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The TMPRSS2 cell surface protease is used by a broad range of respiratory viruses to facilitate entry 
into target cells. Together with ACE2, TMPRSS2 represents a key factor for SARS-CoV-2 infection, as 
TMPRSS2 mediates cleavage of viral spike protein, enabling direct fusion of the viral envelope with 
the host cell membrane. Since the start of the COVID-19 pandemic, TMPRSS2 has gained attention 
as a therapeutic target for protease inhibitors which would inhibit SARS-CoV-2 infection, but little is 
known about TMPRSS2 regulation, particularly in cell types physiologically relevant for SARS-CoV-2 
infection. Here, we performed an unbiased genome-wide CRISPR-Cas9 library screen, together with a 
library targeted at epigenetic modifiers and transcriptional regulators, to identify cellular factors that 
modulate cell surface expression of TMPRSS2 in human colon epithelial cells. We find that endogenous 
TMPRSS2 is regulated by the Elongin BC-VHL complex and HIF transcription factors. Depletion of 
Elongin B or treatment of cells with PHD inhibitors resulted in downregulation of TMPRSS2 and 
inhibition of SARS-CoV-2 infection. We show that TMPRSS2 is still utilised by SARS-CoV-2 Omicron 
variants for entry into colonic epithelial cells. Our study enhances our understanding of the regulation 
of endogenous surface TMPRSS2 in cells physiologically relevant to SARS-CoV-2 infection.
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TMPRSS2 is a type II transmembrane serine protease (TTSP) and a member of a large family of 17 proteins, many 
of which play important roles in the regulation of the immune response as well as the cardiac and gastrointestinal 
system1–3. While the exact biological role of TMPRSS2 remains unclear, multiple studies have demonstrated how 
TMPRSS2 is appropriated by respiratory viruses to facilitate their entry into host cells4. Over the last two decades 
TMPRSS2 has been shown to proteolytically activate the membrane fusion proteins of influenza viruses5–7, 
parainfluenza and Sendai virus8, metapneumovirus9, MERS10, SARS-CoV11 and most recently, SARS-CoV-212. 
Recently, TMPRSS2 has also been shown to be a functional receptor for human coronavirus HKU113–17.

Together with angiotensin-converting enzyme 2 (ACE2), TMPRSS2 is well-established as a key host factor 
for SARS-CoV-2 cell entry and pathogenesis12,18. While ACE2 determines the permissiveness of target cells for 
SARS-CoV-2 entry as well as tropism19–21, TMPRSS2 dictates the route of virus entry into host cells. SARS-CoV-2 
enters TMPRSS2-positive cells following fusion with the plasma membrane, whereas entry into TMPRSS2-
negative cells is via the endocytic pathway22,23. TMPRSS2-mediated proteolytic cleavage of the SARS-CoV-2 
Spike protein within the S2 subunit exposes the fusion peptide which allows the virion to fuse with the plasma 
membrane12,24. Although several reports have indicated that SARS-CoV-2 Omicron variants have an attenuated 
TMPRSS2 requirement for cell entry in tissue culture cells25–27 or utilise TMPRSS2-independent entry into nasal 
epithelial cells28, recent in vivo studies with TMPRSS2 knockout mice demonstrated that TMPRSS2 also plays an 
important role in the spread of Omicron variants in the respiratory tract18,29.

For many coronaviruses, including SARS-CoV-2, utilising this TMPRSS2-dependent route, not only allows 
direct entry into the cell via membrane fusion, but also helps avoid important endosomal innate immune 
restriction factors such as members of the IFITM protein family30–34. Indeed, endosomal IFITM2 and IFITM3 
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restrict SARS-CoV-2 infection in TMPRSS2-negative human cells35,36. Conversely, overexpression of TMPRSS2 
attenuates IFITM3-mediated restriction of SARS-CoV-236,37. Furthermore, in TMPRSS2-positive human lung 
cells, eg Calu-3 and iPSC-derived alveolar type II cells22,38, the endogenous IFITM2 and IFITM3 proteins do not 
act as restriction factors, but positive regulators of SARS-CoV-2 infection39–41.

The expression of TMPRSS2 is organ- and tissue-specific and most abundant in the lung, prostate and 
colon42,43. Immunohistochemistry studies and single cell transcriptomics analyses detected TMPRSS2 in nasal 
and bronchial epithelial cells as well as kidney, pancreas and stomach44–47.

Increasing evidence indicates that, in addition to the respiratory tract, the gastrointestinal tract is also a 
common site of SARS-CoV-2 infection and pathogenesis, with intestinal epithelium showing high cell surface 
expression of both ACE2 and TMPRSS248. Consistent with this observation, SARS-CoV-2 infection is detected 
in human small intestine49 with human gut organoids productively infected by SARS-CoV-250,51. Furthermore, 
intestinal clinical manifestations of SARS-CoV-2 infection are common52,53 with symptoms including nausea, 
vomiting, diarrhoea and abdominal pain54–56.

TMPRSS2 is androgen-responsive57–59 with previous studies on TMPRSS2 regulation predominantly 
focusing on (a) prostate cells carrying the TMPRSS2-ERG translocation, a common determinant of prostate 
cancer60,61 and (b) androgen-responsive cell subsets in the lung62,63. Data on TMPRSS2 regulation in non-
androgen responsive cells is rarer and limited to analysis of TMPRSS2 expression using libraries of chemical 
compounds64. Therefore, despite the central role of TMPRSS2 in respiratory virus infections, how cell surface, 
non-androgen responsive TMPRSS2 is regulated and its role in SARS-CoV-2 infection remains unclear.

Here we performed CRISPR-Cas9-based genetic screens to identify cellular factors that regulate surface 
expression of the TMPRSS2 protein. Our unbiased approach identified Elongin B, VHL and the components of 
the HIF pathway as regulators of TMPRSS2 expression in colonic epithelial cells. We show that stabilisation of 
the HIF pathway by prolyl hydroxylase (PHD) inhibitors results in downregulation of TMPRSS2 and reduced 
SARS-CoV-2 infection of target cells.

