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Cholesterol biosynthesis is a high-cost process and, therefore,
tightly regulated by both transcriptional and posttranslational
negative feedback mechanisms in response to the level of cellular
cholesterol. Squalene monooxygenase (SM, also known as squalene
epoxidase or SQLE) is a rate-limiting enzyme in the cholesterol
biosynthetic pathway and catalyzes epoxidation of squalene. The
stability of SM is negatively regulated by cholesterol via its
N-terminal regulatory domain (SM-N100). In this study, using a
SM-luciferase fusion reporter cell line, we performed a chemical
genetics screen that identified inhibitors of SM itself as up-regulators
of SM. This effect was mediated through the SM-N100 region,
competed with cholesterol-accelerated degradation, and required
the E3 ubiquitin ligase MARCH6. However, up-regulation was not
observed with statins, well-established cholesterol biosynthesis
inhibitors, and this pointed to the presence of another mechanism
other than reduced cholesterol synthesis. Further analyses revealed
that squalene accumulation upon treatment with the SM inhibitor
was responsible for the up-regulatory effect. Using photoaffinity
labeling, we demonstrated that squalene directly bound to the N100
region, thereby reducing interaction with and ubiquitination by
MARCHS6. Our findings suggest that SM senses squalene via its N100
domain to increase its metabolic capacity, highlighting squalene as a
feedforward factor for the cholesterol biosynthetic pathway.
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holesterol is essential as a component of cellular membranes

and precursor for physiologically important steroids, including
oxysterols, steroid hormones, and bile acids, but cholesterol can
also be toxic in excess. Therefore, cholesterol homeostasis is tightly
regulated by intricate networks of feedback loops at both tran-
scriptional and posttranslational levels. Transcriptionally, a large
number of genes involved in cholesterol biosynthesis or cholesterol
uptake are controlled by the master transcriptional regulators,
sterol-regulatory element binding proteins (SREBPS), in a sterol-
responsive manner (1). In addition to this relatively slow feedback
mechanism, cells have developed posttranslational mechanisms
that act on a shorter time scale, in which the degradation of several
cholesterol biosynthetic enzymes is accelerated in response to
higher levels of cholesterol and/or oxysterols (2-6).

Squalene monooxygenase (SM, also known as squalene epoxidase
or SQLE; EC:1.14.14.17) is a second rate-limiting enzyme in the
cholesterol biosynthetic pathway and catalyzes epoxidation of
squalene downstream of the first rate-limiting enzyme, 3-hydroxy-
3-methylglutaryl-CoA reductase. Recent studies have revealed that
SM is subjected to negative feedback regulation via accelerated
degradation under cholesterol-rich conditions. SM senses excess
cholesterol in the endoplasmic reticulum (ER) membrane through
its N-terminal 100-residue regulatory region (SM-N100), and al-
ters its own stability depending on the cholesterol concentration
(5, 7, 8). Membrane-associated ring-CH type finger 6 (MARCHG6)
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is the cognate E3 ligase for SM (9, 10), catalyzing its ubiquitination
in the N100 region (11).

Despite its importance in cholesterol-accelerated degradation,
the structure and function of the SM-N100 region has not been
fully resolved. Thus far, biochemical analyses have revealed the
presence of a reentrant loop anchoring SM to the ER membrane
and an amphipathic helix required for cholesterol-accelerated
degradation (7, 8), while X-ray crystallography has revealed the
architecture of the catalytic domain of SM (12). However, the
highly hydrophobic and disordered nature of the N100 region
has hampered purification and structural analysis of this region
or full-length SM (12, 13). To fully understand how SM-N100
functions and how SM proteostasis is regulated, different multi-
disciplinary approaches may assist.

In the present study, we used a chemical genetics approach to
identify a regulatory factor of SM proteostasis. Screening of a
library of bioactive compounds identified inhibitors of human
SM itself as having a stabilizing effect on SM. Further analyses
revealed that squalene, a cholesterol synthesis intermediate and
SM substrate that accumulates upon SM inhibition, was responsible
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A chemical screen identifies SM inhibitors as SM stabilizers. (A) HEK293 cells stably expressing SM-ELuc were treated with 1 pM or 10 pM test

compounds for 16 h, and expression levels were quantified by luciferase assay. Hit compounds were those with a reproducible robust Z score of >5. (B)
HEK293 cells stably expressing SM-ELuc were treated with the indicated concentrations of SM inhibitors for 16 h, and expression levels were quantified by
luciferase assay (mean + SD; n = 3 independent experiments). ECso values are mean + SD (n = 3 independent experiments). N.D., not determined.

for the stabilization, and the effect was mediated through the N100
region. Analyses using photoaffinity labeling demonstrated that
squalene directly bound to the SM-N100 region in a specific
manner, supporting a model in which squalene binding reduces
interaction with MARCHG6 and subsequent degradation. These
findings indicate that SM senses squalene abundance via its
N-terminal regulatory domain to increase the metabolic capacity
at this step. Squalene, previously considered to be a relatively inert
intermediate in cholesterol biosynthesis, may therefore have a
more active role in regulating cholesterol synthesis as a key factor
in a local feedforward mechanism.

