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ABSTRACT 

Our lab has recently shown that the Sigma-2 Receptor/Transmembrane Protein 97 (sigma-

2R/TMEM97) interacts with the low-density lipoprotein receptor (LDLR) and facilitates the enhanced uptake 

of various ligands including lipoproteins and intrinsically disordered proteins. TMEM97 has been recently 

been shown to interact with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral proteins, 

highlighting its potential involvement with viral entry into the cell. We hypothesized that sigma-2R/TMEM97 

may play a role in facilitating viral uptake, and with the regulation of inflammatory and thrombotic pathways 

that are involved with viral infection. In this study, we identified the top differentially expressed genes upon 

the knockout of sigma-2R/TMEM97, and analyzed the genes involved with the inflammatory and thrombotic 

cascades, effects that are observed in patients infected with SARS-CoV-2. We found that the ablation of 

sigma-2R/TMEM97 resulted in an increase in Complement Component 4 Binding Protein (C4BP) proteins, 

at both the translational and transcriptional levels. We also showed that sigma-2R/TMEM97 interacts with 

the cellular receptor for SARS-CoV-2, the human angiotensin-converting enzyme 2 (ACE2) receptor, 

forming a protein complex, and that disruption of this complex results in the inhibition of viral uptake. The 

results of this study suggest that sigma-2R/TMEM97 may be a novel therapeutic target to inhibit SARS-

CoV-2 viral uptake, as well as to decrease inflammatory and thrombotic effects through the modulation of 

the complement cascade. 
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INTRODUCTION 

Despite being implicated in the pharmacology of several well-known agents that have assisted in 

elucidating the fundamental biology of the sigma-2 receptor/TMEM97, the receptor’s biological function 

remains to be fully elucidated. Sigma receptors, which consist of two subtypes termed sigma-1 and sigma-

2 receptors, are a distinct family of proteins and are present in the periphery and central compartment 1-3.  

Following initial radioligand binding studies of the sigma-2 receptor, Xu, et al. observed with photoaffinity 

labeling that the sigma-2 receptor resided within a protein complex containing progesterone membrane 

binding component 1 (PGRMC1). 4. Work by Kruze and colleagues, TMEM97 was identified as the gene 

that encodes the sigma-2 receptor; this work led to the renaming of the protein as the sigma-2R/TMEM97 

5. Subsequent studies from our group identified the presence of a protein complex between sigma-

2R/TMEM97 and PGRMC1 6, studies which set the foundation for the pharmacological characterization of 

this protein complex. For example, our lab showed that sigma-2 receptor/TMEM97 and PGRMC1 interact 

with the LDLR, and the three form a trimeric protein complex that is essential for the efficient uptake of 

lipoproteins 6. Using CRISPR/cas9 technology, we demonstrated that the loss or pharmacological inhibition 

of sigma-2R/TMEM97 resulted in the decreased uptake of lipoproteins such as low-density lipoprotein (LDL) 

7. Sigma-2R/TMEM97 also has been shown to be involved with cholesterol homeostasis and metabolism 

through its interaction with the cholesterol transport-regulating protein Niemann-Pick C1 (NPC1) and 

through the sterol response element-binding protein (SREBP) pathway 6, 8, 9. 

Recently, our lab has shown that the sigma-2 receptor/TMEM97 is involved in processes including 

the uptake of apolipoprotein E (apoE) and intrinsically disordered proteins via its interaction with the LDL-

receptor-related protein (LRP) 6, 7. These studies were conducted using the sigma-2 receptor KO cell line 

described above or with sigma-2R/TMEM97 inhibitors in cultured neurons6. More recently, the sigma-

2R/TMEM97 has been identified as a binding protein for severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) viral protein Orf9c and has been identified as having the potential to be a therapeutic target 

for the inhibition of viral infectivity 10. SARS-CoV-2 viral entry has been shown to be mediated via the 

recognition of the viral spike protein with the host receptor angiotensin-converting enzyme 2 (ACE2) along 

with the assistance of serine protease Transmembrane Serine Protease 2 (TMPRSS2) 11. SARS-CoV-2 

ORF9c Is a membrane-associated protein that suppresses antiviral responses in cells 12. Complications 
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with coronavirus disease 2019 (COVID-19) comprise a wide variety of symptoms such as increased 

inflammation including the overactivation of the complement system, and these complications can be 

related to stroke, thrombotic events, and immune system overactivation in the afflicted patients 13-15. 

