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Cholesterol biosynthesis, primarily associated with eukaryotes, occurs as an essential component of human
metabolism with biosynthetic deregulation a factor in cancer viability. The segment that partitions between
squalene and the C27-end cholesterol yields the main cholesterogenesis branch subdivided into the Bloch and
Kandutsch-Russell pathways. Their importance in cell viability, in normal growth and development originates
primarily from the amphipathic property and shape of the cholesterol molecule which makes it suitable as a
membrane insert. Cholesterol can also convert to variant oxygenated product metabolites of distinct function
producing a complex interplay between cholesterol synthesis and overall steroidogenesis. In this review, we
disassociate the two sides of cholesterogenesisis affecting the type and amounts of systemic sterols—one which is
beneficial to human welfare while the other dysfunctional leading to misery and disease that could result in
premature death. Our focus here is first to examine the cholesterol biosynthetic genes, enzymes, and order of
biosynthetic intermediates in human cholesterogenesis pathways, then compare the effect of proximal and distal
inhibitors of cholesterol biosynthesis against normal and cancer cell growth and metabolism. Collectively, the
inhibitor studies of druggable enzymes and specific biosynthetic steps, suggest a potential role of disrupted
cholesterol biosynthesis, in coordination with imported cholesterol, as a factor in cancer development and as
discussed some of these inhibitors have chemotherapeutic implications.

1. Introduction: alternate biosynthetic pathways to cholesterol
and the cancer connection
The cholesterol biosynthesis pathway is among the most ancient
primary metabolism pathways in eukaryotes and linked through
oxygenic catalysis to human disease such as cancer [1–4], while an
interrupted pathway that terminates in the formation of C4-methyl
sterol has been reported in γ-Proteobacteria [5]. In vertebrate animals,
the cholesterol biosynthesis pathway proceeds in two major segments
whereas the pathway is absent from invertebrates [6,7]. Carbon flux in
vertebrates proceeds firstly from acetyl CoA (derived from mitochondria
citrate) to mevalonic acid, via the rate-limiting enzyme involving
HMGCoA-reductase (HMGR), to the C30-acyclic olefin squalene, then
secondly, squalene undergoes epoxidation- the first committed step in
cholesterol synthesis, and cyclization to form the protosterol- C30-lan
osterol, that in turn converts to the final product C27-Δ5-cholesterol [8]
(Fig. 1). The enzymatic transformations of lanosterol to cholesterol is
not a random process; rather, it proceeds toward a final product that is

functionally superior to that of its biosynthetic precursor [6,9,10]. Thus,
for a sterol to meet the architectural requirements of membranes the
following three conditions need to be met: 1) the C4-methyl groups, a
feature that can interfere with the hydrogen bonding ability of the C3hydroxyl group with bulk/raft lipids directly or via a water bridge,
must be removed; 2) the C14-methyl group, a feature that destroys the
α-face planarity of the nucleus, must be removed; 3) the sterol side chain
should orient to the “right” of C20 (which can rotate about its C20 axis)
to maintain an extended staggered side chain for monolayer expansion.
The combination of a sterically unhindered C3-hydroxyl group with the
flat, hydrophobic alkyl backbone found in amphipathic cholesterol is
essential for this class of lipid to fit congruently in the lipid leaflet
[11,12] (Fig. 1). In addition to the final product cholesterol, oxysterol
derivatives of biosynthetic intermediates [13] and cholesterol-derived
metabolites that possess polar structures play complex roles in cell
regulation that can influence cancer progression through interaction
with diverse cytoplasmic and nuclear binding proteins [14–17]. LXRs
(oxysterol receptors) have been shown to reduce tumor growth in model
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systems [18,19] and downregulated LXR-target genes encompass genes
involved in cell proliferation-related processes [18]. An important
aspect of cholesterol biology in cancerous cells distinct from normal cells
relates to cholesterol homeostasis [20,21] and signaling factors that
originate in ERK/Hedgehog/Wnt/PI3K-Akt pathways and secondary
metabolites of oxysterols or involve low-density lipoprotein activities
coupled to blood cholesterol [18,22–24]. Intracellular cholesterol levels
can be regulated by ACAT1 (acyl-coenzyme A: cholesterol acyl
transferase) that enhances the esterification and storage of cholesterol
and if cholesterol concentrations exceed 5% in the endoplasmic reticu
lum, the SREBP pathway will be switched off that effectively shuts down
cholesterogenesis and LDL-related cholesterol uptake [25].
Intriguingly, in the 1960′ s sterol analysis of cultured cells revealed a
bifurcation in the cholesterol biosynthetic pathway based on apparent
differences in cholesterol biosynthesis in cancer and normal cell-types
[26,27]. Thus, in the cancer cell, lanosterol undergoes an initial side
chain C24-reduction to form 24,25-dihydrolanosterol, while in the
normal cell, lanosterol undergoes an initial C14-demethylation to form
the follicular fluid meiosis-activating sterol (FF-MAS). These two path
ways are now called the Kandutsch-Russell [KR] and Bloch pathways,
respectively, and both pathways produce cholesterol with different
sterol intermediates that either lack the Δ24 double bond [KR] or have
the Δ24 double bond present (Bloch) [26,27] (Fig. 2). Curiously, the
sterol 24-reductase (DHCR24) originating in rat microsome prefers
zymosterol over lanosterol as a substrate and it is noted that lanosterol is

a poor substrate of DHCR24 [28], suggesting that the Bloch pathway
might be favored in rats under physiological conditions. There appears
to be another overlooked metabolic sequence introduced in the 1970′ s
by Nes and McKean [NM] [6], and supported by Popjak [8], based on
normal tissue distribution-enzymic analyses. Here, the NM pathway
proceeds through 24-dihydrolanosterol analogous to the KR pathway
but in the NM route the crucial down-stream intermediate is the wellknown 4-methyl Δ7-sterol lophenol, rather than Δ8-zymostenol that
lacks a 4-methyl group, on the path to lathosterol (Fig. 2A). Substrate
analogs 2,3-iminosqualene and 24,25-iminolanosterol (Fig. 3) were
rationally designed to interfere with lanosterol synthase and sterol 24reductase activity and these compounds were tested against rat hepa
toma cells, which revealed cyclization to protosterol and reduction of its
terminal 24(25)-double bond in cholesterol biosynthesis are essential for
cancer cell growth [29,30]. Because catalytic efficiency directing the
kinetically favored metabolite order is dependent on enzyme concen
tration as well as the concentration and specificity of the corresponding
substrate, the precise biosynthetic pathway from squalene to cholesterol
may vary widely depending on cell type and cofactor availability, as
such Bloch pathway intermediates may crossover into the KR and NM
pathways but not necessarily vice versa [6,31].
All of the cholesterol biosynthesis pathways utilize the same set of
eleven enzymes in generating cholesterol from squalene, while the
number of catalytic reactions in the pathway grows to a minimum of 21
because some enzymes perform several individual oxidation–reduction

