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Abstract

For several decades, cholesterol has been thought to cause ASCVD. Limiting dietary cholesterol
intake has been recommended to reduce the risk of the disease. However, several recent
epidemiological studies do not support a relationship between dietary cholesterol and/or blood
cholesterol and ASCVD. Consequently, the role of cholesterol in atherogenesis is now uncertain.
Much evidence indicates that TGF-B, an anti-inflammatory cytokine, protects against ASCVD and
that suppression of canonical TGF-p signaling (Smad2-dependent) is involved in atherogenesis.
We had hypothesized that cholesterol causes ASCVD by suppressing canonical TGF- signaling
in vascular endothelium. To test this hypothesis, we determine the effects of cholesterol, 7-
dehydrocholesterol (7-DHC; the biosynthetic precursor of cholesterol), and other sterols on
canonical TGF-B signaling. We use Mv1Lu cells (a model cell system for studying TGF-f
activity) stably expressing the Smad2-dependent luciferase reporter gene. We demonstrate that 7-
DHC (but not cholesterol or other sterols) effectively suppresses the TGF-p-stimulated luciferase
activity. We also demonstrate that 7-DHC suppresses TGF-p-stimulated luciferase activity by
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promoting lipid raft/caveolae formation and subsequently recruiting cell-surface TGF-p receptors
from non-lipid raft microdomains to lipid rafts/caveolae where TGF-f receptors become inactive
in transducing canonical signaling and undergo rapid degradation upon TGF- binding. We
determine this by cell-surface 1251-TGF-B-cross-linking and sucrose density gradient
ultracentrifugation. We further demonstrate that methyl-p-cyclodextrin (MBCD), a sterol-chelating
agent, reverses 7-DHC-induced suppression of TGF-p-stimulated luciferase activity by extrusion
of 7-DHC from resident lipid rafts/caveolae. These results suggest that 7-DHC, but not
cholesterol, promotes lipid raft/caveolae formation, leading to suppression of canonical TGF-B
signaling and atherogenesis. J. Cell. Biochem. 118: 1387-1400, 2017. © 2016 Wiley Periodicals,
Inc.
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Transforming growth factor (TGF-) is a pleiotropic cytokine involved in many biological
processes: cell growth, cell differentiation, apoptosis, angiogenesis, wound healing, and
immune regulation [Moses et al., 2016]. TGF- is produced by macrophages, T cells,
vascular cells, and other cell types. It is one of the very few potent growth factors/cytokines
active at subpicomolar concentrations. It is also capable of autoinduction in target cells
[Huang and Huang, 2005]. Thus, TGF- activity is regulated at multiple levels of
transcription, post-translation (activation of the latent form of TGF-B), and plasma-
membrane receptor complex formation [Huang and Huang, 2005; Moses et al., 2016].
Among these, TGF-p receptor complex formation in the plasma membrane of target cells
plays a very important role in regulating TGF-p-induced canonical signaling (Smad2-
dependent) and cellular responses [Di Guglielmo et al., 2003; Huang and Huang, 2005;
Chen et al., 2006, 2007, 2008]. Canonical TGF- signaling is mediated by type | and type |1
TGF-p receptor (TRR-1 and TRR-11) oligomeric heterocomplexes (ratio of TRR-1I>TRR-I)
localized in non-lipid raft microdomains following TGF-f binding to these receptors [Huang
and Huang, 2005; Chen et al., 2006, 2007]. This occurs at coated-pit stages during clathrin-
dependent endocytosis of the TGF-B-bound TER-I-TPR-11 oligomeric heterocomplexes
[Chen et al., 2009]. Accordingly, TBR-I-TRR-I1 oligomeric heterocomplexes (ratio of TBR-
[I<TPR-1) localized in lipid rafts/caveolae undergo caveolin-dependent endocytosis and
rapid degradation upon TGF-f binding [Di Guglielmo et al., 2003; Huang and Huang, 2005;
Chen et al., 2006, 2007, 2008]. Localization of the TGF-p receptors in non-lipid raft
microdomains occurs mainly in target cells. More canonical TGF-p signaling is then
induced in these microdomains [Di Guglielmo et al., 2003; Huang and Huang, 2005; Chen et
al., 2006, 2007]. TGF-B signaling is suppressed if TGF-p receptors are mainly localized in
lipid rafts/caveolae [Di Guglielmo et al., 2003; Huang and Huang, 2005; Chen et al., 2006,
2007]. Many lines of evidence indicate that the TGF-p-induced cellular responses mediated
by this canonical signaling can be enhanced or suppressed by altering the expression ratio of
TPBR-1 and TRR-I1 and/or changing the cell-surface environment and/or changing plasma
membrane components in ways known to exist in various pathophysiological conditions,
including ASCVD [Huang and Huang, 2005].
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Much evidence indicates that TGF-p is a protective cytokine against ASCVD [Grainger,
2004; Huang and Huang, 2005; Chen et al., 2007] and other diseases such as Alzheimer’s
disease and cancer [De Servi et al., 2002; Pickup et al., 2013]. We recently found that
hypercholesterolemia and high-level dietary trans fats cause ASCVD, at least in part, by
suppressing canonical TGF-p signaling and responsiveness in aortic endothelium in ApoE-
knockout and wild-type mice fed a trans fat diet [Chen et al., 2007, 2011]. The suppressed
canonical TGF- signaling in the aortic endothelium is modulated by both
hypercholesterolemia and dietary trans fats, increasing the localization of TBR-I and TRR-II
in lipid rafts/ caveolae in the aortic endothelium of these mice but not in control mice [Chen
et al., 2007, 2011]. This is consistent with the suppressed canonical TGF-p signaling and
responsiveness seen in vascular cells derived from atherosclerotic plagues in human patients
[McCaffrey et al., 1995]. We also found that dynasore, an endocytosis inhibitor, attenuates
ASCVD in ApoE-knockout mice without altering the high plasma cholesterol levels in the
animals [Chen et al., 2009]. Dynasore enhances canonical TGF-B signaling by sustained
TGF-p-induced canonical signaling at coated-pit stages during clathrin-dependent
endocytosis of cell-surface TGF-p receptors stimulated by TGF-B [Chen et al.,2009]. These
results indicate that suppression of canonical TGF- signaling is an important step in
ASCVD development and that ASCVD can be attenuated by enhancing canonical TGF-$
signaling which counteracts suppressed TGF- signaling in ASCVD.

Cholesterol is an important structural component of lipid rafts/caveolae [Simons and
Ehehalt, 2002]. These are small (10-200 nm) and heterogeneous. Lipid rafts/caveolae are
stable rigid sterol and sphingolipid raft domains. Cholesterol is thought to be the primary
dynamic component that holds the sphingolipids together in the raft. We hypothesized that
hypercholesterolemia and high-level dietary trans fats increase formation of lipid rafts/
caveolae in aortic endothelium by directly incorporating and facilitating cholesterol
integration into plasma membranes of vascular cells, respectively [Chen et al., 2007, 2011].
This leads to recruitment of TBR-I-TPR-11 heterocomplexes from non-lipid raft
microdomains to lipid rafts/ caveolae, resulting in suppression of canonical TGF-p
signaling, thus causing atherogenesis. This hypothesis is supported by the demonstration that
in vitro cholesterol treatment recruits TBR-1 and TRR-I1 from non-lipid raft microdomains to
lipid rafts/caveolae, leading to attenuation of TGF-p signaling and responses in Mv1Lu cells
(a model cell system for studying TGF-B signaling and responses) and other cell types
[Huang and Huang, 2005; Chen et al., 2007, 2008]. However, we found that the role of
cholesterol in recruiting TGF-p receptors to lipid rafts/caveolae (thus suppressing TGF-p
signaling) was unclear, until we fortuitously found that the cholesterol compound we used in
our experiments [Chen et al., 2007, 2008] was impure. This impurity is 7-dehydrocholesterol
(7-DHC), an immediate biosynthetic precursor of cholesterol, which is a 5,7-conjugated
diene sterol. Pure cholesterol is inactive in recruiting TGF-p receptors to lipid rafts/caveolae
and in suppressing canonical TGF-B signaling in target cells [Huang et al., 2015]. Here, we
demonstrate that 7-DHC (but not cholesterol and other related sterols) effectively suppresses
canonical TGF- signaling in a concentration-dependent manner by recruiting TGF-p
receptors from non-lipid raft microdomains to lipid rafts/caveolae in target cells. Since,
suppression of canonical TGF- signaling is an important step in atherogenesis [McCaffrey
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etal., 1995; Chen et al., 2007, 2008, 2009, 2011], these results suggest that 7-DHC, but not
cholesterol, is likely involved in the development of ASCVD.

