
 SARS-CoV-2 viral entry factors
Studying the molecular targets using TaqMan Assays

Noteworthy entry factors for SARS-CoV-2 that have 
already been identified include ACE2, ANPEP, BSG, 
CLEC4G, CTSB, CTSL, DPP4, FURIN, NRP1, TMPRSS2, 
TMPRSS4, TMPRSS11A, and TMPRSS11B. Specific 
Applied Biosystems™ TaqMan® Gene Expression Assays 
provide a way to study each of these in detail, and the 
Applied Biosystems™ TaqMan® Array Coronavirus Entry 
Factor Panel provides a means to study them all at once.

Introduction
Research into SARS-CoV-2 is a rapidly emerging field. This 
novel zoonotic coronavirus combines high transmissibility 
with high severity, making it critically important to 
understand how it works. Studies have approached the 
problem of SARS-CoV-2 from many directions, including 
investigating existing medications for utility against it [1,2], 
studying its relationship with its previous host species 
[3,4], and trying to determine its relationship to other 
coronaviruses [5-8]. Each provides an important piece 
of the overall picture, attempting to bring the virus from 
immediate pressing concern to lower-level threat.

An important aspect of this research is studying 
SARS-CoV-2’s relationship to the human body, in particular 
the molecular targets it uses to gain entry into cells. 
Viruses work by entering cells and commandeering their 
protein synthesis and reproductive machinery to generate 
copies of themselves, which leads to cell death and tissue 
damage. Viruses usually cannot bore or sneak into cells 
on their own; typically they rely on proteins that are already 
part of cells to gain entry, manipulating or tricking the cell 
into bringing the viral particles inside. Called “entry factors”, 
these proteins have a variety of functions, including 
maintenance of lung health and serving as components 
of signal transduction pathways. The entry factors a 
virus uses influence which tissues it attacks and have a 
sizable impact on how a viral infection affects its host. To 
understand how SARS-CoV-2 affects the human body and 
how to combat those effects, it is critical to identify entry 
factors and the variations thereof that facilitate viral entry. 
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TaqMan Array Coronavirus Entry  
Factor Panel 
Applied Biosystems™ TaqMan® Assay technology is the 
gold standard of performance, quality, and specificity 
in gene expression analysis by quantitative polymerase 
chain reaction (qPCR), optimized to work with numerous 
platforms and equipment setups. Predesigned TaqMan 
Assays exist for thousands of individual genes across 
dozens of species, which can be an ideal starting point for 
researchers with known genes of interest. For scientists 
looking at a large number of specific genes, such as those 
of an entire functional pathway, however, using single 
assays for individual genes is often not cost-effective. 
When looking at a large number of genes at once, a 
much easier approach is to instead identify markers of 
interest using a panel that targets multiple genes, allowing 
subsequent research to focus directly on the specific 
genes that the broader assay flagged as noteworthy. For 
SARS-CoV-2’s entry factors, that means initial identification 
using the TaqMan Array Coronavirus Entry Factor Panel.

The TaqMan Array Coronavirus Entry Factor Panel enables 
researchers to study all 13 of the most important entry 
factors for SARS-CoV-2 in a single panel: ACE2, ANPEP, 
BSG, CLEC4G, CTSB, CTSL, DPP4, FURIN, NRP1, 
TMPRSS2, TMPRSS4, TMPRSS11A, and TMPRSS11B. 
Researchers have the option to modify the preconfigured 
layout to add or subtract assays to fit their needs. This 
panel is available in human, mouse, and rat versions and 
comes in varieties optimized for 0.2 mL 96-well plates, 0.1 
mL 96-well plates, 384-well Applied Biosystems™ TaqMan® 
Array Cards, and Applied Biosystems™ OpenArray™ plates.

TaqMan Gene Expression Assays
For researchers interested in focusing on specific entry 
factors rather than the full set of prominent targets, TaqMan 
Assays provide many options. TaqMan Assays come 
predesigned and preoptimized for thousands of genes 
across dozens of species, in a wide range of formats and 
sizes. These options provide researchers with the flexibility 
needed to obtain fast, reliable, and accurate results with 
off-the-shelf assay kits rather than laboriously custom-
designed alternatives.

