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SUMMARY

Cells sense mechanical cues and convert them into biochemical responses to regulate biological processes

such as embryonic development, aging, cellular homeostasis, and disease progression. In this study, we

introduce a large-scale, systematic approach to identify proteins with mechanosensitive nuclear localization,

highlighting their potential roles inmechanotransduction. Among the proteins identified, we focus here on the

splicing factor PTBP1. We demonstrate that its nuclear abundance is regulated by mechanical cues such as

cell density, size, and extracellular matrix (ECM) stiffness and that PTBP1 medicates the mechanosensitive

alternative splicing of the endocytic adapter protein Numb. Furthermore, we show that PTBP1 and Numb

alternative splicing is critical for ECM stiffness–induced epithelial cell spreading and proliferation as well

as for mesenchymal stem cell differentiation into osteoblasts on a stiff matrix. Our results underscore the

emerging role of alternative splicing in mechanotransduction and provide novel mechanistic insights into

how matrix stiffness modulates cellular mechanoresponses.

INTRODUCTION

Mechanical properties of the cellular microenvironment (e.g., the

stiffness of the extracellular matrix (ECM), fluid flow, and pres-

sure) play important roles in cell differentiation, homeostasis,

embryonic development, as well as in disease progression

such as cancer or fibrosis.1–3 How mechanical cues are trans-

lated into biochemical cellular changes is still not fully under-

stood. Plasma membrane resident mechanosensors such as in-

tegrins can sense extra- and intracellular forces and such

mechanical forces are conducted through the cytoskeleton

and the linker of nucleoskeleton and cytoskeleton complex

(LINC) to the nucleus leading to changes in chromatin organiza-

tion and nuclear pore complex permeability. This makes the nu-

cleus a central player in mechanotransduction.4–6 Changes in

chromatin structure can then have a direct effect on transcrip-

tional activity whereas regulation of the permeability of the nu-

clear pore complex allows the shuttling of proteins between

the nucleus and the cytoplasm, depending on their molecular

size and mechanical stability.4,7,8 Mechanoresponsive nuclear

transport receptors like importin-7 have further been identified

to drive nuclear import of transcriptional regulators that play an

important role in mechanotransduction.9 Thus, changes in the

subcellular localization of proteins between the cytosol and the

nucleus is a fundamental principle of mechanotransduction.10,11

Proteins that undergo mechanosensitive shuttling between the

cytosol and the nucleus include transcriptional regulators such

as the Yes 1 associated transcriptional regulator (YAP), the my-

ocardin related transcription factor A (MRTF-A), the runt-related

transcription factor 2 (Runx2), Snail, and Twist.10–15 Emerging

evidence suggests that in addition to transcription factors, pro-

teins that participate in other functions in the nucleus such as

DNA-methylation can be regulated by mechanosensitive nu-

clear-cytoplasmic shuttling.16 Furthermore, the Src homology

region 2-domain containing protein tyrosine phosphatase 1

(SHP1) has been shown to undergo nuclear shuttling by directly

forming a complex with YAP, which is important for controlling

tyrosine phosphorylation events in the nucleus.17 In this study,

we have developed an unbiased screen to identify proteins,

which demonstrate a mechanosensitive nuclear localization.
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Our approach integrates the controlled modulation of cellular

actomyosin contractility with in situ proximity biotinylation of

the nuclear proteome, followed by mass spectrometry anal-

ysis.18Notably, the screen identified polypyrimidine tract binding

protein 1 (PTBP1), a splicing regulator, as a novel mechanotrans-

ducer. We demonstrate that PTBP1 plays a crucial role in

regulating mechanosensitive alternative splicing. Additionally,

our findings provide new mechanistic insights into how ECM

stiffness controls mesenchymal stem cell differentiation, cell

spreading, and proliferation. Our results highlight the emerging

importance of alternative mRNA splicing regulation as a key

component of mechanotransduction.

RESULTS

Design and validation of a screen to identify proteins

with a mechanosensitive nuclear localization

To identify proteins potentially involved inmechanotransduction,

we developed a screening approach that quantifies changes in

the nuclear proteome following acute alterations in cellular acto-

myosin contractility, as outlined in Figures 1A and 1B. To

enhance contractile forces in cells, we activated the small Rho

GTPase RhoA, which leads to myosin light chain phosphoryla-

tion that increases the myosin motor activity and, thereby,

elevating the cytoskeletal actomyosin-based contractile force

of cells.19,20 The activation of RhoA has been previously em-

ployed to increase the traction and the intracellular tension of

cells.19–22

For our screen, we first generatedHEK293 cells which express

a constitutively active variant of RhoA under a tetracycline-

inducible promoter (HEK293-tet-RhoA). The expression of the

constitutively active RhoA variant was observed as early as 1 h

after tetracycline addition (Figure 1D), and a RhoA-induced in-

crease in cellular traction was observed using traction force mi-

croscopy (Figures 1C and 1D). Next, we stably transfected a

recently engineered biotin-ligase (NL-TurboID), which has an

increased enzymatic activity and a nuclear localization signal,18

into HEK293-tet-RhoA cells (thereby, generating HEK293-tet-

RhoA-TurboID). This approach allowed us to biotinylate

selectively nuclear proteins in situ and to purify the biotinylated

proteins via streptavidin-pulldown. Critically, this approachmini-

mized potential alterations to the nuclear proteome caused by

mechanical handling during standard subcellular fractionation

methods. As expected, NL-TurboID localized to the nucleus (Fig-

ure S1A). We established efficient biotinylation of proteins via

western blotting using two independent HEK293-tet-RhoA-

TurboID clones (Figure S1B). To identify proteins enriched in

the nucleus following the expression of the constitutively active

RhoA, we compared the nuclear proteome of cells treated with

tetracycline and those mock-treated for 2 h. The transcriptional

regulator protein YAP served as a positive control. YAP is a

well-knownmechanotransducer that translocates to the nucleus

in response to increased cellular contractile forces and extracel-

lular stiffness.10,11 At high cell density, where actomyosin

contractility is typically low, YAP was largely excluded from the

nucleus. However, following RhoA activation, YAP translocated

to the nucleus (Figure 1E). Using our biotinylation approach to

purify nuclear proteins, we detected over a 3-fold enrichment

of YAP in the nucleus of tetracycline-treated cells compared

to mock-treated cells (Figures 1F and S1C). The purity of our

fractions was confirmed by the presence of the nuclear marker

nucleolin and the absence of the cytosolic marker tubulin. In

summary, our data show that this screening approach success-

fully identifies RhoA-induced changes of protein levels in the nu-

cleus, which provides a powerful tool for the discovery of novel

mechanotransducers.

The splicing regulator PTBP1 is a potential

mechanotransducer

To characterize changes in nuclear protein abundance following

RhoA-activation, we used label-free quantitative mass spec-

trometry to measure the relative abundance of streptavidin-puri-

fied proteins (Table S1). Hierarchical cluster analysis revealed

that RhoA-activation significantly altered the profiles of nuclear

proteins (Figure 2A). We identified 74 proteins that were enriched

in the nucleus by RhoA-activation. The observation that these

included YAP, which was identified with high confidence, vali-

dates our overall approach (Figure 2B). Using the same

approach, we also identified 543 proteins that were less abun-

dant in the nucleus upon RhoA-activation. To further validate

the mass spectrometry results, we quantified the nuclear enrich-

ment of selected proteins through nuclear fractionation, followed

by western blot analysis. This analysis showed that RhoA en-

riched the splicing regulator PTBP1, molecular chaperone

CCT2, and transcription factor Pitx2 in the nucleus. As expected,

YAP, the positive control, also displayed increased nuclear local-

ization upon RhoA activation, further validating our approach

(Figure 2C).

Figure 1. Screen approach to identify proteins potentially involved in mechanotransduction and its validation

(A) Overview of the approach used for the screen. The diagram was created with BioRender.com.

(B) Scheme of nuclear translocation induced by tetracycline induced contractility at high cell density.

(C) Detection of traction force in HEK293-tet-RhoA before and after 2 h of tetracycline treatment. Cells were visualized by staining of nuclei. Red arrows indicated

the force direction. Bar represents 20 mm.

(D) Left panel: western blot showing HEK293-tet-RhoA expressed constitutively active RhoA by tetracycline induction in a time-dependent manner. g-adaptin

was used as loading control. Right panel: Quantification of traction stress in HEK293-tet-RhoA before and after tetracycline treatment. Data was analyzed by

unpaired t-test.

(E) Immunofluorescence and quantification of nuclear to cytoplasmic ratio of YAP in HEK293-tet-RhoA treated with or without tetracycline for 2 h. Bar represents

15 mm. Data were analyzed by unpaired t-test.

(F) Biochemical purification of nuclear proteins using the approach described in (A). Biotinylated proteins were collected using streptavidin pulldown and probed

by western blot using the indicated antibodies. Nucleolin and b-tubulin were used as nuclear and cytosolic marker respectively. Quantification shows normalized

YAP expression. Data were analyzed by unpaired t-test. Replicates = 3 in all experiments. n = number of cells analyzed. Values are means ± s.d. *p < 0.05,

**p < 0.01, ****p < 0.0001.

iScience 28, 112273, April 18, 2025 3

iScience
Article

ll
OPEN ACCESS

http://BioRender.com


Figure 2. Nuclear proteome dynamics in response to constitutive active RhoA expression

(A) Hierarchical cluster analysis of proteins showing increased or decreased abundance in the nucleus in HEK293-tet-RhoA-TurboID cells after 2 h tetracycline

treatment. Rows represent clustering of proteins and columns represent the clustering of samples.

(B) Volcano plot of proteins significantly enriched or reduced in the nucleus following the approach described in Figure 1A and using the same data as used for the

hierarchical cluster analysis. Red dots in the right area represent proteins significantly increased in the nucleus after tetracycline treatment while blue dots indicate

proteins significantly decreased in the nucleus by tetracycline treatment.

(C) Validation of upregulated candidates identified in the volcano plot in B. Samples were prepared as described in Figure 1A and probed by western blot using

indicated antibodies.

(D) Distribution of main subcellular localizations of proteins found significantly increased in B.

(legend continued on next page)
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Although many of the nuclear-enriched proteins were already

known to be primarily nuclear, we also identified several proteins

known to localize to both the cytoplasm and nucleus (Figure 2D).