MATERIALS AND METHODS

MATERIALS

Na [1251] (17 Ci/mg) was obtained from ICN Biochemicals (Irvine, CA). DMEM, high
molecular mass protein standards (myosin, 205 kDa; B-galactosidase, 116 kDa;
phosphorylase, 97 kDa; bovine serum albumin, 66 kDa), chloramine-T, disuccinimidyl
suberate (DSS), methyl p-cyclodextrin (MBCD), cholesterol (=99%, Lot#080M5304V), and
other sterols/steroids were obtained from Sigma (St Louis, MO). 7-Dehydrocholesterol (7-
DHC) (Lot#19172) was purchased from Pfaltz & Bauer (Waterbury, CT). Sterols/steroids
were dissolved in 100% ethanol at 25 mg/ml with a final concentration of 0.1%. TGF-p
(TGF-B,) was purchased from Austral Biologicals (San Ramon, CA). Rabbit polyclonal
antibodies to caveolin-1 (N-20), TBR-I1 (ALK-5), and TR-II were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

TGF-B-STIMULATED LUCIFERASE ACTIVITY ASSAY IN MvlLu CELLS

TGF-p-stimulated luciferase activity assay was performed according to published
procedures [Chen et al., 2007, 2009; Huang et al., 2016a,b]. Mv1Lu cells stably expressing a
luciferase reporter gene containing Smad2-dependent canonical-signaling-responsive
elements (MLE cells-Clone 32) were grown to near-confluence on 12-well dishes, then
treated with 100 pM TGF-p or vehicle only in the presence of several concentrations of 7-
DHC and/or cholesterol, vitamin D3, vitamin D2, ergosterol or other sterols as indicated (in
the medium containing 0.1% fetal calf serum). After 5 hr at 37°C, treated cells were lysed in
100 pl of lysis buffer (Promega). TGF-B-stimulated luciferase activity of cell lysates (~20
mg protein) was then assayed using the luciferase kit from Promega. Cells treated without
exogenous TGF-p exhibited a low level of luciferase activity which was stimulated by
endogenous TGF-p derived from 0.1% fetal calf serum in the assay medium.

CELL-SURFACE 125-TGF-8-CROSS-LINKING

1251.TGF-B was prepared as described previously [Chen et al., 2006, 2007, 2008; Huang et
al., 2016a,b]. Cell-surface 1251-TGF-p-cross-linking was performed at 0°C using the cross-
linking agent DSS according published procedures [Chen et al., 2008; Huang et al.,
2016a,b]. Briefly, Mv1Lu cells grown to near-confluence on 6-well culture dishes were
treated with 7-DHC (12.5, 25, and 50 pg/ml), cholesterol (50 pg/ml), vitamin D2 (50 pg/ml),
and vehicle only (control) at 37°C. After 1 h, treated cells were incubated with 100 pM 125]-
TGF-p in HEPES buffer, pH 7.4 (binding buffer), containing0.2% bovine serum albumin at
0°C for 2.5 h. 125]-TGF-B-cross-linked cells were then washed with cold binding buffer in
the absence of bovine serum albumin and then incubated with 30 uM DSS at 0°C for 15 min.
1251.TGF-B-cross-linked cell lysates were analyzed by 7.5% SDS—polyacrylamide gel
electrophoresis (SDS—-PAGE) and autoradiography. 1251-TGF-p-cross-linked TBR-I (TBR-
') and 1251-TGF-B-cross-linked TBR-11 (TBR-11) on the SDS-PAGE gel (dried) were
quantified using a Phospholmager.
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PLASMA MEMBRANE MICRODOMAIN LOCALIZATION OF TBR-I AND TBR-II IN Mv1Lu

CELLS

Mv1Lu cellswere grown on 100 mm dishes (5 x 108 cells per dish). Cells were then
incubated with 7-DHC (10 or 50 pg/ml), cholesterol (10 or 50 pug/ml), or vehicle only
(control) at 37°C for 4 h. After washing with ice cold phosphate-buffered saline, cells were
scraped into 0.85 ml of 500 mM sodium carbonate, pH 11.0. Homogenization was carried
out with 10 strokes of a tightfitting Dounce homogenizer followed by three 20-sec bursts of
an ultrasonic disintegrator to disrupt cell membranes, as described previously [Chen et al.,
2007; Huang et al., 2016a,b]. The homogenates were adjusted to 45% sucrose by addition of
0.85 ml of 90% sucrose in 25 uM 2-(N-morpholino) ethanesulfonic acid, pH 6.5, 0.15 M
NaCl (MBS), and placed at the bottom of an ultracentrifuge tube. A discontinuous sucrose
gradient was generated by overlaying 1.7 ml of 35% sucrose and 1.7 ml of 5% sucrose in
MBS on the top of the 45% sucrose solution. It was then centrifuged at 200,000g for 16-20
hin an SW55 TI rotor. Ten 0.5-ml fractions were collected from the top of the tube, and a
portion of each fraction was analyzed by SDS-PAGE followed by Western blot analysis
using antibodies to TPR-1, TBR-II, caveolin-1, and EEA-1. The relative amounts of TRR-I,
TBR-11, and caveolin-1 on the blot were quantified by densitometry. Fractions 4 and 5, and
fractions 7, 8, and 9 contained caveolin-1 (lipid raft/caveolae marker) and EEA-1 (non-lipid
raft microdomain marker), respectively.

STATISTICAL ANALYSIS

RESULTS

Statistical analysis was performed using unpaired and two-tailed Student’s #tests. The P
values less than 0.05 were considered to be statistically significant.

