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Tensin‑2 interactomics reveals 
interaction with GAPDH 
and a phosphorylation‑mediated 
regulatory role in glycolysis
Paula Turkki 1,2, Iftekhar Chowdhury 3, Tiina Öhman 3, Latifeh Azizi 1, Markku Varjosalo 3 & 
Vesa P. Hytönen 1,2*

Integrin adaptor proteins, like tensin-2, are crucial for cell adhesion and signaling. However, the 
function of tensin-2 beyond localizing to focal adhesions remain poorly understood. We utilized 
proximity-dependent biotinylation and Strep-tag affinity proteomics to identify interaction partners 
of tensin-2 in Flp-In 293 T-REx cells. Interactomics linked tensin-2 to known focal adhesion proteins 
and the dystrophin glycoprotein complex, while also uncovering novel interaction with the glycolytic 
enzyme GAPDH. We demonstrated that Y483-phosphorylation of tensin-2 regulates the glycolytic rate 
in Flp-In 293 T-REx and MEF cells and found that pY483 tensin-2 is enriched in adhesions in MEF cells. 
Our study unveils novel interaction partners for tensin-2 and further solidifies its speculated role in 
cell energy metabolism. These findings shed fresh insight on the functions of tensin-2, highlighting its 
potential as a therapeutic target for diseases associated with impaired cell adhesion and metabolism.

Integrin adaptors, such as tensins, regulate the activation and signaling of integrins, affecting crucial cellular 
functions such as cell growth, survival and development. Also, integrin regulation often plays a role in disease 
outcome. For that, understanding the functions of integrin adaptors is of high importance.

Tensins are a family of integrin adaptor proteins that are generally considered to interact with integrin cyto-
plasmic domains in the cell-ECM adhesions1. Tensin-2, also known as C1 domain containing protein with homol-
ogy to tensin (C1-TEN) or tensin-like C1 domain-containing phosphatase (TENC1), is less studied member of 
the tensin protein family comprising of four proteins, with tensins 1–3 sharing high homology. Tensins are often 
collectively categorized as focal adhesion proteins1. However, individual reports state that tensin-1 and tensin-3 
are fibrillar adhesion proteins (tensin-1 located also in focal adhesions), whereas tensin-2 has been considered 
mostly as focal adhesion protein2,3.

In focal adhesions, tensins are believed to connect the integrin tails and actin cytoskeleton via binding to 
both partners. Tensin-2 PTB domain binds to integrin cytoplasmic domains of β3, β5, β7 and β1A, whereas β2 
does not bind tensin-2 PTB4. The SH and PTB domains of tensin-2 are shown to bind receptor tyrosine kinase 
Axl5 , tumor suppressor proteins DLC16 and DLC27, DISC18, c-MpI9 and tyrosine kinase Syk10 (Fig. 1A). Since 
phosphorylation is a common regulator of protein function, we took a look at the known phosphorylation sites 
catalogued in Phosphosite plus for tensin-211 and observed that Y483 is the most often phosphorylated residue 
of tensin-2 (Fig. 1B). The phosphorylation of this site has been previously reported to be mediated by Src12 and 
Axl kinases13 and it has been hypothesized that the Y483 phosphorylation could act as regulator of glucose 
metabolism via IRS113.

The biological role of tensin-2 is currently poorly understood. The protein–protein interaction networks 
of integrin-mediated adhesions have been studied in detail recently with talin-114, paxillin15,16 and kindlin as 
baits16. Whereas tensin-1 and -3 were commonly found in these screens, tensin-2 was not a prominent interac-
tion partner to any of these central adhesion proteins. Also multiplex protein–protein interaction study with 
16 different integrin-adhesion complex proteins as baits suggested that among the tensin family members, only 
tensins 1 and 3 belong to the central group of adhesion proteins17. In line with those, tensin-2 was listed within 
the meta-adhesome (2000 proteins) but was not present in the consensus adhesome (60 proteins)18. Furthermore, 
overexpression of tensin-2 does not influence beta-integrin 1 activation, as does the overexpression of tensin-1 
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and tensin-319, suggesting slightly different role in adhesion biology for tensin-2 as compared to tensins 1 and 3. 
Tensins 1 and 3 are not able to activate the integrin themself but are able to maintain the activated integrin state 
once integrin has been activated by another adaptor protein such as talin-119.

Tensin-2 has been associated with nephrotic diseases and a truncated form of tensin-2 is believed to cause 
the phenotype of the ICGN mouse which is used as a model for nephrotic syndrome20. Tensin-2 has been asso-
ciated with insulin signaling via regulation of insulin receptor substrate 1 (IRS1)21,22 and cell metabolism via 
AMP-activated kinase (AMPK)23. Indeed, a small inhibitory molecule targeting tensin-2 has been indicated as 
potential therapeutic agent in metabolic syndrome through dual targeting of IRS1 and AMPK23. The connec-
tion to IRS and AMPK pathways and potential role as metabolic regulator requires further understanding of the 
biological functions of tensin-2.

Here we used proximity-based biotinylation technique called BioID to examine the proximal interactome 
(10–15 nm radius) of tensin-2 and affinity proteomics utilizing Strep-tagged tensin-2 to study its direct inter-
actome in Flp-In 293 T-REx cells. In addition we studied the location of endogenous tensin-2 in MEF cells and 
the glycolytic rate in Flp-In 293 T-REx and MEF cells expressing tensin-2 constructs.

Results
Tensin‑2 is a unique member within the tensin family with predicted localization to nucleus
In order to understand tensin-2 biological role we first compared it to other members of the tensin family. The 
conserved domains at the N- and C-terminal ends of tensin-1 and tensin-2 are highly similar with roughly 
60% and 67% similarity, respectively24. However, in addition to conserved domains in the terminus, the central 
part of tensin-2 contains long proline-rich unstructured region without known functions and that has only low 
similarity to other tensins24. Altogether basic local alignment (BLAST)25 showed 49%, 52% and 47% sequence 
similarity when tensin-2 was compared to tensin-1, tensin-3 and tensin-4, respectively (Supplementary Fig. 1A).

We used bioinformatics analyses and reviewed databases to build a comprehensive view of tensin-2 loca-
tion and function. We first used several bioinformatics tools to predict the subcellular locations of tensin fam-
ily members of human and mouse origins. WoLF PSORT26 and CELLO27 ranked nucleus as the most promi-
nent location while DeepLoc28 predicted cytoplasmic and plasma membrane localizations to be the highest for 
tensins 1–3 (Table 1). However, nuclear localizations also had relatively high scores in DeepLoc (tensin-1 hu/mo: 
0.3466/0.3424, tensin-2 hu/mo: 0.3274/0.3192, tensin-3 hu/mo: 0.3534/0.3708 and tensin-4 hu/mo:0.3791/0.3636) 
(Table 1, Supplementary File 1), suggesting that overall tensins mostly reside in the nucleus, cytoplasm and 
plasma membrane.