Results

A Chemical Screen Identifies SM Inhibitors as SM Stabilizers. To
understand how SM stability is regulated, we performed chemical
genetic screening of 768 Food and Drug Administration (FDA)-
approved drugs of known bioactivities using a luciferase-based
assay monitoring SM stability. We stably transfected HEK293
cells with a plasmid encoding SM fused to emerald luciferase
(SM-ELuc) (14, 15) under the control of a constitutive CMV
promoter. This cell line allows sensitive monitoring of SM-ELuc
expression by its luciferase activity in a high-throughput manner.
From a screen of the library at 1 and 10 pM concentrations, we
identified four potential hit compounds that gave a reproducible
up-regulatory effect, including in follow-up assays using freshly
purchased compounds (Fig. 14). The four hits included two in-
hibitors of fungal SM, terbinafine and butenafine, the protea-
some inhibitor bortezomib, and the histone deacetylase (HDAC)
inhibitor vorinostat. Considering that SM turnover is primarily

mediated through the proteasome-dependent ER-associated
degradation (ERAD) pathway, we excluded bortezomib from
later analyses as an obvious hit. We also excluded vorinostat as
HDAC inhibitors can affect the activity of CMV promoters (16)
and, therefore, could confound SM-ELuc reporter results, in ad-
dition to affecting global cellular proteostasis capacity, which
would likely influence SM stability (17, 18).

Focusing on the SM inhibitors terbinafine and butenafine,
we next examined their dose-dependent up-regulatory effect.
Naftifine, another fungal SM inhibitor, was also tested. As fungal
SM inhibitors tend to be relatively weak inhibitors of the human
enzyme, we further tested the dose-dependent effects of NB-598,
which has been developed as a highly potent inhibitor of human
SM with in vitro inhibitory potency in the low nanomolar range
(19). Each of the tested SM inhibitors up-regulated SM, and
more potent inhibitors against human SM (20) stabilized SM more
potently (ECsy for NB-598, 6.1 nM), suggesting that the observed
up-regulation was likely mediated through the on-target inhibition
of human SM (Fig. 1B).

NB-598 Up-Regulates SM Independent of the C-Terminal Catalytic
Domain. The cholesterol-accelerated degradation of SM is me-
diated through the N-terminal regulatory domain, which consists
of the first 100 residues (SM-N100). When SM-N100 is fused with
other proteins, it confers susceptibility to cholesterol-accelerated
degradation (5), indicating that this domain is a cholesterol-
dependent degron (Fig. 24). To determine if the up-regulatory
effect by NB-598 is also mediated through this domain, we pre-
pared two deletion mutant constructs of SM-ELuc, SM-N100-ELuc
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Fig. 2. The N-terminal regulatory domain of SM is sufficient for NB-598-mediated up-regulation. (A) Schematic representation of predicted SM topology. (B)
Schematic representation of SM-ELuc deletion constructs. (C) HEK293 cells stably expressing SM-ELuc, SM-N100-ELuc, or SM-AN100-ELuc were treated with
the indicated concentrations of NB-598 for 16 h, and expression levels were quantified by luciferase assay (mean + SD; n = 3 independent experiments). (D)
HEK293 cells stably expressing SM-N100-GFP-V5 were treated with the indicated concentrations of NB-598 for 16 h, and protein levels were determined by

immunoblotting. For quantification, see S/ Appendix, Fig. S1.
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and SM-AN100-ELuc, and examined their behavior in the presence
of varying concentrations of NB-598 (Fig. 2B). NB-598, which
tightly binds to the active site of SM (12), up-regulated SM-
AN100-ELuc with an ECsq of 0.44 nM (Fig. 2C). This observa-
tion is consistent with the fact that stabilization of the SM cata-
lytic domain by NB-598 has been observed using in vitro thermal
shift assays (12), and with the previously reported stabilization of
receptors or enzymes upon binding of their ligands in living cells
(21-24). Interestingly, NB-598 also up-regulated the SM-N100
regulatory domain in two different cell lines stably expressing
SM-N100-ELuc (ECsy 1.3 nM) or SM-N100-GFP-V5 (ECs 18
nM) constructs (Fig. 2 C and D and SI Appendix, Fig. S1). Sta-
bilization of endogenous SM also occurred (Fig. 2D), confirming
the relevance of the effect to the native enzyme. While detecting
endogenous SM, we observed a second, lower-molecular weight
band that was derived from SM (SI Appendix, Fig. S2) and more
sensitive to NB-598 than the full-length protein (Fig. 2D). This
truncated protein likely lacks the N100 domain, as the antibody
used for detection was targeted against the SM catalytic domain
and the shift in molecular weight was consistent with the loss of
this fragment. Therefore, its stronger stabilization by NB-598 is
consistent with that of SM-AN100-ELuc, perhaps due to the
inherent stability conferred by the absence of the N100 degron.
Together, our data indicated that in addition to direct binding
and stabilization of the catalytic domain by NB-598, the SM-
N100 region also mediated the stabilizing effects of the inhibitor.

