80% confluence in T75 flasks,
washed twice in PBS, and then grown for a further 48 h in
DMEM supplemented with 10% LPDS. They were then tryp-
sinised and washed twice in PBS before pellets were trans-
ferred to microcentrifuge tubes and snap frozen. Pellets were
resuspended in 200 pul deionized water, sonicated for 20 s using
an ultrasonic processor (Sonics & Materials, Inc), and then
placed on ice. About 750 pl of isopropanol containing 4 umol/l
5a-cholestane as an internal standard (ISTD) was added to
each sample, and then each was sonicated for a further 10 s.
Lysates were transferred to 7 ml glass vials and mixed with
250 pl tetramethylammonium hydroxide for alkaline saponi-
fication at 80 °C for 15 min and then cooled down for 10 min
at room temperature. Sterols were extracted by addition of
500 pl tetrachloroethylene/methyl butyrate (1:3) and 2 ml
deionized water, then thorough mixing. Samples were centri-
fuged for 10 min at 3000 rpm, and the organic phase con-
taining the sterols was transferred to 300 pl GC vials. Extracts
were dried under a stream of nitrogen, then sterols were
silylated with 50 pl Tri-Sil HTP (HDMS:TMCS:pyridine) re-
agent (ThermoFisher) at 60 °C for 1 h.

Chromatography separation was performed on an Agilent
GC-MS system (6890A GC and 5973 MS) (Agilent Technol-
ogies, Inc) with an HP-1MS capillary column (30 m length x
250 pum diameter x 0.25 pm film thickness). The GC temper-
ature gradient was as follows: initial temperature of 120 °C
increased to 200 °C at a rate of 20 °C/min and then increased to
300 °C at a rate of 2 °C/min with a 15 min solvent delay. In-
jection was at 250 °C in splitless mode with ultrapurified helium
as the carrier gas, and the transfer line was 280 °C. The mass
spectra were acquired by electron impact at 70 eV using SIM as
follows: lathosterol-TMS, cholesterol-TMS, and cholest8(9)-
enol-TMS: m/z 458; 5a-cholestane and desmosterol-TMS: m/
z 372; lanosterol-TMS: m/z 393; and 7-dehydrocholesterol-
TMS: m/z 325. The data were analyzed using MassHunter
Workstation Quantitative Analysis Software (Agilent Technol-
ogies, Inc) and OriginPro 2017 (OriginLab Corp).

GC-flame ionization detector and GC-MS-SIM sterol and
stanol analysis (fibroblasts)

Gas chromatographic separation and detection of choles-
terol and 5a-cholestane (ISTD) was performed on a DB-XLB
30 m x 025 mm id. x 025 pm film thickness (J&W
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Scientific Alltech) in an Hewlett—Packard (HP) 6890 Series
GC-system (Agilent Technologies), equipped with a flame
ionization detector (FID).

Noncholesterol sterols such as the cholesterol precursors
lanosterol, 24.25-dihydrolanosterol, desmosterol, lathosterol,
and the cholesterol metabolite 5a-cholestanol together with
epicoprostanol (ISTD) were separated on another DB-XLB
column (30 m x 0.25 mm id. x 025 pm film thickness;
J&W Scientific Alltech) in an HP 6890N Network GC system
(Agilent Technologies) connected with a direct capillary inlet
system to a quadrupole mass selective detector HP5975B inert
MSD (Agilent Technologies). Both GC systems were equipped
with HP 7687 series autosamplers and HP 7683 series injectors
(Agilent Technologies).

To determine the concentrations of cholesterol,
cholesterol precursor sterols and 5a-cholestanol, 50 pg 5«-
cholestane (Serva) (50 pul from a stock solution of 5a-cholestane
in cyclohexane [Merck KGaAl]; 1 mg/ml), and 1 pg epi-
coprostanol (Sigma) (10 pl from a stock solution epicoprostanol
in cyclohexane; 100 pg/ml) were added as ISTDs to 100 pl of a
chloroform/methanol cell extract (5 ml chloroform/methanol,
[2:1, v/v] per 10 mg dried cells). The cell pellet was dried for
12 h at room temperature in a Savant DNA120, Speed Vac
Concentrator system (Thermo Fisher Scientific).

After saponification with 2 ml 1 M 95% ethanolic sodium
hydroxide solution (Merck KGaA) at 60 °C for 1 h, the free
sterols were extracted three times with 3 ml cyclohexane each
from dried tissues (speedvac). The organic solvent was evap-
orated by a gentle stream of nitrogen at 60 °C on a heating
block. The residue was dissolved in 80 pl n-decane (Merck
KGaA). An aliquot of 40 pl was incubated (1 h at 70 °C on a
heating block) by addition of 20 pl of the trimethylsilylating
(TMSi) reagent (chlortrimethylsilane [Merck KGaA]/
1.1.1.3.3.3-hexamethyldisilasane [Sigma—Aldrich, Co]/pyridine
[Merck KGaA], 9:3:1) in a GC vial for GC-MS-SIM non-
cholesterol analysis. Another aliquot of 40 ul was incubated by
addition of 40 pl of the TMSi reagent and dilution with 300 pl
n-decane in a GC vial for GC-FID cholesterol analysis.