Figure 1.   Tensin-2 is large actin and integrin binding protein. (A) Functional domains according to Uniprot 
(Uniprot ID’s: Q9HBL0, Q63HR2, Q68CZ2, Q8IZW8) (The UniProt Consortium, 2021) of tensins 1–4 
and known interactions partners of tensin-2. (B) Lollipop-chart showing number of references on specific 
phosphorylation sites of tensin-2.
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Tensin-2 shows high-to-medium expression levels in specialized tissues, with the highest level of protein 
expression found in kidneys (Human protein atlas29) (Supplementary Fig. 1B). Gene-disease-association (GDA) 
score of tensin-2 is highest in nephrotic diseases according to DisGeNET30 (Supplementary Fig. 1C) and tensin-2 
gene expression often decreases heavily in tumorous tissues as visible from GEPIA31 (Supplementary Fig. 1D). 
In line with this, downregulation of tensin-2 has been shown to enhance the tumorigenicity of A549 and HeLa 
cells32.

One phosphorylation site (Y483) was highly enriched and reported in almost 1600 previous studies (Fig. 1B). 
As these references were investigated more closely, 1576 associations were detected with MS analysis and only 
one using phospho-specific antibodies and Western blotting33. Closer inspection of the 1576 MS studies revealed 
that majority of the studies were associated with cancers (Supplementary Fig. 1E), mostly with lung and liver 
cancer studies (Supplementary Fig. 1F).

Tensin‑2 proximal interactome reveals associations with proteins from the cytoplasm, plasma 
membrane, nucleoplasm and focal adhesions in Flp‑In 293 T‑REx cells
In order to gain understanding of the location and interaction partners of tensin-2 and the function of Y483 
phosphorylation site, we performed a BioID proximal interactions analysis for Flp-In 293 T-REx cells stably 
expressing tensin-2 WT, phospho-mimicking (Y483E) and phosphorylation-negative (Y483F, Y483A) forms 
of the tensin-2. BioID reveals the proximal interactions of the bait protein and therefore enables defining the 
molecular environment near the bait-protein (Fig. 2A). To get insight into the molecular environment found 
in focal adhesions we used talin-1 as a reference protein, which is well-known focal adhesion-specific integ-
rin adaptor. Interactome from membrane-targeted myristoylated eEGFP (myr-eEGFP) was used to define the 
“non-specific” proteome proximal to cell membrane. After statistical SAINT34 and CRAPome47 filtering, the 
high-confidence interacting proteins (HCIPs) were identified and the interactions clustered and visualized as 
dot plot (Fig. 2B and Supplementary File 2).

Tensin-2 proximal interactome was only partially overlapping with the interactome of talin-1 and there was 
only minor interactions seen between tensin-2 and talin-1 and only few mutual adhesion-related interaction 
partners such as paxillin and kank-2. The three most often found proximal partners for tensin-2 were utro-
phin, peak1 and dystonin. The proximal interactomes between the mutant versions did not differ much. High 
confidence interactions enriched with the phosphonegative mutants (Y483F, Y483A) but not found with the 
phosphomimicking form (Y483E) were Rho GTPase activating protein ARHGAP22, RNA helicase DDX50, 
BRISC and BRCA1-A complex member BABAM2, Na+/K+-ATPases subunit AT1A1, RNA-dependent ATPase 
DX39B, adhesion protein paxillin, Spermatogenesis-associated protein 2 and ATP- and NAD(P)H-dependent 
mitochondrial enzyme P5CS. Enriched proximal interactions with the phosphomimicking form (Y483E) were 
ribosomal protein RL28, ribosome biogenesis factor NOP53 and prohibitin 1 (PHB1).

To obtain the molecular context and cellular functions of the high-confidence interacting proteins, we per-
formed Gene Ontology (GO) analysis. The enriched GO: Cellular Components and GO: Molecular Functions are 
shown in the Fig. 2C (for full data, please see Supplementary File 3). Tensin-2 WT was found mostly associated 
with proteins from the cytoplasm, plasma membrane and focal adhesions. Also, proteins present in nucleoplasm 

Table 1.   Prediction of subcellular localization for tensin family proteins. Three different prediction algorithms 
were used. Nucl = Nucleus, Cyto = cytoplasmic, Cyto-nucl = protein which shuttle between the cytosol and 
nucleus, PM = plasma membrane. 1 Two predicted localizations with highest scores are indicated. Full dataset 
shown in Supplementary File 1. 2 The predicted score for the presence of nuclear localization signal. 3 The scores 
for two predicted subcellular localizations with highest probability are shown. The predicted localization 
shown with bold. Full dataset shown in Supplementary File 1. 4 The score for two predicted subcellular 
localizations with highest probability are shown. The predicted localization is shown with bold. Full dataset 
shown in Supplementary File 1. 5 The presence of nuclear localization signal (NLS) or nuclear export signal 
(NES) according to DeepLoc 2.0 prediction.

Protein uniprot ID WoLF PSORT1 WoLF NLS score2 CELLO3 DeepLoc 2.04 DeepLoc 2.0 NLS/NES5

