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Abstract 

Mitochondria are crucial metabolic organelles that are regulated by both intracellular and 
extracellular cues. The extracellular matrix (ECM) is a key component of the cellular environment 
that controls cellular behavior and metabolic activity. Here, we determined how ECM signalling 
regulates mitochondrial structure and activity. To distinguish mitochondrial regulation from the 
general survival cues generated by the ECM, we used breast cancer-derived spheres 
(mammospheres) because of their ability to grow in suspension culture in the absence of ECM. 
Using this system, we demonstrate that the association of mammospheres with the ECM  results 
in dramatic mitochondrial elongation, along with enhanced mitochondrial respiration and ATP 
production. This remodeling occurs independently of DRP1 activity, but relies on integrin 
signaling and actin polymerization. Therefore, our findings demonstrate that ECM-driven actin 
polymerization plays a crucial role in remodeling mitochondrial networks to promote OXPHOS, 
which represents a vital step for migrating cells to enhance cellular adhesion and facilitate cell 
growth. 
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Introduction: 

Cells are highly responsive to their microenvironment, with cells grown in different environments 

exhibiting distinct phenotypic and functional characteristics (Baharvand et al., 2006, Baker et al., 

2010). Factors such as the extracellular matrix (ECM) and nutrient availability, shape cellular 

behavior and determine cellular fate (Hynes, 2009, Mierke, 2019). In this context, the ECM 

provides structural support and biochemical cues to cells, controlling their adhesion, migration, 

proliferation, and differentiation (Dzobo and Dandara, 2023). The attachment of cells to specific 

ECM components (collagen, laminin, fibronectin) regulates cell morphology, gene expression, and 

even stem cell fate (Frantz et al., 2010, Discher et al., 2009, Buxboim et al., 2010, Rais et al., 

2023). ECM properties, including stiffness (Romani et al., 2022, Baker et al., 2010), growth 

factors, nutrients and oxygen levels (Case and Waterman, 2015, Baker et al., 2010) thus have an 

important incidence on cell behavior.  

While the ECM alters cellular responses, mitochondria play a crucial role in the regulation of 

cellular metabolism and apoptosis. This in turn affects cellular behaviours including cell 

differentiation and stem cell maintenance (Kasahara and Scorrano, 2014, Liesa and Shirihai, 

2013). Mitochondrial activity is regulated through changes in mitochondrial structure, including 

changes in their length and connectivity (Ren et al., 2020). For example, mitochondria elongate in 

response to amino acid starvation to sustain cellular ATP levels (Gomes et al., 2011, Patten et al., 

2014, Thomas et al., 2018, Endo et al., 2020, Rambold et al., 2011). These alterations in 

mitochondrial structure are controlled by the balance between mitochondrial fusion and fission, 

which are both dependent on large GTPases of the dynamin family. Mitochondrial fusion requires 

mitofusins (MFN1/2, outer membrane) and optic atrophy 1 (OPA1, inner membrane) (Chen et al., 

2007, Chen et al., 2010, Song et al., 2009, Ban et al., 2017, Cao et al., 2017, Qi et al., 2016), while 

mitochondrial fission is regulated by Dynamin-related protein 1 (DRP1) (Chakrabarti et al., 2018). 

Maintaining the balance between mitochondrial fusion and fission is crucial for content exchange 

(Chen et al., 2010, Dong et al., 2022, Adebayo et al., 2021), mitochondrial DNA (mtDNA) 

integrity (Sabouny and Shutt, 2021, Silva Ramos et al., 2019), removal of damaged mitochondria 

(Onishi et al., 2021) and ATP production (Yao et al., 2019, Yang et al., 2023, Hofmann et al., 

2023).  
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Interestingly, recent studies have uncovered an intricate relationship between mitochondrial 

energy metabolism and the ECM. For example, downregulation of mtDNA-encoded respiratory 

chain subunits leads to altered ECM composition and stiffness (Bubb et al., 2021). In return, ECM 

stiffness affects mitochondrial length with softer ECM favoring shorter mitochondria  (Romani et 

al., 2022), and stiffer ECM inhibiting DRP1-dependent mitochondrial fission (Chen et al., 2021). 

This impacts oxidative phosphorylation (OXPHOS), glutamine metabolism (Papalazarou et al., 

2020) and glycolysis-related gene expression (Morris et al., 2016). As ECM stiffness depends on 

its composition and changes in response to the microenvironment (Yanes and Rainero, 2022), 

microenvironment alteration can significantly impact cell function, including mitochondrial 

activity.  

The complex interplay between cells and their environment is a key feature of tumours, where 

cancer cells alter and respond to the tumour microenvironment to promote their survival and 

immune suppression. A small subset of cancer cells, known as tumour-initiating cells (TICs) or 

cancer stem cells (CSCs), have stemness features such as self-renewal, clonal proliferation, 

regeneration, metastasis, and drug resistance (Aponte and Caicedo, 2017, Baharvand et al., 2006). 

These cells are thought to generate the bulk of the cancer cells within the tumour. Importantly, 

these cells can be isolated through their ability to form spheres when grown in suspension. 

Nevertheless, the characteristics of CSCs, including their metabolic profile and mitochondrial 

status remains debated. 

Here, we demonstrate that breast cancer cells grown as spheres (mammospheres) alter their 

mitochondrial structure and metabolic state in an actin-dependent manner upon attachment to the 

ECM. Specifically, mammospheres exhibit fragmented mitochondria and lower ATP production, 

but dramatically elongate their mitochondria and increase OXPHOS upon ECM attachment. This 

remodeling occurs independently of DRP1 activity, but relies on integrin signaling and actin 

polymerization as interfering with either process prevents it. Therefore, our findings demonstrate 

that ECM-driven actin polymerization plays a crucial role in remodeling mitochondrial networks 

to promote OXPHOS, which represents a vital step for migrating cells to enhance cellular adhesion 

and facilitate cell growth. 
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Results: 

Breast cancer cells grown as mammospheres have a distinct mitochondrial structure 

Some cancer cells can be cultured both as monolayer and suspension cultures, where they adopt 

distinct metabolic and proliferative phenotypes. For example, a subset of cells within a cancer cell 

population can grow in suspension as spheres with stem-like properties. These CSCs or TICs have 

metabolic properties that are distinct from their parent cells, although their study have yielded 

conflicting results (Andrzejewski et al., 2017, Endo et al., 2020, Pasto et al., 2014). As ECM 

stiffness alters mitochondrial structure and CSCs are known to be metabolically flexible, we tested 

the possibility that the interaction between spheres and the ECM controls their metabolic state. 

To address this question, we used the aggressive metastatic breast cancer cells MDA-MB-231 

(triple negative) that can be grown as an adherent monolayer (AM) and as spheres in suspension 

(mammospheres, MS)(Wang et al., 2014). Compared to their counterpart grown as a monolayer, 

MDA-MB-231 mammospheres had decreased ATP and lactate levels (Figure 1A-B), consistent 

with these cells being less metabolically active (Chen et al., 2021b, Cheung and Rando, 2013). As 

mitochondrial structure is a key determinant of mitochondrial function, we then determined 

whether the metabolic differences we observed were associated with changes in mitochondrial 

structure. MDA-MB-231 cells grown as a monolayer or mammospheres were labelled with the 

mitochondrial outer membrane protein TOM20 and imaged by confocal microscopy. 

Mitochondrial structures were then manually quantified as long, intermediate, or fragmented (see 

methods). MDA-MB-231 cells grown as an adherent monolayer displayed a mixed mitochondrial 

phenotype, with the majority of mitochondria exhibiting an intermediate phenotype (Figure 1C-

D). In contrast, mammospheres showed highly fragmented mitochondria (Figure 1C-D), 

correlating with the decrease in ATP levels.  

To gain further insights into the status of mitochondrial dynamics, we then quantified the 

expression of fission and fusion proteins. Consistent with the observed mitochondrial 

fragmentation in mammospheres, we noted a significant decrease in the expression of the fusion 

proteins MFN1 and OPA1 in these cells (Figure 1E). This was accompanied by a decrease in OPA1 

oligomerization, which is required for OPA1 fusion activity (Figure 1F). Nevertheless, 

mammospheres also exhibited low levels of the fission protein DRP1, both in its active 
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phosphorylated state (pS616)  and in terms of total protein levels (Figure 1E), suggesting an overall 

suppression of mitochondrial dynamics in these cells. 

ECM attachment drives mitochondrial elongation 

The above data is consistent with mammospheres exhibiting a mitochondrial profile that is distinct 

from adherent monolayer cells. As one difference in culture conditions between adherent cells and 

mammospheres is the absence of attachment signals in the latter, we tested whether attachment 

alters mitochondrial dynamics in mammospheres. We thus attached mammospheres onto 

coverslips while maintaining other culture parameters identical, and measured their mitochondrial 

structure. Compared to mammospheres in suspension, attached mammospheres exhibited 

elongated mitochondrial structures (Figure 1C-D). A similar pattern was also observed in the less 

invasive MCF-7 cells (estrogen receptor-positive) (Supp Figure 1). Overall, these results indicate 

that attachment signals promote mitochondrial elongation in mammospheres. 