Fig. 1. Overview of the relationship between cholesterol biosynthesis in normal cells and in cancer cells. Red arrows and red X = cancer cell regulation; green, black
or blue arrows = normal cell regulation; green arrows = presqualene cholesterol biosynthesis; C and orange oblongs = cholesterol; AcCoA = acetyl-coenzyme A; ERK
= extracellular-signal regulated kinase 1/2; Wnt = wingless/integrated; LXR = liver X receptor; ABCA1 = ATP-binding cassette transporter A1; ABCG1 = ATPbinding cassette transporter G1; SREBP = sterol regulatory element-binding protein; LDL = low density lipoprotein; LDLR = low density lipoprotein receptor; ACAT1
= acyl-coenzyme A: cholesterol acyltransferase; CE = cholesterol esters; PI3K = phosphoinositide 3-kinase; AKT = protein kinase B. Note: as illustrated in the
lanosterol structure- the sterol molecule has different steric-electronic features which can be distinguished by: A, the C3-anchor- polar head group. B, hydrophobic
core of the sterol molecule that assumes the pseudoplanar conformation. C: C-20 chirality facilitates the hinge region between B and D and enables the side chain to
orient to the “right” rather than the “left” which places the side chain over the nucleus. D: the flexible side chain which most likely assumes primarily the staggered
conformation under physiological conditions as shown in the conformational perspective of cholesterol in orange.
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Fig. 2. Three hypothetical cholesterol biosynthesis pathways from lanosterol and associated crystal structures of relevant enzymes. A. The Bloch and KandutshRussell/Nes-McKean pathways in the biosynthesis of cholesterol. SM = squalene monooxygenase = SQLE (squalene epoxidase), LSS = lanosterol synthase = OSC
(oxidosqualene cyclase), DHCR24 = sterol Δ24-reductase, CYP51 = sterol 14α- demethylase, DHCR14 = sterol Δ14-reductase, LBR = lamin-B receptor, SC4MOL =
sterol C4-methyloxidase = MSMO1 (methylsterol monooxygenase), NSDHL = 3β-hydroxy- Δ5-steroid dehydrogenase, 3-SR = 3β-Keto-reductase, EBP = EmopamilBinding Protein = sterol C8 isomerase, 5-SD = sterol C5-desaturase = SC5D, DHCR7 = sterol Δ7-reductase B. Representative crystal structures of enzymes in the postsqualene segment of choleterogenesis. B1: Crystal structure of SM bound with FAD (black) and “Cmpd 4” (blue), PDB 6C6N. B2: Crystal structure of LSS bound with
lanosterol (black), PDB 1W6K . B3: Crystal structure of EBP bound with U18666A (red), PDB 6OHT . B4: Crystal structure of CYP51 bound with ketoconazole (red),
PDB 3LD6.

steps to complete the reaction course [32–34]. The transformations
catalyzed by these enzymes are irreversible except for the sterol Δ8 to
Δ7-isomerization step that can also proceed backwards from Δ7 to Δ8
[34]. The use of deuterium-labeling and mass spectrometry have been of
particular value in the determination whether cholesterol biosynthesis
proceeds via a set of crossing pathways, which suggests substrate pro
miscuity, or via a canonical pathway, suggesting substrate fidelity [31].
Alternatively, the use of microarray and other genetic advances in
methodology, including the Cancer Genome Atlas project using nextgeneration sequencing have made it possible to determine sterolic
gene expression levels in normal and disease states (Fig. 4) [35,36]. If
more work can show there are multiple forms of the same enzymeisoforms which often occur in the cytochrome-P50 family of enzymes,
then each one in humans could possess a cognate gene expressed in a
tissue-specific fashion, especially in cancer cells and tissues where the
genetic changes are frequent and ectopic expression of various genes is
typical. To date, all the corresponding enzymes have been purified as

microsome-bound entities using traditional protein chemistry ap
proaches and their catalytic competency (Vmax/Km) and substrate pref
erence determined [32,34]. Using modern approaches of gene cloning
and purification techniques, the turnover over numbers (kcat) could be
accurately determined for the first time for two human sterolic enzymes
against their preferred substrates. For lanosterol bound to sterol C14demethylase (CYP51) and zymosterol bound to sterol Δ8-7 isomerase
the approximate turnover numbers are 30 min− 1 and 0.4 min− 1,
respectively [37–38], suggesting that the isomerization step is biosyn
thetically slow and perhaps rate-limiting in cholesterol biosynthesis. So
far as is known, the post-squalene segment of the cholesterol biosyn
thesis pathway is regulated through allostery via squalene epoxidase
[39] or through post-translational control of the reductase-type enzymes
at C24, C14 and C7 or CYP51, the sterol C14-demethylase enzyme [40].
As indicated by the different pathways from lanosterol to cholesterol
(Bloch, KR, and NM), we surmise that there is additional regulation due
to substrate permissiveness subject to the amount and turnover rates of
3
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Fig. 3. Structures of representative inhibitors of cholesterol biosynthesis enzymes (identified by E.C. numbers as shown in Fig. 2A).
Fig. 4. Differential expression of cholesterol biosyn
thesis pathway genes in tumors compared to paired
normal tissues. RNAseq data from The Cancer
Genome Atlas (TCGA) were analyzed to select the
cancer types with a clear separation of cholesterol
pathway gene expression between the tumor and
normal samples. Differential expression analysis be
tween the paired tumor-normal samples for each
cancer type was performed using DESeq2. The scale
bar represents log2fc (tumor vs normal). An adjusted
P value (FDR) < 0.05 was used to select genes
significantly differentially expressed between tumor
and normal sample. Standard cancer type abbrevia
tions are used, CHOL-Cholangio carcinoma; KIRPKidney renal papillary cell carcinoma KIRC-Kidney
renal clear cell carcinoma; PRAD-Prostate adenocar
cinoma; STAD-Stomach adenocarcinoma; THCAThyroid carcinoma; LIHC-Liver hepatocellular carci
noma; LUSC-Lung squamous cell carcinoma; LUADLung adenocarcinoma; KICH-Kidney Chromophobe;
COAD-Colon adenocarcinoma, READ-Rectum adeno
carcinoma; UCEC-Uterine Corpus Endometrial Carci
noma; BRCA-Breast invasive carcinoma.

sterolic enzymes in cholesterogenesis. It is worth pointing out, the
nomenclature of sterolic genes and enzymes as well as the systematic
numbering of the sterol carbon atoms are areas of considerable confu
sion; for consistency to the biochemical literature and the medical
community we prefer to use the conventional nomenclature/numbering
systems reported in Figs. 1 and 2.