7-DHC SUPPRESSES TGF-B-STIMULATED LUCIFERASE ACTIVITY IN Mv1Lu CELLS
STABLY EXPRESSING A LUCIFERASE REPORTER GENE

To determine the effects of 7-DHC and ergosterol, which are 5,7-conjugated diene sterols,
and their uv-activated derivatives (vitamins D3 and D2) as well as cholesterol (Fig. 1) and its
related sterols (Table I) on TGF-B-stimulated canonical signaling, Mv1Lu cells stably
expressing a luciferase reporter gene containing Smad2-dependent canonical-signaling-
responsive elements [Chen et al., 2007, 2009; Huang et al., 2015, 2016a,b] were used in our
experiments. These Mv1Lu cells were treated with 100 pM TGF-p in the presence of several
concentrations of these compounds. After 5 h at 37°C, cells were lysed and luciferase
activity was measured. As shown in Figure 2A, 7-DHC attenuated TGF-p-stimulated
luciferase activity in a concentration-dependent manner with an 1Cgq of ~ 4 pg/ml). It is
important to note that 7-DHC completely inhibited or suppressed the TGF-B-stimulated
luciferase activity and that, at higher concentrations (at >10 pg/ml), 7-DHC even inhibited
luciferase activity at levels below those seen in cells treated without exogenous TGF-p. This
suggests that 7-DHC at higher concentrations inhibits luciferase activity stimulated by both
exogenous and endogenous TGF-p derived from 0.1% fetal calf serum in the assay medium.
Cholesterol (Fig. 2A) and cholesterol-related compounds (Table I), which lack the 5,7-
conjugated diene structure, did not attenuate TGF-p-stimulated luciferase activity.
Interestingly, cholesterol (50 pg/ml) did not affect the 7-DHC suppression of TGF-p-
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stimulated luciferase activity in cells co-treated with 7-DHC and cholesterol (50 pg/ml) (Fig.
2A). These results suggest that 7-DHC, but not cholesterol, suppresses TGF-p-stimulated
luciferase activity and/or canonical signaling. The results also indicate that cholesterol does
not influence 7-DHC-induced suppression of TGF-g-stimulated luciferase activity in cells
treated with 7-DHC in the presence of cholesterol. Vitamin D3 (cholecalciferol), vitamin D2
(ergocalciferol), and ergosterol attenuated TGF-B-stimulated luciferase activity in a
concentration-dependent manner with 1Csgs of = 20,~15, and >50 pg/ml, respectively (Fig.
2B, C, and D). Among these compounds, 7-DHC was the most potent inhibitor whereas
ergosterol, a plant sterol, appeared to be the weakest one. The ICs of vitamin D3 (= 20
pg/ml) required to suppress TGF-B-stimulated luciferase activity is much greater than its
normal plasma concentrations (35-40 ng/ml or 90-100 nM) [Holick, 2004]. These results
suggest that 7-DHC and ergosterol, both of which contain 5,7-conjugated dienes, and their
uv-activated derivatives (vitamins D3 and D2) attenuate TGF-B-stimulated luciferase activity
or TGF-B-stimulated Smad2-dependent canonical signaling.

We hypothesize that 7-DHC suppresses TGF-f-stimulated canonical signaling by directly
incorporating it into the plasma membrane and promoting formation of lipid rafts/caveolae
[Xu et al., 2001; Keller et al., 2004]. This results in recruitment of cell-surface TBR-I-TPR-
Il oligomeric heterocomplexes from non-lipid raft microdomains to newly formed (or
stabilized) lipid rafts/ caveolae. This is where canonical TGF-p signaling is suppressed. To
test this hypothesis, Mv1Lu cells stably expressing a luciferase reporter gene were pre-
treated with several concentrations (0, 10, 20, and 30 ug/ml) of 7-DHC for 1 h (allowing
integration of 7-DHC into the plasma membrane, forming lipid rafts/caveolae) and then
treated 100 pM TGF-B with or without several concentrations (0, 5, 10, and 15 pg/ml) of
methyl B-cyclodextrin (MBCD). After further incubation for 5 h, luciferase activity of the
lysates of treated cells was measured. MBCD, a sterol-chelating agent [Chen et al., 2007], is
capable of extracting sterols (including 7-DHC) from the plasma membrane in target cells
[Chen et al., 2007]. As shown in Figure 3A, 7-DHC suppressed TGF-p-stimulated luciferase
activity in a concentration-dependent manner. The 7-DHC-suppressed TGF-p-stimulated
luciferase activity was reversed by MBCD. This result supports the hypothesis.

Vitamins D2 and D3 have recently been shown to exert TGF-p enhancer activity at low
concentrations [Huang et al., 2015]. They promote TGF-p-stimulated canonical signaling
and cellular responses in Mv1Lu cells in a concentration-dependent manner with an optimal
concentration of ~400 ng/ml (by ~1.5-fold as compared with that seen in cells treated with
TGF-B only). Both vitamins D2 and D3 appear to promote canonical TGF-p signaling by
extrusion of cholesterol from resident lipid rafts/caveolae [Huang et al., 2015], resulting in
destabilization of lipid rafts/ caveolae, facilitating translocation of TBR-1 and TBR-II there to
non-lipid raft microdomains where canonical TGF-p signaling occurs. Thus, we determined
the effect of 7-DHC at low concentrations on TGF-B-stimulated luciferase activity. Mv1Lu
cells stably expressing the luciferase reporter gene were treated with 100 pM TGF-B in the
presence of several concentrations (0, 0.125, 0.25, 0.375, 0.5, 0.75, and 0.875 ug/ml] of 7-
DHC. After 5 h at 37°C, luciferase activity in the cell lysates was determined. As shown in
Figure 3B, 7-DHC at 0.4 pg/ml promoted TGF-p-stimulated luciferase activity by ~1.5-
fold. This suggests that, like vitamins D2 and D3 [Huang et al., 2015], 7-DHC, at certain
low concentrations (~0.4 pg/ml), enhances TGF-B-stimulated luciferase activity by extrusion
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of cholesterol from lipid rafts/caveolae, facilitating translocation of TBR-1 and TBR-1I from
lipid rafts/caveolae to non-lipid raft microdomains where canonical TGF-f signaling occurs
[Huang et al., 2015].

7-DHC RECRUITS TBR-1 AND TBR-Il FROM NON-LIPID RAFT MICRODOMAINS TO LIPID
RAFTS/CAVEOLAE

To further test the hypothesis that 7-DHC suppresses TGF- signaling by directly
incorporating it into the plasma membrane and promoting formation of lipid rafts/caveolae,
we determined the microdomain localization of cell-surface TBR-I-TPR-1I oligomeric
heterocomplexes in Mv1Lu cells treated with and/or without 7-DHC using cell-surface 125I1-
TGF-p-cross-linking [Huang and Huang, 2005; Chen et al., 2006, 2007, 2008, 2011]. This
has been used to determine the microdomain localization of TBR-I-TBR-II oligomeric
heterocomplexes in cultured cells and tissues (e.g., vascular endothelium) [Chen et al., 2007,
2011]. When the ratio of 1251-TGF- binding (cross-linked) to TBR-II and TBR-I (TBR-11*/
TPR-1*) is decreased after treatment of cells or tissues with any test compound, this suggests
that the treatment induces recruitment of TBR-1-TBR-11 oligomeric heterocomplexes from
non-lipid raft microdomains to lipid rafts/caveolae [Huang and Huang, 2005; Chen et al.,
2006, 2007, 2008]. The smaller the ratio of TBR-1I*/TBRI* is, the greater the localization of
TPR-I-TRR-I1 oligomeric heterocomplexes in lipid rafts/caveolae [Huang and Huang, 2005].
When the ratio of TBR-11*/TRR-1* is larger than one (i.e., TGF-B binding to TRR-I1 is
dominant), hetero-oligomeric TGF-p receptor complexes are mainly localized in non-lipid
raft microdomains. After TGF-p binding, they are internalized by clathrin-mediated
endocytosis [Huang and Huang, 2005]. This results in TGF-B-stimulated canonical signaling
at coated-pit stages [Chen et al., 2009], ending in endosome localization and subsequent
lysosomal degradation. When the ratio of TBR-I1*/TBR-I* is smaller than one (i.e., TGF-B
binding to TBR-I is dominant), hetero-oligomeric TGF-f receptor complexes are mainly
localized in lipid rafts/caveolae. Then, following TGF-B binding, they are internalized by
caveolar/ lipid-raft-mediated endocytosis. This results in rapid degradation and suppressed
TGF-p signaling [Huang and Huang, 2005; Chen et al., 2007].