 The goal of the current study was to use our sigma-2R/TMEM97 k/o cells to further explore the 

cell biology of this protein.  In the first set of experiments, we conducted RNA-seq analysis to would further 

shed light on the biological pathways interacting with the sigma-2 receptor. Our results have identified a 

previously unrecognized association between the receptor coagulation and complement pathways. A 

second goal of this study was to determine if sigma-2R/TMEM97 is involved in SARS-CoV-2 viral entry into 

cells.  In these studies, we identified an interaction between sigma2/TMEM97 and ACE2 receptor and 

characterized the receptor’s role in viral uptake into human cells.  Taken together, our studies have revealed 

a novel role of the sigma-2R/TMEM97 in SARS-CoV-2 viral entry into sells as well as in modulating the 

coagulation cascade and the complement system that are frequently observed in COVID-19. Our results 

highlight sigma-2R/TMEM97’s potential as a unique receptor that may prove to be an important therapeutic 

target for preventing or treating COVID-19 or other infections by the coronaviruses16-18. 
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RESULTS 

RNA-Seq analysis on HeLa sigma-2R/TMEM97 KO cells 

HeLa sigma-2R/TMEM97 KO cells were plated and RNA-Seq was performed to analyze 

differentially expressed genes compared to scramble/cas9 control cells (Fig 1). The top 25 upregulated and 

downregulated genes showed several genes that play a role in molecular pathways involving cancer 

development, which was no surprise as sigma-2R/TMEM97 has been shown to be a proliferation marker 

and has been studied extensively in the context of cancer 19-23.  

Interestingly, Complement Component 4 Binding Protein (C4BP) Beta (C4BPB) and Complement 

Component 4 Binding Protein Alpha (C4BPA) were amongst the top upregulated genes upon loss of sigma-

2R/TMEM97. C4BP is involved in the inflammatory pathway through the inactivation of the complement 

cascade and is involved in coagulation and thrombosis pathways through its interaction with Protein S 24-

26. C4BP has also been shown to play a role in inflammation triggered by other viruses such as Influenza 

A Virus (IAV) 27. For these reasons, we were interested in understanding the role of sigma-2R/TMEM97 in 

these pathways as inflammation and coagulation have been shown to play significant roles in COVID-19 

28-33. 

 

Quantification of secreted C4BP in HeLa model system using ELISA 

 Our next objective was to verify that the genetic expression levels observed via RNA-Seq 

corresponded with an increase in C4BP at the protein level. As C4BP is a secreted protein, HeLa 

scramble/cas9 and sigma-2R/TMEM97 KO cells were plated for 72 hours, and the C4BP protein level was 

quantified in the media (Fig 2A) via ELISA. The C4BP levels secreted by sigma-2R/TMEM97 KO cells were 

significantly increased compared to those of control cells (Fig 2A), verifying that the upregulation of C4BP 

at the transcriptional level corresponded with an increase in translation. To assess if this increase in 

secreted C4BP could be induced using highly selective sigma-2R/TMEM97 ligands, scramble/cas9 cells 

were plated in the presence of increasing concentrations of RHM-4. IL-6 was used as a positive control as 

it has been shown to increase the secretion of C4BP 34-36. RHM-4, which is selective to sigma-2R/TMEM97, 

increased the secretion of C4BP in a had a dose-dependent manner (Fig 2B), indicating the specific 

pharmacological modulation of sigma-2R/TMEM97 increases secreted C4BP protein similar to what was 
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observed through modulation at the transcriptional level. Taken together, these results indicated that sigma-

2R/TMEM97 is a potential therapeutic target for the inhibition of complement system activation, and may 

play a role in the modulation of the coagulation cascade through the upregulation of C4BP. 