Results
Selection of human cell line with endogenous TMPRSS2 expression for CRISPR screens
To select a cell line suitable for CRISPR-Cas9-based genetic screening, we used a TMPRSS2-specific antibody 
to determine cell surface staining of six human cell lines previously reported to express TMPRSS2 by RT-qPCR 
or immunoblot analyses22,42,65,66. These included lung epithelial cells Calu-3, prostate cancer cell line LNCaP, 
urinary bladder cell line RT4 and three colon cell lines, Colo-205, CL-40, and Caco-2. Flow cytometry analysis 
confirmed that all six cell lines express cell surface TMPRSS2, at varying levels (Fig. 1A). Calu-3 showed the least 
TMPRSS2 expression, RT4, CL-40 and Colo-205 were intermediate, while the highest cell surface expression was 
seen in LNCaP and Caco-2 cells. To determine the level of ACE2 on the surface of these cells, in addition, we 
stained them with an ACE2-specific antibody. Flow cytometry analysis showed that RT4 and Colo-205 cells did 
not express ACE2 on their cell surface, whereas Calu-3 had the highest ACE2 expression (Fig. 1B). LNCaP cells 
had low levels of surface ACE2, whereas CL-40 and Caco-2 cells showed heterogeneous ACE2 expression with 
only a small proportion of ACE2-positive cells. Out of the three colon-derived cell lines, Caco-2 cells consistently 
showed the highest cell surface TMPRSS2 expression—the crucial parameter for effective fluorescence-based 
genetic screens. Caco-2 cells were also the most tractable for genetic manipulation and we therefore chose to 
use these cells in the genetic screens. TMPRSS2-specific or control sgRNAs confirmed the specificity of the anti-
TMPRSS2 antibody for cell surface staining as flow cytometry of transduced Caco-2 Cas9 cells showed clear 
loss of cell surface staining in the TMPRSS2 knockout, but not the control b2m KO cells (Supplementary Figure 
S1A). Complementary immunoblot analysis showed that TMPRSS2-specific sgRNAs abrogated expression of 
both high and low molecular weight forms of TMPRSS2 in Caco-2 Cas9 cells (Supplementary Figure S1B). 
Colonic epithelial Caco-2 cells were therefore selected as the most suitable for CRISPR-Cas9-based genetic 
screens.

Depletion of TMPRSS2 reduces SARS-CoV-2 entry into Caco-2 cells and Calu-3 cells
The colon epithelial cell line Caco-2, along with the lung epithelial cell line Calu-3 have been used extensively 
for SARS-CoV-2 infection experiments67,68. To confirm that TMPRSS2 depletion affects SARS-CoV-2 entry 
in Caco-2 and Calu-3 cells we infected the respective wildtype and gene-knockout cells. Infectivity was low in 
Caco-2 cells due to poor ACE2 cell surface expression, as compared with the high endogenous cell surface ACE2 
levels in Calu-3 cells69 (Supplementary Figure S2 and unpublished observations). Caco-2 cells were therefore 
transduced with an ACE2-expressing lentiviral vector and this parental cell line (Caco-2-ACE2) together with 
Calu-3 cells subsequently depleted of either TMPRSS2 or ACE2. Flow cytometry confirmed the reduction in cell 
surface TMPRSS2 and ACE2 in both cell types (Figs. 2A and S3A) and infection with wild type rSARS-CoV-
2-Venus70,71 showed reduced viral entry following either ACE2 or TMPRSS2 depletion (Figs. 2B and S3B). We 
also tested the effect of TMPRSS2 depletion on SARS-CoV-2 Omicron BA.2 cellular entry as this viral variant 
was reported to show attenuated TMPRSS2 usage72. At low viral MOIs, Omicron BA.2 entry into Caco-2-ACE2 
was also reduced following TMPRSS2 depletion, though not as effectively at higher viral MOIs, suggesting that 
Omicron variants also rely on TMPRSS2 for entry into TMPRSS2-positive cells. This effect was confirmed using 
the protease inhibitor camostat mesilate which completely blocked Caco-2-ACE2 infection with rSARS-CoV-2 
Venus and significantly (p < 0.001) reduced infection with Omicron variant BA.2 validating the results seen 
with the genetic depletions (Supplementary Figure S4). Likewise, infection of Caco-2-ACE2 cells with Omicron 
subvariants XBB.1.1 and XBB.2.3 was also significantly (p < 0.001) reduced in the presence of camostat mesilate. 
Together, our results confirm the central role for TMPRSS2 as an entry factor for wild type SARS-CoV-2 and 
Omicron variants in infection of transformed colon-derived epithelial Caco-2 cells.
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Genome-wide and targeted CRISPR screens reveal Elongin BC-VHL complex as a regulator of 
the surface TMPRSS2 expression
To identify cellular proteins that regulate cell surface TMPRSS2 expression we performed CRISPR-Cas9-
based genetic screens in Caco-2 cells. We first performed the screen with the genome-wide CRISPR library73. 
Following lentiviral transduction of the genome-wide CRISPR library, the TMPRSS2-low expressing cells 
were sorted by FACS and the integrated sgRNAs from this enriched population were decoded by Illumina 
sequencing (Fig.  3A). The top hit was TMPRSS2 itself, thus validating the screen (Fig.  3B) with Elongin B 
being the second most enriched gene. Elongin B encodes a component of the HIF (hypoxia-induced factors) 
degradation complex74–76, and sgRNAs specific for the von Hippel–Lindau (VHL) gene, that encodes the VHL 

Fig. 1.  Expression of TMPRSS2 and ACE2 at the surface of human cell lines. (A) Calu-3, RT4, LNCaP, Colo-
205, CL-40 and Caco-2 cell lines were stained with the TMPRSS2-specific antibody or secondary antibody 
alone as a control and analysed by flow cytometry. (B) Cell lines from the panel 1A were stained with ACE2-
specific antibody or secondary antibody alone as a control and analysed by flow cytometry. See also Figure S1.
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E3 ligase component of this protein degradation complex were also enriched in the screen. Other significant 
(MAGeCK robust rank aggregation (RRA) score > 4.2) hits identified included regulators of ER and cytoskeleton 
formation (eg ATL2), extracellular matrix constituent LAMB2, regulators of protein biogenesis (eg GSPT1) 
and a putative regulator of transcription ZNF613 (Table 1). A complementary genetic screen was performed 
with a sub-genomic CRISPR library targeting Epigenetic Modifiers77 combined with a sub-genomic library 
specific for Transcriptional Regulators (EMTR library). Consistent with the results of the initial genome-wide 
screen, sgRNAs specific for Elongin B were most significantly (MAGeCK RRA score > 4.8) enriched (Fig. 3C). 
Other significant hits included (i) POLR2H, that encodes a conserved subunit shared by RNA polymerases I, 
II and III, (ii) SUPT16H, that encodes a subunit of the FACT (FAcilitates Chromatin Transcription) complex, a 
critical regulator of transcription78,79 and (iii) BANF1, that encodes a Barrier-to-Autointegration Factor 1 (BAF/
BANF1), a multifunctional protein which, along with other functions, regulates gene expression80. We next set 
out to validate the Elongin B and VHL hits through their CRISPR-Cas9-mediated depletion and subsequent flow 
cytometry analysis of TMPRSS2 expression in the knockout cells. Three independent sgRNAs for Elongin B and 
VHL each showed a marked downregulation of cell surface TMPRSS2 (Fig. 4A) with efficient depletion of VHL 
confirmed by immunoblot analysis (Fig. 4B). As Elongin B stabilises VHL81, depletion of Elongin B leads to a 
marked reduction in VHL expression (Fig. 4B). Together our results show that the Elongin BC-VHL complex 
regulates expression of surface TMPRSS2 in Caco-2 cells.