In the experiments, Mv1Lu cells were treated with vehicle only (0.1% ethanol; control),
cholesterol (50 pg/ml), 7-DHC (12.5, 25, and 50 pg/ml) and vitamin D2 (50 pg/ml). After 1
h at 37°C, cell-surface 125I-TGF-B-cross-linking was performed at 0°C as described [Huang
and Huang, 2005; Chen et al., 2006, 2007, 2008, 2009, 2011]. Lysates of 1251-TGF-B-cross-
linked cells were analyzed by 7.5% SDS—PAGE and autoradiography. As shown in Figure 4,
cells treated with cholesterol (50 pg/ml], 7-DHC (12.5, 25, and 50 pg/ml), vehicle (ethanol)
only (control) and vitamin D2 (50 ug/ml), exhibited TBRII*/TBR-I* ratios of 1.1 0.4, 0.4,
0.3, 1.1, and 0.6, respectively. Both cholesterol-treated cells and control cells had a TBR-11*/
TPR-I* ratio of 1.1 (Fig. 4, lanes 1 and lane 5). This indicates that cells treated with
cholesterol and vehicle only (control) have predominant non-lipid raft microdomain
localization of the TGF-B receptors. Cholesterol does not affect the TGF-p receptor domain
localization as compared with that in cells treated with vehicle only. However, 7-DHC and
vitamin D2 increased localization of TBR-I-TPR-1I oligomeric heterocomplexes in lipid
rafts/caveolae (Fig. 4, lanes 2—4 and lane 6 vs. lane 5, respectively) with the potency of 7-
DHC (TBR-II*/TRRI* = 0.3 or 0.4) >vitamin D2 (TBR-II*/TRR-1* = 0.6).
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To further define the predominant localization of TBR-I-TBR-I1 oligomeric heterocomplexes
in cells treated with 7-DHC, we analyzed the microdomain localization of TBR-I and TBR-11
in Mv1Lu cells treated with and without 7-DHC (10 pg/ml) at 37°C for 4 h using sucrose
density gradient ultracentrifugation followed by SDS-PAGE and Western blot analysis/
quantitative analysis (Fig. 5A-D for TBR-1 and TRR-II, respectively). As shown in Figure
5A and C, 7-DHC treatment induced recruitment of TBR-1 and TRR-11 from non-lipid raft
microdomains to lipid rafts/caveolae (lanes 4 and 5 vs. lanes 7, 8, and 9). 7-DHC increased
localization of TBR-I and TRR-I1 in lipid rafts/caveolae to 85% and 90%, respectively (Fig.
5B and D). In contrast, cholesterol (10 pg/ml at 37°C for 4 h) did not significantly alter the
microdomain localization of TBR-I and TRR-I1 as compared with that in cells treated with
vehicle only (control) (Fig. 5B and D, respectively). About ~45-55% of TPR-I and

TPR-I1 are localized in lipid rafts/caveolae in control cells and cells treated with cholesterol
(Fig. 5B and D). Treatment of cells with 7-DHC and cholesterol at 10 pg/ml did not affect
microdomain localization of caveolin-1 and early endosome antigen 1 (EEA-1; a non-lipid
raft marker) as compared with that in cells treated with vehicle only (control cells) (Fig. 5E
and F, respectively). To determine the effects of 7-DHC and cholesterol on the stability of
TPR-1 and TPR-1I, Mv1Lu cells were treated with several concentrations (0, 5, 10, 20, 40,
and 50 pg/ml) of 7-DHC or cholesterol at 37°C and for 4 h. The cell lysates of these treated
cells were subjected to Western blot analysis using antibodies to TBR-1, TBR-11, and b-actin.
The relative levels of TBR-1 and TBR-I1 in treated cells were estimated by normalizing the
level of b-actin to that in control cells. As shown in Figure 6A(a), 7-DHC, at 5, 10, and 20
pg/ml, did not alter the expression of TBR-1 and TRR-I1 but, at 50 pug/ml, attenuated the
expression of TBR-I and TRR-11 by ~30% (Fig. 6A(a), marked by an open arrowhead) in the
total cell lysates of these cells. Importantly, cholesterol, at all concentration tested, did not
significantly affect expression of TBR-1 and TRR-11 (Fig. 6A(b)).

Cellular TBR-1 and TBR-I1 mainly reside in two major cellular compartments including
cytoplasmic vesicles and plasma membrane microomains [Massague and Kelly, 1986; Dore
etal., 2001; Asano et al., 2011; Huang et al., 2016a,b]. Approximately, two thirds of the
total TGF-p receptors and one third of the TGF-f receptors are localized in cytoplasmic
vesicles and plasma membrane micro-domains, respectively [Huang et al., 2016b]. We
hypothesize that 7-DHC at 50 pg/ml (at 37°C for 4 h) induces down-regulation of most of
the TBR-I and TRR-I1, which are localized in plasma membrane microdomains. This leads to
a ~30% decrease of TBR-I and TRR-11 in the total cell lysates. To test this hypothesis,
Mv1Lu cells were treated with 50 ug/ml 7-DHC or cholesterol at 37°C for 4 h. Treated cell
homogenates were then subjected to sucrose density gradient ultracentrifugation
fractionation, followed by Western blot analysis. As shown in Figure 6B, treatment with 50
pg/ml of 7-DHC at 37°C for 4 h induced turnover of TBR-I and TBR-11, and caveolin-1
localized in lipid rafts and non-lipid raft microdomains by 85-90% (Fig. 6B(a), (b), and (c),
respectively). Cholesterol at 50 ug/ml did not significantly alter the stability of TBR-1 and
TPR-I1, and caveolin-1 localized in these plasmamembrane microdomains under the same
conditions (37°C for 4 h). This result supports the hypothesis that 7-DHC at 50 pg/ml
induces turnover of most TBR-1 and TRR-I1 and caveolin-1 which are localized in the
plasma-membrane microdomains. Since, 7-DHC is known to be incorporated into lipid rafts/
caveolae in vitro and in vivo [Xu et al., 2001; Keller et al., 2004], the results shown in Figure
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5 suggest that 7-DHC at 10 pug/ml promotes lipid raft/caveolae formation and facilitates
recruitment of TBR-1 and TRR-1I from non-lipid raft microdomains to newly formed (or
stabilized) lipid rafts/caveolae where TGF-f signaling does not occur. However, TGF-$
receptors undergo rapid degradation upon ligand (TGF-B) binding. This leads to suppression
of TGF-B-stimulated canonical signaling. However, 7-DHC at a high concentration (50
pg/ml) at 37°C for 4 h induces recruitment of TBR-I, TBR-II, and caveolin-1 from non-lipid
raft microdomains to lipid rafts/caveolae and subsequent disruption of lipid rafts/ caveolae,
resulting in turnover (~85-90%) of TRR-I, TBR-II, and caveolin-1. 7-DHC has been shown
to cause disruption of lipid rafts/caveolae in keratinocytes [Valencia et al., 2006].

DISCUSSION

Here, we demonstrate that 7-DHC, ergosterol and their uv-activated derivatives, which
contain the 5,7-conjugated diene structure, (but not cholesterol and other related sterols)
suppress or attenuate TGF-p-stimulated luciferase activity in Mv1Lu cells stably expressing
a luciferase reporter gene containing TGF-B canonical signaling (Smad-dependent)-
responsive elements [Chen et al., 2007, 2008, 2009]. This is consistent with our previous
observations that 7-DHC attenuates TGF-f-stimulated canonical signaling in all cell types
studied, including Mv1Lu, NRK, CHO-K1, and BAEC cells, as determined by analyzing
TGF-B-stimulated expression of phosphorylated Smad2 (P-Smad2) and plasminogen
activator inhibitor-1 (PAI-1) [Huang and Huang, 2015]. 7-DHC, ergosterol and their uv-
activated derivatives (vitamins D2 and D3) suppress TGF-p-stimulated canonical signaling
by recruiting TBR-I and TBR-11 from non-lipid raft microdomains to lipid rafts/caveolae as
determined by cell-surface 1251-TGF-B-cross-linking and sucrose density gradient
ultrafiltration fractionation [Huang et al., 2015]. 7-DHC and ergosterol are both known to
promote lipid raft/caveolae domain formation more strongly than cholesterol [Xu et al.,
2001]. 7-DHC is distinguishable from cholesterol in its greater ability to be incorporated
into lipid rafts in vitro and in vivo [Keller et al., 2004]. The 5,7-conjugated dienes present in
7-DHC and ergosterol are important structural elements that strongly bind sphingolipids
together to generate lipid rafts/caveolae. The 5,7-conjugated dienes confer specific
configurations of the 3p-ol (hydroxy) and 10-methyl groups (Fig. 7, as marked by an arrow)
in 7-DHC and ergosterol molecules as compared to those in the cholesterol molecule.
However, the presence of a double bond on the side chain of ergosterol diminishes its ability
to promote lipid raft/caveolae formation and suppress TGF-g-stimulated luciferase activity.
The 7-DHC-promoted newly formed (or stabilized) lipid rafts/caveolae are characterized by
the co-localization of TBR-I and TER-II with caveolin-1 (a lipid raft/cavelae marker) in the
sucrose density gradient ultracentrifugation fractions of Mv1Lu cells treated with 7-DHC. 7-
DHC-containing lipid rafts/caveolae exhibit various protein components and stability,
dependent on the expression level of 7-DHC [Kovarova et al., 2006; Korade et al., 2009;
Gou-F abregas et al., 2016]. We hypothesize that 7-DHC, at certain low concentrations (~0.4
ug/ml), enhances TGF-B canonical signaling by extrusion of cholesterol from resident lipid
rafts/caveolae, resulting in destabilization of lipid rafts/caveolae and facilitating
translocation of the TGF-p receptors from lipid rafts/caveolae to non-lipid raft
microdomains (where canonical signaling occurs) [Huang et al., 2015]. However, at higher
concentrations (>1 pg/ml), 7-DHC suppresses TGF- canonical signaling by promoting
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formation of lipid rafts/caveolae [Xu et al., 2001], thus recruiting the TGF-p receptors from
non-lipid raft microdomains to lipid rafts/ caveolae and, at 50 ug/ml, eventually inducing
disruption of lipid rafts/caveolae.