This supports the hypothesis that proteins shuttle between the

nucleus and cytoplasm and vice versa in response to tetracy-

cline-induced actomyosin contractility. Gene ontology analysis

of the upregulated nuclear proteins revealed enrichment in

processes such as RNA processing, RNA metabolism, and

transcriptional regulation, including mRNA splicing (Figures 2E

and 2F). This aligns with growing evidence that mechanical

cues can regulate alternative mRNA splicing through so far

poorly understood mechanisms.23,24 Given that PTBP1 has

previously been shown to shuttle between the nucleus and

cytoplasm and its established role in alternative splicing regula-

tion, we decided to further investigate its potential role in

mechanotransduction.25

Nuclear localization of PTBP1 is regulated via cell

density, cell size, ECM stiffness, and actomyosin

contractility

Our screen for identifying novel mechanotransducers is based

on the activation of RhoA, which in addition to regulating acto-

myosin contractility also controls other cellular functions and

signaling pathways.26 To determine whether the observed ef-

fects on protein localization to the nucleus were regulated by

mechanical cues, we hypothesized that proteins involved in me-

chanotransduction would behave similarly to the established

mechanotransducer, YAP. In cells cultured at high density, on

small-area micropatterns, or on soft ECM, YAP is predominantly

excluded from the nucleus, whereas it becomes enriched in the

nucleus at low cell density, on large-area micropatterns, or on

stiff ECM.10,27

Using non-transformed MCF10A breast epithelial cells and

immunofluorescence analysis, we observed that the abundance

of PTBP1 in the nucleus decreases at high cell density but

increases at low cell density, similar to the behavior of YAP (Fig-

ure 3A). However, unlike YAP, there was no significant increase

in PTBP1 levels in the cytosol at high cell density. The specificity

of the antibodies against PTBP1 and YAP was validated by

siRNA (Table S2) which specifically targeted these proteins

(Figures S2A–S2C).

Next, we cultured mesenchymal stem cells on fibronectin-

coated micropatterns of varying sizes and found that the nuclear

fluorescence intensity of PTBP1 increased with the size of the

pattern. This observation mirrored the results obtained at different

cell densities, with only little increase in cytosolic PTBP1 on the

smallest micropattern (Figure 3B). Additionally, we examined

PTBP1 localization on soft and stiff ECM (collagen-coated

polyacrylamide (PAA) gels with varying stiffness) and found higher

nuclear PTBP1 levels on stiff ECM compared to soft ECM (Fig-

ure 3C). We confirmed this stiffness-dependent nuclear localiza-

tion of PTBP1 in primary human mammary epithelial cells,

human mesenchymal stem cells, as well as in HeLa cells

(Figures S2D–S2F).

To assess whether ECM stiffness regulates PTBP1 at the

mRNA level, we performed quantitative PCR on RNA isolated

from cells cultured on soft or stiff ECM and found no difference

in PTBP1 mRNA levels (Figure 3D, Table S3). A comparison of

PTBP1 protein levels revealed a significant reduction in PTBP1

in cells cultured on soft ECM, suggesting that PTBP1 regulation

occurs at the protein level rather than at the transcriptional level

(Figure 3E).

Since cell density, cell area, and ECM stiffness influence pro-

liferation rates, we analyzed whether the changes in nuclear

PTBP1 reflected the proliferation state of the cells, rather than

their mechanical environment. When we blocked proliferation

with doxorubicin and analyzed nuclear PTBP1, we found no

changes in the levels of nuclear PTBP1. The successful block

of proliferation was confirmed by the proliferation marker Ki67

(Figures S2G and S2H).

Given the similar behaviors of PTBP1 and YAP, we investi-

gatedwhether there is interdependence between these proteins.

To do so, we assessedwhether PTBP1 knockdown on a stiff ma-

trix affects the localization of YAP or its closely related family

member, TAZ. Interestingly, PTBP1 knockdown led to a reduc-

tion in nuclear YAP levels, accompanied by an increase in its

cytosolic localization. In contrast, no significant changes were

observed in TAZ localization. Furthermore, in reciprocal experi-

ments involving YAP or TAZ knockdown, nuclear PTBP1 levels

remained unchanged (Figure S2J). These findings suggest that

PTBP1 may function upstream of YAP.

We then investigatedmore directly whether PTBP1 subcellular

localization is regulated by actomyosin contractility, as previ-

ously described for YAP.10 NIH3T3 fibroblasts were cultured

on stiff plastic surfaces and treated with inhibitors of actomyosin

contractile forces, including the actin polymerization inhibitor

latrunculin A, the myosin light-chain kinase inhibitor ML-7, and

the Rho kinase inhibitor Y27632. As expected, these inhibitors

reduced YAP nuclear localization and increased its cytoplasmic

levels. Similarly, we observed a significant reduction in nuclear

PTBP1. However, unlike YAP, we did not observe cytosolic

enrichment of PTBP1 (Figure 3F).

We hypothesized that PTBP1 might undergo rapid degrada-

tion in the cytosol, given the short experimental time frame. To

test this, we blocked protein degradation via the proteasome

in the presence of ML-7. Inhibition of protein degradation alone

did not affect PTBP1 or YAP localization. However, when protein

degradation via the proteasome was inhibited in conjunction

with ML-7 treatment, PTBP1 levels significantly decreased in

the nucleus and increased in the cytosol. This suggests that

PTBP1 is rapidly degraded after being translocated from the nu-

cleus to the cytosol (Figure 3G). In summary, our data suggest

that the nuclear abundance of PTBP1 is regulated bymechanical

cues such as cell density, cell size, and ECM stiffness via

(E) Gene ontology based on biological process (GOBP) analysis of proteome data showing the top 10 GO terms with significant enrichment after tetracycline

treatment.

(F) Gene ontology based onmolecular function (GOMF) analysis of proteome data revealed the top 10most enrichedGO terms after tetracycline treatment. All the

proteome data were analyzed by DAVID database (https://david.ncifcrf.gov/) and the criteria of differentially enriched nuclear proteins as permutation-based FDR

<0.05 with a Log2 nuclear enrichment >1.5.
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actomyosin contractility. Therefore, PTBP1 is a potential key

player in cellular mechanotransduction.

PTBP1 mediates cellular mechanoresponses

To directly assess a possible role of PTBP1 in cellular mechanor-

esponse, we first investigated the role of PTBP1 inmesenchymal

stem cell differentiation, a process which is regulated by ECM

stiffness.28 Mesenchymal stem cells are known to differentiate

into osteoblasts on stiff matrices, whereas softer matrices pro-

mote adipocyte differentiation. This process is controlled by

the stiffness-dependent nuclear localization of the transcrip-

tional regulator YAP.10Our observation that also PTBP1 is accu-

mulated in the nucleus on stiff matrices but not on soft matrices

in mesenchymal stem cells prompted us to investigate PTBP1’s

role in mesenchymal stem cell differentiation (Figure S2D). To

test this, we cultured mesenchymal stem cells on a stiff matrix

(plastic) followed by siRNA-mediated knockdowns of PTBP1

and YAP, using YAP as a positive control. Osteoblast differenti-

ation was evaluated using an alkaline phosphatase assay. The

results showed a significant reduction in osteoblastic differenti-

ation following PTBP1 knockdown, similar to the reduction

observed after YAP knockdown (Figure 4A). PTBP1 knockdown

in mesenchymal stem cells was controlled by western-blotting

(Figure S2I). We also observed comparable effects on osteoblast

differentiation, when PTBP1 was knocked down in cells grown

on stiff collagen-coated PAA gels (Figure 4B). These findings

suggest that PTBP1 facilitates osteoblast differentiation on a stiff

matrix.

Next, we explored PTBP1’s role in another cellular process

influenced by ECM stiffness: cell spreading. Typically, a stiff ma-

trix enhances the spreading of cells. To test a possible role of

PTBP1 in cell spreading, MCF10A cells were transfected with

PTBP1-targeting siRNAs, and the effect on cell spreading was

evaluated on both stiff and soft collagen-coated PAA gels. We

observed a significant reduction in cell spreading on a stiff matrix

and to a much lesser extend also on soft matrix after PTBP1

knockdown. The knockdown was confirmed by immunofluores-

cence (Figure 4C).

The observed reduced cell spreading on collagen-coated

matrices prompted us to investigate the total and cell surface

expression levels of integrin b1, a key molecule in cell spreading

on collagen I.29,30 Using cell surface biotinylation assays and

flow cytometry, we observed that PTBP1 knockdown reduced

the protein levels of integrin b1 at the cell surface, although the

total levels of the protein remained largely unchanged (Figure 4D

and 4E).

Cell spreading and integrin b1 expression have been closely

linked to cell proliferation, another process known to be influ-

enced by ECM stiffness.31–33 To determine if PTBP1 plays a

role in stiffness-induced cell proliferation, we analyzed the prolif-

eration rates of MCF10A cells in which PTBP1 was knocked

down, and control transfected cells, cultured on soft or stiff

collagen-coated polyacrylamide gels. As expected, for all cells,

the proliferation was significantly higher on the stiff matrix

compared to the soft matrix. Importantly, while PTBP1 knock-

down had no effect on proliferation on soft ECM, it significantly

reduced proliferation on stiff ECM, nearly to the level observed

on soft matrices (Figure 4F). This observation suggests that

PTBP1 is required for stiffness-induced cell proliferation. Finally,

we asked the question whether blocking integrin b1 binding to

collagen, or downregulation of integrin b1 is sufficient to inhibit

proliferation on a stiff matrix. To test this, we disrupted the bind-

ing of integrin b1 to collagen using the small molecule inhibitor

ATN161 or reduced integrin b1 expression level using siRNA

(Table S2), respectively. Both approaches led to a significant

reduction in the proliferation on stiff matrix (Figures 4G and

4H). In summary, our data suggest that PTBP1 is important for

several cellular mechanoresponses, which establishes PTBP1

as a novel mechanotransducer.