Fig. 2.  TMPRSS2 KO affects SARS-CoV-2 entry into colon epithelial Caco-2-ACE2 cells. (A) Caco-2-ACE2 
Cas9 cells stably expressing sgRNAs specific for b2m, ACE2 or TMPRSS2 were stained with ACE2- and 
TMPRSS2-specific antibodies or secondary antibody alone and analysed by flow cytometry. (B) Caco-2-ACE2 
Cas9 cells from the panel 2A were infected with rSARS-CoV-2 Venus or Omicron BA.2 at an MOI of 0.1 or 
1, fixed 24 h later and analysed by automated microscopy. Y-axis indicates percentage of GFP (rSARS-CoV-2 
Venus) or N-protein (BA.2)-positive cells. Data are presented as mean of n = 3 biological replicates ± s.d. The 
statistical significance was assessed by two-way ANOVA and Bonferroni’s multiple comparison correction. See 
also Figures S2, S3 and S4.
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TMPRSS2 is regulated by the HIF pathway in Caco-2 cells
As the Elongin BC-VHL complex regulates proteolytic turnover of HIF proteins74–76, it was important to 
determine whether TMPRSS2 is itself HIF-dependent. The prolyl hydroxylase (PHD) inhibitor FG-4592 
(roxadustat) stabilises HIF subunits and treatment of Caco-2, LNCaP and RT4 cells with roxadustat led to a 
marked downregulation of cell surface TMPRSS2 (Fig. 4C). RT-qPCR analysis also showed that TMPRSS2 gene 
expression was reduced in Caco-2 cells following 24-h treatment with either the daprodustat or roxadustat PHD 
inhibitor (Supplementary Figure S5), with HIF stabilisation confirmed by upregulation of the PGK1 and VEGFA 

Fig. 3.  Genome-wide and targeted CRISPR-Cas9 screens reveal Elongin B and VHL as regulators of TMPRSS2 
expression. (A) Schematic workflow of the genome-wide and targeted CRISPR-Cas9 screens. Caco-2 cells were 
transduced with lentivirus encoding CRISPR library followed by selection with puromycin. The populations 
of cells with low TMPRSS2 expression were enriched by FACS with the TMPRSS2-specific antibody, subjected 
to genomic DNA isolation followed by Illumina sequencing of the integrated gRNAs. (B, C) MAGecK RRA 
(robust rank aggregation) scores of the enriched sgRNAs from the CRISPR-Cas9 screens performed with 
the genome-wide sgRNA library (B) and sgRNA library targeting Epigenetic Modifiers and Transcriptional 
Regulators (C).

 

Scientific Reports |        (2025) 15:11907 5| https://doi.org/10.1038/s41598-025-95644-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


positive control genes. These findings were extended to analysis of primary intestinal organoids which were 
isolated and expanded from biopsy samples of human gut tissue. Following roxadustat treatment, TMPRSS2 
expression was again downregulated while the positive control HIF-responsive gene PGK1 was upregulated 
(Supplementary Figure S6). Together these data show that TMPRSS2 is regulated by the HIF pathway in both 
colon epithelial cell lines and primary human intestinal cells.

A complementary CRISPR-Cas9 screen confirms the role of HIF subunits as regulators of 
surface TMPRSS2 expression
Our previous data show that treatment of Caco-2 cells with PHD inhibitors resulted in TMPRSS2 downregulation, 
but it was unclear whether this effect was mediated by the HIF pathway directly (i.e. through binding of HIFs 
to the TMPRSS2 promoter) or indirectly as may occur through recruitment of a potential repressor. To try and 
identify proteins responsible for this HIF-dependent TMPRSS2 downregulation, we performed a complementary 
genetic screen in Caco-2 cells again using the CRISPR EMTR library (Supplementary Figure S7A). However, in 
this screen, we enriched for cells unable to downregulate cell surface TMPRSS2 in the presence of roxadustat. 
Two components of the HIF pathway, HIF1b (ARNT) and HIF2a (EPAS1), were both dominant hits from this 
screen (Supplementary Figure S7B), confirming the central role of HIFs in TMPRSS2 regulation. Other hits 
included actin-related protein 6 (ACTR6), subunits of the integrator complex (eg INTS6 and INTS8), cleavage 
and polyadenylation factor CFIm25, arginine methyltransferase PRMT7, all transcriptional regulators; ATP-
dependent RNA helicase DDX51 and components of E3 ubiquitin protein ligase complexes (eg FBXO10). CRISPR-
Cas9-based knockouts of these hits confirmed that depletion of HIF1b completely rescued roxadustat-induced 
TMPRSS2 downregulation, whereas depletion of HIF2a, CFIm25, PRMT7, DDX51, FBXO10 and integrator 
complex subunits also resulted in a partial rescue of TMPRSS2 downregulation (Fig. 5A and Supplementary 
Figures S7C and S7D). Efficient depletion of HIF1b and HIF2a from roxadustat-treated Caco-2 cells was 
confirmed by immunoblot (Fig. 5B and C). Although the targeted CRISPR screen failed to identify putative 
repressor proteins that might be recruited by HIFs for TMPRSS2 downregulation, it clearly substantiated the 
role of HIF subunits in the observed phenotype. Our data therefore confirm that surface TMPRSS2 is regulated 
by Elongin BC-VHL complex in Caco-2 cells in a HIF-dependent manner.