Vitamins D2 and D3 are steroid molecules with 5,7-conjugated dienes and an open B ring.
They are capable of promoting formation of lipid rafts/caveolae as demonstrated by 125]-
TGF- cell-surface cross-linking [Huang et al., 2015]. The normal plasma concentrations of
vitamin D3 in humans are 35-40 ng/ml [Holick, 2004]. These are plasma bone health-acting
concentrations. Here, we show that vitamin D3 suppresses TGF-f canonical signaling with
an ICg of = 20 ug/ml. This is much greater than its physiological plasma concentrations and
may not be physiologically relevant. However, like 7-DHC, vitamins D2 and D3, at certain
low concentrations (<1 pg/ml), are capable of enhancing canonical TGF-p signaling by
~1.5-2-fold in target cells [Huang et al., 2015]. The TGF-B enhancer activity of vitamins D2
and D3 is likely responsible for their known effects on the prevention of autoimmune
disease, cancer, and ASCVD [Holick, 2004]. TGF-p is known to be a protective cytokine
against these diseases [Akhurst and Derynck, 2001; Grainger, 2004; Li et al., 2006]. Vitamin
D3 apparently exhibits three different potential biological activities of bone vitamin, TGF-p
enhancer and TGF-p suppressor (or inhibitor) with optimal concentrations at ~40 ng/ml
[Holick, 2004], ~400 ng/ml [Huang et al., 2015], and ~20 ug/ml, respectively.

Dietary and blood cholesterol have been thought to play important roles in the development
of ASCVD for decades. Recommendations to reduce the risk of ASCVD in humans include
maintaining low cholesterol intake and low plasma cholesterol levels. However, in the last
few years, there have been a number of epidemiological studies that do not support a
relationship between dietary cholesterol and/or blood cholesterol and ASCVD [Kanter et al.,
2012; Berger et al., 2015; Eckel, 2015]. This led to the 2015 USDA guidelines indicating
that cholesterol is not a nutrient of concern for overconsumption. Consequently, the role of
cholesterol in the development of ASCVD is now uncertain. Much evidence indicates that
TGF-p in the blood circulation is a protective cytokine against ASCVD [Mallat et al., 2001,
Tashiro et al., 2002; Gojova et al., 2003; Robertson et al., 2003; Grainger, 2004; Huang and
Huang, 2005; Chen et al., 2007, 2008, 2011; Frutkin et al., 2009; Reifenberg et al., 2012].
Suppressed canonical TGF- signaling is an important step in atherogenesis [McCaffrey et
al., 1995; Huang and Huang, 2005; Chen et al., 2007, 2008, 2011] and has been identified in
atherosclerotic lesions in human patients and ApoE-knockout or wild-type mice [McCaffrey
etal., 1995; Chen et al., 2007, 2011]. In this communication, we demonstrate that 7-DHC
(but not cholesterol) suppresses TGF-p-stimulated canonical signaling by promoting
formation of lipid rafts/caveolae. This facilitates translocation of cell-surface TGF-$
receptors from non-lipid rafts/ caveolae to lipid rafts/caveolae (where canonical TGF-p
signaling is suppressed). These results provide molecular evidence suggesting that 7-DHC
(but not cholesterol) is likely to be important in the development of ASCVD. These results
also imply that dietary cholesterol is not involved in atherogenesis because 7-DHC is known
to be mainly produced in animal bodies at very low levels.

The 3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA) reductase inhibitors [Tobert,
2003], also known as statins, exert beneficial effects independent of blood cholesterol level
reduction on inflammation, endothelial dysfunction, and atherosclerosis [Arnaud et al.,
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2005; Liao, 2005; Marzilli, 2010]. Statins are the most effective known class of drugs for
lowering serum cholesterol levels. However, cholesterol-independent or “pleiotropic” effects
of statins are most likely mediated by their ability to limit production of key HMG-CoA
reductase downstream molecules other than cholesterol [Arnaud et al., 2005; Liao, 2005;
Marzilli, 2010]. For example, statins inhibit the synthesis of important isoprenoids which are
biosynthetic precursors of cholesterol [Arnaud et al., 2005; Liao, 2005; Marzilli, 2010].
These isoprenoid intermediates serve as lipid moieties for the post-translational modification
of nuclear and cytoplasmic proteins. Protein isoprenylation directs proper subcellular
localization and trafficking of intracellular proteins which are involved in diverse cellular
functions [Arnaud et al., 2005; Liao, 2005; Marzilli, 2010]. However, the identity of the key
molecules involved in the pleiotropic effects of statins on ASCVD is not clear. Here, we
demonstrate that 7-DHC (the immediate biosynthetic precursor of cholesterol), but not
cholesterol, promotes formation of lipid rafts/ caveolae as evidenced by increased
localization of TBR-I and TRR-II in these microdomains (as determined by the co-
localization with caveolin-1 in the fractions obtained from sucrose density gradient
ultracentrifugation of plasma membranes). We hypothesize that 7-DHC is such a key HMG-
CoA reductase downstream molecule involved in mediating inflammation, endothelial
dysfunction and suppression of canonical TGF-p signaling in atherogenesis by promoting
formation of lipid rafts/caveolae. This hypothesis is supported by the following evidence: (i)
7-DHC is an important structural and functional component in lipid rafts/caveolae. Increased
levels of 7-DHC promote formation of lipid rafts/caveolae [Xu et al., 2001; Keller et al.,
2004]. (ii) Lipid rafts/caveolae are cell-surface platforms in vascular cells for Toll-like
receptor 4 (TLR4) signaling and other signals which are involved in mediating vascular
inflammation during atherogenesis [Villacorta et al., 2013; Sorci-Thomas and Thomas,
2016]. Statins may exert their anti-inflammatory pleiotropic effects by lowering levels of 7-
DHC, decreasing lipid rafts/caveolae, thus diminishing inflammatory signaling mediated by
lipid rafts/caveolae in vascular cells [Chansrichavala et al., 2010]. (iii) Endothelial
dysfunction is an early manifestation of ASCVD. It is characterized by the impaired
synthesis of endothelium-derived nitric oxide. This results from the localization of nitric
oxide synthase (eNOS) in lipid rafts/caveolae where eNOS does not produce nitric oxide
[Liao, 2005; Lemaire-Ewing et al., 2012], Statins may improve endothelial function by
lowering levels of 7-DHC and decreasing lipid rafts/caveolae in vascular cells, resulting in
increasing production of nitric oxide by the eNOS present in non-lipid raft microdomains
[Liao, 2005; Lemaire-Ewing et al., 2012]. (iv) Suppression of canonical TGF-p signaling is
important in the development of ASCVD [Chen et al., 2007, 2008; Villacorta et al., 2013].
Statins appear to enhance canonical TGF-p signaling, which counteracts suppressed
canonical TGF- signaling in atherogenesis, by lowering 7-DHC levels, decreasing lipid
rafts/caveolae and activating the TGF-f receptors localized in non-lipid raft microdomains
[Chen et al., 2007, 2008]. And (V) Statin therapy has been shown to reduce the risk of
ASCVD independent of its cholesterol-lowering effect [Arnaud et al., 2005; Liao, 2005;
Marzilli, 2010]. This is likely due to the inhibition of 7-DHC biosynthesis by statins.