PTBP1 controls the mechanosensitive splicing of the

endocytic adapter protein Numb

PTBP1 is a main regulator of mRNA alternative splicing.34 To

address the mechanism how PTBP1 contributes to mechanor-

esponse, we first identified PTBP1 alternative splicing targets

in MCF10A cells. For this we performed PTBP1 knockdown ex-

periments followed by RNA sequencing analysis. This analysis

revealed 880 changes in alternative splicing across all alternative

splicing types, including skipped exons, mutually exclusive

spliced exons, alternative 50 splice sites, alternative 30 splice

sites, and intron retention, with skipped exons the most abun-

dant type of splicing events (Figure 5A). PTBP1 promotes exon

Figure 3. Nuclear abundance of PTBP1 is regulated by mechanical cues

(A) Left and Middle: MCF10A cells were plated at high and low cell density and subcellular localization of PTBP1 and YAP was determined by immunofluo-

rescence using the indicated antibodies. Right: Quantification shows the nuclear intensity for PTBP1 and the nuclear to cytoplasmic ratio for YAP at low cell

density (LD) or high cell density (HD). Data were analyzed by unpaired t-test.

(B) Mesenchymal stem cells (MSC) were plated on fibronectin coated micropattern of defined size. PTBP1 and YAP in single cell of each domain were measured

using immunofluorescence microscopy. Quantification was performed by ordinary one-way ANOVA.

(C) Left and Middle: 1x105 MCF10A were plated on 35mm of soft (0.2kPa) or stiff (25kPa) collagen coated PAA gels to reach low cell density and the subcellular

localization of PTBP1 and YAP was quantified as described in (A).

(D) Quantitative PCR for PTBP1 mRNA from MCF10A cultured either on soft (0.2kPa) or stiff (25kPa) matrix. Data were analyzed by unpaired t-test.

(E) Western blot for PTBP1 using total protein extracts from MCF10A cells cultured on soft or stiff matrix. Data analysis was performed by unpaired t-test.

Experiment replicates = 4.

(F) NIH3T3 fibroblasts were cultured at low cell density on plastic (stiff) and either treated with DMSO (control), Latrunculin A (Lat.A), Myosin light-chain kinase

inhibitor-7 (ML-7) or the Rho kinase inhibitor Y27632 for 30min. Cells were fixed and indicated proteins were identified by immunofluorescence. Themean nuclear

intensities for PTBP1 and YAP after incubation with the inhibitors was quantified. Data were analyzed by ordinary one-way ANOVA.

(G) NIH3T3 fibroblasts were incubated with the indicated inhibitors or combination of inhibitors and the subcellular localization of PTBP1 and YAPwere assessed

using immunofluorescence. The nuclear/cytosol ratio for PTBP1 and YAP in cells treated with indicated inhibitor was quantified. Data were analyzed by unpaired

t-test. Replicates = 3 in all experiments unless stated otherwise. n = numbers of cells analyzed. Values are means ± s.d. *p < 0.05, ****p < 0.0001, ns: not sig-

nificant. Bar in immunofluorescence images of A-C represents 20 mm, in images of F-G represents 10 mm.
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Figure 4. PTBP1 is important for cellular mechanoresponses

(A) Mesenchymal stem cells were cultured on plastic (stiff) and transfected with the indicated siRNAs. Osteoblastic differentiation was quantified using alkaline

phosphatase staining. Bar represents 100 mm and refers to the bottom images. Data were analyzed using ordinary one-way ANOVA.

(legend continued on next page)
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inclusion as well as exclusion depending on the specific splicing

events (Figure 5B). The quality of the RNA sequencing data was

validated through semi-quantitative PCR of several alternative

splicing events, which overall showed a strong correlation with

the RNA sequencing results (R2 = 0.94) (Figure S3A and S3B).

Pathway analysis of PTBP1-regulated alternative splicing events

indicated an enrichment of alternative splicing of genes involved

in endocytosis (Figure 5C). Notably, among the genes undergo-

ing PTBP1-regulated alternative splicing in MCF10A cells, we

identified the endocytic adapter Numb, previously shown to

regulate cell spreading, integrin cell surface expression, and pro-

liferation in an isoform-specific manner (Figure S3A).35 Thus, we

chose Numb as a promising candidate for further investigation.

Numb is a multifunctional adapter protein involved in the regu-

lation of cell fate decisions, endocytosis, and proliferation.36 It

consists of an N-terminal phosphotyrosine binding (PTB) domain

and a C-terminal proline-rich region (PRR). The Numb gene is

composed of 10 exons, with PTBP1 regulating the alternative

splicing of exon 9, leading to the addition of 46 amino acids to

the proline-rich region of the protein (Figure 5D). To determine

whether the PTBP1-dependent alternative splicing of exon 9 in

Numb is influenced by mechanical cues, we cultured MCF10A

breast epithelial cells on stiff or soft collagen-coated PAA gels

and quantified exon 9 inclusion in the mRNA via polymerase

chain reaction. We observed increased exon 9 inclusion in cells

grown on stiff ECM compared to those grown on soft ECM (Fig-

ure 5E), which is consistent with our observation that a stiff un-

derlying matrix increases the levels of PTBP1 in the nucleus.

As predicted by our RNA sequencing results, this increase in

alternative splicing on a stiff matrix was inhibited by PTBP1- tar-

geting siRNA (Figure 5F), which indicates that PTBP1 is required

for ECM stiffness-dependent alternative splicing of the Numb

mRNA. Notably, also other PTBP1 targets identified in our RNA

sequencing approach, such as the myosin MYO9A or the

adapter protein ABI1, showed similar matrix stiffness-dependent

alternative splicing (Figure S3C, Table S4), suggesting that

PTBP1 is regulating a set of stiffness-dependent alternative

splicing events. However, not all PTBP1 targets display stiff-

ness-dependent regulation, which points to a more complex

mechanism, which likely involves the regulation of additional

splicing factors that compete for targets.

Next, we investigated whether the splicing changes observed

at the mRNA level for Numb are shown at the protein level. For

this, MCF10A cells were cultured on soft and stiff ECM, followed

by analysis of the expression of Numb isoform using western

blotting. We detected two variants of Numb, appearing as a

doublet band, where the upper band corresponds to the protein

isoform(s) including the additional 46 amino acids encoded by

exon 9. Importantly, stiff culture conditions increased the

expression of the longer splicing isoform of Numb (Figure 5G).

These findings suggest that ECM stiffness can regulate the ratio

between the isoforms of the Numb protein, and that it favors the

longer splicing variant over the shorter one.

Alternative splicing of Numb regulates cellular

mechanoresponse

To investigate the potential role of alternative splicing in medi-

ating cellular mechanoresponse, we altered the ratio of Numb

isoforms, by employing two independent antisense oligonucleo-

tides (Table S2), which prevent the inclusion of exon 9 without

changing total Numb expression levels (Figures 6B and 6C).

Transfection of MCF10A cells with these antisense oligonucleo-

tides phenocopied the knockdown of PTBP1 and significantly

reduced cell spreading on stiff matrix (Figure 6A). Similar results

were obtained by using isoform-specific siRNAs against Numb,

which resulted in a significant decrease in cell spreading when

the longer isoform was specifically targeted, whereas targeting

the shorter isoform had no impact on cell spreading (Figure S4A

and S4B). Conversely, stable overexpression of the +E9 Numb

isoform under a tetracycline-inducible promotor in MDCK cells,

increased the spreading area of cells on soft matrixes

(Figures S4E and 6D). Together, these findings suggest that

the splicing variant that contains exon 9 plays a crucial role in

cell spreading on stiff matrix.

Next, we tested whether Numb isoform switching plays a role

also in mesenchymal stem cell differentiation. We observed

reduced osteoblastic differentiation of mesenchymal stem cells

transfected with the Numb antisense oligonucleotides AON 1

or AON 4–5 compared to control transfected cells (Figure 6E).

Next, we tested the role of Numb isoform switching for cell pro-

liferation and demonstrate reduced cell proliferation after trans-

fection of MCF10A cells with Numb antisense oligonucleotides

(B) Mesenchymal stem cells were cultured on collagen coated stiff PAA gels (25 kPa), transfected with the indicated siRNAs and osteoblastic differentiation was

quantified as described in (A). Bar represents 100 mm.

(C) MCF10A cells transfected with the indicated siRNAs and seeded on stiff (25 kPa) or soft (0.2 kPa) collagen coated PAA gels. Cells were stained with F-actin for

measurement of spreading area. Knockdown was confirmed by PTBP1 immunofluorescence. Bar represents 10 mm. Data were analyzed using ordinary one-way

ANOVA.

(D) MCF10A cells were transfected with the indicated siRNAs followed by a surface biotinylation assay. Total proteins and cell surface proteins were analyzed by

western blot using indicated antibodies. Bar diagrams represent the quantification of the experiments. Data were analyzed by ordinary one-way ANOVA.

(E) MCF10A cells were transfected with the indicated siRNAs and the surface amount of integrin b1 (CD29) was quantified using flow cytometry. Data were

analyzed by ordinary one-way ANOVA.

(F) MCF10A cells were cultured on stiff (25 kPa) or soft (0.2 kPa) collagen coated PAA gels and transfected with the indicated siRNAs. Proliferation rate and

knockdown was determined by immunofluorescence. Bar diagram shows the quantification of BrdU incorporation. Bar represents 20 mm. Data were analyzed by

ordinary one-way ANOVA.

(G) MCF10A cells were cultured on stiff (25 kPa) collagen coated PAA gels and treated with 50 mM ATN161 inhibitor overnight. Proliferation rate was quantified

using the BrdU assay. Bar represents 50 mm. Data were analyzed by unpaired t-test.

(H) MCF10A cells were seeded on stiff (25 kPa) collagen coated PAA gels and transfected with the indicated siRNAs. Knockdown was confirmed by western blot

and proliferation rate was quantified by BrdU assay. Bar represents 50 mm. Data were analyzed by unpaired t-test. Three replicates in all experiments. n =

numbers of cells analyzed or in the case of BrdU assays refers to the number of analyzed microscopic fields. All values are means ± s.d. **p < 0.01, ***p < 0.001,

****p < 0.0001, ns: not significant.
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or siRNA (Table S2), which specifically reduce the +E9Numb iso-

form expression (Figures 6F, S4C, and S4D). Finally, we tested

whether overexpression of Numb isoforms affects proliferation

on soft ECM. We observed that while the overexpression of

the DE9 isoform did not have any effect on the proliferation on

soft ECM, the overexpression of +E9 isoform allowed prolifera-

tion on soft ECM, even to levels that were comparable to the pro-

liferation levels observed on stiff ECM (Figure 6G). The overex-

pression levels of both isoforms were comparable suggesting

that the observed proliferation differences are not due to differ-

ences in protein expression levels (Figure 6H). Importantly, we

found similar results using MDCK cells that overexpress

the +E9 isoform under a tetracycline inducible promoter but

not with MDCK cells overexpressing the DE9 isoform

(Figures S4E and S4F). Therefore, overexpression of the +E9

Numb splicing variant is sufficient to override the inhibition of

proliferation in cells on soft ECM.