Multiple TaqMan Assays exist for most gene products, 
including many of SARS-CoV-2’s entry factors. Choosing 
an assay depends in part on one’s specific target and 
research goals, with different TaqMan Assays targeting 
different exons and variants. Some of the ways to choose 
an assay are discussed here.

Get the details right
When searching for TaqMan Assays for a specific gene, 
one of the ways to distinguish between options is to look 
at the assay design details. Some example considerations 
follow here.

Exon targets
Most often, the difference between TaqMan Assays 
designed for the same gene is in the specific transcript 
location they target. All assays for the same gene will target 
products of that gene, but they will flag different sequences 
for amplification and quantification. Checking the list of 
transcripts targeted by a given assay provides important 
information about how the assay works and whether it is 
suited to a given use case. An experiment premised on 
a specific splice variant must include its specific RefSeq 
accession and leave out all others, whereas an experiment 
with more general needs benefits from an assay that 
includes more transcripts. The search tools available for 
TaqMan Assays allow the user to check which transcripts 
an assay detects, and provide detailed RefSeq and 
GenBank information for each transcript.

Genomic DNA
A related consideration is whether the probe spans 
an exon–exon junction. Probes that do not span an 
exon–exon junction carry the risk of amplifying residual 
genomic DNA, making the intermediate step of using 
DNase to eliminate genomic DNA much more important. 
TaqMan Assay search results provide the ability to observe 
the relationships between all exons of the target gene, the 
location of each exon on the gene, and which exons each 
available assay will target, enabling researchers to choose 
these attributes with fine-grained detail.

Source quality
Amplicon length presents a balancing act in many 
experiments. A large amplicon helps assure specificity, 
protecting against off-target replication, at the cost of 
less-than-ideal amplification efficiency. However, if an 
experiment involves testing preserved or degraded tissue, 
such as formalin-fixed, paraffin-embedded (FFPE) samples, 
a smaller amplicon might be necessary. In such samples, 
genetic material might be too degraded for a long amplicon 
assay to amplify with good efficiency, but a smaller 
amplicon assay can still amplify with the desired efficiency.



•	Does not map to multiple genes, increasing the 
specificity of the experiment

•	Does not target the 5ʹ untranslated region (UTR). 
The 5ʹ UTR of transcripts can have variable sequence 
between transcripts

In combination, these stipulations mean that an assay will 
have few off-target results and many on-target results, 
maximizing the ability to detect changes in expression of 
the target gene and reducing the chance that an unusual 
transcript will avoid detection.

Table 1 shows the best-coverage TaqMan Assays available 
for the 13 best known SARS-CoV-2 entry factors.

SARS-CoV-2 entry factors: a discussion
The 13 best known entry factors for SARS-CoV-2 vary 
extensively in function and significance. Their heterogeneous 
roles in the human body attest to the number of different 
organs and functions that SARS-CoV-2 can attack, and to 
the variety of methods that may, with additional research, 
prove useful for combating this serious virus. This section 
summarizes the 13 entry factors included in the TaqMan 
Array Coronavirus Entry Factor Panel, going over their 
functions, the other conditions they affect, and the types of 
studies that might benefit from examining them individually 
or in groups.

Citation density
For some research, making sure one’s results are directly 
comparable to previous work is important. Using the 
third-party Bioz database, the TaqMan Assay search 
tool enables users to find lists of publications that used 
particular assays. The assay with the highest number of 
citations in this database is designated “Most Citations” 
and enables new research to be most effectively compared 
and considered against previous work.