An aliquot of 2 ul was injected by automated injection in a
splitless mode using helium (1 ml/min) as carrier gas for GC-
MS-SIM and hydrogen (1 ml/min) for GC-FID analysis at an
injection temperature of 280 °C. The temperature program for
GC was as follows: 150 °C for 3 min, followed by 20 °C/min up
to 290 °C keeping for 34 min. For MSD, electron impact ioni-
zation was applied with 70 eV. SIM was performed by cycling
the quadrupole mass filter between different 71/z at a rate of 3.7
cycles/s. Noncholesterol sterols were monitored as their TMSi-,
the oxysterols as their di-TMSi derivatives using the following
masses: epicoprostanol m/z 370, lathosterol at m/z 458, des-
mosterol at m/z 441, lanosterol at m/z 393, 24.25-
dihydrolanosterol at m/z 395 (M*-90-15, M"-OTMSi-CHz),
and 5a-cholestanol at m1/z 306. Peak integration was performed
manually. Cholesterol was directly quantified by multiplying the
ratios of the area under the curve of cholesterol to 5a-choles-
tane by 50 pg (ISTD amount). Noncholesterol sterols and 5a-

non-
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cholestanol were quantified from the ratios of the areas under
the curve of the respective noncholesterol sterols and 5a-cho-
lestanol after SIM analyses against epicoprostanol using stan-
dard curves for the listed sterols/stanol. Identity of all sterols
and 5a-cholestanol was proven by comparison with the full-
scan mass spectra of authentic compounds. Additional quali-
fiers (characteristic fragment ions) were used for structural
identification (#1/z values not shown).

Lentivirus generation and transduction

For generation of lentiviral particles, oligonucleotide pairs
(10 uM each) incorporating gRNA sequences (Table S7) were
phosphorylated and annealed using T4 PNK enzyme (New
England Biolabs) incubating for 30 min at 37 °C, then 5 min at
95 °C, followed by cooling to room temperature. Annealed
oligonucleotides were diluted and then ligated into lenti-
CRISPRv2 transfer vector (Addgene) using Golden Gate
cloning with the ESP3I restriction enzyme (ThermoFisher
Scientific) and T7 ligase (New England Biolabs) as previously
described (89). Recombinant transfer vectors were verified and
used together with pMD2.G and psPAX2 vectors (Addgene)
encoding envelope and packaging constituents, and poly-
ethylenimine (Sigma—Aldrich), to transfect HEK293FT cells in
10 cm plates. Lentiviral particles were collected from super-
natants 48 h post-transfection.

For transduction of the HEK293 cell lines with the lentiviral
particles, cells were first treated with 10 pg/ml polybrene
(Sigma—Aldrich), then particles were added at 0.3 to 0.5 mul-
tiplicity of infection. Following overnight incubation, the me-
dium was replaced and then following overnight recovery, cells
were treated with 2 pg/ml puromycin (Invitrogen). Cholesterol
biosynthesis experiments were carried out as described previ-
ously following at least 7 days of puromycin selection.

Western blotting

Cell lysates were made with a buffer containing 150 mM
NaCl, 0.5% Triton X-100, and EDTA-free protease-inhibitor
solution, 50 mM Tris, pH = 7.4. Cell lysates and input samples
from BiolD and immunoprecipitation experiments were
combined 1:1 with a 2x reducing loading buffer; a reducing
loading buffer containing 10 mM EDTA was added directly to
Dynabead samples. SDS-PAGE and Western blotting were
carried out according to standard methods. Transfer onto
polyvinylidene difluoride membranes was carried out using
either the iBlot system (Invitrogen) or the Trans-Blot Turbo
system (Bio-Rad) according to the manufacturer’s instructions.
Primary antibody dilutions are given in Table S7. Blots were
probed with appropriate horseradish peroxidase—conjugated
secondary antibodies and detected using Pierce ECL Plus
Western Blotting Substrate (ThermoFisher). Luminescence
was detected using either Hyperfilm ECL film (ThermoFisher)
and an automatic film processor or directly using a Gel Doc
XR+ device (Bio-Rad).
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Data availability

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (90) partner re-
pository with the dataset identifiers PXD016631, PXD016336,
PXD016326, PXD016233, and PXD016404.
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Acknowledgments—We thank the Warburg Micro syndrome chil-
dren and their families. We thank Professor C.A. Johnson, Dr J.A.
Poulter, and Dr 1. Tsagakis for a critical reading of the article.

Author contributions—R. S. K. and M. T. H. conceptualization; R. S.
K,J.LC,YK,RS,HC,A.P,C.M,].D.D, T.A.B,A. K, J. K-
B,A.H,G.D,CA,EP,AK,].CW,A v.K, T.N, and M. T.
H. methodology; R. S. K., J. C. W., and M. T. H. validation; R. S. K,, J.
C,YK,RS,HC,A.P,CM,J].K-B,A H,G.D,C.A,E. P, A.
K,D.L,J.C. W, T.N,, and M. T. H. formal analysis; R. S. K,, J. C,,
Y.K,R.S,H.C,A.P,C.M,].K-B,A.H,G.D,C. A, A K,J].C
W., and M. T. H. investigation; R. S. K, J. C,,J. D.D,, T. A. B, A. K,
G.D,M.H,LA A,E.P,D.L,P.C,].C.W,A v.K, T.N,,E. S,
and M. T. H. resources; R. S. K. and M. T. H. data curation; M. T. H.
writing—original draft; R. S. K., J.C, Y. K, R. S,,]. D.D,, T. A. B, T.
S.H,J.A,D.L,P.C,J.C. W, T.N,, E. S,, and M. T. H. writing—
review & editing; R. S. K. and M. T. H. visualization; R. S. K., J.-]. L,
J.A,D.L,P.C,A.v.K, T.N,, E. S,, and M. T. H. supervision; R. S.
K, J.-J. L, E. S, and M. T. H. project administration; R. S. K,, E. S,
M. T. H. funding acquisition.