While mammospheres were attached directly onto glass coverslips in this experiment, cells 

normally interact with components of the ECM that promote their adhesion. We thus tested the 

impact of adhesion molecules on mitochondrial elongation using three conditions: 1) Direct 

attachment to an uncoated plate without ECM, 2) Attachment to a plate coated with the cationic 

polymer Poly-D-Lysine (PDL) as an ECM control (Lu et al., 2009) and 3) Attachment to a plate 

coated with the ECM component fibronectin. Mammospheres were transferred to these plates and 

mitochondrial length quatified over a 6-hour time course. While it took 6 hours of attachment to 

reach 50% of cells with elongated mitochondria in the absence of substrate, the presence of PDL 

reduced this time to 2 hours (Figure 2A). Importantly, the presence of the ECM adhesion molecule 

fibronectin significantly expedited mitochondrial elongation, with most cells showing elongated 

mitochondria within one hour of attachment (Figure 2A). Similar results were also observed in 

MCF-7 mammospheres upon attachment to fibronectin and PDL (Figure 2B). Attachment to the 

ECM thus triggers mitochondrial elongation in mammospheres.  

ECM attachment does not alter mitochondrial dynamins 

To define the mechanism through which attachment to the ECM triggers mitochondrial elongation, 

we first verified that this is not the result of changes in their stem-like properties. For this, we 

measured the expression of the stem cell marker SOX2, which is expressed at high levels in 
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mammospheres (Liu et al., 2018). Consistent with this, SOX2 levels were high in mammospheres 

compared to adherent monolayer cells and, importantly, SOX2 expression was maintained upon 

attachment (Figure 2C), indicating that these attachment conditions do not alter the stem-like 

characteristics of mammospheres. 

The dynamins MFN1/2 and OPA1 play a key role in the regulation of mitochondrial fusion. 

Nevertheless, the expression level of MFN1 and OPA1 did not change upon attachment to 

fibronectin (Figure 2D). Similarly, attachment to fibronectin did not promote OPA1 

oligomerisation (Figure 2E), suggesting that ECM-dependent mitochondrial elongation is not 

caused by changes in MFN1 or OPA1 expression. Nevertheless, some processing of OPA1 to 

shorter isoforms did occur (Figure 2D), which has been linked to both mitochondrial fission and 

facilitated fusion of the inner mitochondrial membrane (Ban et al., 2017, Wang et al., 2021).  

It was recently suggested that changes in mitochondrial length triggered by alterations in ECM 

stiffness in adherent cells is dependent on the mitochondrial fission protein DRP1 (Romani et al., 

2022). As mammospheres grown in suspension versus attached could be functionally similar to a 

change from soft to stiff ECM, we then addressed the role of DRP1 in ECM-dependent 

mitochondrial elongation. Total DRP1 and its active phosphorylated version (pS616) remained 

very low following attachment to fibronectin (Figure 2D), and most cells had elongated 

mitochondria (Figure 2A). While this suggested that DRP1 is not involved in ECM-dependent 

mitochondrial elongation, we sought to confirm this by knocking down DRP1 using siRNA. 

Knockdown of DRP1 in adherent monolayer cells caused an elongated mitochondrial phenotype 

(Figure 2F-H), consistent with its role in promoting mitochondrial fission. In contrast, silencing of 

DRP1 had no effect on mitochondrial structure in mammospheres (Figure 2F-H), with most cells 

still exhibiting fragmented mitochondria. This suggested that ECM-triggered mitochondrial 

elongation in mammospheres operates through a DRP1-independent mechanism, implying the 

involvement of factors other than expression levels of fission/fusion dynamins in promoting 

mitochondrial elongation.  

Actin polymerization drives mitochondrial elongation 

Given that rearrangement of the actin cytoskeleton is a key event downstream of ECM attachment 

and that actin is required for mitochondrial fission (Chakrabarti et al., 2018, Hatch et al., 2014, 

Korobova et al., 2013, Li et al., 2015), we then tested whether actin regulates mitochondrial 
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elongation in attached mammospheres. We first labeled MDA-MB-231 mammospheres in 

suspension with the filamentous actin (F-actin) stain phalloidin and the mitochondrial marker 

TOM20. Most mammospheres showed a faint/absent signal for F-actin, except for a small subset 

of cells displaying strong F-actin signal and elongated mitochondria compared to F-actin low cells 

(Figure 3A-B). In contrast, attached mammospheres exhibited a prominent F-actin signal (Figure 

3C). Specifically, PDL and fibronectin treatments resulted in rapid cell spreading accompanied by 

well-developed actin structures (Figure 3C) that correlated with the rapid changes in mitochondrial 

network that occur in these cells (Figure 2A). As MCF7 mammospheres did contain some cells 

with intermediate mitochondria (Sup. Figure 1), we also assessed actin status in these cells. In 

contrast to MDA mammospheres, where actin was barely detectable in most cells, the majority of 

MCF7 cells in mammospheres had weak but clearly visible phalloidin signal that correlated with 

the presence of intermediate mitochondria (Figure 3A-B, images of MDA and MCF7 cells were 

taken together using the same settings, allowing comparisons).  

Given the correlation between actin polymerization and mitochondrial elongation, we then 

inhibited actin polymerization using Cytochalasin D (CytoD) and determine its effect on 

mitochondrial networks. Inhibiting actin polymerization efficiently prevented fibronectin-

activated mitochondrial elongation (Figure 3D) in attached mammospheres, consistent with an 

important role for actin in this process. However, CytoD did not significantly affect cells in 

adherent monolayers (Figure 3D), suggesting that actin is especially required during the elongation 

of the network (as opposed to steady-state maintenance).  

Mitochondrial Elongation is dependent on signalling downstream of integrins 

Cellular attachment to fibronectin is mediated by integrins, which subsequently activates Focal 

Adhesion Kinase (FAK) and Src, ultimately promoting actin polymerization (Sup. Figure 2A). 

Consistent with this, while levels of phophorylated FAK (pY397-FAK) were undetectable in 

mammospheres in suspension, its levels dramatically increased following one hour of attachment 

to fibronectin (Figure 4A). To ascertain whether FAK activation is required for mitochondrial 

elongation following cell attachment, we inhibited FAK using the small molecule inhibitor PF-

573228 (PF). Consistent with the role of FAK in cellular attachment and actin polymerization, 

FAK inhibition led to a significant decrease in cell adhesion to fibronectin coated plates (Figure 

4B) and impaired their ability to spread and form lamellipodia-like actin features (Figure 4C). 
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Importantly, FAK inhibition caused a profound impairment of mitochondrial elongation in the 

cells that did attach to fibronectin-coated plates (Figure 4C-D), consistent with this pathway being 

required for fibronectin-driven mitochondrial elongation. Src is a tyrosine kinase found within the 

integrin adhesion complex that facilitates FAK activation and promotes maximal adhesion induced 

by FAK activation (Calalb et al., 1995). In fact, inhibition of Src in attached mammospheres using 

Src inhibitor-1 (SI-1) inhibited attachment and actin polymerization similarly to FAK inhibition 

(Figure 4B-C). More importantly, Src inhibition significantly inhibited mitochondrial elongation 

(Figure 4D), further supporting a role for integrin signalling in fibronectin-driven mitochondrial 

elongation.  

Rho GTPases such as RhoA, Cdc42, and Rac1 are the key signalling proteins that act downstream 

of FAK/Src to promote actin cytoskeleton organization. Among these, Rac1 regulates the 

formation of lamellipodia-like actin structures (Horton et al., 2015, Price et al., 1998) and its 

expression is elevated in cancer stem cells (Ko et al., 2014, Sundberg et al., 2003). Consistent with 

this, inhibition of Rac1 (with Rac Inhibitor III) reduced attachment to fibronectin and actin 

rearrangements in the cells that did attach (Figure 4E-F, Sup. Figure 2B). Rac1 inhibition also 

completely prevented mitochondrial elongation upon attachment (Figure 4G), further supporting 

a crucial role for actin in promoting mitochondrial elongation. On the other hand, RhoA inhibition 

(with Rho Inhibitor I) did not significantly affect attachment or mitochondrial structure (Figure 

4E-G), suggesting that actin reorganization and mitochondrial elongation is mainly Rac-dependent 

in our experimental setting. 

While our results indicate that a signalling pathway downstream of integrins is required for 

mitochondrial elongation upon attachment to fibronectin, the partial inhibition of cell attachment 

caused by the inhibition of this pathway could potentially influence this conclusion. As an 

alternative, we thus directly activated Rho GTPases in mammospheres in suspension culture using 

a small molecule known to activate RhoA, Cdc42, and Rac1 (Rho/Rac/Cdc42 Activator I). 