Best-coverage assays
It is often not necessary to target specific transcript 
variants. In fact, most of the time, standard gene 
expression studies benefit from the “best-coverage” assay 
for the target gene, designed to detect the maximum 
number of transcripts of the gene of interest and thus 
provide a more complete picture of that gene’s expression. 
An assay designated “best-coverage” most often detects 
the greatest number of transcript variants, but the following 
criteria are also taken into account:

•	Does not detect gene products with similar 
sequences (homologs)

•	 Is designed across an exon–exon junction to reduce 
genomic DNA contamination

•	Has a short amplicon, resulting in more efficient PCR

•	Does not detect off-target sequences, increasing the 
specificity of reactions

Table 1. Best-coverage assays for known entry factors.

Target Human Mouse Rat

ACE2 Hs01085333_m1 Mm01159006_m1 Rn01416293_m1

ANPEP Hs00174265_m1 Mm00476227_m1 Rn00578763_m1

BSG Hs00936295_m1 Mm01144228_g1 Rn00680749_g1

CLEC4G Hs00962163_g1 Mm01212425_m1 Rn01767375_m1

CTSB Hs00947439_m1 Mm01310506_m1 Rn00575030_m1

CTSL Hs00964650_m1 Mm00515597_m1 Rn04341361_m1

DPP4 Hs00897386_m1 Mm00494552_m1 Rn00562910_m1

FURIN Hs00965485_g1 Mm00440646_m1 Rn00570970_m1

NRP1 Hs00826128_m1 Mm00435379_m1 Rn00595457_m1

TMPRSS2 Hs01122322_m1 Mm00443687_m1 Rn00590459_m1

TMPRSS4 Hs01054420_m1 Mm00520486_m1 Rn06429720_s1

TMPRSS11A Hs00699550_m1 Mm01216640_m1 Rn01417673_m1

TMPRSS11B Hs00699332_m1 Mm00621706_m1 Rn01413641_m1



Angiotensin-converting enzyme 2 (ACE2)
Angiotensin-converting enzyme 2 (ACE2) is a transmembrane 
protein found in lung, artery, heart, kidney, and intestinal 
tissue [9,10]. Recent evidence indicates that it is also 
found in smooth muscle and tissues of the nervous 
system [11]. Its primary function is to counter the effects 
of angiotensin-converting enzyme (ACE) by turning 
angiotensin II into angiotensin (1-7), with the downstream 
effect of vasodilation. ACE2 also modifies a variety of 
other peptides, including [des-Arg9]-bradykinin, apelin, 
neurotensin, dynorphin A, and ghrelin, suggesting it may 
have a much more expansive role in general organ function 
than is currently obvious [12]. ACE2 binds to SARS-CoV-2’s 
spike protein S1, which causes ACE2 to transport the virus 
into the cell [13]. This has made ACE2 the focus of a great 
deal of research, which aims to unravel how the virus binds 
to it and how treatments targeted at ACE2 might prevent 
viral infection or limit its impact. The fact that ACE2 is also 
the target of medications for blood pressure disorders has 
been especially interesting, creating the possibility that 
future research might reveal these medications as useful 
tools against SARS-CoV-2 [14].

Alanine aminopeptidase (ANPEP)
Alanine aminopeptidase has long been recognized as an 
entry factor for coronaviruses. Numerous coronaviruses in 
several species, including humans, cats, dogs, and pigs, 
use this protein as part of their path into cells [15,16]. This 
protein is primarily found in the small intestine and renal 
microvillar membranes, and its role within mammalian biology 
appears to be as part of the digestive process, completing 
the breakdown of proteins hydrolyzed by pancreatic and 
gastric secretions. Its role in the kidney is less clear but likely 
also related to absorption. In addition to serving as part of 
digestion, alanine aminopeptidase may also help process 
signal peptides from elsewhere in the body, and defects in 
ANPEP are associated with leukemia and lymphoma [17]. 
Deficiency of alanine aminopeptidase activity is shown to 
be protective against coronavirus infection in pigs [16], and 
the expression pattern of ANPEP is very similar to that of the 
high-priority SARS-CoV-2 target ACE2 [18], suggesting that 
studying ANPEP and its associated enzyme may prove useful 
for combating human coronaviruses such as SARS-CoV-2. 
In particular, research suggests that alanine aminopeptidase 
may be part of a cofactor network with angiotensin-converting 
enzyme 2 and other entry factors, rather than either one being 
a full-fledged entry factor on its own. This tangle of networked 
effects requires study to illuminate, both to understand how 
SARS-CoV-2 and other coronaviruses work and to learn how 
to better protect against them.

