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Sigma-1 and sigma-2 receptor have different pharmacological profiles. In the past two decades, the biological and
pharmacological properties of the sigma-1 receptor has been well studied, however, little is known about the
sigma-2 receptor. The molecular identity of Sigma-2 receptor has been proposed as TMEM97, but more work has
to been done to address questions regarding our current knowledge of Sigma-2 pharmacology. Recently, the
sigma-2 receptor is recognized as a novel regulator influencing cellular cholesterol homeostasis. Additionally,
cholesterol homeostasis was disrupted in tumors and Alzheimer’s disease, and the sigma-2 receptor ligands have

showed promise to treat tumors and AD.

Sigma-2 receptor Cholesterol Alzheimer's Disease

| 1. Introduction

The sigma receptors were identified in 1976 and initially recognized as a member of the opiate receptors; later
studies revealed that they were different receptors L. The sigma receptors were classified into sigma-1 and sigma-
2 receptors based on their different pharmacological profiles @, The sigma-1 receptor acts as a molecular
chaperon and primarily localizes at the mitochondria-associated endoplasmic reticulum membrane (MAM) B, Upon
stimulation by its ligands, the sigma-1 receptor translocates from MAM to plasma membrane (PM) B, where it
interacts with ion channels and G protein coupled receptors (GPCRs). The sigma-1 receptor plays important roles
in many CNS diseases including drug addiction, depression, schizophrenia, Parkinson’s disease (PD), and
Alzheimer’s disease (AD) WBEIEII, The structure of the sigma-1 receptor has been recently reported, which exists
as a trimer with one single transmembrane topology for each protomer . In contrast, the molecular identity of the
sigma-2 receptor was only recently revealed . In 2006, Colabufo et al. proposed that sigma-2 receptors are
histone proteins, since a specific sigma-2 ligand PB28 could pull down histone proteins 9. However, this
hypothesis was discarded. It showed that fluorescent ligands of the sigma-2 receptor are not found in the nucleus,

which was not consistent with this histone hypothesis 11,

1.1. PGRMC1/Sigma-2 Receptor

In 2011, Xu et al. identified the sigma-2 receptor as a component of the progesterone receptor membrane
component 1 (PGRMC1), because PGRMCL1 could directly link to WC-21, which is a photoaffinity ligand for the
sigma-2 receptor. PGRMCL1 knockdown cells abolished this ligand binding to the sigma-2 receptor, while PGRMC1

overexpression increased the interaction between ligand and sigma-2 receptor 12,
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However, later-accumulated evidence has suggested that the sigma-2 receptor is distinct from PGRMC1 13l The
knockdown of PGRMCL1 using siRNA or the overexpression of this protein using its cDNA in MCF7 cells did not
alter the binding of [3H]-1,3 di-ortho-tolylguanidine ([3H]-DTG)to the sigma-2 receptor 4!, Knocking out PGRMC1
using CRISPR/Cas9 techniques in NSC34 cells also drew the same conclusion 3. Furthermore, the molecular
size of PGRMCL1 is different from that of the sigma-2 receptor. Using photoaffinity labeling technique, the labeling
with [3H] DTG in rat livers reveals that the sigma-2 receptor is about 21.5 kDa, while the molecular size of
PGRMC1 is 25 kDa 8, |n addition, the sigma-2 receptor could still be detected by the photolabeling using [*2°I]-
iodoazido-fenpropimorph ([*2°1]-IAF) in the PGRMC1 knockout cells 241, Fluorescent sigma-2 ligands still have
ability to bind to their receptor without the expression of PGRMC1 7],