Tensin-1 human Q9HBL0 Nucl: 21
Cyto: 9 0.65 Nucl: 3.952

PM: 0.497
Cytopl: 0.6703
PM: 0.6061 NLS, NES

Tensin-2 human Q63HR2 Nucl: 19
Cyto-nucl: 16.5 0.52 Nucl: 3.786

PM: 0.698
PM: 0.6576
Cytopl: 0.6457 NLS, NES

Tensin-3 human Q68CZ2 Nucl: 20.5
Cyto-nucl: 17.3 0.65 Nucl: 3.839

PM: 0.564
Cytopl: 0.6693
PM: 0.5872 NES

Tensin-4 human Q8IZW8 Nucl: 14
Cyto-nucl: 11.5 0.65 Nucl: 3.875

Cytopl: 0.396
Cytopl: 0.6985
Nucl: 0.3791 NES

Tensin-1 mouse E9Q0S6 Nucl: 22.5
Cyto-nucl: 17 1.67 Nucl: 3.912

PM: 0.506
PM: 0.6409
Cytopl: 0.6254 NLS, NES

Tensin-2 mouse Q8CGB6 Nucl: 18.5
Cyto-nucl: 16.5 0.52 Nucl: 3.817

PM: 0.629
PM: 0.6584
Cytopl: 0.6440 NLS, NES

Tensin-3 mouse Q5SSZ5 Nucl: 23.5
Cyto-nucl: 17.5 0.65 Nucl: 3.952

PM: 0.470
Cytopl: 0.6576
PM: 0.5904 NES

Tensin-4 mouse Q8BZ33 Nucl: 22
Cyto-nucl: 16 0.65 Nucl: 3.877

Cytopl: 0.331
Cytopl: 0.6786
PM: 0.3951 NES
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Figure 2.   BioID proximity interactomics of tensin-2. (A) Schematic drawing showing the principle of BioID. 
Briefly, the bait-protein is expressed as a fusion with the promiscuous biotin ligase that will, in the presence of 
biotin, biotinylate the proteins within the range of 10–15 nm of the ligase. The biotinylated proteins are then 
purified with affinity chromatography and identified and quantified by mass spectrometry. Strep-tag = StrepIII-
tag, which contains two StrepII-tags separated by a 12 amino acid linker37, BirA* = promiscous biotin ligase. 
(B) Dot plot visualizing the interactomes of the bait proteins. Proteins found in the consensus adhesome18 are 
marked in red. (C) GO: Cellular component and GO: Molecular Function enrichment analysis showing the 
percentage of interactors found in the given term with P-value < 0.05. The enrichment (P-value) calculation is 
performed by Fisher’s exact test (two-sided).
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were found, suggesting, similarly to our predictions (Table 1), that tensin-2 could also be found in the nucleus. 
Interestingly, recently several members of the adhesome have been located to the nucleus and are proposed to 
control transcription, although their role there is not yet fully understood35.

Tensin‑2 Y483E is associated with RNA binding, actin cytoskeleton and cell–cell‑junctions in 
Flp‑In 293 T‑REx cells
In order to understand the role of Y483 phosphorylation we took a closer look of BioID interactomes of phos-
pho-mimicking (Y483E) and phospho-negative (Y483A and Y483F) forms of tensin-2. For each tensin mutant, 
we plotted the fold change and significance of each interaction partner comparing those with the interactions 
observed for WT tensin-2 on a volcano plot. Several interactions were detected to be modulated by these muta-
tions (Fig. 3A, Supplementary File 4). Focal adhesion protein testin (TES) was the only interaction that was 
increased in Y483E and not in Y483F or Y483A as compared to WT tensin-2. Unique interactions that were 
decreased in the interactome of Y483E as compared to WT were RAB1C, CEP192, VANGL1, PKP2 and PKP4.

For the differentially detected proteins we then performed Gene Ontology analyses (GO: Cellular Compo-
nents and GO: Molecular Functions), to obtain information on which cellular functions these proteins were 
linked (Fig. 3B). In this analysis, phosphomimicking Y483E mutant was uniquely associated with RNA binding, 
actin cytoskeleton and cell–cell-junctions.

Tensin‑2 is associated with glycolytic enzyme GAPDH in Flp‑In 293 T‑REx cells
In order to detect the direct interaction partners of tensin-2 forms we performed affinity purification and mass 
spectrometry analysis (AP-MS). The data was similarly analysed with SAINT analysis and Crapome filtering 
as with the BioID data. We observed close correlation of interactomes of tensin-2 WT and phosphomimicking 
mutant Y483E, whereas the phosphodeficient mutants showed similar interactomes with each other (Fig. 4, 
Supplementary File 2). Similarly to BioID, utrophin (UTRN) was one of the high confidence hits also in this 
approach. Interestingly, glycolytic enzyme GAPDH showed high confidence interaction with WT form in AP-MS. 
Since GAPDH was not observed in the BioID analysis and did not seem to be associated with the phosphorylated 
forms with high confidence, we performed a pull-down analysis to verify their association. Here all tensin-2 
forms were found to co-immunoprecipitate together with GAPDH (Supplementary Fig. 2A) while LacZ used as a 
negative control showed no binding. It should be noted here that the co-immunoprecipitation experiments were 
performed with overexpressed proteins. We also verified the tensin-2 expression levels for the stably transfected 
cells using SDS-PAGE and Western blotting and observed that tensin-2 antibody only recognized the recom-
binantly expressed tensin-2, suggesting that Flp-In 293 T-REx cells express very little to none of endogenous 
tensin-2 (Supplementary Fig. 2B). The expression levels of the tensin-2 constructs were equal between samples 
(Supplementary Fig. 2B). Furthermore, tensin-2 pY483 specific antibody revealed that expression of WT tensin-2 
lead to phosphorylation of Y483 (Supplementary Fig. 2B). pY483 specific antibody was not able to recognize the 
Y483E form, most likely due to the chemical differences between glutamate and phosphotyrosine.

Y483‑phosphorylated Tensin‑2 is enriched in cell‑ECM adhesions in MEF cells
In order to study the role of endogenous tensin-2 in adhesion biology in more detail, we moved on to analysing 
mouse embryonic fibroblast (MEF) cells, which as mesenchymal cells have prominent focal adhesions, and their 
large size is ideal for confocal microscopy analysis. We first labelled the cells with tensin-2 specific antibody 
(ab25182, Abcam) and found that tensin-2 was mainly located within the nucleus with faint adhesion-like stain-
ing on the cell edges (Fig. 5A). Nuclear localization was verified with another tensin-2 specific antibody (11990, 
Cell signaling technology) and visualized with orthogonal slicing of the nucleus (Supplementary Fig. 3A,B). With 
careful inspection with the second antibody (11990, Cell signaling technology) adhesion-located signal was seen 
close to the basal membrane of the cells (Supplementary Fig. 3C), confirming the findings made with the first 
antibody. Labeling with the phosphotyrosine-specific pY483 antibody revealed clear adhesion-located pattern, 
with no nuclear staining (Fig. 5A), suggesting that the phosphorylated tensin-2 form is strongly associated with 
adhesions. To verify the location into the focal adhesions, we co-immunolabelled MEF cells with tensin-2 and 
paxillin antibodies (Fig. 5B) and found strong colocalization especially with the Y483 labeling. Localization to 
adhesion sites was further verified with co-immunolabeling of pY483 and active β1-integrin (Supplementary 
Fig. 3D). We also were curious to see whether we can detect colocalization between tensin-2 and GAPDH and 
performed co-immunolabeling targeting those antigens. GAPDH was found in same areas aspY483 phospho-
rylated tensin-2 (Fig. 5C). However, since GAPDH was found diffusely all around the cells with no specific 
compartmentalization, it is unreliable to quantify their colocalization (Fig. 5C).

We then observed how the exogeneous tensin-2 localize in Flp-In 293 T-REx and MEF cells. We first inspected 
the Flp-In 293 T-REx cells stably expressing tensin-2 or talin-1 with the aid of antibody targeting the HA-tag 
included into expression constructs (Supplementary Fig. 3E). Flp-In 293 T-REx cells showed intense and diffuse 
tensin-2 localization widely in the cytoplasm with no changes in the location between the mutants and WT. 
Cytoplasmic localization of overexpressed tensin-2 in Flp-In 293 T-REx cells have been shown also previously5. 
We next overexpressed the MAC-tag-tensin-2-HA constructs in MEF cells and found that tensin-2 WT, Y483E 
and Y483F all showed localization to adhesions, nucleus and cytoplasm (Supplementary Fig. 3F). However, in 
addition to adhesion-like staining (Supplementary Fig. 3G, zoom 1) vesicle-like large puncta were found (Sup-
plementary Fig. 3G, zoom 2) implicating expression artifacts.