NB-598-Mediated Stabilization Is Dependent on the Availability of
Cholesterol Biosynthetic Intermediates. As SM-N100 is a cholesterol-
responsive region, its stabilization by NB-598 highlights a possible
regulatory role. To investigate this further, we tested the effects of
NB-598 in medium containing lipoprotein-deficient serum
(LPDS). Lacking cholesterol, LPDS prevents the uptake of
cholesterol from the extracellular environment, inducing cho-
lesterol depletion and activation of the SREBP pathway. This
leads to up-regulation of cholesterogenic genes and increased
flux through cholesterol synthesis. In LPDS, stabilization of
SM-N100 and endogenous SM by NB-598 was greater than in
medium containing normal, full serum (Fig. 34). However,
blocking cholesterol synthesis with the statin compactin pre-
vented NB-598 from stabilizing these proteins in LPDS. This
indicated that activity of the cholesterol synthesis pathway is
required for the stabilizing effects of NB-598.

Next, we observed that pretreatment with NB-598 blunted the
cholesterol-mediated degradation of SM-N100 and endogenous
SM (Fig. 3B). This suggested that the mechanism of NB-598-
mediated stabilization competes with the effects of cholesterol,
perhaps by relying on similar effectors.

Stabilization of SM-N100 Is Mediated by Squalene Accumulation. As
an active cholesterol synthesis pathway is required for the sta-
bilizing effects of NB-598, we inhibited a number of steps in the
pathway and measured SM-N100-ELuc stability (Fig. 44). Only
NB-598 significantly stabilized SM-N100-ELuc (Fig. 4B), impli-
cating the intermediate upstream of SM, squalene, in this effect.

While levels of squalene were near the lower limits of de-
tection in vehicle-treated cells (~200 pg of squalene per pg of
cellular protein), NB-598 treatment induced a dramatic and
dose-dependent 30-fold accumulation, consistent with inhibition
of SM activity (Fig. 4C and SI Appendix, Fig. S3, ECs, for
squalene accumulation 13 nM). Significantly, we noted that
SM-N100-ELuc luminescence increased in a nonlinear, saturable
manner in response to the accumulation of squalene (Fig. 4D).
This implied that SM-N100-ELuc stability increases even with
small increases in squalene levels. These data showed that ac-
cumulated squalene is likely to be responsible for the stabiliza-
tion of SM-N100 by NB-598.
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Fig. 3. NB-598-mediated stabilization of SM-N100 depends on the avail-
ability of cholesterol biosynthetic intermediates. (A) HEK293 cells stably
expressing SM-N100-GFP-V5 were conditioned in medium containing fetal
calf serum (FCS), LPDS, or LPDS plus 5 pM compactin and 50 pM mevalonate
for 8 h, then treated in conditioning medium with or without 1 pM NB-598
for 16 h. Graph shows densitometric representation of immunoblot of SM-
N100-GFP-V5 levels. Data were normalized to NB-598-mediated stabilization
in the FCS condition, which was set to 100%. Black lines and error bars de-
note mean + SEM, and gray open triangles denote raw data points from
each of n =5 independent experiments (+P < 0.1, *P < 0.05, **P < 0.01, two-
sided paired t test versus FCS with the Benjamini-Hochberg p adjustment for
multiple comparison). (B) HEK293 cells stably expressing SM-N100-GFP-V5
were conditioned in medium with or without 1 pM NB-598 for 16 h, then
treated in conditioning medium with or without 20 pg/mL Chol/CD for 8 h.
Graph shows densitometric representation of immunoblot of SM-N100-GFP-
V5 cholesterol regulation. Data were normalized to cholesterol-mediated
degradation in the vehicle condition, which was set to 100% (mean =+
SEM; n = 9 independent experiments; **P < 0.01, two-sided paired t test
versus vehicle). Gray open triangles denote raw data points.

We further tested this hypothesis by inhibiting squalene synthase
(SQS), the enzyme preceding SM. Inhibiting SQS with TAK-475
eliminated the stabilization of SM-N100 by NB-598 (Fig. 4E, gray
filled circle); however, supplementation of exogenous squalene
restored stabilization by NB-598 (Fig. 4E, red filled triangle) to
levels comparable to NB-598 treatment alone (Fig. 4F, black
cross). These data clearly support the requirement of squalene for
NB-598-mediated stabilization. Even in the absence of TAK-475,
supplementation of exogeneous squalene resulted in additional
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Fig. 4. Squalene accumulation mediates the stabilization of SM-N100 by NB-598. (A) Schematic representation of cholesterol biosynthesis enzymes and their
inhibitors. (B) HEK293 cells stably expressing SM-N100-ELuc were treated with or without 1 uM inhibitor for 16 h, and expression levels were quantified by
luciferase assay (black circles and error bars denote mean + SD; n = 3 independent experiments). Multiple comparisons were performed using a Dunn Kruskal-
Wallis test, and P values were adjusted based on the Benjamini-Hochberg correction (n = 3 independent experiments, *P < 0.05). (C) HEK293 cells stably
expressing SM-N100-ELuc were treated with the indicated concentrations of NB-598 for 16 h, nonsaponifiable lipids were extracted, and squalene levels were
analyzed using GC-MS (black circles and error bars denote mean + SD; n = 3-4 independent experiments). See also S/ Appendix, Fig. S2. (D) Correlation
between squalene levels (from C) and SM-N100-ELuc levels (from Fig. 2C). Black circles and error bars indicate mean + SD; black line indicates regression fit of
a baseline-shifted Michaelis-Menten equation (y = 59 + 111x/[x + 0.12]). (E) HEK293 cells stably expressing SM-N100-ELuc were treated with the indicated
concentrations of NB-598, with or without 10 pM TAK-475 and/or 300 pM squalene, as indicated for 16 h, and expression levels were quantified by luciferase
assay (black circles and error bars denote mean + SD; n = 3 independent experiments). Data were normalized to the vehicle condition (-TAK-475, -squalene,