CRISPR Cas9-mediated depletion of Elongin B or PHD inhibitor treatment decrease SARS-
CoV-2 infection of Calu-3 cells
Depletion of Elongin B and VHL, as well as treatment of Caco-2 cells with PHD inhibitors led to the HIF-
dependent downregulation of TMPRSS2. It was therefore important to determine whether stabilisation of HIF 
proteins influences SARS-CoV-2 infection. To this end, we generated CRISPR Cas9-mediated knockouts of 
Elongin B in a clonal population of Calu-3 cells expressing endogenous TMPRSS2 and ACE269 (Supplementary 
Figure S3). Efficient knockout of Elongin B in two independent cell populations with dual sgRNAs was confirmed 
by immunoblot (Fig. 6A). Depletion of Elongin B also resulted in marked reduction of VHL and stabilisation 
of HIFa proteins. We then infected the resulting Calu-3 Elongin B knockout (KO) cells with the rSARS-CoV-2 
Venus virus and analysed the infection by RT-qPCR. Our results showed that virus infection of Elongin B KO 
cells was inhibited compared to the control cells (Fig. 6B). To substantiate this result, we treated Calu-3 cells with 
PHD inhibitor FG-4592 followed by infection with rSARS-CoV-2 Venus or Omicron BA.2 viruses. RT-qPCR 
analysis showed that FG-4592 treatment reduced the infection of Calu-3 cells with both viruses, compared to 
the control cells (Fig. 6C). Taken together, these results demonstrate that stabilisation of HIF proteins inhibits 
SARS-CoV-2 infection of Calu-3 cells. Next, to determine whether depletion of Elongin B affects expression of 
TMPRSS2 in cells other than Caco-2 we showed that Calu-3 Elongin B KO cells also downregulated TMPRSS2 
gene expression (Fig. 6D). Similarly, Calu-3 cells downregulated TMPRSS2 gene expression after treatment with 

Gene Protein MAGeCK RRA score (-log10)

Genome-wide CRISPR screen

TMPRSS2 TMPRSS2 16.0

ELOB Elongin B 6.3

LAMB2 Laminin subunit beta 2 5.4

ATL2 Atlastin GTPase 2 4.9

LYRM4 LYR Motif-containing protein 4 4.7

GSPT1 Eukaryotic Release Factor 3a 4.7

KATNAL2 Katanin Catalytic Subunit A1 Like 2 4.5

ZNF613 Zinc Finger protein 613 4.2

VHL Von Hippel-Lindau tumor suppressor 4.2

EMTR library CRISPR screen

ELOB Elongin B 5.6

BANF1 Barrier-to-Autointegration Factor 1 (BAF/BANF1) 4.8

POLR2H RNA polymerase I, II and III subunit H 4.8

SUPT16H FACT Complex subunit SPT16 4.9

Table 1.  Summary of hits identified in the genetic screens with genome-wide and EMTR CRISPR libraries.
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FG-4592 (Fig. 6E). Importantly, in addition to TMPRSS2, ACE2 was also downregulated in Calu-3 Elongin B 
KO and FG-4592-treated cells, while control HIF-responsive genes PGK1 and CA9 were upregulated. Therefore, 
in Calu-3 cells, HIF stabilisation induces downregulation of both ACE2 and TMPRSS2, resulting in decreased 
SARS-CoV-2 infection.

Discussion
For entry into target cells, SARS-CoV-2 relies on two key cellular proteins: ACE2, which serves as a receptor for 
virion attachment, and TMPRSS2, a surface protease that mediates cleavage of the viral spike protein thereby 
enabling fusion of the virion with the plasma membrane. Our study has shown that the TMPRSS2 protease is 
regulated by the Elongin BC-VHL complex and HIF proteins. Activation of the HIF pathway through either 
genetic depletion of Elongin B and VHL, or treatment of cells with PHD inhibitors resulted in downregulation 
of cell surface TMPRSS2. Furthermore, activation of the HIF pathway reduced SARS-CoV-2 infection of lung 
epithelial cells.

Fig. 4.  Surface TMPRSS2 is regulated by Elongin B and VHL in Caco-2 cells. (A) Caco-2 Cas9 cells stably 
expressing sgRNAs targeting ELOB, VHL and b2m were stained with the TMPRSS2-specific antibody or 
secondary antibody alone as a control and analysed by flow cytometry. (B) Caco2 Cas9 cells from the panel 4A 
were lysed and analysed by immunoblot with the antibody specific for VHL and b-actin. (C) Caco-2, LNCAP 
and RT4 cells were treated with FG-4592 (roxadustat), stained with the TMPRSS2-specific antibody and 
analysed by flow cytometry. See also Figures S5 and S6.
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Several recent studies have reported that the Omicron lineage of SARS-CoV-2 has a decreased reliance on 
TMPRSS2 for cell entry and preferentially enters cells via a TMPRSS2-independent endosomal route25–27. In 
addition, Omicron entry into primary nasal epithelial cells has been reported to occur through a divergent, 
TMPRSS2-independent, non-endosomal route that relies upon metalloproteinases28. Our results show that 
entry of Omicron BA.2 variant into colon epithelial cells remains sensitive to TMPRSS2. Furthermore, cell entry 
of the Omicron subvariants XBB.1.1 and XBB.2.3 was also inhibited by the protease inhibitor camostat mesilate. 
Our data are therefore consistent with recent observations that: (i) SARS-CoV-2 Omicron variants remain TTSP 
dependent for entry into human primary airway organoids82 and colon epithelial cells83; (ii) Omicron subvariant 
BA.2.86 uses TMPRSS2 for entry into lung epithelial cells84. Collectively, these data imply that protease inhibitors 
are likely to remain effective against new SARS-CoV-2 variants. Our data also substantiate the results of the 
recent in vivo studies that demonstrate an essential role of TMPRSS2 for Omicron infection in mice18,29.

