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The sigma-2 receptor (S2R), encoded by TMEM97, is expressed in brain and retinal cells, and regulates cell functions via

its co-receptor progesterone receptor membrane component 1 (PGRMC1), and through other protein–protein interactions.

S2R modulates key pathways, including autophagy, trafficking, oxidative stress, and amyloid-β and α-synuclein toxicity,

involved in age-related degenerative diseases of the central nervous system. Furthermore, S2R modulation can

ameliorate functional deficits in cell-based and animal models of neurodegenerative disease.

Keywords: S2R ; TMEM97 ; PGRMC1 ; MAC30 ; σ2R ; Alzheimer’s disease (AD) ; Parkinson’s disease (PD) ; Niemann-

Pick's Diease type C ; Dry Age-Related Macular Degeneration ; Dementia with Lewy Bodies

1. History, Structure, and Function of S2R

Before describing the role of S2R in degenerative diseases, the researchers summarize the history, structure, and

function of S2R (Figure 1). A clear understanding of the structure and functionality of S2R has historically been elusive.

S2R was first coined meningioma-associated protein 30 (MAC30). S2R activity was initially localized to a ~20 kDa

membrane protein  and first thought to be progesterone receptor membrane component 1 (PGRMC1), based on mass

spectrophotometry identification following an immunoaffinity pull down with the irreversible S2R ligand WC-11,

physiochemical properties, and pharmacological evidence . In later studies by two independent groups, however, in

which PGRMC1 levels were genetically manipulated through overexpression or depletion, S2R binding activity was not

altered irrespective of the level of PGRMC1 expressed, as assessed using the canonical S2R ligand tritiated di-o-

tolylguanidine binding in the presence of saturating (+)-pentazocine, in a human epithelial cell line or a mouse motor

neuron cell line . Moreover, full activity persisted, even in the absence of PGRMC1.

Figure 1. Timeline of the discovery and elucidation of S2R from inception to therapeutic modulation. References: Martin et

al., 1976 ; Hanner et al., 1996 ; Xu et al., 2011 , Izzo et al., 2014 ; Sanchez-Pulido & Ponting, 2014 ; Alon et

al., 2017 ; Riad et al., 2020 ; Alon et al., 2021 ; Izzo et al., 2021 ; Limegrover et al., 2021 ; Colom-Cadena et

al., 2021 . Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-β; LDL, low-density lipoprotein; PD, Parkinson’s

disease; PGRMC1, progesterone receptor membrane component 1; S1R, sigma-1 receptor; S2R, sigma-2 receptor;

TMEM97, transmembrane protein 97.

In 2017, the S2R was cloned , demonstrating that TMEM97, not PGRMC1, was the gene encoding S2R, indicating that

S2R and TMEM97 are one and the same. This was confirmed in pharmacological studies assessing the activity of S2R

ligands where reduction, or ablation, of S2R activity was observed when TMEM97 expression was reduced, or absent, in

calf liver cells  or human cervical cancer cells , respectively. In further support, co-localization of TMEM97 with

S2R ligands was demonstrated . The identification of S2R as TMEM97 enabled a rapid advancement to the field,

because it immediately merged two previously distinctly defined fields of research, enabling the application of that known

about S2R pharmacology to TMEM97, and that known about TMEM97 biology to S2R (Figure 2) . The crystal structure

of TMEM97, although bovine, was resolved in 2021 which illuminated the docking sites of small molecule S2R ligands,

PB28, and roluperidone , and allowed for structural enablement and docking for future medicinal chemistry efforts to
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identify S2R modulators that may be therapeutic candidates. This crystal structure also added additional confirmation that

S2R is structurally distinct from the sigma-1 receptor .

2. Expression and Regulation of S2R/TMEM97

Within the brain, S2R is found in several areas, including the cerebellum, cortex, hippocampus, and substantia nigra, and

is enriched in neurons as compared with glial cells in the adult brain . Consistent with a role of S2R in synapses and in

Alzheimer’s disease , S2R (TMEM97) has been demonstrated using Förster resonance energy transfer to colocalize

with amyloid-β in synaptic densities . In the retina, S2R is expressed in several cell types including the retinal pigment

epithelium cells, photoreceptors, and retinal ganglion cells .