Basigin (BSG)
Basigin, also known as CD147 and EMMPRIN, is a 
highly glycosylated transmembrane protein of the 
immunoglobulin superfamily. It regulates the expression 
and activity of various soluble and membrane-bound 
matrix metalloproteinases and is mainly expressed in cells 
of epithelial, myeloid, lymphoid, and neural origin [19]. The 
protein plays an important part in several physiological 
functions such as immune response regulation, nervous 
system function, and reproduction and development, as 
well as pathological processes such as cancer and viral 
infections. BSG has been shown to play a role in host cell 
invasion by SARS-CoV [20], and recently was confirmed to 
facilitate SARS-CoV-2 entry into cells through interaction 
with the viral spike protein [21]. In fact, a functional blockade 
of the receptor by a monoclonal antibody significantly 
suppressed SARS-CoV-2 replication, suggesting that 
BSG could potentially be an important target for drug 
development [21].

C-type lectin domain family 4 member G (CLEC4G)
Lectins, such as CLEC4G, have carbohydrate-recognition 
domains (CRDs) or sulfated glycosaminoglycan (SGAG)-
binding motifs, which drive their roles in cell–cell and 
cell–pathogen interactions [22]. CLEC4G, also known as 
LSECtin (liver and lymph node sinusoidal endothelial cell 
C-type lectin), is a C-type lectin, which requires calcium 
for binding [23]. Ligands for this type II C-type lectin are 
still being identified. There is some evidence that CLEC4G 
plays a role in Alzheimer’s disease, as CLEC4G was found 
to interact with BACE1 and reduce its ability to cleave 
amyloid precursor protein (APP) to Aβ peptides [24]. Of 
particular interest is the role CLEC4G can play in the 
immune system. It has been found to facilitate entry of 
SARS-CoV, hCoV-229E, and Ebola virus [25-28]. Interaction 
of CLEC4G with the SARS spike (S) protein was found to 
enhance infection [25]. Given the similarity between the 
SARS-CoV and SARS-CoV-2 spike proteins, it is predicted 
that CLEC4G, and more broadly the C-type lectin protein 
family, will act as SARS-CoV-2 receptors and facilitate virus 
uptake [29]. 



Cathepsin B (CTSB)
Cathepsin B is a cysteine protease that plays an important 
role in intracellular proteolysis. It is especially significant for 
its role in the breakdown of extracellular matrix compounds 
[30] and its role in neurogenesis in the brain [31], which 
contributes to the formation of new memories. Cathepsin 
B becomes elevated in association with numerous cancers 
and appears to enable metastatic cancer cells to feed on 
extracellular materials, sustaining them as they travel [32]. 
The most noteworthy effects of this protease are associated 
with various neurological conditions. Abnormal cathepsin B 
activity levels contribute to post-injury neuronal cell death 
[33], epilepsy [30], and Alzheimer’s disease [34], attesting 
to this protein’s role in maintaining normal brain health. 
Cathepsin B appears to contribute to SARS-CoV-2 entry into 
cells in the same way that cathepsin L does [35], suggesting 
that the many pharmaceuticals that target cathepsin B in the 
context of cancer, epilepsy, and other conditions may have a 
role to play in protecting against the impact of SARS-CoV-2 
infection. In particular, the activity of cathepsin B and similar 
proteins may help to explain the disproportionate impact of 
SARS-CoV-2 on the brain function of people infected with 
this virus, and cathepsin B may prove to be a viable target 
for preventing these effects [36].