Our data suggest that PTBP1 facilitates stiffness-induced

proliferation by promoting the expression of the +E9 isoform of

Numb. To test this more directly, we used Numb isoform-spe-

cific expression constructs to perform rescue experiments in

PTBP1 knockdown cells. For this, we transfected MCF10A cells

with PTBP1-targeting siRNA followed by a transfection of con-

structs that express the Numb isoform with exon 9 (+E9) or the

isoform without exon 9 (DE9). We observed that expression of

the Numb isoform with but not the isoform without exon 9

Figure 5. PTBP1 regulates matrix stiffness dependent splicing of Numb

(A) Percentage and absolute number of changed alternative splicing events after PTBP1 knockdown categorized by splicing type.

(B) Volcano plot showing up or downregulated alternative splicing events after PTBP1 knockdown.

(C) Pathway analysis of all changed alternative splicing events after PTBP1 knockdown.

(D) Top left: Exon-intron structure of Numb. Bottom left: Modular structure of the Numb protein, PTB = phosphotyrosine binding domain, PRR = proline rich

region. Right: Modular structure of Numb showing the localization of the 49 amino acid inserts encoded by exon 9.

(E) MCF10A cells were cultured on stiff (25 kPa), or soft (0.2 kPa) collagen coated PAA gels for 5 days. Expression of exon 9 inclusion (+E9) or exclusion (DE9)

mRNA isoformwas assessed using reverse transcription followed by PCR. The percent splicing inclusion (PSI) of +E9 isoformwas calculated as the inclusion level

(%) of the +E9 isoform over the sum of +E9 and DE9 isoforms. Experiment replicates = 4. Statistical analysis was performed by unpaired t-test.

(F) MCF10A cells were cultured on stiff (25 kPa) collagen coated PAA gels and transfected with the siRNA targeting PTBP1 or control siRNA. The PSI (%) of exon

9 mRNA was determined as described in (E). Statistical analysis was performed by unpaired t-test. Experiment replicates = 4.

(G) MCF10A cells cultured on stiff (25 kPa) or soft (0.2 kPa) collagen coated PAA gels for 5 days. Total protein was isolated and analyzed by western blot using the

indicated antibodies. b-tubulin was used as loading control. Exon 9 inclusion was determined by densitometric quantification of corresponding western blot.

Replicates = 3 in all experiments unless stated otherwise. Data were analyzed by unpaired t-test. All values are means ± s.d. ***p < 0.001, ****p < 0.0001.
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Figure 6. Alternative splicing of Numb controls cellular mechanoresponses

(A)MCF10A cells were transfected with the indicated antisense oligonucleotides (AONs) and seeded on stiff (25 kPa) collagen coated PAA gels. Cells were stained

for F-actin and spread area was quantified. Bar represents 10 mm.

(legend continued on next page)
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rescued the proliferation rates of PTBP1-depleted MCF10A cells

on stiff ECM to almost normal proliferation rates (Figure 6J). The

PTBP1 knockdown and the overexpression of the Numb iso-

forms were further confirmed. Importantly, both Numb isoforms

were overexpressed to comparable levels (Figure 6I). These find-

ings are in line with the hypothesis that increased cell prolifera-

tion on a stiff matrix depends on PTBP1 promoting Numb exon

9 inclusion.

Numb +E9 isoform regulates integrin b1 recycling in

MCF10A cells

To explore the mechanism by which Numb splicing influences

the mechanoresponse of cells, we investigated the established

role of Numb in membrane trafficking. As shown earlier,

PTBP1 regulates the ratio of Numb isoforms and controls integ-

rin b1 surface expression. To determine whether changes in the

Numb isoform ratio directly affect integrin b1 surface levels, we

transfectedMCF10A cells with Numb antisense oligonucleotides

and conducted a cell surface biotinylation assay. This revealed a

significant reduction in integrin b1 surface expression compared

to control-transfected cells (Figure S5A). Specificity of surface

biotinylation is confirmed by the absence of the cytosolic pro-

teins Numb and b-tubulin from the streptavidin pulldown.

Prior research has shown that Numb can regulate receptor

recycling in an isoform-specific manner, prompting us to

examine its role in integrin b1 recycling.37 We transfected

MCF10A cells with either control or Numb antisense oligonucle-

otides and conducted recycling assays as outlined in the STAR

Methods section. Cells transfected with Numb antisense oligo-

nucleotides exhibited delayed integrin b1 recycling compared

to controls. In contrast, no significant changes were observed

in transferrin receptor recycling (Figure S5B). The delay in recy-

cling was further supported by increased co-localization of

integrin b1 with the early endosome marker EAA1 following

transfection with Numb antisense oligonucleotides (Figure S5C).

Importantly, we detected no change in integrin b1 co-localiza-

tion with the lysosomal marker Lamp1, in line with receptor re-

cycling usually occurs from endosomes rather than lysosomes

(Figure S5D).

In summary, our findings suggest that the ratio of Numb iso-

forms regulates integrin b1 surface expression at least in part

by controlling its recycling. This mechanism is in line with the

reduced integrin b1 surface levels observed on soft matrices,

which, in turn, have significant and diverse effects on themecha-

noresponse of cells.38,39

DISCUSSION

Here, we present a novel proteomic-based screen that allows

the identification of proteins involved in mechanotransduction.

Our screen identified the known and well-studied mechanosen-

sitive transcriptional regulator YAP, which validates the

approach. We further found that the subcellular localization

and nuclear abundance of the splicing regulator PTBP1 is me-

chanosensitive, which suggested that PTBP1 can play a role in

mechanotransduction. In line with this finding, emerging evi-

dence suggests that mechanical and physical cues in the extra-

cellular environment can control alternative splicing. For

example, changes in alternative splicing have been described af-

ter mechanical loading of bone or after stretching of cells.40–42

Tissue stiffness has also been shown to regulate serine/arginine

rich (SR) splicing factors, which leads to stiffness-dependent

splicing of the extra domain B-fibronectin isoform which likely

plays a role in tumor progression.23 Similarly, matrix stiffening re-

duces the expression levels of the epithelial splicing regulatory

protein Epithelial splicing regulator (ESPR1), which regulates

alternative splicing of the regulator of actin dynamics MENA,

and thereby tumor cell intravasation.43 Thus, the mechanical

regulation of alternative splicing appears to be an important prin-

ciple to translate mechanical cues into cellular biochemical

changes, to govern mechanosensitive cell behavior. However,

the investigation of alternative splicing as an integral part of me-

chanotransduction is in its infancy. Here, we demonstrate that

the nuclear localization of the splicing regulator PTBP1 ismecha-

nosensitive and can be controlled by a variety of extracellular

mechanical cues, and that PTBP1 is essential for the mechanor-

esponse of cells, including cell spreading and proliferation and

likely mesenchymal stem cell differentiation on a stiff matrix.

(B) MCF10A cells were transfected with the indicated AONs and alternative splicing changes were assessed by RT-PCR.

(C) Total protein lysate from MCF10A transfected with indicated AONs was analyzed by western blot using the indicated antibodies. Bar plot shows the

quantification of relative Numb+E9 isoform and total Numb protein expression, respectively. Experiments = 4.

(D) MDCK cells stably expressing the +E9Numb isoform under a tetracycline inducible promoter were treated with (+) or without tetracycline (�) for 4 h and plated

on soft (0.2 kPa) or stiff (25 kPa) collagen coated PAA gels for 20 h. Cells were fixed and stained with F-actin and the spread area was measured. Bar represents

10 mm.

(E) Mesenchymal stem cells were cultured on stiff matrix (plastic) and transfected with the indicated AONs or AON scramble (NC). Osteoblastic differentiation was

quantified by an alkaline phosphatase assay. Bar represents 100 mm.

(F) MCF10A cells were cultured on stiff (25 kPa) PAA gels and transfected with the indicated AONs. Cell proliferation was quantified using a BrdU assay. Bar

represents 50 mm.

(G) MCF10A cells were transfected with the isoform specific Numb expression constructs and plated on soft (0.2 kPa) collagen coated PAA gels. Cell proliferation

was measured using a BrdU assay. Bar represents 20 mm.

(H) Quantification of overexpression of Numb isoforms of the experiment described in (G) via western blotting. Left bar diagram shows quantification of Numb+E9

isoform overexpression as percentage of Numb+E9 of total Numb expression. Right bar diagram shows the relative expression of each Numb isoforms

normalized to the level of NumbDE9 of Myc control.

(I) MCF10Awere cultured on 25 kPa PAA gels and transfected with indicated siRNA and Numb isoform specific expression constructs. Upper panel: Western blot

confirms PTBP1 knockdown. Lower panel: Quantification of Numb overexpression as described in (H).

(J) Cell proliferation of cells analyzed in I was quantified using BrdU assay. Bar represents 20 mm. Replicates = 3 in all experiments unless stated otherwise. n =

numbers of cells analyzed or in the case of BrdU assays refers to the number of analyzedmicroscopic fields. All data analysis was performed by ordinary one-way

ANOVA. Values are means ± s.d. ***p < 0.001, ****p < 0.0001, ns: not significant.

12 iScience 28, 112273, April 18, 2025

iScience
Article

ll
OPEN ACCESS



However, regarding mesenchymal stem cell differentiation we

cannot rule out that our data reflect a general requirement of

PTBP1 for mesenchymal stem cell differentiation into osteo-

blasts, which could in principle be independent of its mechanical

regulation.