TMEM97 is a member of the EXPERA (EXPanded EBP superfamily) family of proteins along with emopamil binding

protein (EBP), which is a protein domain containing four transmembrane regions and thought to have sterol isomerase

activity . Although TMEM97, unlike emopamil binding protein, is not thought to have isomerase activity, TMEM97 levels

can be regulated by changes in cholesterol levels. More specifically, when cholesterol levels are reduced, TMEM97

expression can be induced by sterol regulatory element-binding protein-2 . Both TMEM97 and PGRMC1 were

regulated at the transcript level in skin cells by the topically applied Wnt/beta-catenin inhibitor C-82 under investigation in

a clinical trial in individuals with systemic sclerosis, suggesting that Wnt signaling regulates TMEM97 . Interestingly,

increased expression of TMEM97 correlated with a rise in expression of genes involved in lipid metabolism, and these

genes were significantly associated with the gene ontology terms cellular lipid, isoprenoid, cholesterol, and long-chain

fatty-acyl-CoA biosynthetic processes , supporting a role of S2R in cholesterol biology. A further understanding of how

TMEM97 may be regulated by different mediators and disease-relevant stressors is needed; however, in the case of

Alzheimer’s disease, at least two reports suggest that TMEM97 is upregulated in synapses .

Figure 2. S2R pharmacology and the overlap with TMEM97 and PGRMC1 biology. Two putative endogenous ligands for

S2R have been identified, although additional studies are needed to elucidate their roles under physiological and

pathophysiological contexts. Despite this, several synthetic S2R ligands have been developed and used to investigate

S2R function. Direct protein–protein interactions and functions of TMEM97 remain to be fully characterized; however,

TMEM97 interacts directly with Niemann–Pick protein C1, as well as PGRMC1 and LDLR. PGRMC1 is well-identified as a

hormone receptor with multiple functions, including regulation of signal transduction pathways, protein–protein

interactions, membrane trafficking, and autophagy. While ongoing studies attempt to elucidate the functions of each

protein, S2R, TMEM97, and PGRMC1 converge in co-localization/co-expression and their regulation of amyloid-β binding.

References: (1) ; (2) ; (3) ; (4) ; (5) ; (6) ; (7) ; (8) 

; (9) ; (10) ; (11) ; (12) ; (13) ; (14)  Abbreviations: Aβ, amyloid-β; Apo-E,

apolipoprotein-E; BDNF, brain-derived neurotrophic factor; DTG, di-o-tolylguanidine; EGFR, epidermal growth factor

receptor; GLP-1R, glucagon-like peptide-1 receptor; Insig/Scap, insulin-induced gene/sterol regulatory element-binding

protein cleavage-activating protein; LDLR, low-density lipoprotein receptor; MAP1LC3/UVRAG, microtubule-associated

proteins 1A/1B light chain 3/UV radiation resistance associated gene protein; mPRα, membrane progesterone receptor

alpha; NPC1, Niemann–Pick protein C1; PAIRBP, plasminogen activator inhibitor 1 mRNA-binding protein; PGRMC1,

progesterone receptor membrane component 1; S2R, sigma-2 receptor; TMEM97, transmembrane protein 97; UNC/DCC,

UNC-40/Deleted in Colorectal Cancer.
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3. Putatitve Endogenous Ligands

Until recently, the endogenous ligand of S2R was unknown, although some ligands had been historically proposed but

lacked conclusive substantiation in follow-on studies . In 2021, two studies were published that identified two

putative endogenous ligands of S2R: histatin-1  and the oxysterol 20(S)-OHC . Histatin-1 is a salivary protein with

antibacterial and antifungal activities and is known to be involved in wound healing . Histatin-1 is also found in

human tears , and the functional binding of histatin-1 to S2R was confirmed in human corneal epithelial cells .

Because histatin-1 expression is highly enriched in, and fairly limited to, salivary glands  and tears, further research

is needed to clarify if histatin-1 is a ligand in the majority of tissues where S2R is expressed, including the brain and retina

. In contrast, the biology of 20(S)-OHC alone makes it a notable candidate. First, 20(S)-OHC is involved in Niemann–

Pick C1 (NPC1)-mediated cholesterol homeostasis, including lipid membrane and sphingolipid metabolism . Further, it

is known that TMEM97 and NPC1 physically interact  and oxysterols are known to post-translationally enhance the

activity of enzymes involved in sphingomyelin biosynthesis . The ligand binding site described for 20(S)-OHC in this

model is remarkably consistent with the ligand-bound crystal structure of S2R, recently reported for S2R in complex with

synthetic S2R ligands . The resolution of the crystal structure of the ligand-bound S2R will further enable the discovery

of additional endogenous ligands . While researchers in the field continue to investigate the endogenous ligand for

S2R, there remains a clear need to elucidate definitively what, if any, previously identified putative ligands have a role in

S2R signaling under both physiological and pathophysiological settings.