1.2. TMEM97/Sigma-2 Receptor

Recently transmembrane protein 97 (TMEM97) was identified as a sigma-2 receptor identity using mass
spectrometry after affinity purification from the liver &, TMEM97 is an ER-resident transmembrane protein, also
known as meningioma-associated protein (MAC30) (8 The reduction in TMEM97 expression using siRNA
decreased the binding of the sigma-2 receptor to its ligand [*H] DTG. In addition, the overexpression of TMEM97 in
cells lacking the sigma-2 receptor demonstrated a similar sigma-2 receptor binding profile. The affinity of ligands
for TMEM97 is identical to the sigma-2 receptor binding affinity [2l. Moreover, TMEM97 ligands bind sigma-2
receptors: Asp29 and Asp56 are identified as ligand binding sites 2!,

TMEMO7 is expressed in many cell types and play important functions in neurons and cancer cells 1920121]122] "¢
has been shown that TMEM97 is involved in alcohol withdrawal behaviors. JVW-1034 (a TMEM97 ligand)
prevented withdrawal-induced behavioral impairments in worms and blunted withdrawal-induced excessive alcohol
drinking in rats 2. TMEM97 is also involved in neuropathic pain: the TMEM97 receptor agonist, UKH-1114,
reduces mechanical hypersensitivity in an animal model of neuropathic pain 22, CM398, a selective sigma-2
ligand, also showed anti-inflammatory analgesic effects in formalin model of inflammatory pain in mice 23, Further,
the activation of the sigma-2 receptor is neuroprotective: a novel sigma-2 receptor/TMEM97 modulator, DKR-1677,
protects neurons from death and cognitive impairment after blast-mediated traumatic brain injury (TBI) (22,
Additionally several compounds with sigma-1/sigma-2 mixed selectivity were able to counteract the neurotoxicity
induced by oxidative stress [24]. These evidences indicate that the sigma-2 receptor/TMEM97 may be a promising
target for the treatment of neurological diseases. TMEM97 is also involved in cancer: its agonist, PB221,
significantly inhibited the migration and invasion of ALTS1C1 cells (a murine brain tumor cell line). In addition, a
high dose of PB221 induced cell death of ALTS1C1 cells; these effects all involved mitochondrial oxidative stress.
Consistent with this notion, PB221 effectively retarded tumor growth in tumor models 22, Using CRISPR/Cas9
technology to remove TMEM97 in HelLa cells, one recent study has found that TMEM97 does not mediate
cytotoxicity induced by the sigma-2 ligand 22, It is possible that this cytotoxicity might be caused by sigma-2-
ligand-induced lysosomal dysfunction and reactive oxygen species (ROS) production, but whether it relies on

sigma-2 receptor remains unstudied.

1.3. The Complex of Sigma-2 Receptors
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In fact, TMEM97/sigma-2 receptor forms a trimeric complex with PGRMC1 and low-density lipoprotein (LDL)
receptor (LDLR), which is responsible for the efficient uptake of LDL into the cells 28, This complex is also
necessary for the internalization of apolipoprotein E (ApoE) and Ap monomers and oligomers 24, These findings
explain why PGRMC1 could be still photoaffinity tagged with a sigma-2 ligand, although PGRMC1 is not the sigma-

2 receptor 22,

Consistently the activation of TMEM97 by its ligands could affect PGRMC1-dependent cell processes 211281 For
example, JVW-1034 reduces withdrawal-induced impairments in ethanol-treated worms via PGRMC1/VEM-1 (a
PGRMC1 ortholog in worms), although whether JVW-1034 binds directly to PGRMC1 is not studied 2. The
Sigma-2/TMEM97 ligand, SAS-0132, modulates PGRMC1-dependent mechanisms to reduce cell death, cognitive

deficits, and neuroinflammation in AD mice [28l.