As noted by Brown and Goldstein in their 1985 Nobel Lecture [41],
cholesterol is a Janus-faced molecule, and we describe herein that
cholesterogenesis is also Janus-faced. It is well established that the
regulatory strictures involved with cholesterol production and process
ing that benefit normal cell proliferation and differentiation can also
enhance steroidogenesis in cancer cells necessary for the increases in
4
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growth rates and membrane cholesterol associated with cancer pro
gression and tumor development. Steroidal reprograming that leads to
increases in cholesterol cell content, typically about 3,000 fg/normal
cell [42–43], in effected tumors can also modulate metastasis [44].
These changes in sterol balance, which can provide a chemical signature
for cancer, in part is governed by alteration in the endogenously formed
metabolite through transcriptional regulation of specific enzymes from
lanosterol that can include DHCR24 and SC4MOL [45,46]. Our discus
sion in the review is mainly concerned with the relationship of choles
terol biosynthesis enzymes, corresponding genes and the inhibition of
their activity and expression, respectively, to cancer cell proliferation
and its inhibition, focusing on the post-squalene segment of cholesterol
biosynthesis. The clinical importance of disrupting cholesterol biosyn
thesis for reasons unrelated to heart disease and renewed appreciation
for the metabolic pathways that underly cholesterol balance is reflected
in the appearance of several reviews which have emphasized dysregu
lation of cholesterogenesis as a means for therapeutic intervention in
cancer treatment [14,47,48].

N-terminal domain that comprises 17% of SM was not included in the
crystallized construct of SM as it is known to cause problems in the
purification process of the full-length form of mammalian SM [68]. SM
within S10 rat liver homogenate was observed to produce squalene 2,3
(S);22(S),23-dioxide in the presence of 4,4,10β-trimethy-trans-decal-3βol (LSS inhibitor) and under aerobic conditions 2,3(S);22(S),23-dioxide
with S10 rat liver homogenate efficiently produced 24(S),25-epox
ycholesterol [69].
“Cmpd-4” binds to SM (Fig. 2:B1) in an extended conformation and is
surrounded by non-polar amino acid residues (F166, I208, L469, L473,
F477, F495, V502, P505, L508, L509, L519, F523, and V526). Both
“Cmpd-4” and NB-598 have the N-benzyl-N-ethanamine linker (Fig. 3)
and it is noted that the tertiary amine motif is a common feature in all
SM inhibitors published to date [62]. The aromatic groups of “Cmpd-4”
and NB-598 are surrounded by the following amino acid residues: F166,
Y195, A322, L333, Y335, P415, L416 and G418 [62]. Intriguingly, it
appears that π-π stacking interactions between the aromatic rings of
“Cmpd-4” and NB-598 and SM are nonexistent [62]. The tertiary amine
of both “Cmpd-4” and NB-598 form a hydrogen bond with the hydroxyl
group of Y195 and this conserved residue is critical for catalytic activity
of SM as greater than 90% loss of catalytic activity was observed with
either a Y195F or a Y195A substitution [62]. Both “Cmpd-4” and NB-598
have a tight-binding mechanism to SM that kinetically can be described
as non-competitive inhibition even though these inhibitors appear to
bind in the active site at the same location as the substrate [62].

2. Structure-based examples of cholesterol biosynthesis
enzymes
The Bloch and KR/NM pathways (Fig. 2A) are parallel pathways that
produce cholesterol from squalene. The main difference between these
pathways is when the Δ24 double bond is reduced by 24-dehydrocholes
terol reductase (DHCR24). The Bloch pathway utilizes DHCR24 in the
last step of cholesterol biosynthesis, while the KR/NM pathways use
DHCR24 to convert lanosterol to 24,25-dihydrolanosterol much earlier
on in the biosynthesis of cholesterol. The NM pathway is distinct from
the KR pathway as lophenol and not Δ8-zymostenol is biosynthesized on
route to lathosterol. There is some evidence to suggest that there is
crossover between the Bloch and KR pathways where DHCR24 can
convert any intermediate on the Bloch pathway into its unsaturated
counterpart [31,32]. The biosynthesis of squalene from AcCoA has
already been covered in detail [32,33] and is not the focus of this review.
The crystal structures of nine of the human sterol biosynthesis enzymes
from AcCoA to squalene have been reported [49–61]. Here we review
the structural biology and enzymology of four cholesterol biosynthesis
post squalene enzymes for which structural information is known. It
should be emphasized that microsome-bound enzymes of cholesterol
biosynthesis are recalcitrant to crystallization as such there are few of
these enzymes to date where the crystal structure has been obtained.

2.2. Structural biology and enzymology of lanosterol synthase (LSS: E.C.
5.4.99.7)
Lanosterol synthase (LSS) efficiently converts 2,3(S)-oxidosqualene
(2) into the tetracyclic triterpenoid lanosterol (3), a product with seven
chiral centers (Fig. 2A). The cloned/purified human LSS is active as a
monomer [33,70] and is a monotopic membrane protein, i.e. it inserts
itself into the membrane but it does not span the lipid bilayer [71]. The
catalytic polycyclization mechanism of how LSS converts 2 into 3 in
volves the following reaction steps [33,71]: 1) compound 2 must adopt a
chair-boat–chair conformation followed by protonation of the epoxide
oxygen atom to set in motion a series of ring-forming reactions that
yields the protosterol cation 2) The protosterol cation must undergo a
series of 1,2-hydride and 1,2-methanide shifts 3) deprotonation at C9
produces lanosterol (3). The crystal structure of human LSS bound with
lanosterol (Fig. 2:B2) has been reported and LSS is comprised of two α/α
barrel domains and three smaller β-structures that are connected by
loops [71]. It appears that the side chains of F444, Y503 and W581 are in
the correct position and orientation to stabilize the tertiary carbocations
at C-6 (after A ring formation) and C-10 (after B ring formation) with
cation-π interactions [71]. The energetically unfavored boat confirma
tion of 2,3-oxidosqualene that is required for lanosterol B-ring formation
is thought to be enforced by Y98 that pushes the C-10 methyl group
below the molecular plane [71]. H232 and F696 side chains help sta
bilize the anti-Markovnikov secondary carbocation at C-14 with cation-π
interactions during C-ring formation [71]. The LSS cyclization cascade
stops with the protosterol tertiary cation that is formed at C-20 (after Dring formation) and the C-20 cation gets converted into the lanosterol C8/C-9 cation by skeletal rearrangement [71]. RO 48-8071 (Fig. 3) has
been cocrystallized with LSS, which provides a structural base for the
design of more potent LSS inhibitors [71]. The nitrogen atom of RO 488071 forms a hydrogen bond with the carboxylate group from D455,
while the fluorophenyl group of RO 48-8071 forms π-π stacking in
teractions with F696 and H232 [71]. W192, W230, F521 forms π-π
stacking interactions with the terminal phenyl group of RO 48-8071,
while the bromine atom of RO 48-8071 interacts with I524, Y237 and
C233 [71]. Small molecules that are longer or shorter than RO 48-8071
are not effective inhibitors of LSS.