4. Protein Interactions Underlie the Functions of S2R

S2R couples and interacts with surrounding proteins to actuate a wide variety of cellular processes (Figure 3, Table 1).

S2R has been shown to be closely associated and interact with key proteins to exert its functions, including PGRMC1 and

LDLR . PGRMC1 is a well-identified hormone receptor with multiple functions in Alzheimer’s disease , α-

synucleinopathies , and retinal disease . Moreover, PGRMC1 has been speculated to be an adaptor protein

involved in regulating intracellular signal transduction and/or membrane trafficking  given its immunoreceptor

tyrosine-based activation motif sequence , which enables membrane trafficking as well as protein–protein interaction

. Indeed, S2R modulators have been shown to ameliorate amyloid-β oligomer and α-synuclein oligomer-mediated

deficits in neuronal trafficking .

Figure 3. Structure–function of S2R and role of S2R small molecule modulators in restoring cell health and function. The

amyloid-β oligomer receptor is a protein complex (light blue) that binds amyloid-β oligomers and is comprised of cellular

prion protein (PrP ) along with other proteins including leukocyte immunoglobulin-like receptor subfamily B2/paired

immunoglobulin-like type 2 receptor B (LilrB2), and possibly also Nogo-66 receptor 1 (Nogo). S2R small molecule

modulator (green) binds to the S2R (TMEM97; purple). Abbreviations: AMD, age-related macular degeneration; Aβ,

amyloid-β; PGRMC1, progesterone receptor membrane component 1; RPE, retinal pigment epithelium; S2R, sigma-2

receptor; TMEM97, transmembrane protein 97.

Table 1. Key functional roles of S2R and the molecular players involved.

Functions of S2R Molecules Involved Disease Relevance

Blocks amyloid-β oligomers from binding neuronal
synapses

TMEM97, PGRMC1
oligomer receptor Alzheimer’s disease

[63][64]

[34] [35]

[65][66]

[67] [34]

[22][68]

[35]

[35]

[49]

[69]

[14]

[70]

[17][19] [71]

[16][72] [73]

[74][75]

[62][75]

[74][75]

[10][16][51]

c



Functions of S2R Molecules Involved Disease Relevance

Blocks α-synuclein oligomers from binding neuronal
synapses TMEM97

Dementia with Lewy
bodies

Parkinson’s disease

Mediates synaptoprotection
TMEM97, PGRMC1

mGluR5,
oligomer receptor

Alzheimer’s disease
Parkinson’s disease
Dementia with Lewy

bodies

Regulates autophagy TMEM97, PGRMC1
LAMP2A, MAP1LC3B

Dry AMD
Dementia with Lewy

bodies
Parkinson’s disease

Regulates cholesterol homeostasis TMEM97, PGRMC1, LDLR, Apo-E,
NPC1

Alzheimer’s disease
Niemann–Pick disease

type C

Regulates membrane trafficking TMEM97, PGRMC1, LDLR

Alzheimer’s disease
Parkinson’s disease
Dementia with Lewy

bodies

Abbreviations: AMD, age-related macular degeneration; Apo-E, apolipoprotein-E; LAMP2A, lysosomal-associated

membrane protein 2A; LDLR, low-density lipoprotein receptor; MAP1LC3B, microtubule-associated proteins 1A/1B light

chain 3; mGluR5, metabotropic glutamate receptor 5; NPC1, Niemann–Pick protein C1; PGRMC1, progesterone receptor

membrane component 1; S2R, sigma-2 receptor; TMEM97, transmembrane protein 97.

Studies from multiple in vitro models have identified that both TMEM97 and PGRMC1 modulate autophagy, a

quintessential cellular process needed to recycle cellular debris. PGRMC1 is a binding partner for numerous proteins in

the autophagic pathway, including the key autophagic protein microtubule-associated protein 1A/1B light chain 3B (LC3)

. Treatment with S2R ligands induces processing of LC3, formation of autophagic vacuoles, and expression of

downstream effectors of the mammalian Target of Rapamycin (mTOR) pathway . TMEM97 knockout cell lines exhibit

aberrant autophagic flux and lysosome dysfunction . Some small molecule modulators of S2R, such as siramesine and

SV119, trigger the induction of autophagy , while other S2R modulators such as CT2168 can restore α-synuclein

oligomer-induced deficits in lysosomal-associated membrane protein 2A levels, an indirect marker of autophagy, back to

healthy control levels in neurons . Given that autophagy is dysregulated in neurodegenerative conditions, further

elucidation of S2R in regulating autophagy in brain and retinal disease is warranted, and may foster better translation into

potential neuroprotective therapies.