CRISPR-Cas9-based screening approaches have been widely used for identification of cellular genes and 
pathways required for SARS-CoV-2 infection (reviewed in85,86). These include loss-of-function and gain-of-
function screens for cellular factors that mediate virus entry87–92, dropout screens for pro-viral and anti-viral 
cellular factors93–95 and an antibody-based CRISPR screen for regulators of ACE2 expression96. With only a 
few exceptions, those screens relied on engineering of cell lines to express exogenous ACE2 and TMPRSS2. 
This approach, therefore, will not identify regulators of endogenous gene expression. Furthermore, in many 
instances the target cell lines for CRISPR screens did not express endogenous TMPRSS2 at the cell surface and 
were modified with ACE2 alone, therefore skewing the results of the screens towards TMPRSS2-independent 

Fig. 5.  Surface TMPRSS2 is downregulated in a HIF-dependent manner. (A) Caco-2 Cas9 cells stably 
expressing sgRNAs targeting HIF1b (ARNT), HIF2a (EPAS1) and b2m were treated with FG-4592 (roxadustat) 
for 7 days, harvested and stained with the TMPRSS2-specific antibody or secondary antibody alone as a 
control and analysed by flow cytometry. (B, C) Immunoblot analysis of Caco2 Cas9 cells from the panel 5A. 
The cells were lysed and analysed by immunoblot with antibodies specific for HIF1b, HIF2a and b-actin. 
Asterisks denote non-specific bands. See also Figure S7.
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Fig. 6.  CRISPR Cas9-mediated depletion of Elongin B or PHD inhibitor treatment decrease SARS-CoV-2 
infection of Calu-3 cells. (A) Calu-3 Cas9 cells stably expressing sgRNAs targeting b2m, Elongin B (TCEB2) 
or control sgRNAs were lysed and analysed by immunoblot with antibodies specific for HIF1⍺, HIF2⍺, 
Elongin B, VHL and b-actin. Asterisks denote non-specific bands. (B) Calu-3 Cas9 cells stably expressing 
two independent pairs of sgRNAs targeting Elongin B (TCEB2) or control sgRNAs were infected with rSARS-
CoV-2 Venus at an MOI of 0.1, harvested 24 h later and subjected to RNA extraction followed by RT-qPCR 
analysis with the primers specific for SARS-CoV-2 nucleocapsid RNA and 18S. Data are presented as mean 
of n = 3 technical replicates ± s.d. The statistical significance was assessed by unpaired two-tailed t test. (C) 
Calu-3 cells were treated with 100 uM FG-4592 (roxadustat) or DMSO as a control for 72 h, infected with 
rSARS-CoV-2 Venus or Omicron BA.2 at an MOI of 0.1, harvested 24 h later and subjected to RNA extraction 
followed by RT-qPCR analysis with the primers specific for SARS-CoV-2 nucleocapsid RNA and 18S. Data 
are presented as mean of n = 3 technical replicates ± s.d. The statistical significance was assessed by unpaired 
two-tailed t test. (D) Depletion of Elongin B induces downregulation of ACE2 and TMPRSS2 in Calu-3 Cas9 
cells. The cells from the panel 6A (right) were subjected to RNA isolation followed by RT-qPCR analysis with 
primers specific for TMPRSS2, ACE2, PGK1, CA9 and 18S. Data are presented as mean of n = 3 technical 
replicates ± s.d. The statistical significance was assessed by unpaired two-tailed t test. (E) PHD inhibitor 
treatment induces downregulation of ACE2 and TMPRSS2 in Calu-3 cells. The cells were treated with 100 uM 
FG-4592 (roxadustat) for 72 h and subjected to RT-qPCR analysis as described above (6D).
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endosomal route of SARS-CoV-2 entry. In comparison to previous studies, our CRISPR screens specifically 
focus on regulation of the SARS-CoV-2 co-receptor, endogenous surface TMPRSS2 protein, in colon epithelial 
cells, a cell type susceptible to SARS-CoV-2 infection.

Two CRISPR-Cas9-based genetic screens revealed Elongin B as a key regulator of TMPRSS2 expression. 
Together with VHL and Elongin C, Elongin B is part of the complex that mediates HIF degradation under 
normoxia74–76. Finding that surface TMPRSS2 is downregulated by the HIF signaling pathway was therefore 
intriguing. It implies that HIF activation causes critical gene repression. While the role of HIFs in gene activation 
is well established, much less is known about HIF-mediated gene repression97,98. HIF-mediated gene repression 
is versatile, and occurs either directly through DNA binding99, indirectly through engagement of repressor 
complexes100 or through RNA interference101 (Fig. 7). We were unable to identify the short core 5′-(A/G)CGTG-
3′ motif in the TMPRSS2 promoter commonly found in hypoxia response elements102, prompting us to perform 
a complementary CRISPR screen for cellular factors required for HIF-induced TMPRSS2 downregulation. A 
subsequent analysis of our validated hits (e.g. cleavage and polyadenylation factor CFIm25 and subunits of the 
Integrator complex) suggested that they likely act upstream of HIFs or regulate transcription independently 
of the HIF pathway. No hits with a putative repressor function (that could be recruited by HIFs to inhibit 
TMPRSS2 expression) were identified. Therefore, how HIF mediates TMPRSS2 downregulation remains 
unclear. Interestingly, hypoxia-mediated inhibition of the main SARS-CoV-2 co-receptor, ACE2 is mediated by 
specific miRNA- silencing103 and it will be interesting to learn whether TMPRSS2 relies on a similar mechanism.

Neither Elongin B nor VHL were among the top-ranking hits (z-score > 3, MAGeCK RRA score > 4) in the 
published genome-wide CRISPR knockout screens for regulators of SARS-CoV-2 infection conducted in cells 
expressing endogenous TMPRSS2, namely Calu-3 and Caco-2-ACE287,88. The explanation for this discrepancy 
likely lies in the nature of the screens performed: (i) in CRISPR knockout screens with SARS-CoV-2, enriched 
cells contain sgRNAs that confer full resistance to viral infection, for example, by completely blocking receptor 

Fig. 7.  Proposed mechanisms of TMPRSS2 regulation by the Elongin BC-VHL complex. Under normal 
physiological conditions, constitutively expressed HIF⍺ proteins are hydroxylated by prolyl hydroxylase 
domain (PHD) enzymes, recognised by the Elongin BC-VHL complex, ubiquitinated and targeted for 
proteasomal degradation. Under conditions of hypoxia, treatment with PHD inhibitors or depletion of the 
Elongin BC-VHL complex, the stabilised HIF⍺ protein heterodimerises with HIFβ and inhibits expression of 
TMPRSS2 either (A) through direct binding to the promoter or indirectly through induction of expression of a 
putative protein repressor (B) or microRNA (C). *It should be noted that since no hypoxia response elements 
were identified in the TMPRSS2 promoter, the regulation of TMPRSS2 expression will likely occur as described 
in scenarios (B) or (C).
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expression on the cell surface; (ii) in contrast, in phenotypic CRISPR screens, the enriched population of cells 
contains sgRNAs that are responsible only for changes in receptor expression (either substantial or minor) that 
may influence viral entry but do not necessarily completely block it.