2.1. Structural biology and enzymology of squalene monooxygenase (SM:
E.C. 1.14.13.132)
Squalene monooxygenase (SM) is a flavin adenosine dinucleotide
(FAD)-dependent epoxidase that catalyzes the first oxygenation step in
the biosynthesis of cholesterol and has been proposed to be a second
rate-limiting enzyme in cholesterol biosynthesis [62,63]. SM consumes
molecular oxygen and NADPH in the stereoselective epoxidation of
squalene (1) to 2,3(S)-oxidosqualene (2) (Fig. 2A). SM is a Group E
monooxygenase that needs the external NADPH-cytochrome P450
reductase (P450R) as an electron donor to facilitate this epoxidation
reaction [62,64]. It is known that cholesterol accelerates proteasomal
degradation of SM and this is an excellent example of end product in
hibition [63,65]. The crystal structure of human SM has been solved
with “Cmpd-4” (Fig. 2-B1) or with NB-598 and it is noted that the FADbinding domain adopts a GR2 Rossman fold (three layer ββα sandwich
structure), while the substrate-binding domain adopts a two layer βα
sandwich domain with a seven stranded β sheet and two helices at the Cterminus [62]. Attempts to obtain well-diffracting crystals of the
SM⋅FAD complex with either 2,3(S)-oxidosqualene or squalene were
unsuccessful [62]. The hydrophobic membrane-bound N-terminal
domain of SM mediates the regulated degradation of SM [63] that in
volves the E3 ubiquitin ligase MARCHF6 [66,67] and it is noted that this
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2.3. Structural biology and enzymology of Emopamil-Binding protein
(EBP: E.C. 5.3.3.5)

family that inhibits HMGR could be repurposed as anticancer chemo
therapeutics. When designing chemotherapeutic cholesterol biosyn
thesis inhibitors, it is important not to completely abolish the normal
role of cholesterol as many syndromes are the result of abnormal
cholesterol metabolism such as the Smith-Lemli-Opitz syndrome (SLOS),
CK syndrome (CKS), congenital hemidysplasia with ichthyosiform nevus
and limb defects (CHILD) syndrome and the Conradi-Hunermann syn
drome (CDPX2).
Cancer cells have high requirements for cholesterol to support their
proliferation. This results in re-wiring of cholesterol biosynthesis,
cholesterol uptake and efflux pathways to meet the increasing demands
of the cancer cells. Recent studies point to the importance of cholesterol
biosynthesis in the pathogenesis of cancer. In addition to total choles
terol levels, recent studies highlight the importance of regulating the
levels of intermediate sterol metabolites in the cholesterol biosynthesis
pathway. These intermediates have diverse and poorly understood ef
fects. Some can regulate EGFR levels [45] and epithelial to mesen
chymal transitions [81] in cancer cells hence impacting cellular growth
and metastasis. Understanding of cholesterol biosynthesis pathways,
their regulation and cross-talk with oncogenic pathways may provide
novel markers and therapeutic targets for a range of cancers.

The Emopamil-Binding Protein (EBP) also known as the 3β-hydroxysteroid-Δ8, Δ7-isomerase converts the Δ8 sterols such as
zymosterol (9), 19, zymostenol (20) (Fig. 2A) to their corresponding Δ7
isomers (10, 21 and 22) [72]. The purification, characterization, and
catalytic properties of human EBP have been reported [37]. EBP was
observed to be tetrameric with a native molecular mass of 107,000 Da,
exhibited a Km of 50 μM and a turnover number of 0.423 s− 1 for
zymosterol (9) [37]. The Δ8 to Δ7 isomerization reaction catalyzed by
EBP is thought to involve electrophilic attack of a proton (derived from
water) by the Δ8 π-bond resulting in the formation of a cationic highenergy intermediate at C-8 [37]. The 7β hydrogen is subsequently
eliminated to water to produce the corresponding Δ7 sterol product
[37].
EBP has been cocrystallized with tamoxifen and U1866A (Fig. 2:B3)
and both of these drugs bind to EBP the same way [72]. EBP adopts a
unique fold involving five transmembrane helices that creates a mem
brane cavity which can bind many different ligands [72]. As part of the
anti-estrogen-binding site (AEBS), EBP can cause drug resistance by
lowering the availability of intracellular tamoxifen [72–73]. The AEBS is
a hetero-oligomeric complex that consists of EBP and DHCR7 in addition
to cholesterol-5,6-epoxide hydrolase [74]. Both tamoxifen and U1866A
(Fig. 3) use their positively charged amine group to mimic the carbo
cation sterol intermediate that is generated on route to the Δ7-isomer
[73].

3.1. Post squalene cholesterogenesis inhibitors
Terbinafine (Fig. 3) is an approved drug to treat fungal infections
including those caused by Candida albicans [82]. Terbinafine prevents
the biosynthesis of ergosterol, which is an essential component of fungal
cell membranes, by inhibiting SM. Terbinafine was observed to have a
relative IC5O value of 7.7 μM in a human liver microsome (HLM) assay
with maximal inhibition of 65% observed at 100 μM [62]. Despite ter
binafine not being a potent inhibitor of SM, it has been explored as an
investigative tool in human cancer cell lines [62,83].
NB-598 (Fig. 3) is a potent inhibitor of SM with a reported Ki of 0.68
nM in Hep G2 cells and an IC50 value of 4.4 nM in rats [84]. Cmpd 4
(Fig. 3) is also a potent inhibitor of SM with IC50 values of 0.09 μM and
0.78 μM in pig liver and Hep G2 cells, respectively [85]. Terbinafine,
Cmpd 4 and NB-598 all have the N-benzyl-N-ethanamine linker and the
tertiary amine motif in these inhibitors is critical for biological activity
against SM.
2,3-Iminosqualene (Fig. 3) at 4.4 μM was observed to inhibit LSS
100% [86]. RO 48-8071 (Fig. 3) was investigated as a possible drug to
suppress the progression of breast cancer cells via inhibition of LSS [87].
RO 48-8071 has a reported IC50 value of 5.7 nM against LSS [88].
Intriguingly, no significant difference in LSS expression between tumor
and normal mammary cells was observed by real-time PCR analysis of
mRNA from human breast cancer biopsies [87]. However, treatment of
BT-474 breast cancer cells with RO 48-8071 reduced levels of estrogeninduced PR protein which confirmed that RO 48-8071 blocks ERα ac
tivity in tumor cells [87]. RO 48-8071 reduced androgen receptor
mediated transcriptional activity, while atorvastatin (HMGR inhibitor)
was unable to influence androgen receptor activity which [87]. RO 488071 was observed to prevent tumor growth in a mouse BT-474 tumor
xenograft model and RO 48-8071 was observed to be more potent than
Simvastatin and Fluvastatin at inhibiting breast cancer cell proliferation
[89]. These findings suggest that RO 48-8071 has broader antitumor
properties than statins that are HMGR inhibitors [87,89]. In another
study RO 48-8071 was shown to decrease PR protein expression in T47D breast cancer cells via the proteasomal degradation pathway and it has
been suggested that RO 48-8071 may be a novel means of preventing
medroxyprogesterone acetate induced cancer stem cell expansion [90].
RO 48-8071 has been shown to decrease both hormone-dependent and
castration-resistant human prostate cancer cell viability and induce
apoptosis in vitro, while a mouse xenograft model showed suppression
of aggressive castration-resistant human prostate cancer cells by RO 488071 [91].
U18666A (Fig. 3) is known to noncompetitively inhibit at least three