Altogether these results show that endogenous tensin-2 is mostly located in nucleus in MEF cells with the 
Y483 phosphorylated form enriched in adhesion plaques near the cell boundary, colocalizing with paxillin and 
active integrin.
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Tensin‑2 Y483 plays a role in the regulation of glycolysis and affects gene expression
We then assessed the effects of tensin-2 expression and Y483-phosphorylation on cell migration and phenotype. 
Tensin-2 expressing Flp-In 293 T-REx cells were migrating slower (total distance traveled 202.4 µm, SEM 13.59) 

Figure 3.   Influence of phosphomimicking and -blocking mutations at Y483 for tensin-2 proximal interactome. 
(A) Volcano plot showing differences in the proximal interactomes using tensin-2 WT as a reference. Cut-off 
criteria: P-value < 0.05 and |log2FC| > 0.5 showing the upregulated and downregulated proximal interactors 
in Flp-In 293 T-REx stably transfected cells expressing tensin-2 variants (Y483E, Y483A, Y483F) compared 
to those expressing tensin-2 WT. Green dots represent highly abundant interactors, purple dots indicate 
interactors with decreased abundancy, while the insignificantly changed proteins are in grey. (B) GO: Cellular 
component and GO: Molecular Function enrichment (DAVID) of the differentially observed proteins showing 
the percentage of interactors found in the given term with P-value < 0.05. The P-value calculation is performed 
by Fisher’s exact test (two-sided).
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than myr-EGFP (279 µm, SEM 20.69) expressing cells in eight hours. Expression of Y483F (270.6 µm, SEM 
15.54) increased cell migration velocity a bit as compared to tensin-2 WT while Y483E (233.2 µm, SEM 13.52) 
had no significant effect. Tensin-2 Y483E (1671 µm2, SEM 93.59) and Y483F (1380 µm2, SEM 64.18) expressing 
cells were larger than WT (1040 µm2, SEM 48.24) and myr-EGFP (1100 µm2, SEM 71.91) expressing cells. Other 
cell shape indicators (aspect ratio, circularity) were unaffected by the expression of tensin-2 WT or its mutants 
when compared to myr-EGFP (Fig. 6A).

We detected GAPDH among the tensin-2 -interacting proteins in the Strep-tag affinity proteomics (Fig. 4). 
We were thus curious to see if overexpression of tensin-2 WT, Y483E or Y483F would have an effect on Flp-In 
293 T-REx glycolysis rate. With the aid of seahorse XF analyser we found that tensin-2 Y483E expressing cells 
had 50% lower rate of extracellular acidification (ECAR; 32.33 mpH/min), suggesting lower rate of glycolysis 
when compared to cells expressing Y483F (64.71 mpH/min). WT tensin-2 (42.76 mpH/min) or myr-EGFP 
(48.74 mpH/min) had no significant change as compared to Y483E (32.33 mpH/min) but were both showing 
higher mean glycolysis rate (Fig. 6B). As Flp-In 293 T-REx cells do not normally express tensin-2 (Supplementary 
Fig. 2B), we decided to verify the results by measuring the glycolysis rate of MEF cells overexpressing tensin-2 
constructs. In line with the findings made with Flp-In 293 T-REx cells, a 25% decrease in glycolysis rate was 
detected in MEF cells transiently transfected with tensin-2 Y483E when compared to non-transfected (ctrl) or 
Y483F transfected cells (Fig. 6C).

Previous studies have found glycolytic enzymes PFK-1, aldolase or GAPDH to be regulated via their associa-
tions with actin cytoskeleton38. Since tensin-2 is actin-binding protein, it is possible that the regulation of glycoly-
sis is actin-dependent process. Indeed, drug treatments suggested that the changes in the glycolysis rate of Flp-In 
293 T-REx cells by 483 phosphorylation was regulated mostly via actin dynamics: Rock inhibitor Y-27632 treat-
ment significantly increased the glycolysis rate of Y483E cells (from 24.05 to 39.82 mpH/min) whereas Y483F 
(from 45.09 to 49.52 mpH/min) was not significantly affected. Other drug treatments affected both cell lines 
similarly suggesting that these were not involved in glycolysis regulation: AMPK inhibitor compound C was 
bringing all glycolysis down with both cell lines whereas FAK inhibitor FAK14, actin-stabilizing jasplakinolide 
and PI3K inhibitor Wortmanin had no significant effect to either of the cell lines (Fig. 6D).

In order to confirm that the increase in glycolysis was not due to changes in gene expression status of glycolytic 
enzymes between Y483E and Y483F mutations, we performed RNA-seq analysis on the Flp-In 293 T-REx cells 
stably expressing either Y483E or Y483F version of tensin-2. There were no major changes in the gene expres-
sion in general (Supplementary Fig. 4A) and no significant changes in the mRNA levels of the glycolytic enzyme 
GAPDH. Four genes were found to be significantly differentially expressed with the most significant difference in 
the expression of ABCA12 with log2 fold change of -4.4 with Y483E as compared to Y483F (Fig. 6E,F). ABCA12 

Figure 4.   Strep-tag affinity purification analysis identifies tensin-2 specific interactions. (A) Schematic drawing 
showing the principle of affinity purification of protein complexes. Briefly, cells go through mild lysis without 
interrupting the protein–protein interactions and Strep-tagged proteins and their interaction partners are 
then purified with affinity chromatography and identified by mass spectrometry. (B) Dot plot visualizing the 
interactomes of the bait proteins.



8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:19862  | https://doi.org/10.1038/s41598-024-65787-7

www.nature.com/scientificreports/

belongs to the family of lipid transporters known as ATP-binding cassette (ABC) transporters39 and has been 
associated with glucose-regulated insulin secretion of beta-cells40. The other genes showing significantly different 
expression between tensin-2 Y483E and Y483F were B3GALNT (log2 fold change 1.14), a membrane-bound 
glycoprotein, a transcription factor SALL3 (log2 fold change 1.03) and metalloprotease LMLN2 (log2 fold change 
-1.2). While mRNA sequencing outruled expression level changes within glycolytic enzymes as an explanation 
for changes in glycolysis rate, the mechanism of how tensin-2 Y483 influences the expression of these genes 
requires further studies.

To determine if the changes in glycolysis were due to changes in GAPDH activity, we monitored GAPDH 
activity from stably expressing Flp-In 293 T-REx cell lysates (Supplementary Fig. 4B). We found identical GAPDH 

Figure 5.   Tensin-2 is found in the nucleus and focal adhesions in MEF cells. Maximum intensity projection of 
confocal microscopy Z-stack showing (A) cell outlines, DAPI and tensin-2 WT (Abcam ab) and pY483 staining 
and their colocalization (B) with paxillin (C) and GAPDH. Scale bars 15 µm.
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activity in the lysates, suggesting that tensin-2 is not directly affecting the activity of GAPDH. Whether tensin-2 
affects to GAPDH availability or its location in relation to the glycolytic enzymes requires further studies.