It has recently been demonstrated that direct application of

physical force to the nucleusmodulates nuclear pore permeability

and affects facilitated diffusion. Furthermore, forces can be trans-

mitted to the nucleus via the actomyosin cytoskeleton and the

LINC complex leading to nuclear pore deformation and changes

in permeability.4,13 It is known that cells display increased actomy-

osin contractile force when cultured on a stiff matrix.44 We show

that lowering cellular actomyosin contractility via small molecule

intervention or by placing cells on a soft matrix or small area mi-

cropattern reduces the nuclear localization of PTBP1. Hence, it

is likely that a mechanically controlled nuclear permeability or me-

chanically controlled facilitated diffusion might contribute to the

regulation of the nuclear abundance of PTBP1.

To gain mechanistic insights into the role of PTBP1 in mecha-

notransduction we have investigated the potential mechanosen-

sitive regulation of PTBP1 splicing targets. We found that among

other splicing targets PTBP1 regulates the matrix stiffness-

dependent splicing of the endocytic adapter protein Numb.

This is also accompanied by a change in protein expression of

the corresponding Numb isoforms. Numb plays important roles

in cell fate decisions, regulation of endocytic trafficking and lyso-

somal degradation of membrane receptors including Notch1,

E-cadherin and the anaplastic lymphoma kinase.45,46 The

splicing of Numb is regulated during development with the iso-

forms that include exon 9 expressed in stem and progenitor cells

and the isoform skipping exon 9 preferentially expressed in

differentiated cells.47,48 These isoforms have been described

to serve different and partially opposite cellular functions.48,49

Furthermore, Numb exon 9 inclusion is increased in multiple

cancers including all breast cancer subtypes. This is of particular

interest given that isoforms including exon 9 promote prolifera-

tion which can contribute to cancer progression.35,50–52 Simi-

larly, mutations in the splicing factor RBM10 lead to increased

exon 9 inclusion in Numb which promotes lung cancer cell

growth.49 Although the role of Numb isoforms in cancer is com-

plex and appears to be cell type dependent,53,54 this indicates

that our finding can be important for cancer progression.

Here, we demonstrate that Numb splicing crucially influences

matrix stiffness-induced cell spreading, mesenchymal stem cell

differentiation and proliferation phenocopying the requirement of

PTBP1 for these processes. Togetherwith our finding that overex-

pression of the Numb+E9 isoform can rescue the PTBP1 knock-

down effect on proliferation and partially restores cell spreading

onasoftmatrix this supports theconclusion thatPTBP1 influences

mechanoresponsesby regulating the alternative splicingofNumb.

Furthermore, our finding that alternative splicing of Numb,

modulates cell surface levels of integrin b1 at least in part by

regulating integrin b1 recycling aligns with existing evidence of

reduced integrin b1 cell surface levels on a soft matrix.38,39

Importantly, reduced surface levels of integrin b1 are a possible

but likely not exclusive explanation for the observed modulation

of mechanoresponses by PTBP1 and Numb. Integrin b1 surface

levels are established key determinants of cell spreading,29,30

and reduced cell spreading negatively impacts on YAP nuclear

localization and cell proliferation, phenotypes we observed

after PTBP1 knockdown.10,32,33 Consistently, we present data

that small molecule inhibition or downregulation of integrin b1

expression is sufficient to reduce cell proliferation on a stiff ma-

trix. Finally, integrin b1 has also been identified as essential for

the osteogenic differentiation of mesenchymal stem cells in

response to matrix stiffness.55

Notably, it has previously been described that Numb can regu-

late the recycling and cell surface levels of the receptor tyrosine

kinase ALK in an isoform specificmanner with the +E9Numb iso-

form promoting recycling.37 Furthermore, our results are in line

with a recent study that showed that the Numb +E9 isoform is

important for the cell surface expression of several receptors,

including integrins, which affects cell spreading.32,33,35 Howev-

er, further experiments will be required to determine whether

the effect of Numb isoforms on integrin b1 recycling is due to

direct interaction with integrins or due to indirect effects on

the endocytic network. Interestingly, a Numb exon 9 specific

knockout in breast epithelial cancer cells causes a major

remodeling of the endocytic network including the regulation of

members of the recycling machinery.35

In summary, our data support a working model in which

reduced actomyosin contractility on a soft matrix decreases

PTBP1 levels in the cell nucleus. This alteration shifts the isoform

expression of Numb, delaying the recycling of integrin b1 and

reducing its surface levels. These changesmay contribute to sig-

nificant alterations to themechanoresponse of cells (Figure S5E).

This model does not exclude additional mechanisms influencing

integrin b1 surface levels on a soft matrix.38,39

Our results have implications for tissue development and for

diseases like cancer and fibrosis in which the stiffness of the tis-

sue is higher than in healthy tissue.56 The targeting of alternative

splicing using antisense oligonucleotides is already a clinical re-

ality, and further knowledge of mechanoregulation of alternative

splicing, might allow future development of novel strategies to

mitigate disease and improve human health.57

Limitations of the study

Our screen was likely not exhaustive, as we did not identify

several known mechanosensitive transcription factors such as

MRTF-A or Twist. This may, in part, be attributed to the choice

of cell type (HEK293 cells) used for the initial screen. Our findings

demonstrate that PTBP1 and the alternative splicing of Numb

regulate integrin b1 surface expression levels, with Numb

splicing influencing integrin b1 recycling. However, further inves-

tigation is needed to elucidate the precise underlying mecha-

nisms. Additionally, while we confirmed a role for PTBP1 in me-

chanoresponses using the non-transformed breast epithelial cell

line MCF10A, it will be important to assess the contributions of

PTBP1 and the proposed mechanism in cellular mechanores-

ponses within primary epithelial cells or in a tissue context.
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29. Kääpä, A., Peter, K., and Ylänne, J. (1999). Effects ofmutations in the cyto-

plasmic domain of integrin beta(1) to talin binding and cell spreading. Exp.

Cell Res. 250, 524–534. https://doi.org/10.1006/excr.1999.4533.

30. Elloumi-Hannachi, I., Garcı́a, J.R., Shekeran, A., and Garcı́a, A.J. (2015).

Contributions of the integrin b1 tail to cell adhesive forces. Exp. Cell

Res. 332, 212–222. https://doi.org/10.1016/j.yexcr.2014.11.008.

31. Shibue, T., and Weinberg, R.A. (2009). Integrin beta1-focal adhesion ki-

nase signaling directs the proliferation of metastatic cancer cells dissem-

inated in the lungs. Proc. Natl. Acad. Sci. USA 106, 10290–10295. https://

doi.org/10.1073/pnas.0904227106.

32. Yao, X., Liu, R., Liang, X., and Ding, J. (2019). Critical Areas of Proliferation

of Single Cells on Micropatterned Surfaces and Corresponding Cell Type

Dependence. ACS Appl. Mater. Interfaces 11, 15366–15380. https://doi.

org/10.1021/acsami.9b03780.

33. Vasilevich, A.S., Vermeulen, S., Kamphuis, M., Roumans, N., Eroumé, S.,
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Alkaline phosphatase (ALP) staining kit abcam #ab242287

Hoechst 33342, trihydrochloride Thermo Fisher Scientific #H3570

MycoStrip InvivoGen #rep-mys-20

Deposited data

Proteomics Data PXD046157: https://www.ebi.ac.uk/

pride/archive/projects/PXD046157

RNA-seq Data GSE279391

Experimental models: Cell lines

Flp-InTM T-REXTM HEK293 Thermo Fisher Scientific #R78007; RRID: CVCL_U427

MCF10A ATCC #CRL-10317; RRID: CVCL_0598

NIH3T3 ATCC #CRL-1658; RRID: CVCL_0594

hMSC-BM PromoCell C-12974

Human Mammary Epithelial Cells Sigma-Aldrich 830-05A

HeLa ATCC #CCL-2; RRID: CVCL_0030

Flp-In T-REX MDCK N/A

HEK293-tet-RhoA-TurboID This study N/A

MDCK/Numb+E9 This study N/A

MDCK/NumbDE9 This study N/A

Oligonucleotides

siPTBP1_5 QIAGEN SI00141638

siPTBP1_18 QIAGEN SI02649206

siNumb (+E9) Zhan et al.35,54 2022 N/A

siNumb (DE9) Zhan et al.35,54 2022 N/A

siYAP Dupont et al.10 2011 N/A

siIntegrin b1 Santa Cruz sc-35674

Stealth RNAi negative control Invitrogen 12935300

AON scramble This study N/A

Numb AON1 https://patents.google.com/

patent/EP3768839A1/en

N/A

Numb AON 4-5 https://patents.google.com/

patent/EP3768839A1/en

N/A

Primer sequences, see Tables S3 and S4 N/A

Recombinant DNA

pcDNA5/FRT/TO Thermo Fisher Scientific V652020

pOG44 Thermo Fisher Scientific V600520

pcDNA3-EGFP-RhoA-Q63L Addgene RRID: Addgene_12968

3xHA-TurboID-NLS_pCDNA3 Addgene RRID: Addgene_107171

pcDNA3.1 (+)-myc-PuroR Lab of Dr Kai Erdmann N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Flp-In T-REX HEK293 cells were obtained from Thermo Fisher Scientific. MCF10A, HeLa, and NIH3T3cells were obtained from

ATCC. Commercial human bone marrow mesenchymal stem cells (hMSC-BM) (female, 64-year-old donor) were obtained from

PromoCell. Commercial human mammary epithelial cells (female, 28-year-old donor) were obtained from Sigma-Aldrich, University

of Sheffield ethics committee authorisation, Reference No 049149. Flp-In TREX-MDCK II was a gift fromDr Jack Kaplan, University of

Illinois at Chicago. HEK293-tet-RhoA-TurboID, MDCK/Numb+E9, and MDCK/NumbDE9 were generated for this paper. Cells were

regularly inspected for correct morphology and for Mycoplasma contamination using Mycoplasma Detection Kit/MycoStrip

(InvivoGen) according to the manufacturer’s instructions.

Cell culture

Flp-In T-REX HEK293 were cultured with DMEM-GlutaMAXmedia (Gibco) supplemented with 10%FBS (Gibco), 1%penicillin/strep-

tomycin (Gibco), 100 mg/mL zeocin (Gibco) and 15 mg/mL blasticidin S HCl (Gibco). Flp-In TREX-MDCK II cells were cultured with

DMEM-GlutaMax supplemented with 10% FBS, 1% penicillin/streptomycin, 150 mg/mL zeocin and 6 mg/mL blasticidin S/HCl.