2.4. Structural biology and enzymology of sterol 14α-demethylase
(CYP51: E.C. 1.14.13.70)
CYP51 removes the 14⍺-methyl group from sterol precursors such as
lanosterol (3) or 24,25-dihydrolanosterol (14) (Fig. 2A) [75]. CYP51
removes the C-32 methyl group of lanosterol in a repetitive three-step
process that uses NADPH and oxygen to produce FF-MAS (4) [76–78].
CYP51 first converts the C-32 methyl group of lanosterol into an alcohol
that is subsequently oxidized to an aldehyde, which is then removed as
formic acid as the Δ14-15 double bond is formed [76]. Each CYP51
catalytic cycle requires the reduction of the ferric heme iron, the binding
of molecular oxygen and subsequent protonation reactions that even
tually leads to the heterolytic scission of the O-O bond resulting in the
elimination of water and the formation of an Fe4+ oxo porphyrin cation
radical that is the catalytically active species [76,79].
The crystal structure of human sterol 14-α demethylase (CYP51)
ligand free and complexed with the antifungal azole drugs ketoconazole
(Fig. 2:B4, Fig. 3) and econazole have been reported [80]. Human
CYP51 has a well-conserved structural core around the heme group that
is formed by helices E, I, J, K & L, which is typical of a P450 fold [80].
Ketoconazole (Fig. 3) binds to the heme iron of CYP51 via the imidazole
nitrogen, while the dihalogenated phenyl group made contacts with
F139 and F234 near the pyrrole D ring of heme [80]. Ketoconazole also
forms many van der Waals interactions with Y131, L134, Y145, A311,
T315, and I377 [80]. Ketoconazole also inhibits other human P450
enzymes which is an undesirable side effect of azole therapy [80].
Human CYP51 has been cocrystalized with VFV [(R)-N-(1-(3,4′ difluorobiphenyl-4-yl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4oxadiazol-2-yl)benzamide], where two molecules of VFV were bound to
one CYP51 molecule [75].
3. Cholesterogenesis inhibitors and chemotherapeutic
intervention
Much research over the last several decades has been focused on
finding novel anticancer agents that inhibit cholesterol biosynthesis in
addition to investigating whether or not known FDA approved drugs
that inhibit cholesterol biosynthesis enzymes such as the statin drug
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membrane-bound enzymes (LSS, EBP and DHCR24) used in cholesterol
biosynthesis [92] and U18666A has been suggested to directly inhibit
the Niemann-Pick disease, type C1 protein (NPC1) [93,94]. Loss of
function mutations in acid sphingomyelinase (ASM) retards intracellular
cholesterol transport in Niemann-Pick disease and it was observed that
some ASM inhibitors have the ability to block cholesterol egress from
lysosomes to inhibit cancer cell survival [93]. U18666A has reported
IC50 value of 0.8 μM against rat liver LSS [95] and Ki values of 71 nM and
0.16 μM against EBP and DHCR24, respectively [28,96].
SKF 104976 (Fig. 3) is known to inhibit CYP51 and it was observed to
have an IC50 value of 2 nM in a Hep G2 cell extract [97]. Treatment of
human leukemia HL-60 cells with either SKF 104,976 or zaragozic acid
(squalene synthase inhibitor) resulted in the sustained activation of
ERK1/2 that in co-incubation with PD 98,059 (MAPK/ERK kinase in
hibitor) abrogated cell differentiation [98]. This study suggested that
cholesterol starvation may lead to myeloid differentiation and that the
modulation of the expression of cholesterol biosynthesis enzymes may
play a role in the differentiation process [98]. In another study human
promyelocytic HL-60 cells were treated with different distal inhibitors of
cholesterol biosynthesis (zaragozic acid, SKF 104976, SR 31747, BM
15766 and AY 9944 (Fig. 3)) in cholesterol free medium to demonstrate
that blocking cholesterol biosynthesis upstream of sterol DHCR7 causes
cell cycle arrest selectively in the G2/M phase, inhibiting cell prolifer
ation [99].
Human CYP51 appears to be druggable and has been proposed as a
molecular target for anticancer therapy [75]. Ketoconazole (Fig. 3) has
been reported to inhibit human CYP51 with a Kd value of 0.18 μM [80].
Ketoconazole has been shown to be effective for the treatment of met
astatic castration resistant prostate cancer [100]. VFV (Fig. 3) modestly
inhibits the proliferation of alveolar adenocarcinoma A549 cells and
epidermoid carcinoma A431 cells while inhibiting myeloid leukemia
Kasumi cells by 84%. VFV was observed to inhibit human CYP51 with a
reported IC50 value ~ 0.5 μM, while (S)-VFV (enantiomer of VFV) was
inactive with a reported IC50 value ~ 50 μM [75].
Tamoxifen has a reported Ki of 1.93 nM in cells transfected with both
EBP and DHCR7 [96]. Tamoxifen (Fig. 3) is used for hormonal treatment
and chemoprevention of estrogen receptor (ER)-positive breast cancers
and it also has high affinity for the microsomal antiestrogen binding site
(AEBS) [74,101]. The AEBS also binds AY 9944 and triparanol (Fig. 3)
[74]. AY 9944 is known to inhibit both 7-dehydrocholesterol reductase
and cholestenol Δ7-8-isomerase and is a Hedgehog signal inhibitor
[102–103]. AY 9944 has been reported to inhibit both DHCR7 and EBP
in AEBS with a Ki value of 0.358 μM [96], while DHCR14 was inhibited
by AY 9944 with a reported IC50 value of 0.3 μM [104]. In human cells it
has been shown that AY 9944 inhibits DHCR7 > EBP > DHCR14 [99].
The Smith-Lemli-Opitz syndrome (SLOS) arises due to a deficiency in 7dehydrocholesterol reductase activity and this same type of dysmetab
olism can be provoked by using AY 9944 and BM 15,766 [102]. It should
be noted that AY 9944, BM 15,766 and triparanol have been shown to be
teratogenic in rats [102]. BM 15,766 (Fig. 3) in AEBS has a reported Ki
value of 0.642 μM [96]. AY 9944 possess other deleterious mechanisms
of action in cultured cells including perturbations in LDL binding and
internalization in addition to inhibiting DNA synthesis [102,105]. These
side effects are likely to prevent AY 9944, BM 15,766 and triparanol
from being approved to treat cancer patients.
In addition to tamoxifen, antipsychotics such as aripiprazole, brex
piprazole and cariprazine inhibit DHCR7 [106–107]. 7-Dehydrocholes
terol (7-DHC) derived oxysterols are also known to inhibit the
Hedgehog membrane component Smoothened [106]. Smoothened in
hibitors have been approved as anticancer drugs [108,109]. Hedgehog
signaling is impaired in SLOS and additional disorders that arise due to
mutations in the cholesterol biosynthesis pathway. Altered Hedgehog
signaling likely underlies some of the developmental abnormalities
found in the disorders associated with cholesterol synthesis [110].
DHCR7, like many other enzymes in the pathway, is regulated by the
transcription factor sterol regulatory element-binding protein-2 (SREBP-