Funding and additional information—M. T. H. was supported by
the University of Leeds and by a program grant from the Newlife
Foundation for Disabled Children (grant reference number: 17-18/
23). A. v. K. and J. C. W. were supported by the Wellcome Trust
(multiuser equipment grant, grant no.: 208402/Z/17/Z).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: AP, affinity purification;
CCDS, consensus CDS protein set; CE, cholesteryl ester; CHO,
Chinese hamster ovary cell line; DMEM, Dulbecco’s modified Ea-
gle’s medium; EGFP, enhanced GFP; ER, endoplasmic reticulum;
EBS, fetal bovine serum; FID, flame ionization detector; GAP,
GTPase-activating protein; GEF, guanine-nucleotide exchange fac-
tor; gRNA, guide RNA; HA, hemagglutinin; HEK293, human em-
bryonic kidney 293 «cell line; HP, Hewlett—Packard; IHH,
immortalized human hepatocyte; ISTD, internal standard; LD, lipid
droplet; LFQP, label-free quantitative proteomics; LPDS, lipopro-
tein-depleted serum; MS, mass spectrometry; SIM, selected ion
monitoring; TTMS], trimethylsilylating.

References

1. Zhen, Y., and Stenmark, H. (2015) Cellular functions of Rab GTPases at a
glance. /. Cell Sci. 128, 3171-3176

2. Barr, F., and Lambright, D. G. (2010) Rab GEFs and GAPs. Curr. Opin.
Cell Biol. 22, 461-470

3. Lamber, E. P., Siedenburg, A.-C., and Barr, F. A. (2019) Rab regulation by
GEFs and GAPs during membrane traffic. Curr. Opin. Cell Biol. 59, 34—39

4. Aligianis, I. A., Johnson, C. A., Gissen, P., Chen, D., Hampshire,
D., Hoffmann, K., et al. (2005) Mutations of the catalytic subunit

SASBMB

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

GEF-dependent RAB18 interactions

of RAB3GAP cause Warburg Micro syndrome. Nat. Genet. 37,
221-223

. Bem, D., Yoshimura, S.-I., Nunes-Bastos, R., Bond, F. C., Kurian, M. A,

Rahman, F., et al. (2011) Loss-of-function mutations in RAB18 cause
Warburg micro syndrome. Am. . Hum. Genet. 88, 499—-507

. Borck, G., Wunram, H., Steiert, A., Volk, A. E., Kérber, F., Roters, S., et al.

(2011) A homozygous RAB3GAP2 mutation causes Warburg Micro
syndrome. Hum. Genet. 129, 45-50

. Handley, M., and Sheridan, E. (1993) RAB18 Deficiency. In: Adam, M. P.,

Mirzaa, G. M., Pagon, R. A., Wallace, S. E., Bean, L. ], et al. eds. Gen-
eReviews®, University of Washington, Seattle, Seattle (WA)

. Liegel, R. P, Handley, M. T., Ronchetti, A., Brown, S., Langemeyer, L.,

Linford, A., et al. (2013) Loss-of-function mutations in TBC1D20 cause
cataracts and male infertility in blind sterile mice and Warburg micro
syndrome in humans. Am. J. Hum. Genet. 93, 1001-1014

. Gerondopoulos, A., Bastos, R. N., Yoshimura, S.-I., Anderson, R., Car-

panini, S., Aligianis, I., et al. (2014) Rab18 and a Rab18 GEF complex are
required for normal ER structure. J. Cell Biol. 205, 707—720

Handley, M. T., Carpanini, S. M., Mali, G. R,, Sidjanin, D. J., Aligianis, I.
A., Jackson, I. J., et al. (2015) Warburg Micro syndrome is caused by
RAB18 deficiency or dysregulation. Open Biol. 5, 150047

Christoforidis, S., McBride, H. M., Burgoyne, R. D., and Zerial, M. (1999)
The Rab5 effector EEA1 is a core component of endosome docking.
Nature 397, 621-625

Fukuda, M., Kanno, E., Ishibashi, K., and Itoh, T. (2008) Large scale
screening for novel rab effectors reveals unexpected broad Rab binding
specificity. Mol. Cell Proteomics 7, 1031-1042

Gillingham, A. K., Bertram, J., Begum, F., and Munro, S. (2019) In vivo
identification of GTPase interactors by mitochondrial relocalization and
proximity biotinylation. Elife 8, e45916

Liu, X., Salokas, K., Tamene, F., Jiu, Y., Weldatsadik, R. G., Ohman, T.,
et al. (2018) An AP-MS- and BiolD-compatible MAC-tag enables
comprehensive mapping of protein interactions and subcellular locali-
zations. Nat. Commun. 9, 1188

Roux, K. J., Kim, D. L, Raida, M., and Burke, B. (2012) A promiscuous
biotin ligase fusion protein identifies proximal and interacting proteins in
mammalian cells. J. Cell Biol 196, 801-810

Wilson, B., Flett, C., Gemperle, J., Lawless, C., Hartshorn, M., Hinde, E.,
et al. (2023) Proximity labelling identifies pro-migratory endocytic recy-
cling cargo and machinery of the Rab4 and Rab11 families. J. Cell Sci. 136,
jcs260468

Xu, D, Li, Y., Wu, L., Li, Y., Zhao, D., Yu, ], et al. (2018) Rab18 promotes
lipid droplet (LD) growth by tethering the ER to LDs through SNARE and
NRZ interactions. /. Cell Biol. 217, 975-995