Cathepsin L (CTSL)
Cathepsin L, like other lysosomal proteases, serves 
as part of the intracellular mechanism for destroying 
old or damaged proteins. Lysosomes are involved in 
immunological activity as well, used to destroy viral 
and other pathogenic material that cells encounter, or 
healthy tissue in autoimmune conditions. This means 
that proteins that are presented by viruses to cells in 
uncleaved, nonfunctional states can potentially be cleaved 
into functional forms by the proteases meant to destroy 
them, including cathepsin L. Cathepsin L has been shown 
to cleave SARS-CoV-2’s spike protein near the site that 
furin does [37], similarly activating the spike protein and 
enabling it to bind to other entry factors. Further study of 
how SARS-CoV-2 interacts with cathepsin L and other 
lysosomal proteins is likely to yield insights similar to those 
gained from studying furin.

Dipeptidyl peptidase 4 (DPP4)
The protein encoded by DPP4 is a cell-surface enzyme 
expressed in most cell types. This enzyme is associated 
with immune regulation, signal transduction, and 
apoptosis. As a transmembrane glycoprotein, it has traits in 
common with other SARS-CoV-2 entry factors, and other 
coronaviruses, including Middle East respiratory syndrome 
(MERS) coronavirus, have been found to bind to it [38]. 
Preliminary evidence suggests that SARS-CoV-2 can use 
this same enzyme as an entry factor, which is consistent 
with other similarities between SARS-CoV-2 and previous 
emergent coronaviruses [39]. DPP4 provides an especially 
exciting target for SARS-CoV-2 research because it has 
long been targeted for pharmaceutical intervention as part 
of diabetes treatment. Dipeptidyl peptidase 4 mediates 
the release of glucagon into circulation, and inhibitors of 
this enzyme thus reduce glucagon, reduce circulating 
glucose, and increase circulating insulin [40]. The resulting 
connection between SARS-CoV-2 and diabetes, and 
the possibility that drugs used to treat diabetes could be 
repurposed for use against SARS-CoV-2 infection, makes 
this gene an especially enticing target for future research.

Furin (FURIN)
A subtilisin-like peptidase, furin is coded by the FURIN gene 
and serves to cleave precursor proteins to their biologically 
active versions. Furin is part of the synthesis pathway for 
numerous vital proteins and peptides, including parathyroid 
hormone and proalbumin, and is expressed throughout 
the body. In addition to cleaving protein precursors to 
convert them to active proteins, furin also cleaves the toxins 
produced by anthrax and Pseudomonas bacteria [41] and 
the viral spike proteins of numerous viruses, including HIV, 
dengue, Marburg, and SARS-CoV-2 [42]. This cleavage 
enables the spike proteins to fully engage with cell-surface 
receptors and infect cells. Compatibility between spike 
proteins and furin is thought to be a critical part of zoonotic 
transmission possibilities for viruses, helping to predict 
which viruses can cross between species. A spike protein 
compatible with human furin is one of the features that 
distinguishes SARS-CoV-2 from its close viral relatives [43]. 



Neuropilin 1 (NRP1)
Neuropilin 1 is a single-pass transmembrane glycoprotein 
that functions as a coreceptor for class III semaphorins and 
for members of the vascular endothelial growth factor and 
transforming growth factor beta family. The N-terminus of 
the protein is extracellular and contains two complement-
binding domains, two coagulation factor V/VIII homology 
domains, and a meprin domain. The complement- and 
coagulation factor–binding domains engage in ligand 
binding while the meprin domain participates in receptor 
dimerization. Neuropilin 1 participates in several signaling 
pathways involved in angiogenesis, cardiovascular 
development, and neuronal development [44]. The protein 
has previously been shown to mediate the entry of viruses 
such as EBV [45] owing to the furin-mediated cleavage 
of the virus glycoprotein that creates a consensus [R/K] 
XX [R/K] motif at the C-terminus, termed the “C-end rule” 
(CendR) motif, known to bind to neuropilin 1. Interestingly, 
SARS-CoV-2 has a polybasic furin-type cleavage site at 
the S1-S2 junction of the spike protein, a feature absent in 
SARS-CoV and MERS. Recently, NRP1 was confirmed as 
an entry factor for SARS-CoV-2 and shown to potentiate 
virus infectivity by binding to the S1 CendR motif generated 
upon furin cleavage [46,47]. NRP1 levels were also shown 
to be significantly upregulated in the olfactory tissues of 
individuals infected with SARS-CoV-2, compared to healthy 
controls [61]. The protein is an important host factor for 
SARS-CoV-2 infection and may potentially qualify as an 
attractive target for treatment of the disease.