2) [111].
Colorectal cancer often involves mutations in the adenomatous
polyposis coli (APC) gene and a small molecule TASIN-1 (truncated APC
selective inhibitor-1; Fig. 3) was observed to specifically kill cells with
APC truncations while sparing normal and cancer cells with wild-type
APC [112]. TASIN-1 is known to exert its cytotoxic effects by inhibit
ing the cholesterol biosynthesis enzyme EBP [112,113]. The TASIN-1
scaffold underwent a thorough structure–activity relationship (SAR)
investigation to obtain more potent and selective molecules that possess
good metabolic stability and pharmacokinetic properties [114]. By
using photochemical TASIN probes in live cells three TASIN targets in
the cholesterol biosynthetic pathway were identified: EBP, DHCR7 and
DHCR24 [113]. TASIN-30 (Fig. 3) was identified as a selective inhibitor
of EBP without inhibiting either DHCR7 or DHCR24 [113]. EBP is also
strongly inhibited by SR 31747A (Fig. 3) with a reported Kd of 1 nM
[115].
Genkwadaphnin (GD, Fig. 3) is known to induce apoptosis in human
squamous cell carcinoma (SCC) cells and myelocytic HL-60 cells as well
as reduce tumor growth in mice inoculated with Lewis lung carcinoma
(LLC) cells [46,116,117]. GD was observed to have IC50 values of ~ 30
μM and ~ 37 μM against Hep3B and PLC/PRF/5 cells (human hepatoma
cells), respectively, while GD was observed to have an IC50 value ~ 55
μM against HL7702 cells (human normal liver cells) [46]. Recently
published work suggests GD works by disrupting DHCR24-mediated
cholesterol biosynthesis and the formation of membrane lipid rafts
[46]. Lipid rafts are thought to play a major role in tumor progression
[118].
Triparanol, a DHCR24 inhibitor, was one of the first cholesterol
lowering drugs to be approved in 1960 but was withdrawn in 1962 due
to side effects such as vision loss due to cataracts, nausea, thinning of the
hair and dry skin [119]. Triparanol has a reported Ki value of 0.523 μM
against DHCR24 [28]. Triparanol was evaluated for its anticancer
properties and found to inhibit the growth of multiple cell lines
including pancreatic, melanoma, liver, and prostate [120]. Triparanol
also effectively prevented the growth of A549 cell lung cancer xeno
grafts; hence, it is effective both in vitro and in vivo in various models
[120]. 24,25-Iminolanosterol was observed to inhibit DHCR24 with an
IC50 value of 23 μM [30].
3.2. Statin pleiotropic effects in chemotherapy
By looking at potential enzymatic targets in cholesterol biosynthesis
pathways and the historical reluctance of the pharmaceutical industry to
pursue sterol biosynthesis inhibitor drug development, the pre-squalene
segment has often attracted a lot of attention since there is a panel of
effective drugs to block cholesterol production at an early biosynthetic
step, typically by blocking the conversion of HMGCoA to mevalonic
acid. Consequently, HMGR has attracted much attention as a therapeutic
target to regulate cholesterol production in cancer cells. Statins are the
most well-known inhibitors of HMGR with cholesterol lowering prop
erties and they have been used to treat coronary heart disease [121].
Many statins are off patent generic drugs that are inexpensive and are
available for immediate use as anti-cancer agents based on their pleio
tropic effects [121,122]. Lovastatin was the first FDA approved statin to
treat hypercholesterolemia and cardiovascular diseases [122] and
lovastatin has been shown to effectively induce apoptosis in a prostate
cancer cell line (LNCaP) as well as in ovarian cancer cells in a p53 in
dependent manner [123]. Lovastatin synergized with doxorubicin by
inducing ovarian tumor cells to undergo apoptosis by blocking HMGCR
activity as well as increasing doxorubicin concentrations within drug
resistant tumor cells [121]. Synergistic effects were observed in human
cancer cell lines DBTRG 05MG (glioblastoma) and CL1-0 (lung) treated
with both lovastatin and troglitazone (PPAR-γ agonist) [124].
Acute myeloid leukemia (AML) cells have abnormal cholesterol ho
meostasis with hyperactive cholesterol biosynthesis and low-density li
poprotein (LDL) import [125]. A phase 2 clinical trial (SWOG S0919)
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reduced cholesteryl ester concentrations, restored PTEN expression,
inhibited AKT-mTOR pathway and attenuated the growth of hepato
cellular carcinomas [136]. Similarly, overexpression of SM promoted
cell proliferation in lung cancer cells and a subset of small cell lung
cancers were highly sensitive to NB-598 (Fig. 3), a specific SM inhibitor
[138–139]. In these lung cancer cells, NB-598 promoted cell death by
increasing the accumulation of squalene in the lipid droplets.
14-Dehydrocholesterol reductase (DHCR14A, gene name TM7SF2)
and lamin-B receptor (LBR, also called DHCR14B) share the same Δ-14
reductase activity in cholesterol biosynthesis (Fig. 2A) [111]. The LBR
protein is bifunctional as it has both lamin B receptor and C14-sterol
reductase domains. LBR is associated with the nuclear envelope
whereas DHCR14A is in the endoplasmic reticulum. Unlike SM the
expression of LBR is not high in the cancers compared to normal tissues
(Fig. 4). LBR appears to be the constitutively active C14-sterol reductase
while DHCR14A protein abundance is regulated by the ubiq
uitin–proteasome system in response to the cell’s requirements for
cholesterol [111]. An inverse relationship between the expression of
TM7SF2 (the gene that encodes for DHCR14A) and LBR has been re
ported and it was noted that tissues prefer to express one C14-sterol
reductase over the other [111]. The substrates and products of C14sterol reductases are 4, 4-dimethyl sterols that are collectively named
meiosis-activating sterols (MAS). These include follicular fluid MAS (FFMAS) and testis MAS (T-MAS) [111,140,141] so named because they
were originally purified from these tissues as potent activators of meiosis
in oocytes [142]. Reduced activity of LBR or DHCR14A can lead to
accumulation of 4,4-dimethyl sterol follicular fluid MAS (FF-MAS). The
C14 reductase activity of LBR is required for the growth and functional
maturation of myeloid cells [143]. Mutations in the C14 reductase
domain of LBR are implicated in Greenberg skeletal dysplasia as well as
Pelger-Huet anomaly [144]. DHCR14A is also shown to regulate TNFα
expression and inflammation by regulating the LXRα receptor activation
that binds to FF-MAS. Knockout of TM7SF2 is associated with enhanced
NF-kB activation and an inflammatory response [145] as well as altered
expression of proteins involved in epidermal differentiation, disruption
of farnesoid-X-receptor (FXR) and p38 MAPK activation, and increased
incidence of skin papillomas in Tm7sf2 null mice, suggesting the
downstream products of DHCR14A have a tumor-suppressive effect
[146].
Crossing from the Bloch to the KR pathway can happen at multiple
steps. DHCR24 can reduce the Δ-24 bond of FF-MAS and T-MAS to the
corresponding dihydro-FF-MAS and dihydro-T-MAS, respectively [111].
Notably, flux through these pathways is regulated by cellular signaling
pathways. The accumulation of FF-MAS and T-MAS in ovaries is induced
by follicle-stimulating hormone (FSH), potentially through upregulation
of CYP51 or decreased activity of the downstream 4-demethylase com
plex of SC4MOL and NSDHL [147]. T-MAS and FF-MAS appear to acti
vate meiosis by enhancing MAPK and perhaps PKC activity [148–150].
This is consistent with the well-recognized importance of EGFR-MAPK
signaling in oocyte maturation [151,152] but how these 4,4-dimethyl
sterols might regulate RTK-MAPK signaling is not well understood.
The 4,4-dimethyl MAS’s are substrates for the sterol monoxygenase
SC4MOL and the decarboxylase NSDHL (Fig. 2). Autosomal recessive
defects in SC4MOL cause multi-organ and tissue anomalies such as
microcephaly, bilateral congenital cataracts, growth delay, psoriaform
dermatitis, immune dysfunction and intellectual disability. Mutations in
NSDHL that alter the protein folding and show temperature-sensitive
protein stability are associated with CK syndrome (CKS), an X-linked
recessive intellectual disability syndrome characterized by dys
morphism, cortical brain malformations, and an asthenic build [153].
More than 20 different alleles of NSDHL gene are associated with
congenital hemidysplasia with ichthyosiform erythroderma and limb
defects (CHILD) syndrome. CHILD syndrome is a X-linked dominant,
lethal for male embryos and leads unilateral inflammatory skin lesions,
ipsilateral limb and visceral abnormalities [154]. Consistent with a
block in the synthetic pathway, individuals with SC4MOL and NSDHL