Gillingham, A. K., Sinka, R., Torres, I. L., Lilley, K. S., and Munro, S.
(2014) Toward a comprehensive map of the effectors of rab GTPases.
Dev. Cell 31, 358-373

Li, D, Zhao, Y. G,, Li, D., Zhao, H., Huang, J., Miao, G., et al. (2019) The
ER-localized protein DFCP1 modulates ER-lipid droplet contact forma-
tion. Cell Rep. 27, 343-358.e5

Zhao, L., and Imperiale, M. J. (2017) Identification of Rabl8 as an
essential host factor for BK polyomavirus infection using a whole-genome
RNA interference screen. mSphere 2, €00291-17

Salo, V. T., Li, S., Vihinen, H., Holttd-Vuori, M., Szkalisity, A., Horvath,
P., et al. (2019) Seipin facilitates triglyceride flow to lipid droplet and
counteracts droplet ripening via endoplasmic reticulum contact. Dev. Cell
50, 478-493.e9

Pulido, M. R., Diaz-Ruiz, A., Jiménez-Gémez, Y., Garcia-Navarro, S.,
Gracia-Navarro, F., Tinahones, F., et al. (2011) Rab18 dynamics in adi-
pocytes in relation to lipogenesis, lipolysis and obesity. PLoS One 6,
€22931

Ozeki, S., Cheng, J., Tauchi-Sato, K., Hatano, N., Taniguchi, H., and
Fujimoto, T. (2005) Rab18 localizes to lipid droplets and induces their
close apposition to the endoplasmic reticulum-derived membrane. /. Cell
Sci. 118, 2601-2611

Martin, S., Driessen, K., Nixon, S. J., Zerial, M., and Parton, R. G. (2005)
Regulated localization of Rabl8 to lipid droplets. J. Biol Chem. 280,
42325-42335

J. Biol. Chem. (2023) 299(11) 105295 19


http://refhub.elsevier.com/S0021-9258(23)02323-2/sref1
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref1
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref2
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref2
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref3
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref3
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref4
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref5
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref6
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref7
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref7
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref7
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref8
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref9
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref10
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref11
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref12
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref12
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref12
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref13
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref14
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref15
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref15
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref15
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref16
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref17
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref18
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref18
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref18
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref19
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref20
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref20
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref20
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref21
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref22
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref23
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref24
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref24
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref24

GEF-dependent RAB18 interactions

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, C, Luo, X., Zhao, S., Siu, G. K, Liang, Y., Chan, H. C,, et al. (2017)
COPI-TRAPPII activates Rab18 and regulates its lipid droplet association.
EMBO ]. 36, 441-457

Roux, K. J., Kim, D. L, Burke, B., and May, D. G. (2018) BioID: a screen for
protein-protein interactions. Curr. Protoc. Protein Sci. 91. https://doi.org/
10.1002/cpps.51

Cox, J., Hein, M. Y., Luber, C. A., Paron, I, Nagaraj, N., and Mann, M.
(2014) Accurate proteome-wide label-free quantification by delayed
normalization and maximal peptide ratio extraction, termed MaxLFQ.
Mol. Cell Proteomics 13, 2513-2526

Carney, D. S, Davies, B. A., and Horazdovsky, B. F. (2006) Vps9 domain-
containing proteins: activators of Rab5 GTPases from yeast to neurons.
Trends Cell Biol. 16, 27-35

Tinti, M., Johnson, C., Toth, R., Ferrier, D. E. K., and Mackintosh, C.
(2012) Evolution of signal multiplexing by 14-3-3-binding 2R-ohnologue
protein families in the vertebrates. Open Biol. 2, 120103

Rossi, V., Banfield, D. K., Vacca, M., Dietrich, L. E. P., Ungermann, C.,
D’Esposito, M., et al. (2004) Longins and their longin domains: regulated
SNAREs and multifunctional SNARE regulators. Trends Biochem. Sci. 29,
682-688

Kim, D. I, Jensen, S. C., Noble, K. A., K¢, B, Roux, K. H., Mota-
medchaboki, K., et al. (2016) An improved smaller biotin ligase for BiolD
proximity labeling. Mol. Biol. Cell 27, 1188-1196

Branon, T. C., Bosch, J. A., Sanchez, A. D., Udeshi, N. D., Svinkina, T.,
Carr, S. A, et al. (2018) Efficient proximity labeling in living cells and
organisms with TurbolD. Nat. Biotechnol. 36, 880—887

Bekbulat, F., Schmitt, D., Feldmann, A., Huesmann, H., Eimer, S.,
Juretschke, T., et al. (2020) RAB18 loss interferes with lipid droplet
catabolism and provokes autophagy Network adaptations. /. Mol. Biol.
432, 1216-1234

Carpanini, S. M., McKie, L., Thomson, D., Wright, A. K., Gordon, S. L.,
Roche, S. L., et al. (2014) A novel mouse model of Warburg Micro
syndrome reveals roles for RAB18 in eye development and organisation of
the neuronal cytoskeleton. Dis. Model Mech. 7, 711-722