ASCVD accounts for ~80% of all deaths among diabetic patients. Active HMG-CoA
reductase produced by prolonged exposure to hyperglycemia is now recognized as an
important factor in the pathogenesis of ASCVD in diabetics [Ness et al., 1994]. Increased
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levels of 7-DHC caused by persistently active HMG-CoA reductase may be involved in the
development of ASCVD in diabetics. The plasma concentrations of 7-DHC and cholesterol
in normal subjects are 55 (40-66) ng/ml and 2.3 (2.0-2.4) pg/ml, respectively [Axelson et
al., 1998]. The level of 7-DHC (but not the level of cholesterol) in human plasma reflects the
activity of the HMG-CoA reductase in the liver, suggesting that HMG-CoA reductase
inhibitors would be useful agents to lower the 7-DHC level, thus preventing and treating
ASCVD [Axelson et al., 1998]. 7-DHC is partially converted to 8-dehydrocholesterol by an
active isomerase found mainly in the liver [Batta et al., 1995]. The ICsq (4,000 ng/ml) of 7-
DHC required to suppress canonical TGF- signaling is ~70-fold greater than the plasma
concentration of 7-DHC in normal subjects. It is possible that accumulation of 7-DHC in
lipid rafts/caveolae (which results in suppressed TGF- signaling) in vascular endothelium is
a rate-limiting step in atherogenesis. It is also possible that accumulation of other 5,7 (8)-
conjugated diene-containing sterols (e.g., 8-DHC and 7-dehydrodesmosterol) in lipid rafts/
caveolae is also involved in suppressing canonical TGF-p signaling and atherogenesis.

We hypothesize that TGF-B enhancers are therapeutic agents for ASCVD. They counteract
the 7-DHC-mediated suppression of TGF-f canonical signaling in aortic endothelium. This
hypothesis is supported by our observation that dynasore, a TGF-f enhancer, attenuates
ASCVD without altering high plasma cholesterol levels in ApoE-knockout mice [Chen et
al., 2009]. To test this hypothesis, we identified several TGF-f enhancers which promote
canonical TGF-p signaling at the plasma membrane in target cells [Chen et al., 2009; Huang
et al., 2015, 2016a,b]. Based on their known mechanisms, TGF-p enhancers can be
classified into 4 types: (i) Type | TGF-p enhancers: cholesterol biosynthesis inhibitors (e.g.,
statins) [Huang and Huang, 2005; Chen et al., 2009; Huang et al., 2015]. These enhance
TGF- signaling (~threefold) by lowering 7-DHC levels in target cells and tissues. This
results in recruitment of TBR-1 and TRRII from lipid rafts/caveolae to non-lipid raft
microdomains. This is where canonical signaling occurs. (ii) Type Il TGF-p enhancers: 7-
DHC (or cholesterol)-extruding compounds. They include triterpenoids (e.g., betulinic acid
and CDDO-Im) [Suh et al., 2003], polyphenols (e.g., cyanidin) [Fu et al., 2014; Huang et al.,
2015], antioxidants (e.g., vitamin E) [Huang et al., 2015; Zingg, 2015], and ethanol [Huang
et al., 2016a,b]. These compounds enhance TGF-p signaling (~2-5-fold) by extrusion of 7-
DHC from resident lipid rafts/caveolae, resulting in destabilization of lipid rafts/caveolae,
thus facilitating translocation of TBR-I and TER-11 from lipid rafts/ caveolae to non-lipid raft
mcrodomains. (iii) Type 11 TGF-B enhancers: endocytosis inhibitors (e.g., dynasore) [Chen
et al., 2009]. These agents enhance TGF- signaling (~fivefold) by sustaining TGF-p
receptor signaling at coated-pit stages during clathrin-dependent endocytosis. This occurs in
non-lipid raft microdomains. And (iv) Type IV TGF-B enhancers: fusogenic compounds
such as DMSO [Huang et al., 2016b], ethanol [Huang et al., 2016a,b], and resveratrol
[Huang et al., 2015]. They enhance TGF-f signaling (~2—-8-fold) by inducing fusion of
cytoplasmic vesicles and plasma membranes, resulting in recruitment of TBR-1 or TBR-11
from their cytoplasmic vesicle pools to plasma membranes. Type | TGF-p enhancers have
been used as therapeutic agents to treat human patients with ASCVD. Since, these four types
of TGF-B enhancers utilize different mechanisms to enhance such signaling, combinations
of these types of TGF-f enhancers with additive and/ or synergistic effects may lead to
strategies to treat and/or prevent ASCVD. Vitamin E is classified as a type Il TGF-p
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enhancer which promotes TGF- activity, presumably by extrusion of 7-DHC from lipid
rafts/caveolae [Zingg, 2015]. The TGF-p enhancer activity of ethanol at low doses appears
to be responsible for certain beneficial effects (prevention of ASCVD and other diseases)
[Huang et al., 2016a,b]. DMSO has been shown to ameliorate atherosclerosis in animal
models [Huang et al., 2016b]. Many agents or compounds which are known to reduce the
risk of ASCVD have been found to exhibit TGF-p enhancer activity [Fu et al., 2014; Huang
et al., 2015, 2016a,b].