 

Loss of sigma-2R/TMEM97 results in inhibition of SARS-CoV-2 pseudovirus uptake 

 Our next goal was to assess role of sigma-2R/TMEM97 in the uptake of a pseudovirus that 

expresses the SARS-CoV-2 spike protein. HeLa scramble/cas9 control cells and sigma-2R/TMEM97 KO 

cells were plated, transduced with human ACE2, and then treated with the SARS-CoV-2 pseudovirus (Fig 

3 A and B). Upon transduction with ACE2, sigma-2R/TMEM97 KO cells showed a significant reduction in 

the uptake of SARS-CoV-2 pseudovirus (Fig 3A). As expected, without human ACE2, expression of sigma-

2R/TMEM97 had no significant effect upon pseudovirus uptake (Fig 3B). These sigma-2R/TMEM97  data 

indicated that both sigma-2R/TMEM97 and human ACE2 were necessary for efficient uptake of the virus, 

the absence of either protein resulted in ineffective pseudovirus uptake. The loss of sigma-2R/TMEM97 

reduces pseudovirus uptake to the basal level seen in cells lacking human ACE2. Furthermore, RHM-4 and 

haloperidol treatment of scramble/cas9 control cells that have been transduced with human ACE2 showed 

an inhibitory effect on viral uptake (Fig 3C). As RHM-4 is specific to sigma-2R/TMEM97, this study was 

important in showing that specifically targeting sigma-2R/TMEM97 results in the inhibition of viral uptake, 

as haloperidol is a non-selective sigma receptor ligand, whereas RHM-4 is specific for the sigma-

2R/TMEM97, indicating that the specific inhibition of sigma-2R/TMEM97 attenuates pseudovirus uptake. 

This inhibition was not observed in cells that were not ACE2 competent (Fig 3D), indicating that it’s inhibitory 

role is intimately tied with the ACE2 receptor’s function of viral recognition. Collectively, these findings 

showed the role of sigma-2R/TMEM97 in enhancing viral uptake in an ACE2-dependent manner. 

 

Sigma-2R/TMEM97 forms a complex with the human ACE2 receptor 

 Previously, we have shown that sigma-2R/TMEM97 regulates the internalization of lipoproteins via 

its interaction with the LDLR, acting as a protein that enhances the receptor’s recognition and subsequent 

endocytosis of its ligands 6, 7. This raised the possibility that sigma-2R/TMEM97 may regulate SARS-CoV-

2 uptake via its interaction with its receptor ACE2, either by enhancing the capacity for this receptor to 
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recognize SARS-CoV-2 directly, or by enhancing endocytosis of the virus upon recognition of the receptor. 

To assess this possibility, we performed a proximity ligation assay (PLA) on scramble/cas9 cells that were 

transduced with ACE2. PLA data showed that TMEM97 and ACE2 do indeed interact (Fig 4), forming a 

protein complex. These findings provided a rationale for the role that sigma-2R/TMEM97 plays in SARS-

CoV-2 viral entry into the cell through the ACE2 receptor. In the presence of sigma-2R/TMEM97, the protein 

complex is intact and facilitates enhanced viral uptake, however upon disruption of this complex the viral 

uptake was attenuated. PLA signal was absent in scramble/cas9 cells that were not transduced with ACE2 

and with sigma-2R/TMEM97 KO cells that were transduced with ACE2 (SI Appendix Fig S1), indicating that 

if either protein is absent then no interaction was detected. This indicates that sigma-2R/TMEM97 forms a 

complex with ACE2 and modulates its ability to internalize the SARS-CoV-2 pseudovirus as we have 

previously observed with the LDLR. 
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DISUCSSION 

In this study, we first aimed to identify genes that are differentially expressed in sigma-2R/TMEM97 

KO cells. Amongst the top upregulated genes were C4BPB (logFC = 3.33) and C4BPA (logFC = 2.20), 

which are proteins responsible for regulating the complement cascade upon tissue damage and modulating 

the coagulation cascade through its interaction with protein S 24, 34. Previous studies have shown the 

importance of inhibition of C4BP in the context of pathogenic infections including IAV and ebola virus 27, 37. 