Wolfson, R. L., Chantranupong, L., Wyant, G. A., Gu, X., Orozco, ]. M.,
Shen, K., et al. (2017) KICSTOR recruits GATORI to the lysosome and is
necessary for nutrients to regulate mTORCI. Nature 543, 438—442
Palukuri, M. V., Patil, R. S., and Marcotte, E. M. (2022) Molecular
complex detection in protein interaction networks through reinforce-
ment learning. Bioinformatics. https://doi.org/10.1101/2022.06.20.496772
Whitfield, S. T., Burston, H. E., Bean, B. D. M., Raghuram, N., Maldo-
nado-Béez, L., Davey, M., et al. (2016) The alternate AP-1 adaptor sub-
unit Apm?2 interacts with the Mill regulatory protein and confers
differential cargo sorting. Mol. Biol. Cell 27, 588—598

Olkkonen, V. M., Koponen, A., and Arora, A. (2019) OSBP-related pro-
tein 2 (ORP2): unraveling its functions in cellular lipid/carbohydrate
metabolism, signaling and F-actin regulation. J. Steroid Biochem. Mol.
Biol. 192, 105298

Hynynen, R., Suchanek, M., Spandl, J., Back, N., Thiele, C., and Olkko-
nen, V. M. (2009) OSBP-related protein 2 is a sterol receptor on lipid
droplets that regulates the metabolism of neutral lipids. J. Lipid Res. 50,
1305-1315

Wang, T., Wei, Q., Liang, L., Tang, X., Yao, J., Lu, Y., et al. (2020)
OSBPL2 is required for the binding of COPBI to ATGL and the regu-
lation of lipid droplet lipolysis. iScience 23, 101252

Kentala, H., Koponen, A., Vihinen, H., Pirhonen, J., Liebisch, G., Pataj, Z.,
et al. (2018) OSBP-related protein-2 (ORP2): a novel Akt effector that
controls cellular energy metabolism. Cell. Mol. Life Sci. 75, 4041-4057
Dejgaard, S. Y., and Presley, J. F. (2019) Rab18 regulates lipolysis via Arf/
GBF1 and adipose triglyceride lipase. Biochem. Biophys. Res. Commun.
520, 526-531

Guadagno, N. A, Margiotta, A., Bjornestad, S. A., Haugen, L. H,, Kjos, L,
Xu, X., et al. (2020) Rab18 regulates focal adhesion dynamics by inter-
acting with kinectin-1 at the endoplasmic reticulum. J. Cell Biol. 219,
€201809020

. Kentala, H., Koponen, A., Kiveld, A. M., Andrews, R., Li, C., Zhou, Y.,

et al. (2018) Analysis of ORP2-knockout hepatocytes uncovers a novel
function in actin cytoskeletal regulation. FASEB J. 32, 1281-1295

20 J Biol. Chem. (2023) 299(11) 105295

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Takahashi, K., Kanerva, K., Vanharanta, L., Almeida-Souza, L., Lietha, D.,
Olkkonen, V. M., et al. (2021) ORP2 couples LDL-cholesterol transport
to FAK activation by endosomal cholesterol/PI(4,5)P 5 exchange. EMBO .
40, 106871

O’Mahony, F., Wroblewski, K., O'Byrne, S. M., Jiang, H., Clerkin, K,
Benhammou, J., et al. (2015) Liver X receptors balance lipid stores in
hepatic stellate cells through Rabl18, a retinoid responsive lipid droplet
protein. Hepatology 62, 615-626

Escajadillo, T., Wang, H., Li, L., Li, D., and Sewer, M. B. (2016) Oxysterol-
related-binding-protein related Protein-2 (ORP2) regulates cortisol
biosynthesis and cholesterol homeostasis. Mol. Cell Endocrinol. 427,
73-85

Wang, H., Ma, Q., Qi, Y., Dong, J., Du, X,, Rae, J., et al. (2019) ORP2
delivers cholesterol to the plasma membrane in exchange for phospha-
tidylinositol 4, 5-bisphosphate (P1(4,5)P2). Mol. Cell 73, 458—473.e7
Laitinen, S., Lehto, M., Lehtonen, S., Hyvérinen, K., Heino, S., Lehtonen,
E., et al. (2002) ORP2, a homolog of oxysterol binding protein, regulates
cellular cholesterol metabolism. J. Lipid Res. 43, 245255

Hynynen, R., Laitinen, S., Kékeld, R., Tanhuanpad, K., Lusa, S., Ehnholm,
C., et al. (2005) Overexpression of OSBP-related protein 2 (ORP2) in-
duces changes in cellular cholesterol metabolism and enhances endocy-
tosis. Biochem. J. 390, 273—-283

Silve, S., Dupuy, P. H., Labit-Lebouteiller, C., Kaghad, M., Chalon, P.,
Rahier, A., et al. (1996) Emopamil-binding protein, a mammalian protein
that binds a series of structurally diverse neuroprotective agents, exhibits
delta8-delta7 sterol isomerase activity in yeast. . Biol. Chem. 271,
2243422440

Platt, F. M., Wassif, C., Colaco, A., Dardis, A., Lloyd-Evans, E., Bembi, B.,
et al. (2014) Disorders of cholesterol metabolism and their unanticipated
convergent mechanisms of disease. Annu. Rev. Genomics Hum. Genet. 15,
173-194

Shi, H., Wang, H., Zhang, C., Lu, Y., Yao, J., Chen, Z., et al. (2022)
Mutations in OSBPL2 cause hearing loss associated with primary cilia
defects via sonic hedgehog signaling. /CI Insight 7, 149626

Koh, Y. I, Oh, K. S,, Kim, J. A., Noh, B., Choi, H. ], Joo, S. Y., et al. (2022)
OSBPL2 mutations impair autophagy and lead to hearing loss, potentially
remedied by rapamycin. Autophagy 18, 2593-2614