Following activation, we visualized the cells by labeling mitochondria (with TOM20) and actin 

(with phalloidin). While control mammospheres contained only a few cells with strong actin 

staining, the majority of cells treated with the activator displayed an intense F-actin signal (Figure 

5A-B). More importantly, this was associated with an increase in the number of cells displaying 
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elongated mitochondria (Figure 5A and C), further demonstrating that mitochondrial elongation 

occurs downstream of Rho family-driven actin polymerization. 

Rac1 promotes lamellipodia formation by activating the Wiskott-Aldrich syndrome family of 

proteins (WASP, N-WASP, and WAVE1/2) that, in turn, activates actin-polymerizing proteins 

including the Arp2/3 complex and formins. Consistent with this, inhibition of Arp2/3 (using 

CK666) or formins (using SMIFH2) significantly reduced mitochondrial elongation in attached 

mammospheres (Figure 5D). On the other hand, the effect of the inhibitors was limited in adherent 

monolayer cells, with only CK666 causing an increase in cells with fragmented mitochondria 

relative to those with intermediate mitochondria (Figure 5E). While this is in line with the lack of 

effect of CytoD in these cells (Figure 3D), it suggests that actin plays a more prominent role during 

widespread changes in mitochondrial structure in response to changes in cellular environment. 

Mitochondrial elongation promotes OXPHOS in mammospheres.  

Alterations in mitochondrial architecture exert a profound influence on mitochondrial function, 

with mitochondrial fusion or elongation being vital in preserving mitochondrial function during 

starvation (Adebayo et al., 2021). We thus investigated whether the observed alterations in 

mitochondrial dynamics during cellular attachment impact mitochondrial activity. We first 

determined whether the changes in mitochondrial structure were associated with alterations in the 

expression of electron transport chain (ETC) proteins that are required for OXPHOS. In contrast 

to the decrease in ATP production (Figure 1A), mammospheres exhibited higher expression of all 

ETC components tested relative to their parental cells grown as an attached monolayer (Figure 

6A). Interestingly, the expression of ETC components was partially decreased upon attachment to 

fibronectin (Figure 6A), suggesting a direct relationship between mitochondrial structure and ETC 

component expression. Nevertheless, mitochondrial membrane potential remained similar across 

conditions (Figure 6B), suggesting that they remain functional irrespective of their morphology.  

As previously noted, mammospheres are known to house a high proportion of CSCs, confirmed 

by the expression of the stem cell markers SOX-2 and ALDHIA1 in MDA-MB-231 and MCF-7 

mammospheres (Figure 6C). We explored the relevance of these findings in an in vivo context by 

isolating ALDH-positive breast CSCs (brCSCs) from mouse mammary tumors. Consistent with 

the mammosphere data, brCSCs displayed reduced expression of the fission protein DRP1 (both 

total and pDRP1; Figure 6D). These cells also had increased levels of the mitochondrial fusion 
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proteins OPA1 and MFN1 (Figure 6D), likely reflecting their long-term interaction with the ECM 

within the tumour environment. Importantly, brCSCs also showed increased expression of the ETC 

proteins NDUFA9 and UQCRC2, mirroring our in vitro data (Figure 6D).  

To better understand the consequences of ECM attachment on mitochondrial OXPHOS, we 

measured bioenergetic parameters (ATP and Lactate) in adherent monolayers, mammospheres, 

and attached mammospheres (FN-6 hours). Consistent with our previous results (Figure 1A-B), 

mammospheres exhibited lower ATP levels than adherent monolayer cells (Figure 6E). 

Importantly, attachment to fibronectin partially rescued ATP levels in mammospheres (Figure 6E), 

in line with the mitochondrial elongation observed following attachment. We then assessed the 

mitochondrial contribution to ATP levels using the ATP synthase inhibitor oligomycin. 

Oligomycin had little effect on adherent monolayers or mammospheres (Figure 6E), indicating 

limited reliance on mitochondria-derived ATP. In contrast, oligomycin significantly reduced ATP 

levels in attached mammospheres, suggesting increased mitochondria dependence. This correlated 

with a significant reduction in lactate levels upon attachment (Figure 6F). This indicates that, 

following attachment to fibronectin, cells stimulate their mitochondrial metabolism, promoting 

their dependency on OXPHOS for ATP production. 

To further confirm that ECM attachment promotes mitochondrial dependency for energy 

production, we measured oxygen consumption rates (OCR). Consistent with mammospheres being 

less metabolically active, they showed lower basal OCR and minimal ATP-linked respiration 

compared to monolayer cells (Figure 6G-I). Importantly, attached mammospheres significantly 

increased both basal and ATP-linked OCR, consistent with mitochondrial elongation stimulating 

mitochondrial activity (Figure 6G-I). Altogether, our results indicate that the actin-driven 

mitochondrial elongation that occurs upon attachment to fibronectin stimulates mitochondrial 

respiration in previously less metabolically active mammospheres.  
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Discussion: 

The ECM plays a crucial role in the modulation of cell survival and function. Previous studies 

have also suggested links between ECM signalling and mitochondria (Bubb et al., 2021, Romani 

et al., 2022, Visavadiya et al., 2016, Cai et al., 2023, Tian et al., 2023). While these observations 

could mechanistically link the migration, proliferation, and survival roles of ECM signalling with 

metabolic needs, the complex links between these events makes it challenging to identify clear 

causal links in adherent cells requiring ECM signals for their survival. Here, we took advantage of 

the fact that a subset of cells within a tumour can be grown in suspension in the absence of ECM. 

These mammospheres have distinct metabolic properties and mitochondrial structure. As 

mitochondrial dynamics regulates mitochondrial activity, we used these cells to investigate how 

mitochondrial structure and function are regulated by the ECM. We show that even if 

mammospheres do not require an ECM for their survival, they modulate their mitochondrial 

structure and energy metabolism in response to ECM components. We also uncovered a key role 

for actin polymerization in this process.  

Some studies have reported that the ECM regulates mitochondrial morphology in response to ECM 

stiffness. Stiff ECM has been found to block mitochondrial fission (Chen et al., 2021a), while soft 

ECM promotes it (Romani et al., 2022). Stiff ECM activates β1-integrin/PINCH1-kindlin-2 

signaling, which inhibits DRP1 activity, thereby promoting mitochondrial elongation (Chen et al., 

2021a). In contrast, soft ECM activates DRP1, leading to mitochondrial fission and metabolic 

alterations through the modulation of mitochondrial ROS and antioxidants (Romani et al., 2022). 

In contrast, the mitochondrial elongation we observed upon mammospheres attachment is unlikely 

to involve DRP1. Despite mammospheres in suspension (akin to soft ECM) having fragmented 

mitochondria and becoming elongated when  plated on a fibronectin-coated adherent plates (stiff 

matrix), these mammospheres express very low levels of DRP1 compared to their parental 

adherent monolayer cells. Moreover, knockdown of DRP1, which typically causes mitochondrial 

elongation by blocking the fission process (Zhao et al., 2013, Kitamura et al., 2017), did not induce 

mitochondrial elongation in suspension cells. While it remains possible that DRP1 is required to 

generate the fragmented phenotype of mammosphere mitochondria, our results suggest that DRP1 

does not play a crucial role in the regulation of mitochondrial networks once mammospheres are 

established. Instead, we propose that these cells modulate mitochondrial fusion to control the 

morphology of their mitochondria in response to ECM cues. 
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Cell attachment to the ECM component fibronectin stimulates integrin signaling (Buxboim et al., 

2010). This signaling pathway activates a series of downstream processes that may regulate 

mitochondria (Sup. Figure 2A). We show that signalling events proximal to integrin activation, 

including FAK and Src activation, are required for mitochondrial elongation following 

mammosphere attachment. Further, downstream of FAK activation, the Rho GTPase Rac1 

activates Arp2/3-dependent actin polymerization (Ko et al., 2014). Importantly, inhibiting Rac1 or 

Arp2/3 significantly disrupted mitochondrial elongation in attached mammospheres, supporting a 

key role for this pathway in the regulation of mitochondrial structure. Furthermore, activation of 

Rac in suspension cells also leads to mitochondrial elongation, demonstrating a direct link between 

the two processes.  

Actin polymerization has previously been linked with mitochondrial fission (Moore et al., 2016), 

mitophagy (Onishi et al., 2021, Li et al., 2018) and mitochondrial motility (Boldogh et al., 2001). 