and 0 nM NB-598).

stabilization over NB-598 alone (Fig. 4E, blue filled circle). This
also occurred for endogenous SM, likely due to the presence of
NB-598 preventing metabolic consumption of the added squalene
and, therefore, enhancing its stabilizing effects (SI Appendix, Fig.
S4). Using TAK-475 cotreatment to separate squalene-mediated
stabilization of the N100 domain from direct stabilization of the
catalytic domain by NB-598, we also observed a larger contribution
(>60%) of squalene-mediated stabilization for full-length SM-ELuc
(SI Appendix, Fig. S5). Collectively, it is evident that NB-598—
induced squalene accumulation mediates SM-N100 stabilization.

Squalene-Mediated Stabilization of SM Occurs at the ER Membrane.
We have previously shown that SM-N100 localizes to the ER
membrane (25). To examine if the squalene-mediated stabiliza-
tion of SM-N100 also occurs at the ER membrane, we analyzed
the distribution of SM-N100 using sucrose gradient subcellular
fractionation in the absence or presence of accumulated squalene.
Analysis of the fractions clearly showed that both SM-N100-ELuc
and endogenous SM codistributed with calnexin, an ER mem-
brane marker, but not with soluble proteins, plasma membranes,
or Golgi markers (Fig. 5 and SI Appendix, Fig. S6). Although ly-
sosomal membranes overlapped with ER membranes under the
fractionation conditions, as reported previously (26, 27), immu-
nocytochemical staining also supported the colocalization of SM-
N100-ELuc with the ER marker (SI Appendix, Fig. S7). While SM
has been reported to associate with lipid droplets (28), stabilization
of SM occurred almost exclusively in the heavy, ER-enriched
fractions and not in the lightest fraction, where lipid droplets are
generally observed (29), arguing against the involvement of lipid
droplets in this process. Inhibition of diacylglycerol acyltransferase,
an enzyme required for lipid droplet biogenesis (30), also had no
effect on the stabilization of SM-N100-ELuc by NB-598 (SI Ap-
pendix, Fig. S8), further confirming the dispensability of lipid
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droplets. Thus, we concluded that intracellular accumulation of
squalene stabilizes SM at the ER membrane.

NB-598 and Squalene Stabilize SM-N100 by Blunting MARCH6 Interaction
and Ubiquitination. MARCHG is an ER-resident E3 ubiquitin ligase,
which ubiquitinates SM (9) at the SM-N100 regulatory domain,
targeting it for degradation (10, 11). Therefore, we hypothesized
that squalene accumulation may stabilize SM-N100 by disrupting
its MARCH6-mediated degradation.

Knockdown of MARCH6 gene expression stabilized SM-N100
and endogenous SM but reduced the stabilizing effects of NB-598
treatment (Fig. 64), suggesting that squalene stabilizes SM-N100
in a MARCH6-dependent manner. We next examined the in-
teraction between SM-N100 and MARCHG6 and found that while
SM-N100 levels increased following NB-598 treatment (Fig. 6B,
Input), there was no corresponding increase in MARCHG6 inter-
action (Fig. 6B, Pellet). Accordingly, quantification showed that a
smaller proportion of total SM-N100 was coimmunoprecipitated
with MARCHS6 (Fig. 6 B, Lower Right), indicating that squalene
accumulation blunts their interaction.

In line with reduced MARCHS6 interaction, exogenous squa-
lene reduced the ubiquitination of SM-N100 (Fig. 6C). Collec-
tively, these data showed that squalene and NB-598 regulate
SM-N100 stability by interfering with its degradation by MARCHS.