showed median overall survival of 12 months in relapsed AML patients
with idarubicin, cytarabine and pravastatin [125]. In another phase 2
clinical trial the treatment of breast cancer patients with atorvastatin
increased LDLR expression and a positive association between tumor
proliferation and intra-tumoral cholesterol levels was observed [126].
It was noted that administration of pravastatin to patients with
unresectable advanced hepatocellular carcinoma (HCC) resulted in a
doubling of median survival in comparison to controls [127]. In a ran
domized phase II clinical trial that investigated the addition of pravas
tatin to epirubicin, cisplatin and capecitabine chemotherapy in patients
with advanced gastric carcinoma resulted in no improved outcome for
patients [128]. In a randomized phase II clinical trial that evaluated the
efficacy and safety of gefitinib versus gefitinib + simvastatin in previ
ously treated patients with advanced non-small cell lung cancer
(NSCLC), no significant difference in responses rate and survival was
observed between these two groups in unselected patients [129].
However, gefitinib + simvastatin improved the response rate and
progression-free survival (PFS) in comparison to gefitinib alone in the
exploratory subgroup analysis of patients with wild-type EGFR non
adenocarcinomas [129]. In a randomized, double-blinded, phase II
clinical trial, it was concluded that the addition of simvastatin to gem
citabine chemotherapy did not improve clinical benefit in patients with
advanced and metastatic pancreatic cancer [130]. Another study that
looked at the addition of simvastatin (40 mg) to the XELIRI (capecita
bine/irinotecan)/FOLFIRI (fluorouracil/leucovorin/irinotecan) regimes
did not improve PFS in patients with metastatic colorectal cancer that
was previously treated [131]. A meta-analysis of eight randomized
controlled trials that looked at the effect of adding a statin to systemic
anticancer therapy concluded that adding a statin to anticancer agents
did not increase the overall response rate, PFS, or overall survival [132].
Despite some clinical trials showing inconclusive results or no
advantage of the administration or co-administration of a stain with
known anticancer drugs to treat cancer patients there are still many
clinical trials investigating the treatment of a wide range of cancer pa
tients with a statin or a drug cocktail that includes a statin. A recent
review [47] highlights recent clinical trials that investigated the direct
effects of stains in different types of cancer and it is interesting to note
that only one of the twenty-five studies investigated yielded conclusive
results. However, that one study was amended to include poor-risk pa
tients and it did not meet its prespecified criteria [47,133]. A phase 3
randomized, double-blind, placebo-controlled trial of pravastatin with
standard small-cell lung cancer (SCLC) therapy was observed to offer no
benefits to patients [134]. A phase II clinical trial showed no favorable
effect of high dose simvastatin in heavily pretreated multiple myeloma
patients [135]. Currently, demonstrated effectiveness of statins treating
a wide range of cancers is lacking and more studies will need to be
investigated to assess whether or not the use of statins to treat cancer is a
viable and effective option. If these additional clinical trials do not show
any clear benefits to treated cancer patients, we suggest that statins
should be abandoned as potential chemotherapy agents.
4. Gene regulation and expression of cholesterol biosynthesis
enzymes
Comparing the expression of various genes in the cholesterol
biosynthesis pathway in the matched tumor vs normal tissues identified
SM to be the most differentially expressed gene across multiple tumor
types (Fig. 4) suggesting it to be a therapeutic vulnerability in multiple
cancers. The SM gene was identified to be the most highly expressed
metabolic gene in nonalcoholic fatty liver disease-induced hepatocel
lular carcinoma (NAFLD-HCC) [136]. SM is a key regulator in colorectal
cancer aggressiveness and SM can be used as a prognostic biomarker
[137]. Overexpression of SM in normal hepatocyte cell line, LO2 and
NAFLD-hepatocellular carcinoma cells HKCI2 led to epigenetic silencing
of PTEN and activation of PI3K/mTOR pathway hence promoting cell
growth. Terbinafine (Fig. 3), an approved anti-fungal SM inhibitor,
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mutations show accumulation of the C4 methyl sterols [153]. The
congenital defects therefore may be due to a combination of diminished
cholesterol synthesis and significant accumulation of signaling-active C4
methyl sterols. Inhibition of SC4MOL or NSDHL has also been shown as
an effective strategy against carcinomas with activated EGFR-KRAS
signaling that have an increased demand for cholesterol [45]. Genetic
loss of NSDHL in a mouse model with nonsense mutation of Nsdhl pro
duced mosaic regions in the skin with patchy, scarly eruptions that
resolve leaving linear stripes. EGFR expression was significantly reduced
in these mutated patches accompanied by an increased accumulation of
C4 methyl sterols in the bare patches demonstrating the importance of
NSDHL in regulating EGFR signaling hence impacting keratinocyte dif
ferentiation [45].
Inhibition of EBP causes an accumulation of its substrates zymosterol
and zymostenol, which contributes to autophagy in tumor cells
[72,155,156]. Some EBP ligands can cause the death of cancer cells by
influencing cholesterol metabolism [112,157]. Mutations in EBP are
directly associated with the Conradi-Hunermann syndrome (CDPX2)
[158]. Conradi-Hunermann syndrome patients have increased amounts
of Δ8,9-unsaturated sterols in their plasma and tissues resulting in bone,
eye and skin abnormalities [72]. It is unlikely that a drug will be
approved to treat cancer patients that selectively binds to EBP due to the
possibility of inducing significant side effects due to accumulating
harmful Δ8-9 sterols.
7-Dehydrocholesterol reductase (DHCR7) catalyzes the final step in
the KR arm of cholesterol biosynthesis. Biallelic loss-of-function muta
tions of DHCR7 cause the devastating Smith-Lemli-Opitz Syndrome
(SLOS) [159]. Affected individuals have microcephaly, ptosis, cleft
palate, broad alveolar ridges, and micrognathia, with cataracts devel
oping pre- or postnatally and limb anomalies such as syndactyly. These
patients have decreased cholesterol and markedly increased levels of 7dehydrocholesterol [110,160]. 7-DHC is also a substrate for CYP7A1
producing 7-ketocholesterol as the major product and cholesterol-7,8epoxide as a side product and some SLOS patients were observed to
have high levels of both 7-ketocholesterol and cholesterol-7,8-epoxide
[161]. 7-DHC is highly reactive and easily undergoes free-radical per
oxidation reactions producing over a dozen different oxidation products
in vitro and in vivo [162,163]. 7-DHC-derived oxysterols are known to
exert cytotoxicity, induce premature cell differentiation, reduce cell
proliferation and lead to a host of gene expression changes
[162,164,165]. It is interesting that in addition to SM, DHCR7 an
enzyme that catalyzes the last step in cholesterol biosynthesis is
expressed at higher levels in a subset of cancers compared to the normal
tissues (Fig. 4). These gene expression changes could be driven by the
binding of these sterols to poorly understood nuclear and cytoplasmic
receptors similar to the MAS.
3β-Hydroxysteroid-Δ24 reductase (DHCR24) was shown to promote
growth of breast cancer stem-like cells in part through enhancing the
hedgehog signaling pathway [166]. Silencing DHCR24 inhibited the
metastatic ability of endometrial cancers and enhanced their sensitivity
to progestin [167]. The importance of DHCR24 in regulating cancer
growth has led to the development of DHCR24 inhibitors [168] that
need to be evaluated for their therapeutic potential.
Recent studies from Igor Astsaturov’s group have highlighted the
role of the demethylases SC4MOL and NSDHL in regulating tumor
growth [45]. They found that depletion of SC4MOL or NSDHL sensitizes
tumor cells with high EGFR levels to EGFR inhibitors and is directly
cytotoxic in cancer cells with low EGFR [45]. Knockdown of SC4MOL
also synergized with anti-EGFR therapy cetuximab in A431 epidermoid
carcinoma xenografts. High NSDHL expression is known to be associated
with highly proliferative cells. Based on the crystal structure and
screening of a library of compounds, novel inhibitors of NSDHL have
been identified [169]. These inhibitors synergize with Erlotinib in pre
venting growth of multiple cancer cell lines by regulating EGFR recy
cling and downstream activation of MAPK pathway [169]. Another
study showed that NSDHL knockdown caused reduction of total