The lipid raft/caveclae domain-promoting function of 7-DHC demonstrated herein, will also
increase our understanding of the pathogenesis of the Smith-Lemli-Opitz syndrome (SLOS]
[Smith et al., 1964] and may lead to development of effective therapy. SLOS is an autosomal
recessive disease associated with multiple congenital anomalies and mental retardation
[Nowaczyk and Irons, 2012]. It is caused by disabled mutations of the 7-DHC reductase
gene (DHCRY), which encodes the enzyme that catalyzes reduction of 7-DHC to
cholesterol. Deficiency of 7-DHC reductase results in a low concentration of cholesterol and
a high concentration (2.7-470 pg/ml; 10-2,000-fold normal) of 7-DHC in blood and tissues
of patients with SLOS [DeBarber et al., 2012; Griffiths et al., 2016]. In SLOS, there is a
wide clinical spectrum ranging from early death due to severe organ malformations to
minimal facial abnormalities and near-normal mental development. Since, cholesterol
supplementation does not improve developmental progress in SLOS [Sikora et al., 2004], the
multiple malformations and mental retardation in subjects are mainly caused by excessive
levels of 7-DHC in tissues. However, how the accumulation of a single compound (7-DHC)
leads to the multiple malformations, mental retardation, and wide phenotypic variability in
SLOS has been unknown in the field for decades since the syndrome was discovered. Here,
we demonstrate that 7-DHC (at ~4 pg/ml) promotes formation of lipid raft/caveolae,
resulting in recruitment of TGF-P receptors and other membrane proteins (e.g., eNOS) from
non-lipid raft domains to lipid rafts/caveclae where they become inactive in transducing
signaling. Accumulating at high levels in lipid rafts/ caveolae (in SLOS patients), 7-DHC
disturbs the structure, and function ofthese microdomains,resultingin alterations
ofstabilityand functions of resident proteins (including TGF-f receptors and other
membrane proteins) [Valencia et al., 2006]. For example, markedly reduced expression of
lipid raft/caveolae-resident proteins (including caveolin-1, Na/K ATPase, folate transporter,
and BKc, K* channel) and reduced fibroblast proliferation activity, and altered functions of
the voltage-gated Kv1.3 channel have been found in SLOS fibroblasts and T lymphocytes,
respectively [Ren et al., 2011; Balajthy et al., 2016]. Since TGF- is a mitogen for
fibroblasts, reduced proliferation activity in SLOS fibroblasts is likely due to suppression of
TGF-B canonical signaling. This results from the predominant localization of TBR-I and
TPR-11 in lipid rafts/caveolae in these cells [Ren et al., 2011]. We hypothesize that high-level
accumulation (10-2,000-fold normal) of 7-DHC, which varies in severity in SLOS patients
and SLOS tissues, results inlipidraft/caveolae dysfunction, turnover, and down-regulation of
the many resident membrane proteins in lipid rafts/caveolae, including TGF-f receptors
[Huang and Huang, 2005; Chen et al., 2007, 2008, 2009, 2011], neurotrophin receptors
[Sebastiao et al., 2011; Zhang et al., 2013; Gou-Fabregas et al., 2016], G protein-coupled
receptors (GPCRs) (neurological receptors) [Bjork and Svenningsson, 2011], ion channels
[Jaffrés et al., 2016], receptor protein kinases (RTKS) (e.g., growth factor receptors) [Basu et
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al., 2008] and growth hormone receptor [Yang et al., 2004]. Down-regulation of these
important membrane proteins in tissues during embryonic development may result in
prenatal and postnatal growth retardation, microcephaly, intellectual disability, multiple
external malformations (e.g., cleft palate), internal anomalies, and mental retardation
characteristic of SLOS. For example, the TGF-B receptor signaling pathway is involved in
many cellular processes in both the adult organism and the developing embryo including cell
growth, cell differentiation, apoptosis, cellular homeostasis, and other cellular functions.
TGF-B receptor signaling plays crucial roles in regulating palate development in both the
plate epithelium and mesenchyme [Iwata et al., 2011]. 7-DHC-mediated suppression of
TGF-p receptor signaling during embryonic development may result in external
malformations, including cleft palate [Iwata et al., 2011] which is the most characteristic
facial feature of SLOS.

Therapeutic trials using dietary supplementation of cholesterol have been shown to increase
plasma cholesterol levels in some SLOS patients but have thus far failed to alter plasma
levels of 7-DHC in the patients. Therapeutic trials in SLOS with simvastatin, which inhibits
biosynthesis of both 7-DHC and cholesterol, have been shown to decrease 7-DHC plasma
levels, with variable clinical improvement [Jira et al., 2000]. Safety and efficacy of
simvastatin therapy in 23 patients with mild to typical SLOS have been recently evaluated in
a randomized, double-blind, placebo-controlled trial. Simvastatin appears to be relatively
safe in patients with SLOS, improves the serum dehydrocholesterol (7-DHC + 8-DHC)-to-
total sterol ratio, and significantly improves irritability symptoms in patients with mild to
classic SLOS [Wassif et al., 2016]. 7-DHC is known to undergo free radical peroxidation to
produce oxysterols that exert cytotoxicity and attenuate cell proliferation and differentiation.
It has been suggested that the accumulation of 7-DHC-derived oxysterols may contribute to
the abnormal development of SLOS patients. Dietary supplementation of antioxidants has
been recently shown to decrease 7-DHC oxidation in a mouse model of SLOS [Korade et al.,
2014]. It was hypothesized that preventing formation of oxysterols derived from 7-DHC is
critical for countering the detrimental effects of DHCR7 mutations. In fact, vitamin E, a
TGF-p enhancer, has been shown to be capable of altering the structure and function of lipid
rafts/caveolae [Zingg, 2015]. This may lead to extrusion of 7-DHC from resident lipid rafts/
caveolae, resulting in decreased formation of oxysterols derived from 7-DHC. In addition,
these 7-DHC-derived oxysterols, which were decreased by vitamin E in their study [Korade
et al., 2014], lack the 5,7-conjugated diene structure and thus should not affect TGF-p
signaling as 7-DHC does. Vitamin E is a weak TGF-p enhancer. Recently, over 30 small-
molecule compounds, which decrease the production and/or accumulation of 7-DHC in
cultured cells, have been identified by screening 727 compounds using 7-DHC reductase
(DHCRT7)-deficient Neuro2a cells [Korade et al., 2016]. Many of these identified compounds
are putative TGF-p enhancers. This suggests that potent TGF-f enhancers, particularly the
Type Il enhancers, warrant clinical trials for treating SLOS patients.
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Chemical structures of cholesterol and, 5,7-conjugated diene sterols (7-dehydrocholesterol
and ergosterol) and its uv-activated derivatives (vitamins D3 and D2).
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Fig. 2.

Effects of cholesterol (A), 7-DHC (A), vitamin D3 (B), vitamin D2 (C), and ergosterol (D)
on TGF-p-stimulated luciferase activity in Mv1Lu cells. Cells were treated with 100 pM
TGF-p in the presence of several concentrations (as indicated) of cholesterol (CHO) (A), 7-
DHC + CHO (50 pg/ml) (A), vitamin D3 and 7-DHC (B), vitamin D2 (C) or ergosterol (D)
at 37°C for 5 h. TGF-B-stimulated luciferase activity was taken as 100% in cells treated with
TGF-p alone. The experiments were performed in triplicate. The data are mean + s.d.
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Rgversal of 7-DHC-suppressed TGF-B-stimulated luciferase activity by MBCD (MCD) (A)
and enhancement of TGF-B-stimulated luciferase activity by low concentrations of 7-DHC
(B) in Mv1Lu cells. (A) Cells were pre-treated with several concentrations (0, 10, 20, and 30
ug/ml) of 7-DHC at 37°C for 1 h (allowing integration of 7-DHC into the plasma membrane
to form lipid rafts/caveolae), then treated with 100 pM TGF-p in the presence (7-DHC p
MCD) and absence (7-DHC alone) of several concentrations (0, 5, 10, and 15 pg/ml) of
MCD at 37°C for an additional 5 h. In a control experiment (MCD alone), cells were treated
with vehicle only at 37°C for 1 h and then treated with 100 pM TGF- in the presence of
several concentrations (0, 5, 10, and 15 pg/ml) of MCD at 37°C for an additional 5 h. TGF-
B-stimulated luciferase activity of these treated cells was determined. The TGF-p-stimulated
luciferase activity was taken as 100% in cells treated with TGF-p alone. The experiments
were performed in triplicate. The data are mean + s.d. (B) Cells were treated with 100 pM
TGF-b in the presence of several concentrations (0, 0.125, 0.25, 0.5, 0.75, and 0.875 ug/ml)
of 7-DHC at 37°C. After 5 h, TGF-B-stimulated luciferase activity of lysates of treated cells
was determined. The TGF-B-stimulated luciferase activity was taken as 100% in cells treated
with TGF-B alone. The experiments were performed in triplicate. The data are mean = s.d.
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Fig. 4.
Recruitment of TBR-1 and TBR-I1 by 7-DHC from non-lipid raft microdomains to lipid rafts/

caveolae in Mv1Lu cells, as determined by cell-surface 1125-TGF-B-cross-linking. Cells
were treated with cholesterol (50 mg/mg), 7-DHC (12.5, 25, and 50 pg/ml), vehicle only
(control), or vitamin D2 (50 pg/ml) at 37°C for 1 h. The treated cells were then incubated
with I125-TGF- at 0°C for 2.5 h. After washing with ice-cold binding buffer, cell-surface
1125 TGF-B-cross-linking was performed using DSS (as a cross-linking agent) at 0°C for 15
min. 1125-TGF-B-cross-linked cells were then analyzed by 7.5% SDS-PAGE and
autoradiography, as described [Chen et al., 2007, 2008]. 1125-TGF-B-cross-linked TBR-1
(TBR-I*) and 1125-TGF-B-cross-linked TBR-11 (TBR-11*) on the SDS-PAGE (dried gel)
were quantified using Phospholmager. Free 1125-TGF-B migrated near the dye front.
Representative of three experiments is shown. The relative ratios of TBRII*/TBR-1* in cells
treated with cholesterol (50 pg/ml), 7-DHC (12.5, 25, and 50 pg/ml), vehicle only (control)
and vitamin D2 (50 pug/ml) were estimated to be 1.1, 0.4, 0.4, 0.3, and 0.6,
respectively.ficantly higher or lower than that in cells treated with vehicle only (control) (P <
0.05).
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Fig. 5.