Zhang, C., Zhang, H., Zhang, M., Lin, C., Wang, H., Yao, J., et al. (2019)
OSBPL2 deficiency upregulate SQLE expression increasing intracellular
cholesterol and cholesteryl ester by AMPK/SP1 and SREBF2 signalling
pathway. Exp. Cell Res. 383, 111512

Yao, J., Zeng, H., Zhang, M., Wei, Q., Wang, Y., Yang, H., et al. (2019)
OSBPL2-disrupted pigs recapitulate dual features of human hearing loss
and hypercholesterolaemia. /. Genet. Genomics 46, 379-387

Wang, H., Lin, C, Yao, J., Shi, H,, Zhang, C., Wei, Q., et al. (2019)
Deletion of OSBPL2 in auditory cells increases cholesterol biosynthesis
and drives reactive oxygen species production by inhibiting AMPK ac-
tivity. Cell Death Dis. 10, 627

Wang, T., Zhang, T., Tang, Y., Wang, H., Wei, Q., Lu, Y., et al. (2021)
Oxysterol-binding protein-like 2 contributes to the developmental pro-
gression of preadipocytes by binding to p-catenin. Cell Death Discov. 7,
109

Weber-Boyvat, M., Kroll, J., Trimbuch, T., Olkkonen, V. M., and
Rosenmund, C. (2022) The lipid transporter ORP2 regulates synaptic
neurotransmitter release via two distinct mechanisms. Cell Rep. 41,
111882

Laitinen, S., Olkkonen, V. M., Ehnholm, C., and Ikonen, E. (1999) Family
of human oxysterol binding protein (OSBP) homologues. A novel
member implicated in brain sterol metabolism. J. Lipid Res. 40,
2204-2211

Calkhoven, C. F., Miiller, C., and Leutz, A. (2000) Translational control of
C/EBPa and C/EBP isoform expression. Genes Dev. 14, 1920—1932
Spevak, C. C,, Park, E.-H., Geballe, A. P., Pelletier, J., and Sachs, M. S.
(2006) her-2 upstream open reading frame effects on the use of down-
stream initiation codons. Biochem. Biophys. Res. Commun. 350, 834—841
Vattem, K. M., and Wek, R. C. (2004) Reinitiation involving upstream
ORFs regulates ATF4 mRNA translation in mammalian cells. Proc. Natl.
Acad. Sci. U. S. A. 101, 11269-11274

SASBMB


http://refhub.elsevier.com/S0021-9258(23)02323-2/sref25
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref25
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref25
https://doi.org/10.1002/cpps.51
https://doi.org/10.1002/cpps.51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref27
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref28
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref29
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref30
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref31
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref32
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref33
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref34
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref35
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref35
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref35
https://doi.org/10.1101/2022.06.20.496772
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref37
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref38
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref39
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref40
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref41
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref42
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref43
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref44
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref44
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref44
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref45
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref46
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref47
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref48
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref49
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref50
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref51
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref52
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref53
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref54
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref55
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref56
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref57
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref58
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref59
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref60
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref60
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref60
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref60
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref61
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref61
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref62
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref63
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref63
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref63

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

. Ren, Y, Yip, C. K, Tripathi, A., Huie, D., Jeffrey, P. D., Walz, T, et al.

(2009) A structure-based mechanism for vesicle capture by the multi-
subunit tethering complex Dsl1. Cell 139, 1119-1129

Spang, A. (2012) The DSL1 complex: the smallest but not the least
CATCHR. Traffic 13, 908-913

Yamaguchi, T., Dulubova, I, Min, S.-W., Chen, X., Rizo, J., and Siidhof,
T. C. (2002) Slyl binds to Golgi and ER syntaxins via a conserved N-
terminal peptide motif. Dev. Cell 2, 295-305

Hendershott, M. C., and Vale, R. D. (2014) Regulation of microtubule
minus-end dynamics by CAMSAPs and Patronin. Proc. Natl. Acad. Sci. UL
S. A. 111, 5860-5865

Hueschen, C. L., Kenny, S. J., Xu, K, and Dumont, S. (2017) NuMA
recruits dynein activity to microtubule minus-ends at mitosis. Elife 6,
€29328

Kumar, D., Golchoubian, B., Belevich, I, Jokitalo, E., and Schlaitz, A.-L.
(2019) REEP3 and REEP4 determine the tubular morphology of the
endoplasmic reticulum during mitosis. Mol. Biol. Cell 30, 1377-1389
Lind, G. E., Raiborg, C., Danielsen, S. A., Rognum, T. O., Thiis-Evensen, E.,
Hoff, G., et al. (2011) SPG20, a novel biomarker for early detection of colo-
rectal cancer, encodes a regulator of cytokinesis. Oncogene 30, 3967—-3978
Nicholson, J. M., Macedo, J. C., Mattingly, A. J., Wangsa, D., Camps, .,
Lima, V., et al. (2015) Chromosome mis-segregation and cytokinesis
failure in trisomic human cells. Elife 4, 05068

Schlaitz, A.-L., Thompson, J., Wong, C. C. L., Yates, J. R,, and Heald, R.
(2013) REEP3/4 ensure endoplasmic reticulum clearance from metaphase
chromatin and proper nuclear envelope architecture. Dev. Cell 26,315-323
Urnavicius, L., Zhang, K., Diamant, A. G., Motz, C., Schlager, M. A,, Yu,
M., et al. (2015) The structure of the dynactin complex and its interaction
with dynein. Science 347, 1441-1446