Squalene Directly Binds to SM-N100 to Stabilize It. Next, we exam-
ined the specificity of the stabilizing effect of squalene by com-
paring it with its saturated analog, squalane. While squalene up-
regulated SM-N100, squalane did not have a significant effect (Fig.
7B) despite its similar biophysical behavior (31). The specificity of
squalene over squalane led us to hypothesize that squalene directly
binds to SM-N100 to modulate the stability of the N100 domain.
To test this hypothesis, we synthesized a photoaffinity probe of
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Fig. 5. Squalene-mediated stabilization occurs at the ER. (A) HEK293 cells
stably expressing SM-N100-FLAG-ELuc were treated with or without 1 pM
NB-598 for 16 h, and cell homogenates were fractionated by sucrose gradient
ultracentrifugation. Fractions were collected and analyzed for the presence of
SM-N100-FLAG-ELuc and endogenous SM by immunoblotting. Open arrow-
heads denote SM-N100-FLAG-ELuc or endogenous, full-length SM. Asterisk
indicates a nonspecific band. Note that the fractions 5-6 showed higher
background due to larger amount of total protein in the fractions. (B) The
presence of the indicated organelle markers in cell fractions was quantified by
immunoblotting or enzyme assays (see also S/ Appendix, Fig. S6). Data are
representative of n = 2 independent experiments with similar results.

squalene (SqBPY-153) and the corresponding saturated analog
(SqBPY-150) as a negative-control probe (Fig. 74 and SI Appendix,
Supplementary Materials and Methods). SqBPY-153 up-regulated
SM-N100, whereas the saturated analog SqBPY-150 had no
detectable effect, consistent with the specificity observed for squalene
and squalane (Fig. 7B).

We next conducted photoaffinity-labeling experiments to ex-
amine if squalene and SqBPY-153 directly interact with SM-N100.
SqBPY-153 labeled SM-N100 in an ultraviolet (UV)-dependent
manner, while the inactive probe SqBPY-150 did not show sig-
nificant labeling (Fig. 7C), again recapitulating the specificity ob-
served for the up-regulatory effect (Fig. 7B). Furthermore, the
SqBPY-153-mediated labeling was reduced by competition with
squalene (Fig. 7D), clearly supporting the specific binding of
squalene to SM-N100. We also found that oxygenated deriva-
tives of squalene, which accumulate upon treatment with the
oxidosqualene cyclase inhibitor BIBB-515, stabilized SM-N100
and competed with SqBPY-153 labeling (SI Appendix, Fig. S9).
Together, these results demonstrated that squalene stabilizes the
SM-N100 domain via direct binding.

Discussion

This work provides mechanistic insights into the regulation of
human SM, an essential rate-limiting enzyme of cholesterol
synthesis that is implicated in disease (32-35). The substrate of
SM, squalene, is known to bind to the catalytic domain of SM.
However, guided by chemical genetics (36, 37), we uncovered a
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mechanism by which squalene stabilizes SM via its noncatalytic
N-terminal regulatory domain, SM-N100, providing evidence
that an enzyme can be stabilized by its substrate binding to a site
other than its active site.

Direct Binding of Squalene to SM. Squalene and its saturated an-
alog squalane have been proposed to localize to the midplane of
the lipid bilayer (31) and to affect membrane properties, thereby
promoting lipid droplet budding from the ER membrane (38).
Our data demonstrated that stabilization of SM-N100 was specif-
ically observed with squalene and not with squalane (Fig. 7.4 and
B). In addition to squalene, we also noted that several oxygen-
ated and more polar squalene analogs, including SqBPY-153 and
oxidosqualene, stabilized SM-N100 and competed with the label-
ing (SI Appendix, Fig. S9). Although we cannot completely rule
out contributions from other mechanisms, this selectivity argues
against a membrane-mediated effect of squalene. Rather, our
photoaffinity-labeling data suggests that the SM-N100 region
creates a binding pocket that specifically recognizes squalene. A
plausible physiological rationale for squalene-mediated stabili-
zation of SM is that it would ensure sufficient SM levels to clear
accumulated substrate (squalene).

During this study, we also observed a truncated form of en-
dogenous SM (Figs. 2, 3, and 5 and SI Appendix, Figs. S2 and S4)
that was strongly stabilized by NB-598, likely by its binding at the
catalytic domain. Based on current evidence, we propose that
this protein lacks the N100 degron of full-length SM, which is
consistent with its strong stabilization by NB-598 (Fig. 2) and
insensitivity to cholesterol treatment (Fig. 3). The origin of this
truncated form of SM is currently under investigation.

Generalizing Findings to Other Lipids. The extent to which our
findings can be generalized to other lipids that regulate SM is an
important question. The degradation of SM is accelerated by
cholesterol, requiring SM-N100 and MARCHS6. Previously, we
reported that SM senses membrane cholesterol (39), and that
the SM-N100 amphipathic helix and reentrant loop undergo
conformational changes with cholesterol excess (7, 8). Our cur-
rent work clearly indicates that SM-N100 is more than just a
cholesterol sensor (Fig. 8C). Indeed, unsaturated fatty acids and
plasmalogens also alter SM protein stability (40, 41). Overall,
SM has the ability to sense a variety of lipid species, and whether
they all converge at a specific mechanism merits further in-
vestigation. Certainly, the blunting effect of squalene on cholesterol-
mediated degradation of SM-N100 (Figs. 3B and 8D) is consistent
with reduced MARCHS6 interaction and ubiquitination (Fig. 6
A-C), given that this degradation is almost solely dependent on
MARCHS6 (10).