Transmembrane protease serine 2 (TMPRSS2)
TMPRSS2 was, until recently, a fairly mysterious protein. Like 
other serine proteases, it cleaves proteins at bonds between 
serine and other amino acids, usually doing so as part of 
signal transduction cascades [48]. Despite being found in 
numerous tissues, its main recognized functions are in the 
prostate and liver. In the liver, it activates pro-hepatocyte 
growth factor, leading to hepatocyte proliferation, and in the 
prostate, it activates protease activated receptor 2 (F2RL1) 
and matriptase (ST14) as part of normal prostate functioning 
[49]. Overexpression of TMPRSS2 and overactivation of the 
protease are associated with prostate cancer metastasis 
through the disruption of extracellular matrices [49], and 
are frequently observed in prostate cancer cells [50]. In 
the context of SARS-CoV-2, TMPRSS2 comes up most 
often because it and other similar proteases appear to 
be a necessary part of ACE2’s role as a viral entry factor, 
priming the viral spike protein for binding to ACE2 [51,52]. 
TMPRSS2 is similarly implicated in the entry pathways of 
numerous other viruses, including Sendai virus, human 
metapneumovirus, and human parainfluenza [9]. 

Transmembrane protease serine 4 (TMPRSS4)
Like TMPRSS2, TMPRSS4 is a transmembrane serine 
protease involved in signal transduction cascades. 
Similar to its cousin, it is expressed in multiple tissues. 
Overexpression of TMPRSS4 has been reported in 
pancreatic [53], ovarian [54], thyroid [55], colorectal [56], 
lung [57], breast [58], cervical [59], gallbladder [60], gastric 
[61], and liver cancers [62], in all cases associated with 
facilitating the transition from epithelial to mesenchymal 
stages and, with it, cancer metastasis. Abnormal TMPRSS4 
activity in the lungs is additionally associated with idiopathic 
pulmonary fibrosis through fibroblast proliferation and 
excessive production of extracellular matrix [63], similar to 
TMPRSS2’s malfunctions in the prostate. TMPRSS4 has 
been observed contributing to SARS-CoV-2 binding in the 
small intestine, enabling the virus to enter the intestinal 
epithelium and spread from there to other tissues through 
its interaction with ACE2 [52].

Transmembrane protease serine 11A and 
transmembrane protease serine 11B (TMPRSS11A/B)
TMPRSS11A and 11B belong to the differentially expressed 
in squamous cell cancer (DESC) subfamily of type II 
transmembrane serine proteases (TTSPs) [64]. Like the 
rest of the TTSPs, they are present in a precursor form that 
needs to be proteolytically cleaved at an activation site to 
be converted to an active enzyme. One distinct feature of 
TMPRSS11A is that it undergoes intracellular autocatalysis 
for zymogen activation before the protein reaches the cell 
surface, which is different from the extracellular activation 
demonstrated for other TTSPs [65]. The proteins are 
expressed on the surface of airway epithelial cells; lymphoid 
tissue; tongue, esophageal, cervical, and uterine tissue; 
and are associated with cancers of the lung, head, and 
neck, to name a few. Interestingly, TMPRSS11A/B have 
been implicated in playing a role in the entry of several 
coronaviruses, including SARS [66], MERS [67], and SARS-
CoV-2 [26,65,68]. The proteases facilitate virus entry and 
cell–cell fusion by cleaving the spike protein between the 
S1/S2 and S2ʹ sites and activating it. In addition, genetic 
polymorphisms in the TMPRSS11A gene associated 
with a potential posttranslational modification (rs353163-
Arg290Gln and rs13901019-Lys48Arg) could affect viral entry 
and may be used for association studies in SARS-CoV-2 
infection [69].
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