Johansson, M., Lehto, M., Tanhuanpig, K., Cover, T. L., and Olkkonen,
V. M. (2005) The oxysterol-binding protein homologue ORP1L interacts
with Rab7 and alters functional properties of late endocytic compart-
ments. Mol. Biol. Cell 16, 5480-5492

Sobajima, T., Yoshimura, S.-I1, Maeda, T., Miyata, H., Miyoshi, E., and
Harada, A. (2018) The Rabll-binding protein RELCH/KIAA1468 con-
trols intracellular cholesterol distribution. J. Cell Biol. 217, 1777—-1796
Williams, C., Choudhury, R., McKenzie, E., and Lowe, M. (2007) Tar-
geting of the type II inositol polyphosphate 5-phosphatase INPP5B to the
early secretory pathway. /. Cell Sci. 120, 3941-3951

Antonny, B., Bigay, ], and Mesmin, B. (2018) The oxysterol-binding
protein cycle: burning off PI(4)P to transport cholesterol. Annu. Rev.
Biochem. 87, 809-837

Ong, W.-Y.,, Ng, M. P.-E., Loke, S.-Y,, Jin, S., Wu, Y.-J., Tanaka, K., et al.
(2013) Comprehensive gene expression profiling reveals synergistic
functional networks in cerebral vessels after hypertension or hypercho-
lesterolemia. PLoS One 8, e68335

Jin, J., Sison, K., Li, C., Tian, R, Wnuk, M., Sung, H.-K,, et al. (2012)
Soluble FLT1 binds lipid microdomains in podocytes to control cell
morphology and glomerular barrier function. Cell 151, 384—399

Lees, J. A., Messa, M., Sun, E. W., Wheeler, H., Torta, F., Wenk, M. R,,
et al. (2017) Lipid transport by TMEM?24 at ER-plasma membrane
contacts regulates pulsatile insulin secretion. Science 355, eaah6171
Anderson, R., Rust, S., Ashworth, J., Clayton-Smith, J., Taylor, R. L.,
Clayton, P. T., et al. (2019) Lathosterolosis: a relatively mild case with
cataracts and learning difficulties. JIMD Rep. 44, 79—-84

SASBMB

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

GEF-dependent RAB18 interactions

Ho, A. C. C,, Fung, C. W, Siu, T. S,, Ma, O. C. K, Lam, C. W, Tam, S,,
et al. (2014) Lathosterolosis: a disorder of cholesterol biosynthesis
resembling smith-lemli-opitz syndrome. JIMD Rep. 12, 129-134
Brunetti-Pierri, N., Corso, G., Rossi, M., Ferrari, P., Balli, F., Rivasi, F.,
et al. (2002) Lathosterolosis, a novel multiple-malformation/mental
retardation syndrome due to deficiency of 3beta-hydroxysteroid-deltas-
desaturase. Am. . Hum. Genet. 71, 952—958

Krakowiak, P. A., Wassif, C. A., Kratz, L., Cozma, D., Kovarovi, M.,
Harris, G., et al. (2003) Lathosterolosis: an inborn error of human and
murine cholesterol synthesis due to lathosterol 5-desaturase deficiency.
Hum. Mol. Genet. 12, 1631-1641

Rossi, M., D’Armiento, M., Parisi, L, Ferrari, P., Hall, C. M., Cervasio, M.,
et al. (2007) Clinical phenotype of lathosterolosis. Am. J. Med. Genet. A.
143A, 2371-2381

Nowaczyk, M. ], and Wassif, C. A. (1993) Smith-Lemli-Opitz Syndrome.
In: Adam, M. P., Mirzaa, G. M., Pagon, R. A., Wallace, S. E., Bean, L. ],
et al. eds. GeneReviews*, University of Washington, Seattle, Seattle (WA)
Ran, F. A, Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A, and Zhang, F.
(2013) Genome engineering using the CRISPR-Cas9 system. Nat. Protoc.
8, 2281-2308

Richter, K. N., Revelo, N. H., Seitz, K. J., Helm, M. S., Sarkar, D.,
Saleeb, R. S., et al. (2018) Glyoxal as an alternative fixative to form-
aldehyde in immunostaining and super-resolution microscopy. EMBO
J. 37, 139-159

Sanjana, N. E., Shalem, O., and Zhang, F. (2014) Improved vectors and
genome-wide libraries for CRISPR screening. Nat. Methods 11, 783-784
Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathir-
ana, S., Kundu, D. ], et al. (2019) The PRIDE database and related tools
and resources in 2019: improving support for quantification data. Nucleic
Acids Res. 47, D442-D450

The FANTOM Consortium and the RIKEN PMI and CLST (DGT)
(2014) A promoter-level mammalian expression atlas. Nature 507,
462-470

Michel, A. M., Fox, G., Kiran, A. M., De Bo, C,, O'Connor, P. B. F,,
Heaphy, S. M., et al. (2014) GWIPS-viz: development of a ribo-seq
genome browser. Nucleic Acids Res. 42, D859-D864

Koponen, A, Pan, G., Kiveld, A. M., Ralko, A., Taskinen, J. H., Arora, A.,
et al. (2020) ORP2, a cholesterol transporter, regulates angiogenic
signaling in endothelial cells. FASEB J. 34, 1467114694