cholesterol in BT-20 and MDA-MB-231 human breast cancer cell lines
[170]. In addition to suppressing primary tumor growth, NSDHL
knockdown was observed to reduce lung metastasis in an orthotopic
breast tumor model further demonstrating the important role of NSDHL
in breast cancer progression [170]. Conversely, NSDHL knockout or
treatment with statins induced SREBP1 expression and activation of
TGFβ leading to epithelial mesenchymal transition. This switched
glandular pancreatic carcinomas to a basal phenotype in mouse models
driven by KRASG12D expression and homozygous loss of P53 [81].
Various post translational modifications such as phosphorylation,
acetylation and ubiquitylation also regulate the activities of cholesterol
biosynthesis enzymes [40]. E3 ligases regulate the abundance of various
proteins by ubiquitylation and proteasomal degradation. MARCHF6, an
E3 ubiquitin ligase, regulates the activity of several key enzymes in the
pathway including HMGR, SM as well as CYP51 and DHCR24 [40,171],
the two enzymes that play a decisive role in the initial flux of lanosterol
through the Bloch vs KR pathway. HMGR is also a substrate for several
other E3 ligases including Gp78, TRC8, HRD1, and RNF15
[40,172–174]. The abundance of sterol intermediates regulates degra
dation of the enzymes in the pathway to meet the changing demands for
the sterol intermediates. For example lanosterol can feedback to accel
erate degradation of HMGR and cholesterol feeds back to signal degra
dation of SM [40]. While both CYP51 and DHCR24 are substrates of
MARCHF6, their levels are unaffected by cholesterol [40]. CYP51A1 is
also targeted by the ubiquitin ligase RNF185 [175]. Similar to SM, both
DHCR14 and DHCR7 are subject to rapid proteasomal degradation in the
presence of cholesterol or desmosterol, however the E3 ligase for these
enzymes are not known [40,176]. Although several ubiquitylation sites
are reported on the cholesterol biosynthesis enzymes their functional
consequences need to be explored. DHCR24 activity is also regulated by
its phosphorylation without affecting its protein levels [40]. Protein
kinase C inhibitors ablate its activity [177]. Targeting the post
translational modifications of cholesterol biosynthetic enzymes could be
an alternate approach to regulate the abundance of total cholesterol and
its intermediates in cancer and other diseases.
5. Concluding remarks and future directions
As pointed out in the introduction, cholesterol is an essential
amphipathic lipid found in mammalian plasma membranes and it is
noted that rapidly proliferating tissues, as well as cancers, require large
amounts of cholesterol. Several synthetic routes from lanosterol to
cholesterol exist, and flux through these pathways leads to accumulation
of specific cholesterol biosynthetic intermediates (CBIs) at specific ki
netic bottlenecks. These bottlenecks can be due to regulated changes in
enzyme activity, to pathological mutations, and to specific enzyme in
hibitor drugs. These CBIs are increasingly recognized as having biolog
ical signaling activity on their own, starting with the meiosis activating
substances, and more recently other 4-methyl intermediates that acti
vate nuclear hormone receptors, modify EGFR trafficking, and regulate
MAPK signaling. These activities can have profound effects on cancer
proliferation, differentiation and metastasis. No crystal structures have
been solved for six of the eleven post squalene cholesterol biosynthesis
enzymes and determining crystal structures of these enzymes will no
doubt accelerate the discovery of novel cholesterol biosynthesis drugs
including anticancer therapeutics. In the future, we look forward to
further insights into how cholesterol biosynthetic pathway activities are
regulated, the identification of additional important cellular targets for
CBIs and the discovery of new anticancer drugs that selectively inhibit
cholesterol biosynthesis enzymes.
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Bruno Payré, Sandrine Silvente-Poirot, Gilles Favre, Jean-Charles Faye,
Marc Poirot, Molecular characterization of the microsomal tamoxifen binding
site, J. Biol. Chem. 279 (2004) 34048–34061.
[97] R.J. Mayer, J.L. Adam, M.J. Bossard, T.A. Berkhout, Effects of a novel lanosterol
14α-demethylase inhibitor on the regulation of 3-hydroxy-3-methylglutaryl-co
enzyme a reductase in hep G2 cells, J. Biol. Chem. 266 (1991) 20070–20078.
[98] Carolina C. Sánchez-Martín, Alberto Dávalos, Covadonga Martín-Sánchez,
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