MCF10A were cultured with DMEM/F12 media (Gibco) supplemented with 5% Horse Serum (Gibco), 20 ng/mL EGF (Sigma-

Aldrich), 500 ng/mL hydrocortisone (Sigma-Aldrich), 10 mg/mL insulin (Thermo Fisher Scientific)) and 1% penicillin/streptomycin

(Gibco). HumanMesenchymal stemcells frombonemarrow (hMSC-BM)were culturedwithMesenchymal StemCell GrowthMedium

2 (PromoCell). NIH3T3cells (ATCC) were cultured with DMEM-GlutaMax supplemented with 10% FBS and 1% penicillin/strepto-

mycin. Human mammary epithelial cells were cultured with Human Mammary Epithelial Cell Growth Medium (Sigma-Aldrich).

HeLa were cultured with DMEM-GlutaMax supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were grown at

37�C in a humidified atmosphere containing 5% CO2, and cells of early passages were used for the experiments.

METHOD DETAILS

Generation of vector constructs

pcDNA3-EGFP-RhoA-Q63L was a gift from Gary Bokoch (Addgene plasmid # 12968) and 3xHA-TurboID-NLS_pCDNA3 was a gift

from Alice Ting (Addgene plasmid # 107171). Numb+E9_pcDNA3.1(+)-C-Myc and NumbDE9_pcDNA3.1(+)-C-Myc isoforms were

purchased from GenScript. pcDNA5/FRT/TO and pOG44 vectors were from Thermo Fisher Scientific. pcDNA3.1 (+)-myc-PuroR

was generated in Dr Kai Erdmann Lab (University of Sheffield, UK).

To generate Tet-inducible constitutively active RhoA (CA-RhoA) expression vector, the full-length cDNA encoding EGFP-RhoA-

Q63L was amplified from pcDNA3-EGFP-RhoA-Q63L by PCR with primers Q63L-RhoA-F (50-CTTAAGCTTGCCATGGTGAG

CAAGGGC-30) and Q63L-RhoA-R (50-CTTGCGGCCGCTCACAAGACAAGGCAACCAGATTTTT-30), using Phusion High-Fidelity

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3.1-Puro-3xHA-TurboID-NLS This study N/A

NUMB+E9_pcDNA3.1(+)-C-Myc GenScript Clone ID: OHu18046C

NUMBDE9_pcDNA3.1(+)-C-Myc GenScript Clone ID: OHu16398C

pcDNA5/FRT/TO-RhoA-Q63L This study N/A

pcDNA5/FRT/TO-Numb+E9 This study N/A

pcDNA5/FRT/TO-NumbDE9 This study N/A

Software and algorithms

MaxQuant 1.6.2.6 MaxQuant RRID:SCR_014485

Perseus 1.5.6.0 MaxQuant RRID:SCR_015753

DAVID RRID:SCR_001881

rMATS software RRID:SCR_023485

RStudio Posit RRID:SCR_000432

Image Lab Software Bio-Rad RRID:SCR_014210

FlowJo software v.7.6.5 BD Bioscience RRID:SCR_008520

Fiji Schindelin et al.58 2012 RRID:SCR_002285

ImageStudioLite LI-COR Biosciences N/A

GraphPad Prism 9.5.1 Prism RRID:SCR_002798

Biorender Biorender RRID:SCR_018361
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Polymerase (Thermo Fisher Scientific) according to manufacturer’s instructions. The EGFP-RhoA-Q63L amplicon was purified and

then ligated into the pcDNA5/FRT/TO vector using HindIII and NotI sites to form the plasmid pcDNA5/FRT/TO-RhoA.

To generate TurboID expression vector pcDNA3.1-Puro-3xHA-TurboID-NLS for proximity labeling of nuclear proteomes, the

cDNA region encoding HA-tagged TurboID-NLS was prepared from 3xHA-TurboID-NLS_pCDNA3 using endonuclease digestion

and then integrated into pcDNA3.1 (+)-myc-PuroR vector using HindIII and XbaI restriction sites.

To generate plasmids expressing Numb+E9 or NumbDE9 specific isoforms under the control of a tetracycline inducible promoter,

cDNA region encoding Numb+E9 or NumbDE9 were amplified from either Numb+E9_pcDNA3.1(+)-C-Myc or NumbDE9_pcDNA3.

1(+)-C-Myc by PCR with the primers FRT/TO-Numb-F (50-CCCAAGCTTGCCACCATGAACAAATTACGGCAAAGT-30) and FRT/TO-

Numb-R (50- CGCCTCGAGTCACAGATCCTCTTCAGAGATGAGTTTCT-30), using Phusion High-Fidelity Polymerase (Thermo Fisher

Scientific) according to manufacturer’s instructions. The purified PCR fragments were ligated into pcDNA5/FRT/TO vector using

HindIII and XhoI sites to create the plasmids pcDNA5/FRT/TO-Numb+E9 and pcDNA5/FRT/TO- NumbDE9.

Generation of stable cell lines

To generate HEK293-tet-RhoA-TurboID stable cell lines harboring tetracycline-inducible constitutively active RhoA and TurboID,

pcDNA5/FRT/TO-RhoA-Q63L and pcDNA3.1-Puro-3xHA-TurboID-NLS were successively introduced into Flp-In T-REX HEK293

cells. In brief, Flp-In T-REX HEK293 cells were seeded in 6-well plates and allowed to grow to about 70% confluency prior to

co-transfection of pcDNA5/FRT/TO-RhoA-Q63L and pOG44 using Lipofectamine2000 (Thermo Fisher Scientific) according to the

manufacturer’s instructions. 24 h after transfection, the medium was changed to complete medium (DMEM-GlutaMAX containing

15 mg/mL of blasticidin S HCl) for another 24 h. Transfected cells were then cultured with selection media (DMEM-GlutaMAX supple-

mented with 15 mg/mL of blasticidin S/HCl, and 200 mg/mL of hygromycin B) until the cell colonies (named HEK293-tet-RhoA) were

formed and collected for subsequent transfection with linearised pcDNA3.1-Puro-3xHA-TurboID-NLS. After 24 h, transfected cells

were split in a 1:10 ratio and cultured with selection media (DMEM-GlutaMAX supplemented with 15 mg/mL of blasticidin S/HCl,

200 mg/mL of hygromycin B, and 1.5 mg/mL of puromycin). Single colonies were picked and expanded. Only clones exhibiting

Tet-inducible CA-RhoA and biotinylation activity were selected for further experiments.

To generate MDCK/Numb+E9 andMDCK/NumbDE9 stable cell lines, pcDNA5/FRT/TO-Numb+E9 or pcDNA5/FRT/TO-NumbDE9

was co-transfected with pOG44 into Flp-In T-REX MDCK using Lipofectamine2000 (Thermo Fisher Scientific) according to the

manufacturer’s instructions. Stable clones were selected using selection media (DMEM-GlutaMAX supplemented with 6 mg/mL of

blasticidin S/HCl, and 150 mg/mL of hygromycin B) until single colonies were formed and collected.

Traction force microscopy

HEK293-tet-RhoA-TurboID were seeded on 35 mm 12 kPa collagen coated plates containing 0.2 mm red fluorescent beads (Cell

Guidance Systems, UK) and incubated for 24 h. 30 min before imaging, the media was changed to fresh media containing

0.05 mg/mL Hoechst dye. Plates were imaged using a Cell Discoverer 7 microscope (Zeiss, Germany), maintained at 37�C, 5%

CO2. Images of cell clusters and beads were taken before and 2 h after treatment with 1 mg/mL Tetracycline. Traction force was

analyzed in FIJI.58 Bead displacement was determined using particle image velocimetry followed by Fourier transform traction

cytometry to calculate traction force.59,60

Protein lysis and western blotting

Cells were lysed with ice-cold RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mMNaCl, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate,

1 mM EDTA, 1% (v/v) NP-40) supplemented with protease cocktail inhibitor (RocheProtein concentration was determined using

Bio-Rad DC protein assay kit according to manufacturer’s instructions. Equal amounts of total protein were loaded onto an

SDS-PAGE before transfer onto a nitrocellulose membrane (Millipore). The membranes were blocked in blocking buffer (5% skim

milk, 0.05% Tween 20, 1xPBS) for 1 h, followed by incubation overnight at 4�C with primary antibodies diluted in blocking buffer

and then 1 h at room temperature with secondary antibodies. Primary antibodies were used as follows: YAP (1:200; Santa Cruz,

sc-101199), GFP (1:2000; Invitrogen, A-11122), PTBP1 (1:500; Thermo Fisher Scientific, 32–4800), Pitx2 (1:1000; Capra Science,

PA-1020), CCT2 (1:200; Santa Cruz, sc-374152), Nucleolin (1:300; Santa Cruz, sc-8031), Numb (1:1000; Cell Signaling Technology,

2756), Integrin b-1 (1:1000; Santa Cruz, sc-374429), Transferrin receptor 1 (TfR1) (1:1000; Cell Signaling Technology, 13113),

b-tubulin (1:5000; Sigma-Aldrich, T4026), g-adaptin (1:1000; gift from Dr Andrew Peden, University of Sheffield), GAPDH

(1:20000; Proteintech, 60004-1-IG), b-catenin (1:2000; BD Biosciences, 610153). Donkey anti-rabbit IgG (H + L) Alexa Fluor680

(A21109; Thermo Fisher Scientific) and DyLight800 4x PEG conjugate anti-mouse IgG (H + L) (SA5-35521; Thermo Fisher Scientific)

were used as secondary antibodies for infrared detection. Streptavidin Alexa Flour 680 conjugate antibody (1:4000; Thermo Fisher

Scientific) was used to detect biotinylated proteins. Results were visualized and quantified usingOdyssey Sa Infrared imaging system

(LI-COR).