Our next step was to determine if the protein expression levels tracked the genetic expression levels of 

C4BP upregulation upon loss of sigma-2R/TMEM97. Results indicated that cells exhibited a significant 

increase in secretion of C4BP as determined by ELISA (Fig 2A) upon knocking out sigma-2R/TMEM97 and 

treatment with sigma-2R/TMEM97 specific ligand RHM-4 in a dose dependent manner (Fig 2B). The 

observation that C4BP expression was observed at both the transcriptional and translational levels 

indicated a novel function of sigma-2R/TMEM97 in regulating the complement cascade, indicating a novel 

function of the protein in inflammation and thrombosis, furthering our understanding of the biological role of 

sigma-2R/TMEM97 beyond its role in the endocytic pathway.  

It is likely that inhibition of sigma-2R/TMEM97 either through knockout or treatment with small 

molecules affect viral entry into the cell via its interaction with the ACE2 receptor directly, or indirectly 

through the modulation of the complement pathway or via C4BP upregulation. To delineate this, we used 

HeLa sigma-2R/TMEM97 KO cells that were previously generated in our lab and treated them with a 

pseudovirus that expresses the SARS-CoV-2 spike protein. These cells displayed the decreased capacity 

of SARS-CoV-2 pseudovirus viral entry into the cell, indicating the importance of sigma-2R/TMEM97 in 

interacting with host proteins to facilitate pathogenic uptake. We also observed that treatment with 

haloperidol, a sigma receptor ligand resulted in the decreased uptake of pseudovirus. Moreover, RHM-4, 

which is specific to the sigma-2R/TMEM97 also decreased the pseudovirus uptake, indicating that the 

inhibition of sigma-2R/TMEM97 specifically is a novel strategy to reduce viral uptake. 

In this study, we have shown that sigma-2R/TMEM97 directly interacts with ACE2 receptor, which 

is analogous to our previous findings that sigma-2R/TMEM97 is involved with facilitating effective uptake 

of ligands such as LDL, apoE, and AB42 through its interaction with the LDLR directly. It is likely that 

inhibition of sigma-2R/TMEM97 results in the disruption of the sigma-2R/TMEM97-ACE2 protein complex, 
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and subsequent increases in C4BP levels facilitate an environment that results in inhibition of the endocytic 

process involving SARS-CoV-2 recognition of the ACE2 receptor and or downstream endocytic machinery 

allowing the entry of the virus into the cells 13. Moreover, this effect on inhibition of the complement cascade 

through the reduction of C4BP may prove to have a beneficial anti-inflammatory and anti-thrombotic effect 

on patients infected by the SARS-CoV-2 virus. Taken together this data indicates that the sigma-

2R/TMEM97 has been implicated with pathogen infection of host cells, further expanding the known 

biological entities that sigma-2R/TMEM97 is involved with entry into cells beyond endogenous ligands such 

as lipoproteins or intrinsically disordered proteins. The pharmacological targeting of sigma-2R/TMEM97 

has thus far shown to be beneficial in a variety of diseases including Alzheimer’s Disease, the dysregulation 

of lipid homeostasis, and now viral infectivity, through its interaction with host receptors and modulation of 

endocytic pathway. These observations indicate the importance of the receptor in the uptake pathway and 

hint towards its potential role as a modulating protein enhancing receptor function. Furthermore, we have 

shown a unique biological role of sigma-2R/TMEM97 in regulating the inflammatory pathway. 