During fission, the actin-nucleating mitochondrial protein Spire1C (Manor et al., 2015), associates 

with ER-anchored Inverted formin 2 (INF2) (Chakrabarti et al., 2018), regulating membrane 

constriction and DRP1 oligomerization at the fission site. Arp2/3 complex has been also shown to 

influence mitochondrial division, but the mechanism is not yet defined (Li et al., 2015). Our study 

reveals an additional role of actin in mitochondrial dynamics, specifically in regulating 

mitochondrial elongation through Arp2/3-dependent actin polymerization. This is consistent with 

our work showing that Arp2/3-dependent actin polymerization on mitochondria is required for 

mitochondrial fusion (Gatti et al., 2023), and the presence of shorter mitochondria in adherent 

monolayer cells treated with the Arp2/3 inhibitor (Figure 5E). These different roles of actin in the 

regulation of mitochondria likely depend of the specific signalling pathways activated in response 

to distinct cellular environments. Overall, we propose here that ECM-induced mitochondrial 

elongation is dependent on Arp2/3-driven actin polymerisation. This alternate pathway functions 

independently of DRP1 activity.  

In cancer cells, ECM-dependent promotion of adhesion and migration involves a metabolic shift 

towards increased OXPHOS and elongated mitochondria (Wu et al., 2021, Tian et al., 2019, 

Papalazarou et al., 2020). FAK and PAK, two Integrin-activated signaling proteins, can alter 

mitochondrial structure, function and energy production (Kanteti et al., 2016) (Visavadiya et al., 

2016, Yang et al., 2021). Specifically, FAK inhibition results in the loss of mitochondrial 
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membrane potential, leading to impaired mitochondrial function. Additionally, Src and FAK-

activated STAT3 can directly interact with mitochondria to stimulate OXPHOS activity. 

(Visavadiya et al., 2016, Djeungoue-Petga et al., 2019, Guedouari et al., 2021, Guedouari et al., 

2020, Lurette et al., 2022). In contrast, our results show that actin polymerization downstream of 

these signalling events is required to modulate mitochondrial structure in response to ECM cues 

in mammospheres. We thus propose that actin polymerization will have an executional role in 

regulating mitochondrial structure (elongation) and metabolism (OXPHOS) in response to ECM 

cues. This suggests that the somewhat conflicting description onthe role of the ECM and 

downstream signalling pathways that have been described could arise, at least in part, through 

differences in the actin signalling pathways activated under distinct experimental conditions. This 

would in turn affect mitochondrial dynamics and metabolic modulation. For instance, CSCs that 

require upregulation of macromolecule biosynthetic pathways during differentiation may fragment 

and switch to glycolysis (Serasinghe et al., 2015, Shiraishi et al., 2015), while energy demanding 

CSCs will gain fused mitochondria and induce OXPHOS (Rivadeneira et al., 2015).  

The difference in mitochondrial usage between distinct cellular conditions could also possibly 

explain the discrepancy we observed between ETC components expression and OCR and ATP 

levels. As one possibility, we think that mammospheres could use their mitochondria to synthesize 

other metabolites. For example, metastatic migratory cancer cells require a high production of 

mitochondrial superoxide (Porporato et al., 2014), which is obtained by an exaggerated TCA 

cycling (Porporato et al., 2014, Porporato and Sonveaux, 2015). It is also suggested that breast 

cancer cells colonizing lungs utilize the proline cycle to obtain FADH2, which can be oxidized by 

ETC to produce mitochondrial ATP (Elia et al., 2017), or generate ATP synthesis by glycolysis 

and fatty acid-dependent OXPHOS, suggesting an selective rewiring of the energy substrate 

(Andrzejewski et al., 2017, Pascual et al., 2017).  

Overall, our study reveals the complex interplay between mitochondrial dynamics and ECM-

mediated actin regulation, providing insights into cellular adaptation process in changing 

environments. Further research is needed to comprehend actin's role in mitochondrial function, 

with potential implications for understanding cancer metastasis and guiding anti-cancer therapies. 
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Material and Methods: 

Cell culture and transfection: 

MDA-MB-231 and MCF-7 cells were purchased from American Type Culture Collection. Cells 

in adherent monolayers were cultured in DMEM supplemented with 10% fetal bovine serum (FBS, 

Hyclone, UT) at 37°C in a humidified 5% CO2 incubator. Mammospheres were grown in DMEM 

supplemented with B-27 (Gibco™, 17504044), human EGF (10 µg/ml) and bovine insulin (10 

µg/ml) in low-attachment plates (Nunclon sphera, Thermo Scientific™ #174932) and maintained 

at 37°C in a humidified 5% CO2 incubator for 3 days before harvesting. For attachment 

experiments, these 3-day mammospheres were spun down (1500g, 10 min) on coverslips that were 

previously coated with Fibronectin (Corning™ Fibronectin, Human Fischer Scientific, #CB-

40008A) or Poly D Lysine (Sigma-Aldrich #P6403) where indicated. Cells were then kept at 37°C 

in a humidified 5% CO2 incubator until they were fixed. The same procedure was followed for 

western blot except that cells were spun down on standard cell culture dishes for adherent cells. 

siRNA treatment 

MDA-MB-231 cells were seeded onto 24-well plates and transfected with 15nM of DRP1 siRNA 

(Thermo Fisher Scientific, Silencer Select, #4390771) or negative siRNA (Thermo Fisher 

Scientific, Silencer Select, #4390843) using siLenFect lipid reagent (Bio-Rad, #1703361). After 

24 hrs, cells were collected for either western blotting or seeded onto coverslips for 

immunofluorescence.  

Manipulation of actin polymerization  

The following proteins were manipulated using chemical inhibitors/activators: F-Actin 

depolymerization, Cytochalasin D (0.1 μg/ml Sigma Aldrich #C8273); FAK, small-molecule 

inhibitor PF-573228 (10 μM; Sigma Aldrich #PZ0117); Src kinase, Src Inhibitor-1 (10 μM; Sigma 

Aldrich #S2075); Rho GTPase, Rho Inhibitor I (C3 Transferase from Clostridium botulinum 

covalently linked to a cell penetrating moiety; 10μM; Cytoskeleton, Inc #CT04-A); Rac GTPase, 

Rac Inhibitor III (2 μM; MilliporeSigma™ #55351310MG); Arp 2/3 complex, CK-666 (10 μM; 

Sigma Aldrich #182515); Formin, FH2 domain inhibitor SMIFH2 (2µM; Sigma-Aldrich 

#344092); Rac activation, Rho/Rac/Cdc42 Activator I (10 μM; Cytoskeleton, Inc #CN04-A). All 
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treatments were applied for a duration of 1 hour prior to fixation with 4% PFA, followed by 

subsequent immunofluorescence and confocal imaging. 

Immunofluorescence: 

Cells were plated on glass coverslips (Fischer Scientific #12541000CA) and allowed to adhere 

overnight to establish monolayer cultures. Mammospheres, on the other hand, were anchored to 

coverslips through centrifugation at 3,000 rpm for 10 minutes, followed by incubation for a period 

ranging from 1 to 6 hours. Mammospheres in suspension were collected by centrifugation in a 

microtube. The cells were then fixed with 4% paraformaldehyde for 15 minutes at room 

temperature (RT). Cells were then permeabilized with 0.2% Triton X-100 in PBS and blocked 

with 1% BSA / 0.1% Triton X-100 in PBS. Cells were then incubated with a primary antibody 

against TOM20 (Rb,1:250; Abcam #ab186735,) followed by fluorescent-tagged secondary 

antibodies (1:500; Jackson Immunoresearch). Cells were co-stained with Rhodamine-phalloidin 

(1:250; Sigma Aldrich #P1951), and DAPI (1:100; Invitrogen, Thermo Fisher #D1306). 

Image processing and analysis:  

The images were acquired using a Leica TSC SP8 confocal microscope with a 63×/1.40 oil 

objective using the optimal resolution for the wavelength (determined using the Leica software). 

All image manipulation and analysis were done in Image J/Fiji. The images shown are from single 

focal planes unless stated otherwise. For mitochondrial length analysis, a cell was binned in a 

specific category if at least 70% of mitochondria within that cell had the following length: less 

than 0.2 µm for fragmented, between 0.2 and 0.6µm for intermediate and more than 0.6 µm for 

elongated. Cells where mitochondrial networks were not clearly identifiable were excluded from 

the analysis.  

Analysis of OPA1 oligomers: 

OPA1 oligomerization within intact cells was done as described (Patten et al., 2014). Briefly, cells 

were treated with the cell-permeable cross-linking agent BMH (Thermo Scientific) at a 

concentration of 1 mM for 20 minutes at 37°C. Following the crosslinking procedure, BMH was 

quenched by rinsing twice using PBS containing 0.1% beta-mercaptoethanol (BME). 

Subsequently, the cells were collected and lysed in 10 mM Tris-HCl at pH 7.4, 1 mM EDTA, 150 

mM NaCl, and 1% Triton X-100 with 0.1% BME, and the lysate was subjected to Western blot on 
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NuPAGE Novex 3–8% Tris-acetate gradient gels (Invitrogen™  # EA0375BOX), transferred to a 

nitrocellulose membrane and blotted against OPA1 (Anti-Mouse, BD Biosciences, #612606) and 

mtHsp70 (Anti-Mouse, Clone: JG1, Invitrogen MA3028) antibody. 