Figure 6.   Tensin-2 phosphorylation regulates glycolysis and has only minor effects on gene expression. (A) 
Cell migration rate (8 h), cell area, cell aspect ratio (AR) and cell circularity for cells expressing different forms 
of tensin-2. Graphs showing results from 35 to 45 cells derived from two independent experiments. Glycolysis 
rate of (B) stably expressing Flp-In 293 T-REx cells (4 individual measurements from one experiment) (C) and 
transiently transfected MEF cells (showing normalized values with five measurements from two independent 
experiment) and (D) glycolysis rate of tensin-2 Y483E and Y483F overexpressing Flp-In 293 T-REx cells after 
different drug treatments (4 individual measurements from one experiment). (E) Graph showing differential 
gene expression of tensin-2 Y483E and Y483F in Flp-In 293 T-REx cells and (F) heatmap showing the changes 
in expression levels for the differentially expressed genes. The statistical analysis in (A)–(D) was done using 
1-way ANOVA and Bonferroni’s multiple comparison test; *P < 0.05, **P < 0.01, ***P < 0.001. Data represent 
the mean values with SEM. Significantly differential gene expression threshold was log2-FoldChange ≥ 1 and 
padj ≤ 0.05.
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Altogether these results show that cells expressing Y483F migrate faster than the WT expressing cells, while 
Y483E expressing cells are slightly larger than WT or Y483F expressing cells, suggesting that actomyosin dynam-
ics could be influenced by tensin-2 phosphorylation. Affinity proteomics and extracellular acidification analysis 
suggest that tensin-2 phosphorylation enhances its association with glycolytic enzymes and tensin-2 appears to 
regulate glycolysis via Rho-dependent mechanism. While direct interaction with GAPDH was observed, tensin-2 
phosphorylation seems not to influence the enzymatic activity of GAPDH directly.

Discussion
In focal adhesions tensins and talins share a similar role connecting integrin tail and actin cytoskeleton. Tensins 
and talins are known to bind to the same NPxY-motif in the integrin tail. However, phosphorylation of the integ-
rin NPxY domain inhibits talin binding but does not affect tensin binding and could thus provide the mechanism 
how to change the adaptor protein within cell–matrix adhesions41. Overall, the interplay between talin-1 and 
tensin-2 within focal adhesions is poorly understood. Here we showed that the proximal interactomes of ten-
sin-2 and talin-1 differ substantially in Flp-In 293 T-REx cells (Fig. 2), suggesting that they could be involved in 
subsequent steps during adhesion maturation. Our first encounter with tensin-2 was during the study of talin-1 
mechanotransduction14 where we found tensin-2 Y483 phosphorylation highly enriched in MEF cells displaying 
a phenotype where adhesion dynamics were stalled and cells were unable to polarize due to truncation of talin-1 
(talin ΔR1-R12). In these previous studies we did not observe tensin-2 Y483 phosphorylation enriched with full-
length talin, suggesting that the Y483 phosphorylation could come to play during the late adhesion maturation 
phase and become enriched when the adhesion turnover is inhibited. Also, inhibition of microtubule-mediated 
disassembly of focal adhesions by nocodazole treatment has been shown to enrich tensin-2 into the focal adhe-
sion sites10, indicating that tensin-2 could be involved in the late maturation phase or even in the recycling step 
of cell–matrix adhesion.

Two out of three bioinformatics tools used here predicted tensins 1–4 to localize predominantly into nucleus, 
and our immunolabeling studies with two different antibodies showed that in addition to adhesion sites, endog-
enous tensin-2 resides in the nucleus in MEF cells. Prediction tools also revealed tensin-2 to have both NLS and 
NES and BioID experiment showed tensin-2 to be localized in the proximity of proteins from the nucleoplasm. 
Overexpression in MEF cells revealed tensin-2 residing substantially outside nucleus and in large vesicle-like 
puncta, which might be due to artifacts caused by overexpression model. Previously the C1 domain of tensin-2 
has been shown to locate to the nucleus in DU145 cells5. Tensin-2 localization in the nucleus is not so surpris-
ing as recently several adhesion proteins have been found from the nucleus in SCC cells and were termed as a 
nucleo-adhesome35. The role of the adhesion proteins in the nucleus and the functions of the nucleo-adhesome 
still requires more studies.

Our immunolabeling studies further showed that Y483 phosphorylated tensin-2 localizes into the focal adhe-
sions in MEF cells and the location was verified by paxillin and active integrin labeling. As the phospho-negative 
Y483F/A forms were also found in the adhesions in overexpression model in MEF cells, we propose that the 
phosphorylation may not direct tensin-2 into adhesion sites but rather adhesion-localized tensin-2 may become 
phosphorylated. Previously both Src12 and Axl-kinase13 have been shown to phosphorylate Y483 of tensin-2. 
Axl kinase is involved in several steps of cancer progression such as tumor cell growth, metastasis, invasion and 
epithelial-mesenchymal transition. More specifically, it has been shown to regulate actin-driven cytoskeletal 
rearrangements that can contribute to cancer cell invasion42. Tensin-2 has been shown to control rho-mediated 
actomyosin contractility in DLC-1 dependent fashion and therefore tensin-2 might serve as a link between Axl 
and regulation of the actin network. We were not able to find either Axl or Src kinase within tensin-2 interaction 
partners in Flp-In 293 T-REx cells, probably due to their low abundance in Flp-In 293 T-REx cells or due to the 
highly transient nature of their possible interaction. Also, several other previously identified binding partners 
were not found, suggesting low sensitivity for BioID to detect transient interactions. Novel interactions partners 
found in this study were GAPDH and utrophin. Utrophin was found as the most prominent hit in both, the BioID 
and AP-MS screen. GAPDH was found only for the AP-MS screen and its association with tensin-2 was further 
verified with co-IP (Supplementary Fig. 2A). The role of utrophin and tensin-2 association warrants further 
research while in this study we concentrated on the link between tensin-2 and glycolysis.

Tensin-2 has been previously linked to energy metabolism and shown to play a dual role in IRS1 regulation; 
the catalytic cysteine 231 has been shown to act as a tyrosine phosphatase of IRS1, decreasing IRS1 stability22 
whereas Y483 phosphorylation has been shown to stabilize IRS113. As Y483 phosphorylation site was studied 
further, Cheng et al. noticed that Axl-knockdown mediated downregulation of tensin-2 expression and Y483 
phosphorylation and led to decreased glucose import13. On the contrary, overexpression of tensin-2 Y483F led to 
increased expression of glucose transporter GLUT4, IRS1 and PDK1, which all regulate insulin-mediated glucose 
metabolism13, suggesting that tensin-2 has a somewhat complex role in glucose-metabolism. Our RNA-seq data 
did not reveal those changes in gene expression but we observed that expression of tensin-2 Y483E decreases the 
glycolytic rate via ROCK-mediated mechanism.