Depletion of Elongin B or treatment of Calu-3 cells with PHD inhibitors decreased expression of both 
TMPRSS2 and ACE2 and reduced SARS-CoV-2 infection. These results are consistent with studies showing 
that HIF activation inhibits SARS-CoV-2 infection of lung epithelial cells104, while contrasting with a report 
showing that PHD inhibition with Molidustat, increases SARS-CoV-2 infection of monocytes105. This apparent 
discrepancy may be explained by the cell type-specificity in HIF-mediated regulation of SARS-CoV-2 entry 
factors and virus infection. Variable hypoxic regulation of TMPRSS2 and ACE2 has been observed even between 
two subsets of primary murine alveolar epithelial cells106. The duration of hypoxia may also affect expression of 
SARS-CoV-2 entry factors. For instance, in brain endothelial cells, hypoxia induces dynamic changes in ACE2 
and TMPRSS2 expression, with an acute increase and subsequent decrease of mRNA levels107. Further studies 
will be required to clarify this differential regulation of SARS-CoV-2 entry factors.

HIF pathway-dependent regulation of both TMPRSS2 and ACE2 in Calu-3 cells is a confounding factor in 
this study as we are unable to attribute the Elongin B knockout-mediated reduction in SARS-CoV-2 infection 
(or the antiviral activity of the PHD inhibitor) to one or the other entry factor. This problem could potentially 
be addressed by performing infection experiments with ACE2 overexpressed under an exogenous, hypoxia-
insensitive promoter. However, the exogenous promoters we have tested to date (pCMV, pSFFV, pEF1a, pEF4a) 
have all shown sensitivity to PHD inhibitor treatment (data not shown) and therefore cannot be used in such 
an experiment. Thus, it remains unclear to what extent Elongin BC-VHL complex-mediated regulation of 
TMPRSS2 affects SARS-CoV-2 infection independently of ACE2.

In summary, we have applied unbiased CRISPR Cas9 genetic screening approaches to identify cellular genes 
that regulate surface expression of TMPRSS2 protein. Our findings show how surface TMPRSS2 is regulated 
by the Elongin BC-VHL complex and HIF transcription factors. Stabilisation of HIFs mediated by depletion 
Elongin B or treatment with PHD inhibitor compound resulted in inhibition of SARS-CoV-2 infection. Our 
study provides insight into the regulation of TMPRSS2 and underlines its important role in the cellular entry of 
SARS-CoV-2.

Materials and methods
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the 
lead contact, Ildar Gabaev (gabaev.ildar@outlook.com).

Materials availability
All unique reagents generated in this study are available upon request.

Cell lines
HEK293T cells (obtained from ATCC) were grown in Iscove’s Modified Dulbecco’s Medium (Sigma), human 
colon adenocarcinoma Caco-2 cells (obtained from Abcam) were grown DMEM (Sigma), supplemented 
with 1  mM Sodium pyruvate (Gibco), human lung carcinoma Calu-3 cells (a kind gift of Stefan Pöhlmann, 
German Primate Centre, Göttingen) were grown in MEM (Sigma) supplemented with sodium pyruvate (1 mM, 
Gibco) and non-essential aminoacids supplement (1  mM, Gibco). Prostate carcinoma LNCaP cells (a kind 
gift of Frank McCaughan) were grown in RPMI-1640 (Cytiva) supplemented with 2.5 g/L glucose and non-
essential aminoacids (Gibco). Human colon carcinoma Colo-205 and CL-40 cells, as well as human urinary 
bladder RT4 cells were a kind gift of Jason Carroll and Jill Temple (Cancer Research UK Cambridge Institute). 
Colo-205 cells were grown in RPMI-1640 (Sigma), CL-40 cells were grown in DMEM (Sigma) and Ham’s F12 
media (Sigma) (1:1 mix) supplemented with 20% fetal calf serum (Gibco), RT4 cells were grown in McCoy’s 5A 
Medium (Lonza). Vero AT2 cells (a kind gift of E. Thomson) were grown in DMEM (Sigma) supplemented with 
hygromycin (50 ug/ml) and neomycin (50 ug/ml). Unless stated otherwise, all cell lines were grown at 37 °C and 
5% CO2, all media were supplemented 10% fetal calf serum (Gibco), penicillin (100 units/ml), streptomycin 
sulphate (100ug/ml), and 2 mM Glutamax (Gibco).

Plasmid construction
To generate pHRSIN-pEIF4a-hACE2-PGK-Hygro vector, DNA fragments containing hACE2 cDNA108, 
EIF4a promoter sequence and hygromycin resistance cassette driven by a pGK promoter (amplified from the 
pHRSIN-pEIF4a-GFP and pHRSIN-pSFFV-pGK-Hygro vectors, respectively; both vectors are from the Lehner 
Lab plasmid collection) were purified and cloned into NheI-treated pHRSIN-cSGW vector backbone using 
NEBuilder HiFi DNA Assembly master Mix (NEB, Cat. No. E2611L). For sgRNA cloning, sense and antisense 
oligonucleotides (Merck) were phosphorylated using T4 PNK (NEB) at 37 °C for 30 min, annealed at 95 °C for 
5 min and cooled to room temperature. The resulting annealed fragments were treated with BpiI endonuclease 
(Thermo Fischer Scientific) and cloned into BbsI-treated pKLV-U6gRNA(BbsI)-PGKpuro2ABFP or SapI/BbsI-
treated pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-PGKpuroBFP-W vectors (Addgene plasmids #50946 
and #72666, kindly deposited by K. Yusa) using T7 ligase (NEB). The resulting reactions were transformed in 
NEB 5-alpha competent E. coli (NEB, Cat. No. C2987) and selected on agar plates with ampicillin. Plasmid DNA 
was isolated using QIAprep Spin Miniprep Kit (Qiagen) and validated by Sanger sequencing.

Lentivirus production and transduction
HEK293 cells were transfected with a lentivirus expression vector and the packaging vectors pCMVΔR8.91 
and pMD.G using TransIT-293 transfection reagent (Mirus, Cat. No. MIR2704) according to manufacturer’s 
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recommendations. Supernatants were harvested 48 h post transfection and passed through 0.45 um filter units. 
Typically, cells were transduced at an MOI < 1 in 6 well plates by centrifugation at 800 g for 1 h. The following 
drug concentrations were used for selection of transduced cells: puromycin (4 ug/ml), blasticidin (3 ug/mL) or 
hygromycin (50 ug/ml).