Western blots 

Cells were lysed in 10 mM Tris-HCl, pH 7.4, 1mM EDTA, 150 mM NaCl, 1% Triton X-100, 

complemented with a protease inhibitor cocktail (Sigma-Aldrich #11836170001) and phosphatase 

inhibitors (Sigma-Aldrich), kept on ice for 10 min and centrifuged at 16,000 x g for 10 minutes. 

Protein supernatants were collected, and protein concentration was estimated by DC protein assay 

(BioRad). For SDS-PAGE, 30 µg of proteins were mixed with 1X Lammeli buffer containing β-

mercaptoethanol, then subjected to SDS-PAGE, transferred to a nitrocellulose membrane and 

blotted with the indicated antibodies (DRP1 (Anti-Mouse, 1:1000; BD Transduction Laboratories, 

#611112), Phospho-DRP1 (Ser616) (Anti-Rabbit, 1:1000; Cell signaling technology, (Clone 

D9A1) #4494S), MFN1 (Anti-Rabbit, 1:1000; Abcam, [EPR21953-74] #ab221661), OPA1(Anti-

Mouse, BD Biosciences, #612606), NDUFA9(Anti-Rabbit, 1:1000; Abcam #ab128744), OSCP 

(Anti-Mouse, 1:1000; Santa Cruz Biotechnology (clone A-8) #sc-365162) UQCRC2 ((Anti-

Mouse, 1:1000; Santa Cruz Biotechnology (clone G-10) #sc-390378) Phospho-FAKY397 (Anti-

Rabbit, 1:1000; ; Invitrogen, (clone 31H5L17) # 700255), FAK(Anti-Rabbit, 1:1000; ) TOM20 

(Anti-Rabbit, 1:1000; Abcam, ab186735), SOX-2 (Anti-Rabbit, 1:1000 #AB5603 ), ALDH1A1 

(Anti-Mouse, 1:1000, # SC-166362), HRP-tagged Actin (1:10,000). Membranes were then 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000; Jackson 

Immunoresearch) and visualized by enhanced chemiluminescence (Thermo Fisher scientific) 

using a Bio-Rad imaging system. 

OCR measurements: 

Oxygen Consumption Rates (OCR) were measured using the Seahorse XF Cell Mito Stress Test 

Kit (Agilent, Cat. 103708-100) with a Seahorse XFe96 analyzer (Agilent), following the 

instructions provided by the manufacturer. For mammospheres attached to fibronectin, a total of 

40,000 cells from the 3D culture were placed onto a Seahorse XF96 culture plate coated with 

fibronectin (10 µg/ml), in DMEM media supplemented with hEGF (10 ng/ml), insulin (10 µg/ml), 

and B-27 supplement(Dey et al., 2009). The cells were incubated for 6 hours at 37°C, 10% CO2 

promoting attachment of mammospheres. Following this, a transition to XF DMEM medium was 
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carried out. Meanwhile, 40,000 AM and MS cells were seeded onto Seahorse XF96 plates in XF 

DMEM, supplemented as indicated by the manufacturer. AM cells were seeded and allowed to 

attach for 6 hours while MS were transferred at the time of the assay. The cells were then incubated 

at 37 °C without CO2 for 1 hour, before proceeding immediately to perform OCR and ECAR 

analyses. OCR was monitored by sequentially introducing oligomycin (1 μM), FCCP (0.25 μM), 

and rotenone/antimycin A (0.5 μM) and non-mitochondrial respiration was subtracted for the 

calculation of mitochondrial respiration. Basal OCR and ATP-linked OCR were calculated 

according to manufacturer instructions. 

ATP and Lactate assay: 

ATP assays were performed using CellTiter-Glo® Luminescent Cell Viability Assay Kit 

(Promega). Cells were seeded at a density of 20,000 cells per well in 96-well plates (transparent 

and opaque walled plates) and incubated overnight at 37ºC. For attached mammospheres, cells in 

suspension culture were seeded onto fibronectin-coated wells six hours prior to performing the 

assay. Where indicated, the cells in monolayer, mammospheres and mammosphere attached 

condition were then treated with Oligomycin (10 µM) for 1 hour before the end of the incubation 

period. CellTiter-Glo® Reagent was added to the cells in the opaque plates at a 1:1 ratio and 

incubated at room temperature for 10 minutes in a dark environment. The luminescence emitted 

was then measured at a 100% gain value in a plate reader.  

The transparent plate was used for both lactate and protein estimation. For lactate estimation, a 

portion of the medium (10 μl) from each well was transferred to fresh wells in duplicate and the 

volume adjusted to 50 µl with PBS. Subsequently, 50 μl of Lactate reagent from Promega (# J5021) 

was added and incubated for 10 minutes at room temperature. The resulting absorbance was 

recorded at a wavelength of 450 nm in a plate reader. The media from the transparent plates was 

removed leaving the cells at the bottom. The cells were rinsed with PBS and subsequently lysed 

(10 mM Tris-HCl (pH 7.4), 1mM EDTA, 150 mM NaCl, and 1% Triton X-100). The protein 

concentration in this lysate was estimated using the DC protein assay (BioRad) and used to 

normalize ATP and lactate values. 

TMRM experiments 
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Mitochondrial membrane potential was evaluated using the potentiometric dye tetramethyl 

rhodamine methyl ester (TMRM; Sigma Aldrich) at a final concentration of 10 nm. For the assay, 

3 x 105 cells/well of both adherent and suspension cells were seeded in a 6‐well microplate and 

left overnight in an incubator (5% CO2, 37°C). Each experiment was performed in duplicate. The 

cells were then incubated 30 minutes with TMRM (10 nm) in DMEM. Note: for suspension cells, 

mammospheres were trypsinized to obtain single cells before TMRM treatment. Adherent cells 

were then washed with PBS, trypsinized, and brought to a single cell suspension. Suspension cells 

were collected and washed with PBS. The blank control cells untreated with TMRM were also 

collected. The cell pellets were then resuspended in PBS and analyzed using flow cytometry. The 

TMRM fluorescence was examined using a Cytoflex FACS analyzer (Beckman) with excitation 

at 514 nm and detection at 570 nm. 

Animals 

All animal experiments adhered to the principles outlined in the guidelines of laboratory animal 

care (NIH publication no. 85-23, revised in 1985) and were conducted with the approval of the 

Institutional Animal Ethical Committee, Government of India (Registration Number 

885/ac/05/CPCSEA). The experimental procedures strictly followed the regulations specified in 

the Indian Laws of Animal Protection (ILAP). Female BALB/c mice, weighing 20 ± 2g, were 

obtained and housed under standard laboratory conditions, maintaining a temperature of 25 ± 2°C, 

relative humidity of 50 ± 15%, and a 12-hour light-dark cycle throughout the experiment. The 

mice were provided with food pellets, and water was given ad libitum to facilitate acclimatization 

to the laboratory environment. (Elia et al., 2017). 

Mice mammary tumor development 

Mammary tumors were developed in female BALB/c mice (n=3). Viable triple negative mouse 

mammary carcinoma cells 4T1 (105 cells) suspended in 200 µl of PBS were injected into the 

inguinal 4th mammary fat pad of mice. Tumors were allowed to develop for 14 days. Normal mice 

received only 200 µl of PBS. Eventually, the normal mammary gland and the mice-mammary 

tumors were excised from the control and mammary tumor-bearing animals respectively. The 

tissues were then processed for subsequent experiments (Elia et al., 2017). 

Data analysis and statistics  
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All graphs and statistical analysis were done using R. Immunofluorescence data were quantified 

and images representative of at least three independent experiments shown (exact “n” are in the 

quantification figures). Data is represented as average ± SD as specified in figure legends. 

Statistical significance was determined using Student’s t test (between 2 groups) or one-way 

ANOVA with a Tukey post hoc test (multiple comparisons).  

Conflict of Interest: 

The authors have no conflict of interest to declare. 

 

Author contributions 

Conceptualization, PG, PM, UC, and MG; Methodology, PG, PM, PDT, WF, LCC, UC and MG; 
Investigation, PG, PM, PDT, JK, UC, and MG; Resources, LCC; Writing–Original Draft, PG and 
MG; Writing – Review and Editing, all the authors; Supervision, LCC, UC, and MG; Funding 
Acquisition, MG 

 

Acknowledgements. 

This work was supported by a grant from the Natural Sciences and Engineering Research Council 

of Canada to MG, a team grant from Fonds de Recherche du Québec-Nature et Technologies 

(#2024-PR-326143) to M.G and L.C.C. and a Department of Science, Technology and 

Biotechnology, Government of West Bengal grant to UC (Sanction No.: 140 (Sanc.)-

BT/P/Budget/RD-75/2017 dated 16.11.2018). PG was supported by a Queen Elizabeth II Diamond 

Jubilee Scholarship and an FRQ-NT scholarship, PDT was supported by a fellowship from the 

Council for Scientific and Industrial Research, Government of India (File No.-09/028(1066)/2018-

EMR-I). PG received a Université du Québec à Trois-Rivières Programme d’aide à 

l’internationalisation de la science scholarship. W.F received PhD fellowships from the Armand-

Frappier Foundation and Fonds de la Recherche du Québec-Santé (FRQS). L.C.C is receiving a 

research scholar (Senior) salary support from FRQS.  