Cheng et al.13 showed that tensin-2 Y483 phosphorylation status controls glucose uptake via Axl-dependent 
mechanism in U2OS cells. Whether the lower glucose uptake was due to lower levels of glycolysis as shown 
here, or whether the lower levels of glycolysis in cells expressing Y483E are due to lower glucose uptake, requires 
further studies. Nevertheless, both findings support the model that tensin-2 Y483 phosphorylation contributes 
for the control of cell glucose metabolism. In addition to glucose uptake, also changes in enzyme activity could 
explain the changes seen in glycolysis rate. Our data revealed interaction between GAPDH and tensin-2, but 
we observed no changes in GAPDH activity levels in lysates from cells expressing tensin-2 Y483E and Y483F. 
Therefore, other mechanisms, such as accessibility of GADPH or its localization in relation to other glycolytic 
enzymes could explain the observed decrease in glycolysis rate associated with phosphomimicking tensin-2.
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Link between actin and glycolytic enzymes is well known; changes in actin cytoskeleton and actomyosin 
contractility has been shown to regulate the activity of the glycolytic enzymes38 and the abundance of pro-
teases acting on glycolytic enzymes43. Tensin-2 has been shown to promote cell contractility via Rho-mediated 
mechanism3, and actomyosin contractility has been indicated to regulate the activity of GAPDH, as it is inactive 
while bound to actin fibers38. The link between tensin-2 and GAPDH has not been shown previously. Our data 
here shows that tensin-2 is associated with GAPDH. Furthermore, Y483- phosphorylated tensin-2 is enriched at 
cell adhesions, where cell contractility is regulated, and Y483 phosphorylation was shown to control glycolysis 
rate (Fig. 7). Last, we showed here that Y483-phosphorylated tensin-2 regulated glycolysis can be overturn via 
Rho-Associated kinase (ROCK) inhibitor, providing support for the hypothesis that adhesion dynamics play a 
role in the regulation of energy metabolism.

Our study provides important insights into the cellular localization of tensin-2 and molecular mechanisms 
underlying the regulation of energy metabolism by the adhesion protein tensin-2. The comprehensive analysis 
of tensin-2 interactors identified novel interaction partners, shedding new light on the diverse functions of this 
important protein. Both bioinformatic prediction and immunofluorescence analysis suggests that tensin-2, in 
addition to cell-ECM adhesions, also localizes into cell nucleus and Y483- phosphorylated form is specifically 
enriched in focal adhesions in MEF cells. The identification of novel interaction partners for tensin-2 provides 
new avenues for future research, as we work to unravel the complex regulatory networks that govern cellular 
processes.

While the exact biological role of tensin-2 remains to be fully elucidated, our results opens possibility that 
the suggested tumor suppressor role of tensin-2 in human cancers32 could be linked to adhesion biology and cell 
energy metabolism. Overall, our study represents a significant advance in our understanding of the link between 
adhesion biology and energy metabolism, as summarized in Fig. 7.

Materials and methods
Plasmids
For protein expression plasmid backbone we used the MAC-tag-C44 (Addgene: #108077) where the tags have 
been embedded in the C-terminus of the bait protein.

For tensin-2 constructs we used the NCBI sequence NP_705761.2 where we introduced Y → A, Y → E and 
Y → F mutations on the position 483. For talin-1 we used the NCBI sequence NP_035732.2. For myristoylated-
bait we used the signal sequence of MGNKCCSKRQ. The expression plasmids are deposited to AddGene (plas-
mid ID’s 201794 - 201799).

Generation of stable cell lines
For generation of the stable cell lines inducibly expressing the MAC-tagged versions of the baits, Flp-In™ T-Rex™ 
293 cell lines (Invitrogen, Life Technologies, R78007, cultured in manufacture’s recommended conditions) were 
co-transfected with the expression vector and the pOG44 vector (Invitrogen) using the Fugene 6 transfection 
reagent (Roche Applied Science). Two days after transfection, cells were selected in 50 μg/ml streptomycin and 
hygromycin (100 μg/ml) for 2 weeks, and then the positive clones were pooled and amplified in 150 mm plates. 
Ten plates were used for the affinity proteomics with Strep-tagged bait protein (AP-MS) approach, in which 
1 µg/ml tetracycline was added for 24 h induction, and 10 plates for BioID approach, in which in addition to 
tetracycline, 50 µM biotin was added for 24 h before harvesting. Cells from five plates were pellets as one biologi-
cal samples; thus, each bait protein has two biological replicates. Cells were snap-frozen and stored at − 80 °C.

Cell culture and transfections
MEF cell line was a kind gift from Dr. Wolfgang Ziegler and has been previously described by Xu and Baribault45 
and stably tensin-2 expressing Flp-In 293 T-REx cells were maintained in a humidified 37 °C, 5% CO2 incubator. 
High glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) was 
in all experiments, unless otherwise stated. The cell lines were regularly tested for mycoplasma contamination. 
Tensin-2 expression in Flp-In 293 T-REx cells was induced with tetracycline 24 h prior each experiment. MEF 
cells were transfected with 20–40 µg plasmid DNA per 106 cells using Neon transfection system (Thermo Fisher 
Scientific) using the following parameters: 1300 V, 30 ms, one pulse.

Figure 7.   Summary of the main findings. Tensin-2 has been shown to promote cell contractility via Rho-
mediated mechanism3 and is an actin-binding protein. Actin has been further shown to associate with GAPDH 
and to regulate glycolysis via different mechanisms38. Here we have shown that tensin-2 is associated with 
GAPDH and controls glycolysis via Y483 phosphorylation and actin dynamics.
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Affinity purification and mass spectrometry
Affinity purification and liquid chromatography-mass spectrometry (LC-MS), analyses were performed as previ-
ously described44. Briefly, for AP-MS approach, samples were lysed in ice-cold mild lysis buffer (0.5% IGEPAL, 
50 mM Hepes (pH 8.0), 150 mM NaCl, 50 mM NaF, 1.5 mM NaVo3, 5 mM EDTA, with 0.5 mM PMSF, and 
protease inhibitors (Sigma-Aldrich)). For BioID approach, cell pellets were lysed in lysis buffer described above 
supplemented with 0.1% SDS. In addition, BioID lysates were sonicated and treated with benzonase (Bio-Rad).