Implications for Other Studies. Although the structure of the cat-
alytic domain of SM with NB-598 was recently published, the
SM-N100 region has remained refractory to crystallization (12).
Yet structural analyses should provide a clearer understanding of
how SM-N100 senses squalene. Our finding that squalene sta-
bilizes the SM-N100 domain may facilitate the purification and
crystallization of this hydrophobic and disordered domain (42).

Squalene has long been used as an excipient for pharmaceu-
tical applications, especially for the delivery of vaccines and
drugs (43). However, as our work here indicates, it is more than
an inert hydrocarbon and is being intently researched, including
as an active ingredient in functional foods (44).

Much of the squalene exogenously added to cell culture is
unlikely to be available to cells, as is often noted for sterols (45,
46). By contrast, inhibition of SM by NB-598 maximizes the in-
tracellular accumulation of squalene, as shown by the ~30-fold
increase in total squalene abundance following NB-598 treatment
(Fig. 4C). Although our results support the allosteric stabilization
of SM by squalene at the ER membrane (Fig. 5), further studies
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are required to directly address if such a feedforward regula-
tion operates within physiological levels of endogenous squalene.
Analysis of dose dependency does not adequately address this is-
sue, as we must understand how squalene distributes within cells as
well as local concentrations of squalene in the ER membrane,
analogous to the distinct pools of cellular cholesterol (26).
Although the association of SM with lipid droplets has been
reported, as has the accumulation of squalene in these com-
partments (28, 34, 38), we excluded a role for lipid droplet dy-
namics in squalene-mediated stabilization within our HEK293
cell models, which do not actively synthesize lipid droplets. In
other cell types that produce a larger amount of lipid droplets,
such as adipocytes, there may exist a cell type- or organ-specific
role for squalene-lipid droplet dynamics in the regulation of SM
proteostasis, offering an interesting area for further study.
Supporting the physiological relevance of its regulation by
squalene, SM-N100 is responsive to small changes in squalene
abundance: A 50% stabilization of SM-N100-ELuc occurred when
squalene levels increased from ~70 to ~500 pg/g of total protein
(Fig. 4D). There are several scenarios in which changes in squalene
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levels are likely to occur. First, given that SM is a rate-limiting
enzyme in cholesterol biosynthesis (5), squalene levels will vary
with the ebbs and flows of pathway flux. This includes the sup-
pression of the pathway in response to LDL-cholesterol, which
induces acute squalene accumulation (5). Under these circum-
stances, squalene-mediated stabilization of SM may increase the
capacity of cells to rapidly resume the synthesis of cholesterol
when its levels become limiting. Second, cholesterol synthesis
is subject to diurnal variation, with threefold higher levels of
lipoprotein-associated squalene during nighttime hours than dur-
ing the day (47). Third, squalene concentrations are highly variable
across human tissue types, ranging from ~7 pg/g of dry weight in
spleen to ~75 pg/g in liver and ~500 pg/g in skin, the latter two
being notable sites of active cholesterol synthesis (48). Many of
these concentrations are similar to those at which SM-N100 is
most sensitive to squalene accumulation (Fig. 4D); therefore,
squalene may assist in fine-tuning cell type- and tissue-specific
rates of cholesterol synthesis according to supply and demand.
Given that molecular oxygen is required for the catalytic ac-
tivity of SM, one situation in which squalene accumulation can
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Fig. 6. Squalene stabilizes SM-N100 by blunting its interaction with MARCH6 and ubiquitination. (A) HEK293 cells stably expressing SM-N100-GFP-V5 were
transfected with the indicated siRNA for 24 h and then treated with or without 1 pM NB-598 for 16 h. Graph shows densitometric representation of Western blot
of SM-N100-GFP-V5 fold stabilization. Data were normalized to the vehicle condition, which was set to 100% (mean + SEM; n = 5 independent experiments; *P <
0.05, paired t test versus control siRNA). (B) HEK293 cells stably expressing SM-N100-GFP-V5 were transfected with MARCH6-myc for 24 h and treated with or
without 1 uM NB-598 for 16 h. Equal protein amounts were immunoprecipitated using anti-myc antibody or anti-mTOR antibody as a specificity control, followed
by immunoblotting. Graphs show densitometric representation of SM-N100-GFP-V5 levels in immunoprecipitation input, and relative interaction with MARCH6-
myc. Data were normalized to the vehicle condition, which was set to 100% (mean + SEM; n = 3 independent experiments; *P < 0.1, **P < 0.01, paired t test versus
vehicle). (C) HEK293 cells or HEK293 cells stably expressing SM-N100-FLAG-ELuc were treated with or without 300 1M squalene, in the presence of 10 pM CB-5083,
1 uM NB-598, and 10 pM TAK-475 for 6 h. Equal protein amounts were immunoprecipitated using anti-FLAG antibody, followed by immunoblotting.
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Multiple comparisons were performed using a Dunn Kruskal-Wallis test, and P values are adjusted based on the Benjamini-Hochberg correction (n = 3 in-
dependent experiments, *P < 0.05, **P < 0.01). (C) Membrane fractions isolated from HEK293 cells or HEK293 cells stably expressing SM-N100-ELuc were treated
with the indicated probes for 30 min at 4 °C and photoaffinity labeling was performed with 365-nm UV light for 3 min at 0 °C. Anti-FLAG-immunoprecipitated
products were biotinylated by click chemistry followed by immunoblotting. Data are representative of n = 2 independent experiments. (D) Photoaffinity labeling
was performed as described in C in the absence or presence of squalene. Data are representative of n = 3 independent experiments.