  

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

ADEBAYO, M., SINGH, S., SINGH, A. P. & DASGUPTA, S. 2021. Mitochondrial fusion and fission: The fine-
tune balance for cellular homeostasis. FASEB J, 35, e21620. 

ANDRZEJEWSKI, S., KLIMCAKOVA, E., JOHNSON, R. M., TABARIES, S., ANNIS, M. G., MCGUIRK, S., 
NORTHEY, J. J., CHENARD, V., SRIRAM, U., PAPADOPOLI, D. J., SIEGEL, P. M. & ST-PIERRE, J. 2017. 
PGC-1alpha Promotes Breast Cancer Metastasis and Confers Bioenergetic Flexibility against 
Metabolic Drugs. Cell Metab, 26, 778-787 e5. 

APONTE, P. M. & CAICEDO, A. 2017. Stemness in Cancer: Stem Cells, Cancer Stem Cells, and Their 
Microenvironment. Stem Cells Int, 2017, 5619472. 

BAHARVAND, H., HASHEMI, S. M., KAZEMI ASHTIANI, S. & FARROKHI, A. 2006. Differentiation of human 
embryonic stem cells into hepatocytes in 2D and 3D culture systems in vitro. Int J Dev Biol, 50, 
645-52. 

BAKER, E. L., LU, J., YU, D., BONNECAZE, R. T. & ZAMAN, M. H. 2010. Cancer cell stiffness: integrated roles 
of three-dimensional matrix stiffness and transforming potential. Biophys J, 99, 2048-57. 

BAN, T., ISHIHARA, T., KOHNO, H., SAITA, S., ICHIMURA, A., MAENAKA, K., OKA, T., MIHARA, K. & ISHIHARA, 
N. 2017. Molecular basis of selective mitochondrial fusion by heterotypic action between OPA1 
and cardiolipin. Nat Cell Biol, 19, 856-863. 

BOLDOGH, I. R., YANG, H. C., NOWAKOWSKI, W. D., KARMON, S. L., HAYS, L. G., YATES, J. R., 3RD & PON, 
L. A. 2001. Arp2/3 complex and actin dynamics are required for actin-based mitochondrial motility 
in yeast. Proc Natl Acad Sci U S A, 98, 3162-7. 

BUBB, K., HOLZER, T., NOLTE, J. L., KRUGER, M., WILSON, R., SCHLOTZER-SCHREHARDT, U., BRINCKMANN, 
J., ALTMULLER, J., ASZODI, A., FLEISCHHAUER, L., CLAUSEN-SCHAUMANN, H., PROBST, K. & 
BRACHVOGEL, B. 2021. Mitochondrial respiratory chain function promotes extracellular matrix 
integrity in cartilage. J Biol Chem, 297, 101224. 

BUXBOIM, A., IVANOVSKA, I. L. & DISCHER, D. E. 2010. Matrix elasticity, cytoskeletal forces and physics of 
the nucleus: how deeply do cells 'feel' outside and in? J Cell Sci, 123, 297-308. 

CAI, L., SHI, L., PENG, Z., SUN, Y. & CHEN, J. 2023. Ageing of skeletal muscle extracellular matrix and 
mitochondria: finding a potential link. Ann Med, 55, 2240707. 

CALALB, M. B., POLTE, T. R. & HANKS, S. K. 1995. Tyrosine phosphorylation of focal adhesion kinase at 
sites in the catalytic domain regulates kinase activity: a role for Src family kinases. Mol Cell Biol, 
15, 954-63. 

CAO, Y. L., MENG, S., CHEN, Y., FENG, J. X., GU, D. D., YU, B., LI, Y. J., YANG, J. Y., LIAO, S., CHAN, D. C. & 
GAO, S. 2017. MFN1 structures reveal nucleotide-triggered dimerization critical for mitochondrial 
fusion. Nature, 542, 372-376. 

CASE, L. B. & WATERMAN, C. M. 2015. Integration of actin dynamics and cell adhesion by a three-
dimensional, mechanosensitive molecular clutch. Nat Cell Biol, 17, 955-63. 

CHAKRABARTI, R., JI, W. K., STAN, R. V., DE JUAN SANZ, J., RYAN, T. A. & HIGGS, H. N. 2018. INF2-mediated 
actin polymerization at the ER stimulates mitochondrial calcium uptake, inner membrane 
constriction, and division. J Cell Biol, 217, 251-268. 

CHEN, H., MCCAFFERY, J. M. & CHAN, D. C. 2007. Mitochondrial fusion protects against 
neurodegeneration in the cerebellum. Cell, 130, 548-62. 

CHEN, H., VERMULST, M., WANG, Y. E., CHOMYN, A., PROLLA, T. A., MCCAFFERY, J. M. & CHAN, D. C. 2010. 
Mitochondrial fusion is required for mtDNA stability in skeletal muscle and tolerance of mtDNA 
mutations. Cell, 141, 280-9. 

CHEN, K., WANG, Y., DENG, X., GUO, L. & WU, C. 2021a. Extracellular matrix stiffness regulates 
mitochondrial dynamics through PINCH-1- and kindlin-2-mediated signalling. Current Research in 
Cell Biology, 2. 

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


CHEN, K., ZHANG, C., LING, S., WEI, R., WANG, J. & XU, X. 2021b. The metabolic flexibility of quiescent CSC: 
implications for chemotherapy resistance. Cell Death Dis, 12, 835. 

CHEUNG, T. H. & RANDO, T. A. 2013. Molecular regulation of stem cell quiescence. Nat Rev Mol Cell Biol, 
14, 329-40. 

DEY, D., SAXENA, M., PARANJAPE, A. N., KRISHNAN, V., GIRADDI, R., KUMAR, M. V., MUKHERJEE, G. & 
RANGARAJAN, A. 2009. Phenotypic and functional characterization of human mammary 
stem/progenitor cells in long term culture. PLoS One, 4, e5329. 

DISCHER, D. E., MOONEY, D. J. & ZANDSTRA, P. W. 2009. Growth factors, matrices, and forces combine 
and control stem cells. Science, 324, 1673-7. 

DJEUNGOUE-PETGA, M. A., LURETTE, O., JEAN, S., HAMEL-COTE, G., MARTIN-JIMENEZ, R., BOU, M., 
CANNICH, A., ROY, P. & HEBERT-CHATELAIN, E. 2019. Intramitochondrial Src kinase links 
mitochondrial dysfunctions and aggressiveness of breast cancer cells. Cell Death Dis, 10, 940. 

DONG, F., ZHU, M., ZHENG, F. & FU, C. 2022. Mitochondrial fusion and fission are required for proper 
mitochondrial function and cell proliferation in fission yeast. FEBS J, 289, 262-278. 

DZOBO, K. & DANDARA, C. 2023. The Extracellular Matrix: Its Composition, Function, Remodeling, and 
Role in Tumorigenesis. Biomimetics (Basel), 8. 

ELIA, I., BROEKAERT, D., CHRISTEN, S., BOON, R., RADAELLI, E., ORTH, M. F., VERFAILLIE, C., GRUNEWALD, 
T. G. P. & FENDT, S. M. 2017. Proline metabolism supports metastasis formation and could be 
inhibited to selectively target metastasizing cancer cells. Nat Commun, 8, 15267. 

ENDO, H., OWADA, S., INAGAKI, Y., SHIDA, Y. & TATEMICHI, M. 2020. Metabolic reprogramming sustains 
cancer cell survival following extracellular matrix detachment. Redox Biol, 36, 101643. 

FRANTZ, C., STEWART, K. M. & WEAVER, V. M. 2010. The extracellular matrix at a glance. J Cell Sci, 123, 
4195-200. 

GATTI, P., SCHIAVON, C., MANOR, U. & GERMAIN, M. 2023. Mitochondria- and ER-associated actin are 
required for mitochondrial fusion. bioRxiv. 

GOMES, L. C., DI BENEDETTO, G. & SCORRANO, L. 2011. Essential amino acids and glutamine regulate 
induction of mitochondrial elongation during autophagy. Cell Cycle, 10, 2635-9. 

GUEDOUARI, H., OULD AMER, Y., PICHAUD, N. & HEBERT-CHATELAIN, E. 2021. Characterization of the 
interactome of c-Src within the mitochondrial matrix by proximity-dependent biotin 
identification. Mitochondrion, 57, 257-269. 