Affinity purification was done using Strep-Tactin beads (IBA GmbH). Bound proteins were eluted with 
freshly prepared D-biotin (Thermo Fisher Scientific). The sample proteins were reduced with 5 mM TCEP 
(Tris(2-carboxyethyl)phosphine), alkylated with 10 mM iodoacetamide, and digested with sequencing grade 
modified trypsin (Promega). Before LC–MS analysis, the samples were desalted with C18 reversed-phase micro-
spin columns (The Nest Group).

LC–MS analysis was done with a Q Exactive ESI-quadrupole-orbitrap mass spectrometer coupled to an 
EASY-nLC 1000 nanoflow LC using the Xcalibur version 3.1.66.10 (Thermo Fisher Scientific). For each sample, 
two technical replicates were loaded into a C18-packed precolumn (Acclaim PepMap™100, 75 μm × 2 cm, 3 μm, 
100 Å, Thermo Fisher Scientific). Peptides were separated using a C18-packed analytical column (Acclaim 
PepMap™RSLC, 75 μm × 15 cm, 2 μm, 100 Å, Thermo Fisher Scientific) with a 60-min linear gradient from 5 
to 35% of buffer B [98% acetonitrile (ACN) and 0.1% formic acid] at a flow rate of 300 nl/min. The mass spec-
trometry analysis was performed in data-dependent acquisition in positive-ion mode. MS spectra were acquired 
from m/z 200 to m/z 2000 with a resolution of 70,000, with a full automatic gain control (AGC) target value of 
1,000,000 ions and a maximal injection time of 100 ms, in profile mode. The ten most abundant ions of which 
charge states were 2+ to 7+ were selected for subsequent fragmentation [higher-energy collisional dissociation 
(HCD)] and MS/MS spectra were acquired with a resolution of 17,500 with AGC target value of 5000, a maximal 
injection time of 100 ms, and the lowest mass fixed at m/z 120, in centroid mode. Dynamic exclusion duration 
was 30 s.

Database analysis
SEQUEST search algorithm in Proteome Discoverer software version 2.4 (Thermo Fisher Scientific) was used 
for peak extraction and protein identification with the human reference proteome of UniProtKB database (www.​
unipr​ot.​org, Uniprot human 05_2020). Allowed error tolerances were 15 ppm and 0.05 Da for the precursor and 
fragment ions, respectively. Database searches were limited to fully tryptic peptides allowing two missed cleavage 
and carbamidomethylation of cysteine residue was set as fixed, and oxidation of methionine and biotinylation 
of lysine and N-termini as variable modifications.

Identification of the high‑confidence interactions (HCIs) and interactors (HCIPs)
In order to identify specific high-confidence interactions from our mass-spectrometry data, we utilized the 
Significance Analysis of INTeractome (SAINT)-express version 3.6.034,46 and the Contaminant Repository for 
Affinity Purification (CRAPome, http://​www.​crapo​me.​org/)47 as statistical tools. GFP control runs were used as 
a control count for each hit, and the final results were based on proteins with a SAINT score of 0.73 or higher. 
This corresponds to a protein-level Bayesian FDR of less than 0.05. Additionally, we employed the CRAPome 
database, setting a cutoff frequency of 30% or higher and requiring an average spectral count fold change of at 
least 3 for assigning high-confidence interactions (HCIs).

Network visualisation and GO analysis
Protein–protein interaction data was visualized using Dotplot and generated via ProHits-viz online tool (https://​
prohi​ts-​viz.​org/). GO analysis were carried out using DAVID (https://​david.​ncifc​rf.​gov) using MF (molecular 
function)_DIRECT and CC (cellular component)_DIRECT annotation in the Functional annotation tool and 
p-values < 0.05 for enriched GO terms by a modified Fisher exact test.

Antibodies and dyes
Anti HA tag (#26183, ThermoFisher), anti tensin-2 (#11990, Cell signaling technology), anti tensin-2 (#ab25182, 
Abcam), anti tensin-2 pY483 (OASG07109, Aviva systems biology), anti active beta-1 integrin (clone 9EG7, 
BD Pharmingen), anti GAPDH (#60004-1-Ig, Proteintech), anti paxillin (610051, BD Biosciences). Alexa Fluor 
phalloidin-568 (Life technologies). Alexa fluor secondary antibodies against mouse, rat and rabbit were used 
(Life technologies).

Co‐Immunoprecipitation (Co‑IP)
To validate the interaction pairs by Co‐IP, HEK293 cells (5 × 105 per well) in 6‐well plate were co‐transfected with 
MAC‐tagged (500 ng) bait and V5‐tagged (500 ng) GAPDH constructs using Fugene 6 transfection reagent (Pro-
mega). After 24 h of transfection, cells were rinsed with ice‐cold PBS and lysed with 1 ml HENN lysis buffer per 
well (50 mM HEPES pH8.0, 5 mM EDTA, 150 mM NaCl, 50 mM NaF, 0.5% IGEPAL, 1 mM DTT, 1 mM PMSF, 
1.5 mM Na3VO4, 1 × Protease inhibitor cocktail) on ice. The cell lysate was collected, and a clear supernatant 
was obtained by centrifugation (16,000g, 20 min, 4 °C). 50 µl of lysate was collected for the use as input. 30 µl 
of Strep‐Tactin® Sepharose® resin (50% suspension, IBA Lifesciences GmbH) was washed in a microcentrifuge 
tube twice with 200 µl HENN lysis buffer (4000g, 1 min, 4 °C). The clear lysate was added to the pre‐washed 
Strep‐Tactin beads and incubated for 1 h on a rotation wheel at 4 °C. After incubation, the beads were collected 
by centrifugation and washed three times with 1 ml HENN lysis buffer (4000g, 30 s, 4 °C). After the last wash, 

http://www.uniprot.org
http://www.uniprot.org
http://www.crapome.org/
https://prohits-viz.org/
https://prohits-viz.org/
https://david.ncifcrf.gov
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60 µl of 2 × Laemmli sample buffer (Bio‐Rad, 1610737) was added directly to the beads and boiled at 95 °C for 
5 min. Samples were later used for immunodetection via dot‐blot.