The similarity between the studies involving CRISPR/cas9 ablation of sigma-2R/TMEM97 and 

pharmacological inhibition of the protein further support the idea that sigma-2R/TMEM97 is a potential 

therapeutic target for decreasing effective viral uptake which would result decreased infectivity, helping to 

curb the transmission of the virus within the population during a pandemic. While vaccines have been 

developed against SARS-CoV-2 viruses, having therapeutics that target the biology of host cells may be 

important to limit the infectivity of new variants of the constantly mutating virus and of future coronoaviruses 

where current vaccines may not prove to be effective 38. 

In conclusion, we have shown that sigma-2R/TMEM97 regulates the effectiveness of SARS-CoV-

2 pseudovirus entry in a targetable manner by modulating their entry into the cells, potentially due to its 

interaction with the ACE2 receptor and that inhibition of sigma-2R/TMEM97 may prove to have therapeutic 

value through downstream effects on the complement and thrombotic cascade . These observations 

provide an interesting candidate to be developed into a therapeutic that can be used to inhibit viral uptake 

and subsequent inflammatory effects. Small molecules targeting sigma-2R/TMEM97 are likely to be 

excellent candidates for prophylactic therapeutic development against SARS-CoV-2 uptake and 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2021. ; https://doi.org/10.1101/2021.03.14.435180doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.14.435180
http://creativecommons.org/licenses/by/4.0/


 
 

10 
 

subsequent infection, and future work will reveal the importance of sigma-2R/TMEM97 in other types of 

pathogenic infections.  
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Methods 

 

Materials 

N-(4-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)butyl)-2,3-dimethoxy-5-iodo-benzamide and [125I]N-

(4-(6,7-dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)butyl)-2,3-dimethoxy-5-iodo-benzamide were 

synthesized as previously described 39, 40. Hoechst 33342 (BD Pharmingen, 561908). 

 

Cell Culture 

HeLa cell sigma-2R/TMEM97 knockout cell lines were generated as previously described 6, 7. Cells were 

cultured in MEM with 10% FBS, 1X penicillin/streptomycin, 2mM L-glutamine, and 1X MEM non-essential 

amino acids. For uptake experiments, cells were plated, and incubated for 24 hours, media was removed 

and cells were incubated in MEM containing 10% lipoprotein depleted serum for an additional 24 hours 

prior to treatment. 

 

RNA-Seq 

Total RNA was extracted from sigma2-R/TMEM97 KO Hela cells or scramble/cas9 control cells in 

triplicates. RNAseq libraries were generated. Libraries were sequenced by University of Pennsylvania Next-

Generation Sequencing Core on an Illumina HiSeq4000 sequencer (sequencer mode: Hight Output4K; 

serial number: Vn:K00315; Run Time Analysis Software version: 2.7.7; HiSeq control software version: HD 

3.4.0.38; Run mode: 150PE). FASTQ files were aligned to the human genome (hg19) using STAR aligner 

41 (version 2.7.1a) requiring the marking of multi-mappers and duplicates unique mappers (--

bamRemoveDuplicatesType UniqueIdentical). Impact of sigma2-R/TMEM97 KO on HeLa cells 

transcriptome was assessed using Rsubread / edgeR pipeline (version 2.4.2 and 3.32.1, respectively) 42. 

Paired-end fragments were counted at the meta-feature level (i.e., genes) with the featuresCounts utility 43 

implemented in Rsubread, using in-built human genome reference annotation (NCBI RefSeq hg19), 

requiring duplicate reads to be ignored and successful alignment of both ends from the same fragment 

before assignment of the fragment to a meta-feature. Read counts matrix was filtered to remove genes with 

less than 1 read per kilobase per million mapped fragments (RPKM) and library sizes were normalized 
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using edgeR calcNomFactor function which implements a trimmed mean of M values normalization method 

44. Differential gene expression between TMEM97 KO cells and control cells was assessed using edgeR 

gene-wise negative binomial generalized linear model with quasi-likelihood testing method (glmQLfit). 