GUEDOUARI, H., SAVOIE, M. C., JEAN, S., DJEUNGOUE-PETGA, M. A., PICHAUD, N. & HEBERT-CHATELAIN, 
E. 2020. Multi-omics Reveal that c-Src Modulates the Mitochondrial Phosphotyrosine Proteome 
and Metabolism According to Nutrient Availability. Cell Physiol Biochem, 54, 517-537. 

HATCH, A. L., GUREL, P. S. & HIGGS, H. N. 2014. Novel roles for actin in mitochondrial fission. J Cell Sci, 
127, 4549-60. 

HOFMANN, A., MISHRA, J. S., YADAV, P., DANGUDUBIYYAM, S. V., BLESSON, C. S. & KUMAR, S. 2023. PFOS 
Impairs Mitochondrial Biogenesis and Dynamics and Reduces Oxygen Consumption in Human 
Trophoblasts. J Environ Sci Public Health, 7, 164-175. 

HORTON, E. R., BYRON, A., ASKARI, J. A., NG, D. H. J., MILLON-FREMILLON, A., ROBERTSON, J., KOPER, E. 
J., PAUL, N. R., WARWOOD, S., KNIGHT, D., HUMPHRIES, J. D. & HUMPHRIES, M. J. 2015. Definition 
of a consensus integrin adhesome and its dynamics during adhesion complex assembly and 
disassembly. Nat Cell Biol, 17, 1577-1587. 

HYNES, R. O. 2009. The extracellular matrix: not just pretty fibrils. Science, 326, 1216-9. 
KANTETI, R., BATRA, S. K., LENNON, F. E. & SALGIA, R. 2016. FAK and paxillin, two potential targets in 

pancreatic cancer. Oncotarget, 7, 31586-601. 
KASAHARA, A. & SCORRANO, L. 2014. Mitochondria: from cell death executioners to regulators of cell 

differentiation. Trends Cell Biol, 24, 761-70. 

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


KITAMURA, S., YANAGI, T., IMAFUKU, K., HATA, H., ABE, R. & SHIMIZU, H. 2017. Drp1 regulates 
mitochondrial morphology and cell proliferation in cutaneous squamous cell carcinoma. J 
Dermatol Sci, 88, 298-307. 

KO, H. S., KIM, J. S., CHO, S. M., LEE, H. J., AHN, K. S., KIM, S. H. & LEE, E. O. 2014. Urokinase-type 
plasminogen activator expression and Rac1/WAVE-2/Arp2/3 pathway are blocked by 
pterostilbene to suppress cell migration and invasion in MDA-MB-231 cells. Bioorg Med Chem 
Lett, 24, 1176-9. 

KOROBOVA, F., RAMABHADRAN, V. & HIGGS, H. N. 2013. An actin-dependent step in mitochondrial fission 
mediated by the ER-associated formin INF2. Science, 339, 464-7. 

LI, G. B., ZHANG, H. W., FU, R. Q., HU, X. Y., LIU, L., LI, Y. N., LIU, Y. X., LIU, X., HU, J. J., DENG, Q., LUO, Q. 
S., ZHANG, R. & GAO, N. 2018. Mitochondrial fission and mitophagy depend on cofilin-mediated 
actin depolymerization activity at the mitochondrial fission site. Oncogene, 37, 1485-1502. 

LI, S., XU, S., ROELOFS, B. A., BOYMAN, L., LEDERER, W. J., SESAKI, H. & KARBOWSKI, M. 2015. Transient 
assembly of F-actin on the outer mitochondrial membrane contributes to mitochondrial fission. J 
Cell Biol, 208, 109-23. 

LIESA, M. & SHIRIHAI, O. S. 2013. Mitochondrial dynamics in the regulation of nutrient utilization and 
energy expenditure. Cell Metab, 17, 491-506. 

LIU, P., TANG, H., SONG, C., WANG, J., CHEN, B., HUANG, X., PEI, X. & LIU, L. 2018. SOX2 Promotes Cell 
Proliferation and Metastasis in Triple Negative Breast Cancer. Front Pharmacol, 9, 942. 

LU, H., GUO, L., KAWAZOE, N., TATEISHI, T. & CHEN, G. 2009. Effects of poly(L-lysine), poly(acrylic acid) 
and poly(ethylene glycol) on the adhesion, proliferation and chondrogenic differentiation of 
human mesenchymal stem cells. J Biomater Sci Polym Ed, 20, 577-89. 

LURETTE, O., GUEDOUARI, H., MORRIS, J. L., MARTIN-JIMENEZ, R., ROBICHAUD, J. P., HAMEL-COTE, G., 
KHAN, M., DAUPHINEE, N., PICHAUD, N., PRUDENT, J. & HEBERT-CHATELAIN, E. 2022. 
Mitochondrial matrix-localized Src kinase regulates mitochondrial morphology. Cell Mol Life Sci, 
79, 327. 

MANOR, U., BARTHOLOMEW, S., GOLANI, G., CHRISTENSON, E., KOZLOV, M., HIGGS, H., SPUDICH, J. & 
LIPPINCOTT-SCHWARTZ, J. 2015. A mitochondria-anchored isoform of the actin-nucleating spire 
protein regulates mitochondrial division. Elife, 4. 

MIERKE, C. T. 2019. The matrix environmental and cell mechanical properties regulate cell migration and 
contribute to the invasive phenotype of cancer cells. Rep Prog Phys, 82, 064602. 

MOORE, A. S., WONG, Y. C., SIMPSON, C. L. & HOLZBAUR, E. L. 2016. Dynamic actin cycling through 
mitochondrial subpopulations locally regulates the fission-fusion balance within mitochondrial 
networks. Nat Commun, 7, 12886. 

MORRIS, B. A., BURKEL, B., PONIK, S. M., FAN, J., CONDEELIS, J. S., AGUIRRE-GHISO, J. A., CASTRACANE, J., 
DENU, J. M. & KEELY, P. J. 2016. Collagen Matrix Density Drives the Metabolic Shift in Breast 
Cancer Cells. EBioMedicine, 13, 146-156. 

ONISHI, M., YAMANO, K., SATO, M., MATSUDA, N. & OKAMOTO, K. 2021. Molecular mechanisms and 
physiological functions of mitophagy. EMBO J, 40, e104705. 

PAPALAZAROU, V., ZHANG, T., PAUL, N. R., JUIN, A., CANTINI, M., MADDOCKS, O. D. K., SALMERON-
SANCHEZ, M. & MACHESKY, L. M. 2020. The creatine-phosphagen system is mechanoresponsive 
in pancreatic adenocarcinoma and fuels invasion and metastasis. Nat Metab, 2, 62-80. 

PASCUAL, G., AVGUSTINOVA, A., MEJETTA, S., MARTIN, M., CASTELLANOS, A., ATTOLINI, C. S., 
BERENGUER, A., PRATS, N., TOLL, A., HUETO, J. A., BESCOS, C., DI CROCE, L. & BENITAH, S. A. 2017. 
Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature, 541, 41-45. 

PASTO, A., BELLIO, C., PILOTTO, G., CIMINALE, V., SILIC-BENUSSI, M., GUZZO, G., RASOLA, A., FRASSON, C., 
NARDO, G., ZULATO, E., NICOLETTO, M. O., MANICONE, M., INDRACCOLO, S. & AMADORI, A. 2014. 

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cancer stem cells from epithelial ovarian cancer patients privilege oxidative phosphorylation, and 
resist glucose deprivation. Oncotarget, 5, 4305-19. 

PATTEN, D. A., WONG, J., KHACHO, M., SOUBANNIER, V., MAILLOUX, R. J., PILON-LAROSE, K., MACLAURIN, 
J. G., PARK, D. S., MCBRIDE, H. M., TRINKLE-MULCAHY, L., HARPER, M. E., GERMAIN, M. & SLACK, 
R. S. 2014. OPA1-dependent cristae modulation is essential for cellular adaptation to metabolic 
demand. EMBO J, 33, 2676-91. 

PORPORATO, P. E., PAYEN, V. L., PEREZ-ESCUREDO, J., DE SAEDELEER, C. J., DANHIER, P., COPETTI, T., 
DHUP, S., TARDY, M., VAZEILLE, T., BOUZIN, C., FERON, O., MICHIELS, C., GALLEZ, B. & SONVEAUX, 
P. 2014. A mitochondrial switch promotes tumor metastasis. Cell Rep, 8, 754-66. 

PORPORATO, P. E. & SONVEAUX, P. 2015. Paving the way for therapeutic prevention of tumor metastasis 
with agents targeting mitochondrial superoxide. Mol Cell Oncol, 2, e968043. 

PRICE, L. S., LENG, J., SCHWARTZ, M. A. & BOKOCH, G. M. 1998. Activation of Rac and Cdc42 by integrins 
mediates cell spreading. Mol Biol Cell, 9, 1863-71. 

QI, Y., YAN, L., YU, C., GUO, X., ZHOU, X., HU, X., HUANG, X., RAO, Z., LOU, Z. & HU, J. 2016. Structures of 
human mitofusin 1 provide insight into mitochondrial tethering. J Cell Biol, 215, 621-629. 