One important function of S2R is regulation of cholesterol homeostasis by interacting with low-density lipoprotein receptor

(LDLR), an apolipoprotein-E receptor, at the plasma membrane to transport apolipoprotein E into neurons  and with

NPC1, intracellularly, to regulate LDL cholesterol transport out of lysosomes . Cholesterol is a key component of the

cell membrane and constitutes up to 30% of total membrane lipids . Cholesterol, bound to LDL, is taken up into cells

via the LDLR, and endocytosed. S2R is key in facilitating the uptake of LDL, as uptake of radiolabeled LDL was

significantly decreased in PGRMC1 knockout, TMEM97 knockout, and double knockout cell lines . Using these

knockout cell lines, the same group demonstrated that both PGRMC1 and TMEM97 must be present and functional for

effective LDL–LDLR complex internalization . Further, to understand whether S2R alters all clathrin-mediated endocytic

pathways or just the uptake of LDL, radiolabeled [ I]TYR -somatostatin and [ I] insulin uptake was assessed, but

knockout of TMEM97 or PGRMC1 did not alter the uptake of either substrate, indicating a specific role of S2R regulation

of trafficking through LDLR .

The TMEM97/PGRMC1/LDLR triad is responsible for the uptake of amyloid-β oligomers and apolipoprotein E into

neurons, as knockdown of TMEM97 or modulation of TMEM97 with S2R ligands including RHM-4 and SW43 substantially

decreased the uptake of both amyloid-β oligomers and apolipoprotein E, but apolipoprotein E was not required for

amyloid-β oligomer uptake . The lack of dependence on apolipoprotein E for synaptic uptake has been reported and

discussed previously . Apolipoprotein E also interacts with PGRMC1 in the clearance of amyloid-β from neurons.

Blocking the interaction between apolipoprotein E and PGRMC1 increases amyloid-β clearance from the brain, reduces

amyloid-β deposition, and reduces related pathology in Alzheimer animal models . This is consistent with results

showing that specific small-molecule ligands that bind to S2R displace endogenous β-amyloid oligomers from human

brain samples from individuals with Alzheimer’s disease, displace β-amyloid oligomer binding to primary cultured neurons,

and reverse cognitive deficits in Alzheimer model mice .
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There is a host of direct and indirect evidence linking S2R to the amyloid-β oligomer receptor. Amyloid-β oligomers bind to

a protein complex comprised of cellular prion protein (PrP ) along with other proteins including leukocyte immunoglobulin-

like receptor subfamily B2/paired immunoglobulin-like type 2 receptor B (LilrB2), and possibly also Nogo-66 receptor 1

(Nogo-1), low-affinity nerve growth factor (NGF) receptor  (Figure 3), and the metabotropic glutamate receptor 5 . In

the brain, the expressions of oligomer receptor constituents are enriched in neuronal synapses . Several lines of

evidence indicate a physical and/or functional interaction of S2R with this protein complex that binds amyloid-β oligomers.

Amyloid-β oligomer binding results in aberrant neuronal signaling and the endocytosis of the dysfunctional synapse into

the cell . Amyloid-β oligomer binding to neuronal synapses is abrogated by knockdown of PGRMC1 , PrP , and

with S2R modulators in neurons , an effect that leads to restoration of neuronal health and function. Furthermore,

treatment with a metabotropic glutamate receptor 5 modulator, which displaces amyloid-β oligomers, effectively prevented

synaptotoxicity and restored functional synapses in a mouse model of Alzheimer’s disease . Conditional deletion of the

oligomer receptor PrP  in Alzheimer transgenic mice rescues cognitive and synaptic deficits . Lastly,  S2R modulators

restore cognitive deficits in Alzheimer transgenic mice . In sum, substantial evidence linking S2R biology to that of

the protein complex that binds amyloid-β oligomers supports the pursuit of small-molecule modulators of S2R to prevent

amyloid-β oligomer-mediated toxicity.
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