Dot‐Blot
The Bio‐Dot® Microfiltration System (Bio‐Rad, 1703938) was assembled according to the manufacturer’s instruc-
tions. The nitrocellulose membrane was pre‐washed with TBS to hydrate the membrane. 10 µl of sample was 
spotted onto the nitrocellulose membrane in the center of the well and drained under vacuum pressure. Non-
specific sites were blocked with 5% fat‐free milk in TBS‐T (0.05% Tween‐20 in TBS) for 60 min at RT with gentle 
shaking. The membrane was then incubated with primary antibody (mouse anti-V5, Thermo fisher #R960-25) in 
TBS‐T with a1:5,000 dilution overnight at 4 °C. The membrane was washed three times for 10 min with TBS‐T 
followed by incubation with secondary antibody conjugated with HRP (goat anti‐mouse/HRP, Agilent Dako 
#P0447) with a 1:2000 dilution for 60 min at RT with gentle shaking. The membrane was washed three times for 
10 min with TBS‐T followed by one additional wash with TBS on a shaker. Amersham™ ECL™ Prime (Cytiva) 
solution was added to the membrane and incubated for 5 min prior to imaging the blot using iBright Imaging 
Systems (Thermo Fisher). The same membrane was then stripped by incubating with Restore Plus Stripping 
buffer (Thermo Fisher) for 15 min and was re‐blocked with 5% fat‐free milk in TBS‐T for 60 min at RT with 
gentle shaking. The membrane was then incubated with the another primary antibody (rabbit anti‐HA, Cell 
Signaling Technology #5017) in TBS‐T with a 1:2000 dilution overnight at 4 °C for different detections followed 
by respective secondary antibody (goat anti-rabbit/HRP, Agilent Dako #P0448) with a 1:2000 dilution for 60 min 
at RT with gentle shaking followed by above mention chemiluminescent detection.

Immunofluorescence and confocal imaging
Flp-In 293 T-REx or MEF cells cells were plated on coverslips coated with 10 µg/ml human fibronectin and incu-
bated overnight. Cells were fixed with 4% paraformaldehyde, permeabilised and immunostained using standard 
protocol. Cells were mounted with prolong diamond (w/wo DAPI) (ThermoFisher). Samples were imaged with 
Zeiss Axio Observer.Z1 inverted microscope (Zeiss LSM800, Oberkochen, Germany) using Plan-Apochromat 
63×/1.40, WD 0.19 mm oil immersion objective.

Time‑lapse imaging
Cells were plated on well-plates coated with 10 µg/ml fibronectin and incubated overnight in the cell culture 
incubator. Next day media was changed prior to imaging. The time-lapse images were captured with EVOS FL 
auto microscope (Thermo Fisher Scientific) in + 37 and 5% CO2. Cells were kept in the microscope incubator for 
90 min prior to imaging. Images were analysed manually using ImageJ (Fiji) and MTrackJ plugin49. Cell shape 
indicators were assessed with the cell shape descriptors in ImageJ (Fiji).

Seahorse assays
Cells were plated on Fn-coated (15 µg/ml) Seahorse Bioanalyzer XFe24 culture plates (30,000 or 100,000 cells/
well for Flp-In 293 T-REx or MEF cells, respectively) in culture media and cultured overnight. Next day the assay 
was executed as instructed in the manual of Glycolysis stress test (Agilent, kit 103020). Briefly, one hour prior 
the measurements cells were changed into glucose-free media (Seahorse XF base medium with 2 mM glutamine) 
and incubated in non-CO2 incubator with normal oxygen and humidity. Basal rate was measured for 30 min after 
which glucose (10 mM in final volume), oligomycin (Abcam, ab141829) (1 µm in final volume) and 2-deoxy-
glucose (Abcam ab142242) (50 mM in final volume) were subsequently added. Glycolysis was determined by 
the maximum ECAR rate before oligomycin injection minus last measurement before glucose injection. When 
inhibitors were used, these were added to the cells either 1 h prior with jasplakinolide 3 µM (Abcam, ab141409) 
and FAK14 5 µM (Abcam ab144503) or 24 h prior as with compound C 5 µM (Abcam ab120843), Y27632 5 µM 
(Abcam, ab120129) and wortmannin 3 µM (Abcam, ab120148).

mRNA sequencing
mRNA was isolated using RNeasy kit (Qiagen). Three independent replicate samples were prepared and the 
sequencing and the analysis was performed by Novogene (Novogene Co Ltd, Cambridge, UK). Raw data (raw 
reads) of fastq format were firstly processed through in-house perl scripts. In this step, clean data (clean reads) 
were obtained by removing reads containing adapter, reads containing ploy-N and low quality reads from raw 
data. At the same time, Q20, Q30 and GC content the clean data were calculated. All the downstream analyses 
were based on the clean data with high quality. Reference genome and gene model annotation files were down-
loaded from genome website directly. Index of the reference genome was built using Hisat2 v2.0.5 and paired-end 
clean reads were aligned to the reference genome using Hisat2 v2.0.5. We selected Hisat2 as the mapping tool 
for that Hisat2 can generate a database of splice junctions based on the gene model annotation file and thus a 
better mapping result than other non-splice mapping tools. The mapped reads of each sample were assembled 
by StringTie (v1.3.3b)48 in a reference-based approach. StringTie uses a novel network flow algorithm as well 
as an optional de novo assembly step to assemble and quantitate full-length transcripts representing multiple 
splice variants for each gene locus.

Quantification of gene expression level
FeatureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene. And then FPKM of each 
gene was calculated based on the length of the gene and reads count mapped to this gene. FPKM, expected 
number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced, considers the effect 
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of sequencing depth and gene length for the reads count at the same time, and is currently the most commonly 
used method for estimating gene expression levels.

Differential expression analysis of two conditions/groups (two biological replicates per condition) was per-
formed using the DESeq2R package (1.20.0). DESeq2 provide statistical routines for determining differential 
expression in digital gene expression data using a model based on the negative binomial distribution. The result-
ing P-values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. 
Genes with an adjusted P-value ≤ 0.05 found by DESeq2 were assigned as differentially expressed. Significantly 
differential gene expression threshold was log2-FoldChange ≥ 1 and padj ≤ 0.05.

Western blotting
Equal amounts of cells were plated on well-plates and incubated overnight. Next day, cells were collected to 
2xLaemmli SDS sample buffer. Replicate gels were made from the same sample with 400,000 cells /lane loaded 
into Any kD precast protein gel (BIO-RAD). After SDS–PAGE and blotting onto polyvinylidene fluoride mem-
brane, membranes were immunostained with appropriate antibodies. Appropriate secondary antibodies (LI-
COR) and a LI-COR imaging system were used to detect bound primary antibodies.

GAPDH activity assay
To determine if overexpression of tensin-2 variants influence GAPDH activity, lysates of Flp-In 293 T-REx cells 
stably expressing tensin-2 variants were assayed to measure the GAPDH activity. The Glyceraldehyde 3 Phos-
phate Dehydrogenase Activity Assay Kit (Colorimetric) (ab204732) was utilized according to manufacturers 
instructions.

Data availability
The mass spectrometry datasets discussed in this study is available at MassIVE database with dataset ID 
MSV000091836 (https://​massi​ve.​ucsd.​edu/​Prote​oSAFe/​datas​et.​jsp?​task=​46fd2​9805f​fc484​3ad3c​36db2​420d3​
cc). The RNA-seq data discussed in this study have been deposited in NCBI’s Gene Expression Omnibus (Edgar 
et al., 2002) and are accessible through GEO Series accession number GSE231782 (https://​www.​ncbi.​nlm.​nih.​
gov/​geo/​query/​acc.​cgi?​&​acc=​GSE23​1782).
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