2. Sigma-2 Receptor—A Novel Regulator of Cholesterol
Homeostasis

2.1. Cholesterol Synthesis

Cholesterol is required for not only membrane integrity and fluidity but also the production of hormones including
steroids and vitamins 2289, Cholesterol biosynthesis begins with acetyl-CoA in the cytoplasm. Acetoacetyl-CoA is
produced from two acetyl-CoA using acetyl-CoA acyltransferase 2 and then reacts with the third acetyl-CoA by the
HMG-CoA synthase to produce 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). HMG-CoA reductase (HMGCR)
reduces HMG-CoA to mevalonate, which is the primary rate-limiting step in cholesterol synthesis [29E0
Mevalonate is converted to farnesyl pyrophosphate (FPP) by a series of enzymatic reactions, then two FPPs are
condensed to squalene, which commits to sterol production. Most of squalene is converted to lanosterol, and
through several additional enzymatic reactions, lanosterol is converted to cholesterol. FPP is also converted to
geranylgeranyl pyrophosphate (GGPP); both FPP and GGPP modify oncogenic proteins, such as Ras, via

enzymatic prenylation and activate them 2239 (Figure 1).
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Figure 1. Cholesterol synthesis in the cytoplasm. Cholesterol biosynthesis begins with acetyl-CoA. See the text for
the detailed information. HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; HMGCR: HMG-CoA reductase; FPP: farnesyl
pyrophosphate; GGPP: geranylgeranyl pyrophosphate.

The synthesis of cholesterol is regulated by feedback control involving sterol regulatory element-binding protein 2
(SREBP2). SREBP is an ER membrane-bound protein, where it interacts with SREBP cleavage-activating protein
(SCAP) B when the sterol level at the ER is low, the conformation of SCAP is changed, allowing SREBP2 to
translocate from the ER to the Golgi. At the Golgi, SREBP2 undergoes two sequential cleavages by site 1 protease
(S1P) and site 2 protease (S2P), liberating the active soluble fragment of SREBP2 from the membrane. The
processed SREBP2 enters the nucleus and increases expressions of many genes involving sterol biosynthetic
pathway including HMGCR. Conversely the accumulation of cholesterol in the ER inactivates the SREBP2 pathway
via insulin-induced genes (INSIGs). INSIGs interact with SCAP and promote the ER retention of SCAP, which
blocks the ER-to-Golgi transportation of SREBP2 and reduces cholesterol biosynthesis (21] (Figure 2). In addition to
SREBP2, liver X receptors (LXRs) 2223 and nuclear factor erythroid 2 related factor-1 (NRF1) 24 are also
involved in the regulation of cholesterol synthesis. High cholesterol levels activate LXRs, resulting in cholesterol
synthesis inhibition [£2133],
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Figure 2. The synthesis of cholesterol is regulated by feedback control involving sterol regulatory element-binding
protein 2 (SREBP2). See the text for the detailed information.

2.2. Cholesterol Transport

In addition to de novo cholesterol synthesis, cells can acquire cholesterol from an external source. Cholesterol can
be obtained from LDL, which is the major cholesterol-carrier in the blood via the clathrin-mediated endocytosis of
LDLR. In the brain, neurons acquire their cholesterol mainly from apolipoprotein E (ApoE), the major lipoprotein in
the CNS, via multiple ApoE receptors including LDLR, LDLR-related protein 1 (LRP1), and the very-low-density
lipoprotein receptor (VLDLR) 35 Once in the late endosomes/lysosomes in the cytosol, LDL is released from
LDLR, then LDLR is recycled back to the cell surface, while LDL is degraded in the lysosome, and cholesterol is
released. When the cell's cholesterol demand is no longer high, proprotein convertase subtilisin/kexin type 9
(PCSKO9) is secreted, which directs LDLR to the lysosome for degradation [B6I37] After cholesterol is released, it is
then transported to the destined membranes to meet the need of cells [38] \When intracellular cholesterol is in
excess, it is either exported out of cells by ATP-binding cassette (ABC) transporters including ABCA1 and ABCG1
or becomes esterified to form cholesteryl esters (CE) by acyl-coenzyme A: cholesterol acyltransferases (ACATS)
29 Extracellularly high-density lipoproteins (HDL) remove excess cholesterol from tissues to the liver through

reverse cholesterol transport (RCT), where it is subsequently eliminated with bile B2,