LC-MS/MS analysis of nuclear proteomes

HEK293-tet-RhoA-TurboID were grown at high cell density before treatment with 500 mM biotin for 20 min at 37�C to allow the

biotinylation of the nuclear proteomes. Cells were placed on ice to stop labeling followed by washing with ice-cold PBS to remove

excess biotin. Cells were then lysed in ice-cold RIPA buffer supplemented with protease cocktail inhibitor and PhoSTOP phospha-

tase inhibitor (Sigma-Aldrich). The cell lysate was centrifuged at 16600 x g for 20 min at 4�C and the supernatant was collected. Cell
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lysates containing 3000 mg protein were then incubated overnight with 100 mL of Pierce Streptavidin Agarose Resins (Thermo Fisher

Scientific) at 4�C. The mixture of cell lysate/streptavidin agarose was transferred to a WizardR Minicolumn (Promega) and the resins

were washed with buffers in the following order: 10 mL of 2% SDS, 10 mL of RIPA buffer, 10 mL of 0.5 M NaCl, 10 mL of 2M Urea/

50mMTris-HCl pH8, and 10mL of 50mMammonium bicarbonate. The resins were then transferred to another clean Eppendorf tube

and washed twice with 1 mL of 50 mM ammonium bicarbonate by centrifugation at 1800 x g for 3 min at room temperature. After

removal of the supernatant, the resins were incubated in 200 mL of 50 mM ammonium bicarbonate containing 10 mM TCEP for

15 min at 37�C with shaking and next, the resins were alkylated with 4 mL of 0.5 M IAA (Iodoacetamide) for 15 min in the dark at

37�C with shaking. The samples were then digested with 1 mg of trypsin overnight at 37�C with shaking. The supernatant was trans-

ferred to a clean Eppendorf tube and acidified by adding trifluoroacetic acid to a pH of 3. The acidified samples were then desalted on

Pierce C18 stage tips (Thermo Fisher Scientific) and dried in a vacuum concentrator (SpeedVac, Eppendorf). The peptides were re-

constituted in 40 mL of 0.5% formic acid and 18 mL of each sample was analyzed by nanoflow liquid chromatography-tandem mass

spectrometry (LC-MS/MS) using anOrbitrap Elite HybridMass Spectrometer (Thermo Fisher Scientific) coupled online to an UltiMate

RSLCnano LC System (Dionex). The system was controlled by Xcalibur 3.0.63 (Thermo Fisher) and DCMSLink (Dionex). Peptides

were desalted on-line using an Acclaim PepMap 100 C18 nano/capillary BioLC, 100A nanoViper 20 mm 3 75 mm I.D. particle size

3 mm (Fisher Scientific) at a flow rate of 5 mL/min and then separated using a 125-min gradient from 5 to 35% buffer B (0.5% formic

acid in 80% acetonitrile) on an EASY-Spray column, 50 cm 3 50 mm ID, PepMap C18, 2 mm particles, 100 Å pore size (Fisher

Scientific) at a flow rate of 0.25 mL/min. The Orbitrap Elite was operated with a cycle of one MS (in the Orbitrap) acquired at a res-

olution of 60,000 atm/z 400, with the top 20most abundant multiply charged (2+ and higher) ions in a given chromatographic window

subjected to MS/MS fragmentation in the linear ion trap. An FTMS target value of 1e6 and an ion trap MSn target value of 1e4 were

used with the lock mass (445.120025) enabled. Maximum FTMS scan accumulation time of 100 ms andmaximum ion trapMSn scan

accumulation time of 50mswere used. Dynamic exclusion was enabledwith a repeat duration of 45 swith an exclusion list of 500 and

an exclusion duration of 30 s.

Mass spectrometry data analysis

Raw data collected frommass spectrometry were analyzed with MaxQuant version 1.6.2.6. All data were searched against a human

UniProt database. Search parameters contained digestion set to Trypsin/P with maximum of 2 missed cleavages, methionine

oxidation and acetylation at N-terminal peptide as variable modifications, carbamidomethylation at cysteine as fixed modification,

match between runs enabled with a match time window of 0.7 min and a 20-min alignment time window, label-free quantification

(LFQ) enabled with a minimum ratio count of 2, minimum number of neighbors of 3 and an average number of neighbors of 6. A first

search precursor tolerance of 20 ppm and a main search precursor tolerance of 4.5 ppm was used for FTMS scans and a 0.5 Da

tolerance for ITMS scans. A protein false discovery rate (FDR) of 0.01 and a peptide FDR of 0.01 were used for identification level

cut-offs.

Downstream data analysis of MaxQuant outputs was performed using Perseus version 1.5.6.0 with LFQ intensities as the main

categories. LFQ intensities were transformed by log2(x) and grouped according to experimental conditions (+Tet and -Tet). LFQ In-

tensities were normalised by subtracting themedians andmissing values were randomly imputedwith awidth of 0.3 and downshift of

3 from the standard deviation. To identify quantitatively changed proteins between +Tet and -Tet groups, two-tailed Student’s t-tests

were performed with an S0 value of 2 and a permutation-based FDR of 0.05. Gene ontology (GO) analysis was conducted by

Database for Annotation, Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) against H. sapiens proteome

background. Statistical significance of enrichment of GO terms were determined by adjusted p-values <0.05.

siRNA and antisense oligonucleotide transfections

siRNA and antisense oligonucleotide (AON) transfection were carried out by Lipofectamine2000 (Thermo Fisher Scientific) according

to the manufacturer’s instructions. siRNA and AON used in this study are listed in Table S2. For siRNA mediated gene knockdown,

cells were seeded in 35mmdish for 24 h until 80% confluence prior to transfection with a 50 nM siRNA (for MCF10A) or 250 nM siRNA

(for hMSC-BM). Stealth RNAi negative control (Invitrogen) was used as negative control throughout knockdown experiments. 18 h

after siRNA transfection, the medium was replaced, and the cells were allowed to recover overnight before second siRNA transfec-

tion was performed. For AON mediated changes in Numb exon 9 inclusion/skipping levels, MCF10A was seeded in 35mm dish for

24 h until 80% confluence followed by transfection with 100 nM or 200 nM AON for 24 h. Medium was changed to fresh culture

medium, and cells were continued to culture for 24 h. Knockdown efficiency was verified by western blotting or immunofluorescence

staining for the targeted proteins. AON mediated changes in Numb exon 9 inclusion/skipping level were assessed by RT-PCR using

specific primers listed in Table S4.

Reverse transcription (RT)-PCR

The change of alternative splicing by various ECM stiffnesses was verified by RT-PCR. In brief, MCF10Awere cultured on 35mm soft

(0.2 kPa) or on stiff (25 kPa) polyacrylamide gel (Matrigen) for five days to 50% confluence. Total RNAwas isolated using RNeasyMini

Kit (QIAGEN) according to manufacturer protocol. RNA concentration and purity were measured using a NanoDrop Lite Spectropho-

tometer (Thermo Fisher Scientific). After DNase I treatment to remove DNA contamination, 200 ng of total RNA was reverse-tan-

scribed into complementary DNA with SuperScript II Reverse Transcriptase (Invitrogen). Subsequently, the cDNA was mixed with
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GoTaq DNA polymerase (Promega) and primers listed in Table S4, and PCR was performed on a T100 Thermal Cycler (Bio-Rad).

Annealing temperatures and extension time during the thermocycling was optimised for each primer pair and size of amplicons.

PCR products were analyzed by 2% agarose gel stained with SYBRE Safe (Invitrogen) and visualised using Gel Doc EZ System

(Bio-Rad). DNA bands were quantified using ImageJ software. The percent splicing inclusion (PSI) of each isoform was calculated

as the inclusion level (%) of the cassette exon over the sum of all isoforms detected.

Real-time PCR

60,000 cells ofMCF10Awere plated on 35mmsoft (0.2 kPa) or on stiff (25 kPa) polyacrylamide gel (Matrigen) for five days before RNA

isolation using RNeasy Mini Kit (QIAGEN) according to manufacturer protocol. After removing DNA contamination with DNase I,

cDNA was synthesized from 200 ng of total RNA using SuperScript II Reverse Transcriptase (Invitrogen). Real-time PCR was carried

out using iQ SYBRGreen Supermix (Bio-rad) on the Bio-rad CFX96 Real-Time PCRDetection System with the following PCR cycling

conditions: denaturation at 95�C for 3 min followed by 40 cycles of denaturing at 95�C for 10 s and annealing and extension at 60�C

for 30 s. Samples in each experiment group were run in triplicates and the relative mRNA levels were normalized to housekeeping

gene ACTB. Primers used in real-time PCR are listed in Table S3.

RNA-seq library preparation and sequencing

MCF10Awas transfected with PTBP1 siRNA (PTBP1 KD) and control siRNA (NC) for 96 h before total RNAwas isolated and collected

using RNeasyMini Kit (QIAGEN) according to themanufacturer protocol. The quality and concentration of RNAweremeasured using

a Qubit RNA Assay Kit (Thermo Fisher Scientific), and RNA integrity was analyzed using a Bioanalyzer (Agilent Technologies). RNA

samples were sent to Novogene Co., Ltd, wheremRNAwas converted into sequencing libraries. In brief, poly(A) mRNAwas enriched

from total RNA of each sample using poly-T oligo-attached magnetic beads, and then fragmented and converted into cDNA. cDNA

was ligated to adapters and then each library was amplified by PCR before sequencing on an Illumina platform to generate paired-

end reads (150 bp). Raw sequencing data were processed using in-house Novogene scripts to remove low-quality reads and adapter

sequences. Clean reads were then aligned to human reference genome (GRCh38) using HISAT2 (v2.0.5) and read counts for each

gene were calculated using feature Counts (v1.5.0-p3).

Differential alternative splicing events analysis

RNA-seq data obtained from MCF10A with PTBP1 KD were analyzed for differential alternative splicing (DAS) using the rMATS

software (v4.1.0).61 StringTie output files were used to identify splicing events across the transcriptome. For each event, the percent

splicing inclusion (PSI) was estimated. DAS was statistically assessed using a likelihood-ratio test to calculate inclusion level

differences (DPSI) between PTBP1 KD and control (NC) groups. Splicing events with a false discovery rate (FDR) < 0.05 and DPSI

>0.1 were considered significant. The identified DAS were classified into five types: alternative 30 splice site (A3SS), alternative 50

splice site (A5SS), mutually exclusive exons (MXE), retained introns (RI) and skipped exons (SE). The volcano plot was generated us-

ing RStudio to represent differential splicing events with log2 fold change (inclusion level difference) plotted against -log10 (FDR).

KEGG pathway enrichment analysis was performed to identify signaling and metabolic pathways influenced by DASs.