Shi, H, Wang, H., Yao, J., Lin, C, Wei, Q., Lu, Y. et al. (2020)
Comparative transcriptome analysis of auditory OC-1 cells and zebrafish
inner ear tissues in the absence of human OSBPL2 orthologues. Biochern.
Biophys. Res. Commun. 521, 42—49

Weber-Boyvat, M., Trimbuch, T., Shah, S., Jantti, J., Olkkonen, V. M., and
Rosenmund, C. (2021) ORP/Osh mediate cross-talk between ER-plasma
membrane contact site components and plasma membrane SNAREs.
Cell. Mol. Life Sci. 78, 1689-1708

Koponen, A., Arora, A., Takahashi, K., Kentala, H., Kiveld, A. M., Jaas-
keldinen, E., et al. (2019) ORP2 interacts with phosphoinositides and
controls the subcellular distribution of cholesterol. Biochimie 158,
90-101

Ng, B. G, Lourengo, C. M., Losfeld, M.-E., Buckingham, K. J., Kircher, M.,
Nickerson, D. A., et al. (2019) Mutations in the translocon-associated
protein complex subunit SSR3 cause a novel congenital disorder of
glycosylation. J. Inherit. Metab. Dis. 42, 993-997

J. Biol. Chem. (2023) 299(11) 105295 21


http://refhub.elsevier.com/S0021-9258(23)02323-2/sref64
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref64
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref64
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref65
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref65
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref66
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref66
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref66
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref67
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref67
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref67
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref68
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref68
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref68
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref69
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref69
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref69
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref70
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref70
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref70
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref71
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref71
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref71
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref72
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref72
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref72
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref73
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref73
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref73
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref74
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref74
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref74
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref74
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref75
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref75
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref75
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref76
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref76
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref76
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref77
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref77
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref77
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref78
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref78
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref78
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref78
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref79
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref79
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref79
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref80
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref80
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref80
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref81
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref81
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref81
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref82
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref82
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref82
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref83
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref83
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref83
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref83
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref84
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref84
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref84
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref84
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref85
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref85
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref85
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref86
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref86
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref86
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref87
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref87
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref87
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref88
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref88
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref88
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref88
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref89
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref89
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref90
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref90
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref90
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref90
http://refhub.elsevier.com/S0021-9258(23)02323-2/optVvHva3u2UT
http://refhub.elsevier.com/S0021-9258(23)02323-2/optVvHva3u2UT
http://refhub.elsevier.com/S0021-9258(23)02323-2/optVvHva3u2UT
http://refhub.elsevier.com/S0021-9258(23)02323-2/optogaji5v6Eh
http://refhub.elsevier.com/S0021-9258(23)02323-2/optogaji5v6Eh
http://refhub.elsevier.com/S0021-9258(23)02323-2/optogaji5v6Eh
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt5o0as2QPvD
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt5o0as2QPvD
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt5o0as2QPvD
http://refhub.elsevier.com/S0021-9258(23)02323-2/optorrWxVH47X
http://refhub.elsevier.com/S0021-9258(23)02323-2/optorrWxVH47X
http://refhub.elsevier.com/S0021-9258(23)02323-2/optorrWxVH47X
http://refhub.elsevier.com/S0021-9258(23)02323-2/optorrWxVH47X
http://refhub.elsevier.com/S0021-9258(23)02323-2/optu5Q5J6kqZS
http://refhub.elsevier.com/S0021-9258(23)02323-2/optu5Q5J6kqZS
http://refhub.elsevier.com/S0021-9258(23)02323-2/optu5Q5J6kqZS
http://refhub.elsevier.com/S0021-9258(23)02323-2/optu5Q5J6kqZS
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt7QdKq1FyaP
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt7QdKq1FyaP
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt7QdKq1FyaP
http://refhub.elsevier.com/S0021-9258(23)02323-2/opt7QdKq1FyaP
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref91
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref91
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref91
http://refhub.elsevier.com/S0021-9258(23)02323-2/sref91

	Comparative proximity biotinylation implicates the small GTPase RAB18 in sterol mobilization and biosynthesis
	Results
	An inventory of RAB18–GEF-dependent RAB18-associated proteins in HeLa cells
	Validation screening of RAB3GAP-dependent RAB18 associations reveals reduced levels of SPG20 in RAB18-null and TBC1D20-null ...
	SEC22A associates with RAB18, and its knockdown causes altered LD morphology
	RAB18 recruits the orphan lipase TMCO4 to the ER membrane in an RAB3GAP-dependent manner
	RAB18 is involved in cholesterol mobilization and biosynthesis
	ORP2 is required for RAB18-mediated cholesterol biosynthesis

	Discussion
	Experimental procedures
	Plasmids
	Antibodies and reagents
	Cell culture
	Generation of clonal “knockout” HeLa and RPE1 cell lines
	BirA∗/BioID proximity labeling (HeLa cells)
	MS
	Analysis
	Cell labeling
	Immunofluorescence microscopy
	Confocal microscopy—live cell imaging
	Immunoprecipitation
	Generation of stable CHO cell lines
	Generation of stable T-Rex-293 cell lines
	Lipid-loading experiments
	Sterol analysis (HeLa cells)
	GC–flame ionization detector and GC–MS–SIM sterol and stanol analysis (fibroblasts)
	Lentivirus generation and transduction
	Western blotting

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