Cholesterol can also be oxidized via enzymatic or non-enzymatic reactions to produce oxysterols 49 cholesterol

yields 7-ketocholesterol (7KC) and 7p-hydroxycholesterol (7BHC) by autoxidation, which does not need the help of
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enzymes. Other oxysterols are produced enzymatically by members of the cytochrome P450 family; for example,
25-hydroxycholesterol (25-HC) is produced by cholesterol 25-hydroxylase (CH25H), 24-hydroxycholesterol (24-
HC) by CYP46A1, and 27-hydroxycholesterol (27-HC) by CYP27A1, respectively 41, These oxysterols could act
as ligands to activate LXRs, which regulate lipid metabolism and efflux 42, In addition, oxysterols also have roles in
immunity and inflammation. In particular, oxysterols, such as 25-HC, have been shown to have both pro- and anti-
inflammatory effects on immune response. On the one hand, it can act as a signaling molecule to amplify
inflammatory activation in macrophages #3l: 25-HC increases the production of many pro-inflammatory cytokines
and chemokine including IL-6 and IL-8 ¥4, On the other hand, the production of 25-HC can prevent absent in
melanoma 2 (AIM2) inflammasome activation in macrophages “2. In conclusion, the roles of 25-HC in

inflammation is quite complex, and further studies are strongly required.

Lipoprotein LDL can also be modified by oxidation. This modified LDL (oxLDL) is a ligand for Toll-like receptors
(TLRs) in macrophages, which directly activates pro-inflammatory signaling pathways €. Further, macrophages
also engulf oxLDL and cause the accumulation of cellular cholesterol in macrophages, resulting in the amplification
of TLR signaling (471148,

2.3. The Involvement of the Sigma-2 Receptor in Cholesterol Homeostasis

Substantial evidence has shown that the sigma-2 receptor/TMEM97 is involved in the synthesis of cholesterol. It
was reported that, after treatment with progesterone, TMEM97 and cholesterol biosynthesis genes are coordinately
upregulated in normal ovarian surface epithelial cells 42, TMEM97 shares EXPERA functional domain with other
cholesterol-related genes including transmembrane 6 superfamily member 2 (TM6SF) and emopamil binding
protein (EBP) 18 implicating that TMEM97 is a cholesterol synthesis gene. Consistently, using an RNAi screening
techniqgue, TMEM97 was identified as a regulator of cholesterol homeostasis. The knockdown of TMEM97 reduced
cholesterol contents as well as the internalization of LDLR. Furthermore, under sterol-depleted conditions,
TMEM97 mRNA is upregulated, indicating TMEM97 plays a very important role in the regulation of cholesterol
homeostasis 2.

TMEMO97 also controls the trafficking of cholesterol. TMEM97 could form a trimeric complex with PGRMC1 and
LDLR and mediate cholesterol uptake via its interaction with PGRMC1 and LDLR: the loss or inhibition of either
one of these proteins results in a decreased uptake of cholesterol 28, In addition, TMEM97 is a Niemann-Pick C1
(NPC1) binding protein, which is required for transporting cholesterol out of lysosomes BY. The loss of this protein
results in NPC, a fatal lysosomal storage disorder. In NPC cellular model, TMEM97 knockdown upregulates NPC1
expression, reduces cholesterol accumulation, and restores the trafficking of cholesterol out of the lysosome 1]
(Figure 3).
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Figure 3. Sigma-2 receptor controls the trafficking of cholesterol. TMEM97 forms a trimeric complex with
progesterone receptor membrane component 1 (PGRMC1) and low-density lipoprotein receptor (LDLR), which is
responsible for the internalization of LDL. In addition, TMEM97 is a Niemann-Pick C1 (NPC1) binding protein and
controls the trafficking of cholesterol out of lysosomes.
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