CRISPR-Cas9- mediated gene knockouts
For CRISPR-Cas9-mediated gene disruption, cells were first transduced with pHRSIN-pSFFV-Cas9-pPGK-
Blasticidin lentivirus vector109 followed by blasticidin selection. The efficiency of Cas9 was assessed by analysis 
of the surface MHC class I expression upon transduction of the cells with lentivirus vector harbouring sgRNAs 
specific for b2m as described previously110. sgRNA sequences were selected from the published sgRNA 
libraries73,111–113. Sequences of sgRNAs specific for HIF1b and HIF2a were described previously114. All the 
sgRNA sequences are listed in the Supplementary table 2. The cells were transduced with lentivirus expressing 
sgRNA, selected by puromycin 48 h later and analysed for gene disruption by flow cytometry or immunoblotting 
using gene-specific antibody at least 5 days post transduction.

Genetic screens with genome-wide and Epigenetic modifiers and transcriptional regulators 
CRISPR sgRNA libraries
Human Improved Genome-wide Knockout CRISPR Library v1 was a gift from Kosuke Yusa (Addgene 
#67989)73. To generate CRISPR library targeting Epigenetic Modifiers and Transcriptional Regulators (EMTR 
library/15000 sgRNAs), the CRISPR sub-library (7123 sgRNAs) targeting Epigenetic Modifiers (EM)77 was 
complemented with the CRISPR sub-library (7874 sgRNAs) targeting Transcriptional Regulators (TR) as well 
as 340 non-targeting sgRNAs110. To design the complementary “TR” CRISPR sub-library, we first assembled a 
candidate gene list by integrating (a) transcription factors with known or postulated DNA binding activity from 
the Human Transcription Factor database115 and (b) known transcriptional regulators from multiple source 
lists116–118. Candidates appearing on multiple source lists were immediately accepted. Further candidate genes 
were manually reviewed for inclusion or omission (if already present in the ‘EM” CRISPR sub-library) resulting 
in a total number of 1575 genes in the sub-library. For each gene in the candidate gene list, where possible, 
we selected five unique sgRNAs from the previously reported high-performance CRISPR libraries119–121 
using custom scripts. The comprehensive list of sgRNA sequences from the EMTR library is provided in the 
Supplementary Table 1. Cloning of the “TR” CRISPR sub-library was performed as described previously77. 
Single cell clones of Caco-2 Cas9 cell population were obtained by FACS based on the surface staining with 
TMPRSS2-specific antibody. Lentiviruses encoding CRSIPR libraries were titrated by assessment of the number 
of BFP + cells 72 h after transduction. For genome-wide CRISPR-Cas9 screen, a total of 1 × 108 Caco-2 Cas9 cells 
were transduced with a library containing 90700 sgRNAs73 at an MOI of 0.3 (~ 330-fold coverage) followed by 
puromycin selection 48 h post transduction. The cells were stained with TMPRSS2-specific antibody at day 9 
post transduction and the top 1% (~ 2.6 × 10*5 cells) of TMPRSS2-low cell population was selected by FACS. 
The sorted TMPRSS2-low cell population was expanded, stained with TMPRSS2 antibody and enriched by 
additional sort 28 days post transduction. For targeted CRISPR-Cas9 screens, a total of 2.4 × 107 Caco-2 Cas9 cells 
were transduced with lentivirus harbouring EMTR library at an MOI of 0.3 (~ 480-fold coverage) and selected 
on puromycin 48 h later. For the targeted CRISPR-Cas9 screen on cellular factors that rescue PHD inhibitor-
induced TMPRSS2 downregulation, the cells were additionally treated with 100 uM roxadustat for 120 h starting 
at day 7 post transduction. The cells were then cell surface stained with the TMPRSS2-specific antibody and 
sorted by FACS. The top 2% (~ 1 × 10*5 cells) of TMPRSS2-low (Fig. 3C) or TMPRSS2-high (Figures S7A and 
S7B) cell populations were selected for subsequent DNA isolation. DNA from the parental (unsorted) Caco-2 
Cas9 cells harbouring stably integrated CRISPR libraries was extracted using Puregene Core kit A (Qiagen, 
Cat. No. 158489). DNA from the sorted TMPRSS2-low or TMPRSS2-high cell populations was extracted using 
Quick-gDNA MicroPrep Kit (Zymo research, Cat. No. D3020). Integrated sgRNA sequences were amplified by 
two sequential rounds of amplification with introducing Illumina adaptors in the second round of PCR, followed 
by sequencing using the Illumina MiniSeq and NovaSeq platforms. Sequence analysis was performed using a 
Snakemake workflow v7.32.4122 with the following step: the first 19 base pairs of each read were kept using 
CUTADAPT v3.7123. The resulting sequences were aligned against the relevant sgRNA library using HISAT2 
(version 2.2.1) while allowing no mismatches. Mapping rates were > 85% for each sample. Statistical analysis of 
the enriched sgRNAs in the sorted vs unsorted cell populations was performed using MAGeCK algorithm124. 
The Snakemake workflow is publicly available (DOI https://doi.org/10.5281/zenodo.10286661).

Flow cytometry analysis
For cell surface staining, cells were dissociated with Accutase Cell Detachment Solution (Biolegend, Cat. No. 
423201), washed twice with blocking buffer (4% fetal calf serum in PBS) and incubated with primary antibody for 
30 min. The cells were then washed twice with blocking buffer followed by incubation with secondary antibody 
for 30 min. Cell viability was assessed using DAPI (Cell Signaling, Cat. No. 4083S) or Zombie green Fixable 
Viability kit (Biolegend, Cat. No. 423112). Measurements were performed on LSR II Fortessa flow cytometer 
(Becton Dickinson) and analysed using FlowJo (TreeStar) software. Ten thousand events were counted for each 
sample. Sorts were performed on an Influx cell sorter (Becton Dickinson). All procedures were performed at 
4 °C.

Immunoblot analysis
The cells were dissociated with Accutase Cell Detachment Solution, washed with PBS twice, lysed in RIPA buffer 
(150 mM NaCl, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 1 mM EDTA) and 
treated with ultrasound (10 cycles, 15 s each). Total protein amount in the samples was measured by BCA assay 
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using Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, Cat. No. 23227) and the amount of cell lysate 
equivalent to 20 ug of protein per lane was resolved on SDS-page gel. The immunoblot analysis was performed 
with primary antibody dissolved in PBS with 0.1% Tween-20. Membranes were washed three times in PBS with 
0.1% Tween-20 and probed with secondary HRP-linked antibody. Antibody specific for beta-actin was used 
as loading control. Signals were visualised by chemiluminescence using ECL and ECL Dura Western blotting 
detection reagents and iBright imaging system (Thermo Fischer Scientific) or SRX-101a medical film processor 
(Konica Minolta).