 

C4BPB ELISA 

HeLa cells were plated in 6 well plates at 100,000 cells/well for 72 hours in normal media in the presence 

or absence of drug treatment as indicated. 72 hours later, media was collected and C4BPB was quantified 

via ELISA according to manufacturer’s instructions (Abcam, ab222866). 

 

ACE2 Transduction and SARS-CoV-2 Pseudovirus 

HeLa cells were plated in 96 well plates at 10,000 cells/well, and transduced with human ACE2 with an 

RFP tag according to manufacturer (Montana Molecular #C1100R). 24 hours later cells were incubated 

with pseudovirus expressing SARS-CoV-2 spike protein according to manufacturer (Montan Molecular 

#C1110G). Fluorescent signal was detected using a Perkin Elmer Enspire® Multimode Plate Reader. For 

drug treatment, signal was normalized to cells that were not treated with compounds. IC50 was determined 

using GraphPad Prism 9.0. 

 

Confocal Microscopy and Proximity Ligation Assay 

Cells were plated in 8-well chamber slides (Lab-Tek cc2 plates, 154534PK Thermo Scientific) and 

transduced with human ACE2 with an RFP tag according to manufacturer (Montana Molecular #C1100R). 

Cells were washed 3 times with PBS then fixed with 4% paraformaldehyde (Santa Cruz) for 10 minutes at 

room temperature, washed 3 times with PBS, then permeabilized with 0.1% Triton X-100 in PBS for 10 

minutes at room temperature. Cells were blocked with 10% Goat Serum (50062Z Thermo Scientific) for 

one hour then incubated with rabbit anti-TMEM97 primary antibody (Novus NBP1-30436) 1:200 in PLA 

buffer diluent and mouse anti-RFP (Invitrogen MA515257) overnight, washed 3 times with PLA Wash buffer 

B 3 times, proceeded with PLA assay according to manufacturer (Duolink In Situ PLA Far Red kit Sigma 

DUO92105). Cells were then mounted and images were acquired at 40X magnification on a Leica STED 

8X Super-resolution Confocal Microscope. 
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Figure 1. Top Differentially Expressed Genes in HeLa TMEM97 KO Cells. RNA-Seq was performed on 
scramble/Cas9 and TMEM97 KO HeLa cells and the top 25 differentially expressed genes were identified 
(FDR≤0.05; logFC≤-1 for downregulated genes; logFC≤0.85 for upregulated genes) 
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Figure 2. C4BPB Secretion is increased in cells with ablated TMEM97. C4BPB was measured using an 
ELISA 72 hours post treatment. (A) TMEM97 KO HeLa cells showed significantly increased C4BPB 
secretion compared to control Scramble/Cas9 cells. (B) Treatment of scramble/cas9 HeLa cells with 
RHM-4 showed an increase in C4BPB in a dose-dependent manner, treatment with 5ng/mL IL-6 was 
used as a positive control. (n=3, * p ≤ 0.05; ** p≤0.01; *** p≤0.001) 
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Figure 3. TMEM97 inhibits SARS-CoV-2 pseudovirus uptake in ACE2 competent cells. (A) TMEM97 KO 
HeLa cells transduced with human ACE2 showed reduced uptake of fluorescent SARS-CoV-2 
pseudovirus particles over 24 hours compared to (B) cells that were not transduced with human ACE2. 
(C) Scramble/Cas9 HeLa cells treated with RHM-4 or Haloperidol showed a dose dependent reduction in 
SARS-CoV-2 pseudovirus. (D) Cells that were not transduced with human ACE2 did not display an effect. 
(n=3, * p ≤ 0.05; ** p≤0.01; *** p≤0.001) 
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Figure 4. Proximity ligation assay shows TMEM97 interacts with ACE2. HeLa Scramble/Cas9 cells were 
transduced with human ACE2 expressing an RFP tag. Fluorescent signals for (A) DAPI,  (B) PLA signal, 
(C) merged overlay indicated the presence of a protein complex involving TMEM97 and ACE2. Area of 
interested indicated has been enlarged to show detail (insert). (n=3) 
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