hypoxia of greater than 6 h (49, 50) supports this sensitive
buffering capacity of SM during periods of impaired catalytic

also occur is hypoxia (49). Under these circumstances, stabili-
zation of SM may promote the clearance of accumulated squa-

lene and its conversion to downstream cholesterol synthesis
intermediates such as lanosterol, which potently suppresses the
activity of the oxygen-intensive pathway (50). The fact that sig-
nificant accumulation of squalene occurs only during prolonged

activity. Consistent with a role for SM in adaptation to hypoxic
stress, NB-598 treatment greatly increases the susceptibility of
breast and colorectal cancer cells to hypoxia-induced cell
death (51).
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degradation degradation

[
L

squalene
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Fig. 8. Current model of SM regulation by squalene and cholesterol. (A) Under basal conditions, MARCH6 maintains steady-state levels of SM by ubiquitinating
and targeting it for degradation. (B) During cholesterol excess, SM undergoes accelerated degradation in a MARCH6-dependent manner. (C) The SM-N100
regulatory domain senses squalene levels by directly binding squalene in the membrane, resulting in decreased interaction with MARCH6, decreased ubiquiti-
nation, and decreased degradation. (D) Squalene-rich conditions blunt the cholesterol-dependent degradation of SM-N100, perhaps by preventing cholesterol-
induced conformational changes and recognition by MARCH6. This implies a feed-forward mechanism that prevents excessive accumulation of the SM substrate.
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Recently, squalene accumulation has been noted in lym-
phoma and neuroendocrine cancer cells (34, 35). The metabolic
vulnerability resulting from SM inhibition in neuroendocrine cancer
cells is due to toxic squalene accumulation (34). Of note, a subset
of neuroendocrine cancer cells lack sensitivity to SM inhibition
as these cells could sequester toxic squalene. Contradicting this
mechanism is the protective role of squalene accumulation in
cholesterol auxotrophic lymphoma cancer cells (35). Cholesterol
accumulation has a strong connection with prostate cancer, and
studies have shown a link between the overexpression of SOLE,
the gene encoding SM, and prostate cancer progression (52).
Perhaps in these circumstances, prostate cancer cells have an in-
creased capacity to direct squalene toward cholesterol production,
in which case squalene-mediated stabilization of SM could be a
contributing mechanism. However, the pathophysiological rele-
vance of our findings in cancer cells requires further study.

In conclusion, we have found that squalene, the substrate of
SM, stabilizes SM by binding to the N-terminal SM-N100 regu-
latory domain, thereby increasing the metabolic capacity at this
rate-limiting enzyme. Such a local feedforward mechanism would
help the cell to cope with sudden increases in metabolic flux and
minimize excessive accumulation of squalene in the ER mem-
brane, which could lead to altered membrane properties and the
dysregulated production of lipid droplets (38). Thus, our finding
has revealed another layer of regulatory mechanisms fine-tuning
the cholesterol biosynthetic pathway and has shed light on the
function of the SM-N100 regulatory domain. Furthermore, the
ligandability of the SM-N100 domain demonstrated here may
offer a renewed opportunity to control cholesterol biosynthesis by
allosterically regulating SM, for which no active-site inhibitors
have been approved for human use.

Materials and Methods

A more detailed, complete description of materials, cell culture, primers, and
other methods is available in S/ Appendix, Materials and Methods.

Chemical Screen. An expression vector for full-length SM fused to emerald
luciferase (ELuc) was prepared by subcloning human SM sequence into the
previously described blank ELuc-fusion vector, pCMV-AC-FLAG-ELuc (53). For
more detail, see SI Appendix, Materials and Methods. A stable clone of
HEK293 cells expressing pCMV-SM-ELuc was established and seeded in 96-well
plates. After 48 h, the cells were treated with FDA-approved drugs at 1 pM or
10 pM for 16 h. Vehicle (0.1% dimethyl sulfoxide [DMSO]) and E1 inhibitor
TAK-243 (10-0.01 pM) conditions were included as negative and positive con-
trols. Expression levels of SM-ELuc were quantified by luciferase assay as fol-
lows: after removal of medium, 50 pL of luciferase substrate solution (1%
Triton X-100, 250 pM p-luciferin, 1.5 mM ATP, 0.42 mM CoA, 30 mM, 100 mM 3-
mercapto-1,2-propanediol, 100 mM tricine pH 7.8, 8 mM Mg[OAc],, and
0.2 mM ethylenediaminetetraacetic acid) was added, and luminescence was
measured with an ARVO microplate reader (PerkinElmer) after 1 min. Lumi-
nescence data were plate-wisely normalized by sample median calculated from
nonpositive-control samples, and converted into robust Z score, which is de-
fined as effect size (each value-sample median) divided by median absolute
deviation of the samples (54). Compounds that yielded a robust Z score of
more than 5 for both concentrations and that gave reproducible effect in
follow-up experiments were identified as hits. Dose-response analyses were
similarly performed as described above.