RT-qPCR analysis
Total mRNA from the cells was isolated using RNeasy kit (Qiagen) or Monarch Total RNA Miniprep kit (NEB, 
cat. No. T2010S) according to manufacturer specifications. 1 ug of purified RNA was taken for cDNA synthesis 
using Random Hexamer primers (Thermo Fischer Scientific, Cat. No. N8080127) and SuperScript III Reverse 
Transcriptase (Thermo Fisher Scientific) in 50 ul reaction. The sequences of the primers specific for ACE2, 
VEGFA and CA9 genes were obtained from Harvard PrimerBank (https://pga.mgh.harvard.edu/primerbank/). 
Primers specific for TMPRSS2, SARS-CoV-2 Nucleocapsid transcript and 18S ribosomal RNA gene were 
described previously125–127. All the primer sequences are listed in the Supplementary table 3. Transcript levels 
were determined by quantitative real-time PCR (RT-qPCR) using SYBR Green dye (Applied Biosystems, Cat. 
No. 4309155) incorporation and 8 ng of cDNA per reaction. The reaction was carried out using MicroAmp 
Optical 384-Well Reaction Plate (Applied Biosystems, Cat. No. 4309849) and QuantStudio 7 Flex Real time PCR 
system (Thermo Fisher Scientific). The comparative threshold cycle method was used to determine the change 
in gene expression between the samples, using 18S for normalisation.

SARS-CoV-2 infections
All the infections were performed at the CITIID CL3 facility. The SARS-CoV-2 viruses used in this study were 
rSARS-CoV-2 Venus70,71 and clinical isolates of SARS-CoV-2: variants Omicron BA.2, Omicron XBB.1.1 and 
XBB.2.3. Virus stocks were grown in Vero AT2 cells. The viral titers were determined using plaque assay. For 
analysis of SARS-CoV-2 infection, the cells were seeded in 96-well PhenoPlate (Perkin Elmer, Cat No. 6055300) 
at the density of 4 × 10*4 cells per well and infected with SARS-CoV-2 at an MOI of 1 and 0.1. Twenty hours post 
infection, the cells were fixed with 2% formaldehyde (Sigma-Aldrich, Cat. No F8775), washed with PBS twice, 
permeabilised with Intracellular Staining Permeabilization Wash Buffer (Biolegend, cat. No. 421002), stained 
with sheep anti-SARS-CoV-2 nucleoprotein antibody at concentration of 0.78 ug/ml (University of Dundee, 
Cat. No DA114), washed three times with the same buffer, followed by staining with secondary Alexa-647-
conjugated antibody and DAPI. The cells in the wells were then covered with Anti-Fade Fluorescence Mounting 
Medium (Abcam, Cat. No. 104135) and analysed using ArrayScan XTI automated microscope (Thermo Fisher 
Scientific). For RT-qPCR analysis of SARS-CoV-2 infection the cells were seeded in 48 well plates, infected with 
virus at an MOI of 0.1, incubated at 37 °C for 2 h and washed twice with PBS. The cells were further incubated in 
fresh media for 22 h, harvested and subjected to RNA extraction using RNAeasy Mini kit (Qiagen).

Human intestinal organoids
Human primary intestinal organoids were derived from terminal ileum biopsies. Primary tissue was obtained 
from patients undergoing endoscopy following the acquisition of the written informed consent for use in 
research and ethical approval (Research Ethics Committee (REC) 20/NI/0109) within Addenbrooke’s Hospital 
on 18.08.2020. All experiments were performed in accordance with relevant guidelines and regulations. The 
organoids were derived using an adapted version of previously published protocols126,128–130. Human intestinal 
tissue was dissociated into small epithelial fragments, embedded in Matrigel, and cultured in IntestiCult Organoid 
Growth Medium (StemCell Technologies) supplemented with penicillin–streptomycin and Rho kinase inhibitor 
(Stratech Scientific). The medium was replaced every 2–3 days and once organoids were established, they were 
passaged every 7–10 days by mechanical disruption and re-plating in fresh Matrigel.

Compounds
The following chemical compounds were used for treatment of the cells: Camostat mesilate (APExBIO, Cat. No. 
B2082), roxadustat (FG-4592, Selleckchem, Cat. No. S1007), GSK1278863 (daprodustat, AOBIOUS, Cat. No. 
AOB0500).

Antibodies
Antibodies specific for the following proteins were used for flow cytometry and immunoblotting: rabbit anti-
TMPRSS2 (Abcam, Cat. No. EPR24407-87, flow cytometry) rabbit anti-TMPRSS2 (Abcam, Cat. No. EPR3862, 
immunobloting), rabbit anti-ACE2 (Abcam, Cat. No. EPR24705-45), rabbit-anti-HIF1b/ARNT (Cell Signaling 
Cat. No. 5537 T), rabbit-anti-HIF2a (Cell Signaling Cat. No. 7096S), rabbit anti-VHL (Cell Signaling Cat. No. 
68547S), rabbit anti-TCEB2/Elongin-B (Abcam, Cat. No. EPR10440(B)), Alexa Fluor 647 conjugated goat anti-
rabbit (Thermo Fisher Scientific, Cat. No. A21245) and donkey anti-sheep antibody (Thermo Fisher Scientific, 
Cat. No. A21448), mouse anti-beta Actin (Sigma-Aldrich, Cat. No. A5316), Horseradish Peroxidase (HRP)-
conjugated goat-anti-rabbit (Jackson Immunoresearch, Cat. No. 111-035-144), HRP-conjugated goat anti-
mouse antibody (Cell signaling, Cat. No. 7076).

Statistical analysis
Statistical analyses were performed using Prism version 10.1.0 (GraphPad Software). Data were evaluated for 
normal distribution using Shapiro–Wilk test. A two-tailed unpaired t test was used to compare data of two 
groups. Comparison of more than two groups was done by one-way or two-way ANOVA and Bonferroni’s 

Scientific Reports |        (2025) 15:11907 13| https://doi.org/10.1038/s41598-025-95644-0

www.nature.com/scientificreports/

https://pga.mgh.harvard.edu/primerbank/
http://www.nature.com/scientificreports


multiple comparison correction. Statistical parameters are specified in the figure legends. P values of less than 
0.05 were considered statistically significant. Only significant differences are highlighted in the figures.

Data availability
Sequencing data from CRISPR/Cas9 screens presented in this study have been deposited at the Sequence Read 
Archive (SRA)/PRJNA1101180.
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