Inhibitor experiments

NIH3T3cells were plated on 12-well dish for 24 h before the treatmentwith various inhibitors. Cells were treatedwith 60 mMLatrunculin

A (SantaCruz), 80 mMML-7 (Sigma-Aldrich), 60mMY27632 (StratechScientific) for 30min. For inhibition of the proteasome, cellswere

treated with 20 mM MG132 (Sigma-Aldrich) for 3 h. The immunofluorescence staining of cells was performed as described below.

Immunofluorescence and image analysis

Standard immunofluorescence staining was performed by plating cells on coverslips or on collagen-I coated polyacrylamide gel (Ma-

trigen) or on fibronectin coated micropattern (CYTOOchip). After 24 h, cells were fixed with 4% paraformaldehyde in PBS for 10 min

and then permeabilized with 0.1% Triton X-100 in PBS for 15 min. After incubation in blocking buffer (0.5% FBS, 0.01% Tween 20,

1xPBS) for 1 h at room temperature, cells were incubated with primary antibodies overnight, then with Alexa Fluor conjugated

secondary antibodies (Thermo Fisher Scientific) for 1 h. Primary antibodies were diluted in blocking buffer at the follows: YAP

(1:200; Santa Cruz), YAP (1:500; Cell Signaling Technology), HA tag (1:400; Cell Signaling Technology), PTBP1 (1:300; Thermo Fisher

Scientific), Ki67 (1:500; Cell Signaling), and nuclei were counterstained with Hoechst dye (1:1000; Invitrogen). Both primary and

secondary antibody incubation were followed by three washes with 1xPBST. To visualise immunofluorescence-stained cells on cov-

erslips, cells were embedded in Prolong Gold anti-fade mounting medium (Invitrogen). The image on coverslips were acquired with a

60x oil Len on an Olympus Fluoview 1000 Confocal microscope or with a 63x oil Len on a Zeiss Airyscan microscope, while image of

cells on Matrigen was measured with a 60x water immersion Len on an Olympus Fluoview 1000 Confocal microscope. The images

were processed with ImageJ software. Fluorescence intensity of YAP and PTBP1 were assessed using ImageJ and the Nuclear/

Cytoplasmic ratios of target proteins were calculated using the following formula:

Nuc

Cyt
of target protein =

P
� nuc=A � nuc

P
� cyto=A � cyto

e6 iScience 28, 112273, April 18, 2025

iScience
Article

ll
OPEN ACCESS



Where
P

� nuc and
P

� cyto are the sum of the intensity values of the pixels in the nucleus and cytoplasm in the images, and A�

nuc and A � cyto represent the nuclear and cytoplasmic areas.

Co-localisation assay

MCF10A cells were seeded on 35 mm dishes for 24 h followed by treatment with 100 nM antisense oligonucleotide (AON) to repress

alternative splicing of Numb exon 9. After 24 h, 0.5x105 cells were replated on coverslips and continued to culture for 24 h. For detec-

tion of co-localization of EEA1 and Integrin b1, cell surface Integrin b1 was labeled with FITC-conjugated CD29 (Integrin b1) (1:500,

Thermo Fisher Scientific) at 4�C for 1 h. After two washes with cold PBS, cells were placed at 37�C for 30 min to allow endocytosis of

FITC-conjugated Integrin b1 followed by standard immunofluorescence staining as described above. For detection of co-localization

of Lamp1 and Integrin b1, cells were pretreated with 60 mM Leupeptin (Cell Signaling) at 37�C for 2 h before labeling with FITC-con-

jugated Integrin b1 and then standard immunofluorescence staining. Primary antibodies used in this experiment were diluted in

blocking buffer at the follows: EEA1 (1:400; Cell Signaling), Lamp1 (1:400; Cell Signaling). Coverslips were imaged on a Zeiss Airyscan

microscope with an 63x oil Len. Pearson’s correlation coefficient was used to measure co-colocalization using ImageJ.

Osteogenic differentiation assay

hMSC-BM were plated on 12-well plates or 35 mm collagen-coated polyacrylamide gels (Matrigen) in growth medium for overnight

followed by antisense oligonucleotide or siRNA transfection for 24 h. Following transfection the growth medium was replaced with

osteogenic differentiation medium (Sigma-Aldrich). The osteogenic differentiation medium was renewed every 2 days for a total of

10 days of differentiation. Transfection of antisense oligonucleotides or siRNA was repeated every 3 days during the differentiation

period. Bone differentiation assay was carried out by alkaline phosphatase (ALP) staining kit (abcam) according tomanufacturer pro-

tocol. In brief, cells were washed with PBST before fixed with provided fixation solution for 2 min, another PBST wash and then

stained with ALP for 15 min on 12-well plate or 1 h on polyacrylamide gel followed by washing three times with PBST. ALP-stained

images were taken using Nikon ECLIPSE Ts2 microscope. The ALP positive area was determined with ImageJ, and the values were

normalized to cell numbers quantified by Hoechst dye staining.

BrdU cell proliferation assay

5-bromo-2-deoxyuridine (BrdU) (Merck) immunofluorescence staining was performed to assess the influence of ECM stiffness on

MCF10A proliferation. In brief, MCF10A cells of 50% confluency on polyacrylamide gel (Matrigen) were incubated with 20 mM

BrdU (Merck) at 37�C for 3 h. Cells were washed with PBS followed by fixation with 4% paraformaldehyde for 15 min. After washing,

cells were incubated in a permeabilization buffer for 15 min followed by treatment with 2M HCl for 5 min and then phosphate/citric

acid buffer for 20min. Cells were incubated in blocking buffer (0.5%FBS, 0.01%Tween 20, 1xPBSpH7.4) for 1 h before being treated

with anti-BrdU antibody (1:1000, Abcam) overnight at RT. After washing with PBST, cells were incubated with AlexFluor-594 conju-

gated secondary antibody (1:500, Thermo Fisher Scientific) and Hoechst dye (1:1000, Thermo Fisher Scientific) for 1 h. Images were

measured on an Olympus Fluoview 1000 confocal with a 60x oil Len. BrdU incorporation was quantified using ImageJ. Cell prolifer-

ation was assessed as the percentage of BrdU-positive/total number of cells.

Cell spreading assay

MDCK/Numb+E9 stable cell lines were plated at low cell density for overnight and the overexpression of Numb exon 9 was induced

by treating cells with 1 mg/ml tetracycline for 4 h. The cells were then replated on collagen I coated polyacrylamide gel (Matrigen) at

low cell density for overnight (20 h) to allow cell spreading. Cells were fixed and processed with standard immunofluorescent staining

described above. Cell spreading area was detected by staining F-actin with phalloidin Atto-594 (1:100; Sigma-Aldrich) and nuclei

were counterstained with Hoechst dye (1:1000; Invitrogen). Images were measured on a Zeiss Airyscan microscope with an 63x

oil Len and cell area was measured using ImageJ.

Cell surface protein biotinylation assay

MCF10A were cultured in growth medium on 35 mm dish to 80% confluence 24 h prior to label surface proteins with biotin. Cells were

placed on ice and washed with cold PBS, then labeled with ice-cold 0.5 mg/mL EZ-link Sulfo-NHS-Biotin (Thermo Fisher Scientific) in

biotinylation buffer (154mMNaCl, 10 mMHEPES, 3 mMKCL, 1 mMMgCl2, 0.1 mMCaCl2, 10 mMglucose, pH7.6) at 4�C for 1 h. After

onewashwith coldPBS, cells were incubatedwith 1%BSA for 10min on ice toquench unboundbiotin and thenwashed twicewith cold

PBS.Cellswere lysedwithRIPAbuffer (50mMTris-HCl, pH7.5, 150mMNaCl, 1mMEDTA, 0.1%SDS, 0.5%sodiumdeoxycholate, 1%

NP-40with protease inhibitor cocktail (Rhoche)) on ice for 20min. Protein lysates were collected and quantified and then 500 mg of total

proteinwas incubatedwith streptavidin agarose beads (Thermo Fisher Scientific) overnight at 4�C to pull down the biotinylated proteins.

Thestreptavidinbeadswerewashed three timeswithRIPAbuffer followedbyboiling in2xLaemmli buffer to releasebiotinylatedproteins.

The isolated biotinylated proteins were separated by SDS-PAGE and analyzed by western blot using indicated antibodies.

Biotin pulldown-based recycling assay

MCF10A in 35 mm plate were treated with 60 mM Leupeptin (Cell Signaling Technology) at 37�C for 2 h before labeled with biotin as

described above, then the biotin-labelled surface proteins were allowed to internalize at 37�C for 30 min. The remaining cell surface
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biotinylation was stripped by 60mMMesNa (Sigma-Aldrich) inMesNa buffer (50mMTris-HCl, pH 8.6, 100mMNaCl) for 30min on ice

followed by quenching with 100 mM iodoacetamide (Sigma-Aldrich) for 15 min on ice. After three washes with cold PBS, cells were

placed at 37�C for indicated time points to resume normal endocytic trafficking, followed by stripping and quenching of biotin-

labelled molecules at cell surface as above. The cells were lysed with RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1%NP-40 with protease inhibitor cocktail (Rhoche)) on ice for 20 min. Protein lysates

were collected and quantified, then streptavidin pulldown and western blot were performed as above.

Flow cytometry analysis

MCF10A was transfected with PTBP1 siRNA for 96 h and then trypsinized and resuspended in cold staining buffer (1% BSA/PBS).

Cells were labeled with FITC-conjugated CD29 (Integrin b1) (Thermo Fisher Scientific) in staining buffer at 25�C for 30 min in the dark.

After two washes with cold 1%BSA/PBS, cells were collected and resuspended in staining buffer for Flow cytometry analysis on a

Invetrogen Attune NxT Flow Cytometer. Flow cytometry data were analyzed using FlowJo software (BD Bioscience, v.7.6.5).

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs and statistical comparison were carried out using GraphPad Prism version 9.5.1. Unpaired t-test with Welch’s correlation

were used to compare two cases and ANOVA tests were performed to analyze more cases. Data were presented as mean ± s.d.

Details on experimental replicates and analysis methods are given in each figure legend. Statistical significance is denoted by aster-

isks*: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Diagrams were made using Biorender and Microsoft PowerPoint.
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