Coimmunoprecipitation and Inmunoblotting of SM-N100-GFP-V5. HEK-293 Flp-In
T-REx cells stably expressing SM N100-GFP-V5 (HEK-SM-N100-GFP-V5) were
generated previously (10). See S/ Appendix, Materials and Methods for details.

Ubiquitination Assay. HEK293 cells stably expressing pCMV-SM-N100-FLAG-
ELuc were seeded in six-well plates. After 48 h, the cells were treated with
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homeostasis: The central role of Scap. Annu. Rev. Biochem. 87, 783-807
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2. D. J. Chin et al., Sterols accelerate degradation of hamster 3-hydroxy-3-methylglutaryl
coenzyme A reductase encoded by a constitutively expressed cDNA. Mol. Cell. Biol. 5,
634-641 (1985).
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or without 300 uM squalene, in the presence of 10 uM CB-5083 (55), 1 uM NB-
598, and 10 pM TAK-475 for 6 h. The cells were lysed in buffer supplemented
with protease inhibitor mixture and N-ethylmaleimide (10 mM). SM-N100-
FLAG-ELuc proteins were pulled down with anti-FLAG magnetic beads,
immunoblotted for ubiquitin, and reprobed for FLAG. See S/ Appendix,
Materials and Methods for details.

Gas Chromatography-Mass Spectrometry Quantification of Squalene. Extraction
of neutral, nonsaponifiable lipids was performed as previously described (5).
Dried lipid extracts were silylated with N,O-bis(trimethylsilyl)trifluoroacetamide
and analyzed by gas chromatography-mass spectrometry (GC-MS) in selective
ion monitoring mode using a Thermo Trace gas chromatograph coupled with a
Thermo DSQIl mass spectrometer and Thermo Triplus autosampler (Thermo
Fisher Scientific). The peak area of squalene was normalized to that of the 5a-
cholestane internal standard, and quantification was performed using a
squalene standard curve. See S/ Appendix, Materials and Methods for details.

Subcellular Fractionation. Subcellular fractionation was performed based on
previously reported protocols, with some modifications (26, 29). The indicated
cell line was homogenized with a Balch homogenizer (isobiotec) in the pres-
ence of 15% (wt/vol) sucrose. After centrifugation (3,000 x g for 10 min at
4 °Q), the postnuclear supernatant was fractionated on a discontinuous sucrose
gradient (2%, 7.5%, 7.5%, 15%, 15%, 15%, 15%, 30%, 30%, 30%, 30%, 45%,
45%, each 1 mL, the input sample was loaded at the first two 15% sucrose
layers). After ultracentrifugation at 125,000 x g for 1 h, 1-mL fractions were
collected, and the presence of the indicated proteins or activity of the marker
enzymes was analyzed. See S/ Appendix, Materials and Methods for details.

Exogenous Supplementation of Squalene and Related Probes. Exogeneous
supplementation of squalene was performed as described previously (56, 57),
with minor modifications. Squalene and related probes were dissolved in a 1%
solution of Tween 20 in DMSO to make 100x stock solutions. For cell treatment,
the stock solutions were first prediluted in culture medium by 20-fold, and the
prediluted solution (25 pL) was added to cell medium (100 pL) so that the final
concentrations of Tween 20 and DMSO were 0.01% and 1%, respectively.

Chemical Synthesis of Squalene Probes. Synthesis and characterization of the
photoaffinity probes SqBPY-153 and SqBPY-150 is described in S/ Appendix,
Materials and Methods.

Photoaffinity Labeling. Membrane preparation and photoaffinity labeling
were performed as described previously (58), with some modifications.
Briefly, membrane fractions isolated from HEK293 cells stably expressing
pCMV-SM-N100-FLAG-ELuc were incubated on ice with the indicated probes
(SgBPY-153 or SqBPY-150) and competitors for 30 min, and irradiated with
ultraviolet (365 nm) for 3 min. The membrane was solubilized and biotin was
conjugated to the alkyne via click chemistry. From the reaction mixture,
FLAG-tagged SM-N100-ELuc was immunoprecipitated with anti-FLAG beads
and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis.
After transfer to a polyvinylidene difluoride membrane, the membrane was
probed with streptavidin-horseradish peroxidase and reprobed with anti-
FLAG antibody. See S/ Appendix, Materials and Methods for details.

Data Availability Statement. All data discussed in the paper are included in this
published article and S/ Appendix. Screening data have been deposited to
Mendeley Data (http:/doi.org/10.17632/53dxyt4rnd.1).
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