Recruitment of TBR-1 and TRR-I1 by 7-DHC from non-lipid raft microdomains to lipid rafts/
caveolae in Mv1Lu cells. Cells were treated with vehicle only (control), cholesterol (10mg/
ml), and 7-DHC (10mg/ml) at 37°C for 4 h. The lipid raft/caveolae and non-lipid raft
microdomain localization of TBR-I (A and B), TBR-1I (C and D), caveolin- 1 (E), and
EEA-1 (F) in treated cells was then determined by sucrose gradient ultracentrifugation
followed by Western blot analysis using antibodies to TBR-I, TBR-II, caveolin-1, and EEA-1
(early endosome antigen 1). Representative of three experiments is shown. Fractions 4 and 5,
which mainly contained caveolin-1, represent the location of lipid rafts/caveolae (lipid raft)
(A, C, and E). Fractions 7, 8, and 9, which contained EEA-1, represent the location of non-
lipid raft microdomains (non-lipid raft) (A, C, and F). Fractions 7, 8, 9, and 10 contain trace
or small amounts of caveolin-1. This is due to the presence of mitochondria in these
fractions [Huang et al., 2016a,b]. The * symbol indicates the increased amount of TBR-I or
TPR-I1 in the fraction of cells treated with 7-DHC as compared with that in control cells.
The open arrow head indicates the decreased amount of TBR-1 or TBR-I1 in the fraction of 7-
DHC-treated cells as compared to that in control cells. The relative amount of TBR-I and
TBR-11 in the microdomains in treated cells were quantified by densitometry using
caveolin-1 as an internal control (B and D). The relative total amount of TBR-1 or TBR-I1 in
lipid rafts/cavelolae (fractions 4 and 5) and non-lipid raft microdomains (fractions 7, 8, and
9) in treated cells was taken as 100%. For example, the relative amounts of TBR-I and TPR-
Il in lipid rafts/caveolae (lipid raft) and non-lipid raft microdomains (non-lipid raft) in cells
treated with 7-DHC were estimated to be 85% and 15%, and 90% and 10%, respectively.
The experiments were performed in triplicate. The data are mean + s.d. *Significantly higher
or lower than that in cells treated with vehicle only (control) (P <0.05).
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Effects of the treatment (at 37°C for 4 h) with several concentrations of 7-DHC and
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cholesterol on the stability of TBR-1 and TBR-II in Mv1Lu cells (A) and with 50 pg/ml of 7-
DHC and cholesterol on the stability of TBR-1 and TBR-II localized in plasma-membrane

microdomains of Mv1Lu cells (B). (A) Mv1Lu cells were treated with several

concentrations (0, 5, 10, 20, 40, and 50 pug/ml) of 7-DHC (a) or cholesterol (b) at 37°C for 4
h. The cell lysates of treated cells were subjected to 7.5% SDS—-PAGE, followed by Western
blot analysis using antibodies to TBR-1, TBR-II, and b-actin as described previously [Huang
et al., 2016a,b]. The arrow indicates the location of TBR-I, TBR-II, or b-actin. The data is
representative of three independent experiments. The levels of TBR-1, TBR-I1, and b-actin
were quantified by densitometry. The relative levels of TBR-1 and TBR-II in treated cells
were estimated by normalizing the level of b-actin to that in control cells treated with vehicle
only. 7-DHC at 50 pg/ml appeared to attenuate the expression of TBRI or TBR-11 by ~30%
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(marked by an open arrowhead) as compared to that in control cells treated with vehicle
only. (B) Cells were treated with cholesterol (50 pug/ml) or 7-DHC (50 ug/ml) at 37°C for 4
h. The lipid raft/caveolae (lipid raft) and non-lipid raft microdomain (non-lipid raft)
localization of TBR-1 (a), TBR-II (b), and caveolin-1 (c) in treated cells were then
determined by sucrose gradient ultracentrifugation, followed by Western blot analysis using
antibodies to TBR-I, TBR-II, and caveolin-1. Treatment of cells with 7-DHC (50 pg/ml)
diminished the amounts of TBR-I (a), TBR-II (b), and caveolin-1 (c) in fractions 4 and 5
(lipid raft), and fractions 7 and 8 (non-lipid raft), as marked by an open arrowhead. The
fraction was compared to that in cells treated with cholesterol. The data are representative of
a total of three independent analyses. The relative amounts of TBR-1 and TBR-II in lipid
rafts/caveolae (fractions 4 and 5) and non-lipid raft microdomains (fractions 7, 8, and 9) in
cells treated with cholesterol or 7-DHC were quantified by densitometry. The total amount
of TBR-I, TBR-II, or caveolin-1 in lipid rafts/cavelolae/non-lipid raft microdomains in cells
treated with cholesterol was taken as 100%. The relative total amounts of TBR-I, TBR-II and
caveolin-1 in lipid rafts/caveolae (lipid raft)/non-lipid raft microdomains (non-lipid raft) in
cells treated with 7-DHC were estimated to be ~10%, and ~10% and ~15%, respectively.
Cholesterol treatment did not appear to affect the total relative amounts of TBR-I, TBR-11
and caveolin-1 in the microdomains.
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Fig. 7.
Comparison of 3D conformer structures of 7-DHC, ergosterol, and cholesterol. The 3D

conformer structures of 7-DHC, ergosterol, and cholesterol were derived from PubChem
(https://pubchem.ncbi.nlm.nih.gov/compound/). The backbones of these sterols consist of
rigid, fused four-ring systems. The configuration of the hydrocarbon tail (side chain) in 7-
DHC is identical to that in cholesterol but distinct from that in ergosterol because of the
presence of a double bond in ergosterol. The configurations of the 3b-ol (marked by red) and
10-methyl groups in 7-DHC appear to be very similar to those in ergosterol but different
from those in cholesterol. Both 7-DHC and ergosterol are known to promote lipid raft/
caveolae domain formation more strongly than cholesterol [Xu et al., 2001]. This suggests
that the specific configuration of the 3b-ol group in 7-DHC plays an important role in its
interaction with specific lipids in lipid rafts/caveolae [Ikonen, 2008]. The presence of a
double bond on the side chain of ergosterol diminishes its affinity for specific lipids in lipid
rafts/ caveolae in animals.
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Sterols Which Are Unable to Suppress TGF-f-Stimulated Luciferase Activity in Mv1Lu Cells Stably

TABLE L.

Expressing a Smad2-Dependent Luciferase Reporter Gene?

Sterol

Desmosterol
Ta-hydroxycholesterol
7B-hydroxycholesterol
25-hydroxycholesterol
27-hydroxycholesterol
7-ketocholesterol
5-Cholesten-3-one
5-Choesten-7-one
5-Cholesten-3p-ol-7-one
Lanosterol

Lathosterol

Zymosterol
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anlLu cells stably expressing a luciferase reporter gene [Chen et al., 2007, 2009] were incubated with 100 pM TGF-B in the presence of several
concentrations of sterols (0, 25, and 50 ug/ml) and 7-DHC (25 pg/ml) as a positive control. After 5 h at 37°C, luciferase activity of cell lysates of
treated cells was measured. TGF-B-stimulated luciferase activity in cells treated with TGF-f alone was taken as 100%. None of these sterols on the
list significantly inhibited the TGF-B-stimulated luciferase activity.
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