RAIS, A., HUSAIN, A., HASAN, G. M. & HASSAN, M. I. 2023. A review on regulation of cell cycle by 
extracellular matrix. Int J Biol Macromol, 232, 123426. 

RAMBOLD, A. S., KOSTELECKY, B., ELIA, N. & LIPPINCOTT-SCHWARTZ, J. 2011. Tubular network formation 
protects mitochondria from autophagosomal degradation during nutrient starvation. Proc Natl 
Acad Sci U S A, 108, 10190-5. 

REN, L., CHEN, X., CHEN, X., LI, J., CHENG, B. & XIA, J. 2020. Mitochondrial Dynamics: Fission and Fusion in 
Fate Determination of Mesenchymal Stem Cells. Front Cell Dev Biol, 8, 580070. 

RIVADENEIRA, D. B., CAINO, M. C., SEO, J. H., ANGELIN, A., WALLACE, D. C., LANGUINO, L. R. & ALTIERI, D. 
C. 2015. Survivin promotes oxidative phosphorylation, subcellular mitochondrial repositioning, 
and tumor cell invasion. Sci Signal, 8, ra80. 

ROMANI, P., NIRCHIO, N., ARBOIT, M., BARBIERI, V., TOSI, A., MICHIELIN, F., SHIBUYA, S., BENOIST, T., WU, 
D., HINDMARCH, C. C. T., GIOMO, M., URCIUOLO, A., GIAMOGANTE, F., ROVERI, A., 
CHAKRAVARTY, P., MONTAGNER, M., CALI, T., ELVASSORE, N., ARCHER, S. L., DE COPPI, P., 
ROSATO, A., MARTELLO, G. & DUPONT, S. 2022. Mitochondrial fission links ECM 
mechanotransduction to metabolic redox homeostasis and metastatic chemotherapy resistance. 
Nat Cell Biol, 24, 168-180. 

SABOUNY, R. & SHUTT, T. E. 2021. The role of mitochondrial dynamics in mtDNA maintenance. J Cell Sci, 
134. 

SERASINGHE, M. N., WIEDER, S. Y., RENAULT, T. T., ELKHOLI, R., ASCIOLLA, J. J., YAO, J. L., JABADO, O., 
HOEHN, K., KAGEYAMA, Y., SESAKI, H. & CHIPUK, J. E. 2015. Mitochondrial division is requisite to 
RAS-induced transformation and targeted by oncogenic MAPK pathway inhibitors. Mol Cell, 57, 
521-36. 

SHIRAISHI, T., VERDONE, J. E., HUANG, J., KAHLERT, U. D., HERNANDEZ, J. R., TORGA, G., ZARIF, J. C., 
EPSTEIN, T., GATENBY, R., MCCARTNEY, A., ELISSEEFF, J. H., MOONEY, S. M., AN, S. S. & PIENTA, 
K. J. 2015. Glycolysis is the primary bioenergetic pathway for cell motility and cytoskeletal 
remodeling in human prostate and breast cancer cells. Oncotarget, 6, 130-43. 

SILVA RAMOS, E., MOTORI, E., BRUSER, C., KUHL, I., YEROSLAVIZ, A., RUZZENENTE, B., KAUPPILA, J. H. K., 
BUSCH, J. D., HULTENBY, K., HABERMANN, B. H., JAKOBS, S., LARSSON, N. G. & MOURIER, A. 2019. 
Mitochondrial fusion is required for regulation of mitochondrial DNA replication. PLoS Genet, 15, 
e1008085. 

SONG, Z., GHOCHANI, M., MCCAFFERY, J. M., FREY, T. G. & CHAN, D. C. 2009. Mitofusins and OPA1 mediate 
sequential steps in mitochondrial membrane fusion. Mol Biol Cell, 20, 3525-32. 

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


SUNDBERG, L. J., GALANTE, L. M., BILL, H. M., MACK, C. P. & TAYLOR, J. M. 2003. An endogenous inhibitor 
of focal adhesion kinase blocks Rac1/JNK but not Ras/ERK-dependent signaling in vascular smooth 
muscle cells. J Biol Chem, 278, 29783-91. 

THOMAS, M., DAVIS, T., LOOS, B., SISHI, B., HUISAMEN, B., STRIJDOM, H. & ENGELBRECHT, A. M. 2018. 
Autophagy is essential for the maintenance of amino acids and ATP levels during acute amino acid 
starvation in MDAMB231 cells. Cell Biochem Funct, 36, 65-79. 

TIAN, C., CLAUSER, K. R., OHLUND, D., RICKELT, S., HUANG, Y., GUPTA, M., MANI, D. R., CARR, S. A., 
TUVESON, D. A. & HYNES, R. O. 2019. Proteomic analyses of ECM during pancreatic ductal 
adenocarcinoma progression reveal different contributions by tumor and stromal cells. Proc Natl 
Acad Sci U S A, 116, 19609-19618. 

TIAN, G. A., XU, W. T., ZHANG, X. L., ZHOU, Y. Q., SUN, Y., HU, L. P., JIANG, S. H., NIE, H. Z., ZHANG, Z. G., 
ZHU, L., LI, J., YANG, X. M. & YAO, L. L. 2023. CCBE1 promotes mitochondrial fusion by inhibiting 
the TGFbeta-DRP1 axis to prevent the progression of hepatocellular carcinoma. Matrix Biol, 117, 
31-45. 

VISAVADIYA, N. P., KEASEY, M. P., RAZSKAZOVSKIY, V., BANERJEE, K., JIA, C., LOVINS, C., WRIGHT, G. L. & 
HAGG, T. 2016. Integrin-FAK signaling rapidly and potently promotes mitochondrial function 
through STAT3. Cell Commun Signal, 14, 32. 

WANG, R., LV, Q., MENG, W., TAN, Q., ZHANG, S., MO, X. & YANG, X. 2014. Comparison of mammosphere 
formation from breast cancer cell lines and primary breast tumors. J Thorac Dis, 6, 829-37. 

WANG, R., MISHRA, P., GARBIS, S. D., MORADIAN, A., SWEREDOSKI, M. J. & CHAN, D. C. 2021. 
Identification of new OPA1 cleavage site reveals that short isoforms regulate mitochondrial 
fusion. Mol Biol Cell, 32, 157-168. 

WU, Y., ZANOTELLI, M. R., ZHANG, J. & REINHART-KING, C. A. 2021. Matrix-driven changes in metabolism 
support cytoskeletal activity to promote cell migration. Biophys J, 120, 1705-1717. 

YANES, B. & RAINERO, E. 2022. The Interplay between Cell-Extracellular Matrix Interaction and 
Mitochondria Dynamics in Cancer. Cancers (Basel), 14. 

YANG, Q., WANG, L., LIANG, Y., HE, Q., SUN, Q., LUO, J., CAO, H., FANG, Y., ZHOU, Y., YANG, J., WEN, P. & 
JIANG, L. 2023. Loss of UCP2 causes mitochondrial fragmentation by OMA1-dependent 
proteolytic processing of OPA1 in podocytes. FASEB J, 37, e23265. 

YANG, Y., WANG, Y., CHE, X., HOU, K., WU, J., ZHENG, C., CHENG, Y., LIU, Y., HU, X. & ZHANG, J. 2021. 
Integrin alpha5 promotes migration and invasion through the FAK/STAT3/AKT signaling pathway 
in icotinib-resistant non-small cell lung cancer cells. Oncol Lett, 22, 556. 

YAO, C. H., WANG, R., WANG, Y., KUNG, C. P., WEBER, J. D. & PATTI, G. J. 2019. Mitochondrial fusion 
supports increased oxidative phosphorylation during cell proliferation. Elife, 8. 

ZHAO, J., ZHANG, J., YU, M., XIE, Y., HUANG, Y., WOLFF, D. W., ABEL, P. W. & TU, Y. 2013. Mitochondrial 
dynamics regulates migration and invasion of breast cancer cells. Oncogene, 32, 4814-24. 

 

  

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

The copyright holder for this preprintthis version posted January 24, 2024. ; https://doi.org/10.1101/2024.01.22.576703doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.22.576703
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure legends 

Figure 1. Mammospheres have decreased metabolism and fragmented mitochondria. (A-B) 
Measure of ATP (A) and lactate (B) levels in MDA-MB-231 cells grown as an adherent monolayer 
(AM) or as mammospheres in suspension (MS). Each point represents an individual experiment. 
Bars show the average of 4 independent experiments ± SD. *** p<0.001, ** p<0.01. Two-sided t-
test (C-D) Mitochondrial fragmentation in mammospheres in suspension. MDA-MB-231 were 
grown as AM, MS or MS attached for 6 hours on glass coverslips, and their mitochondria were 
marked with an antibody against TOM20 (mitochondria, cyan; with nuclei stained with DAPI, 
yellow). Quantification of 3 independent experiments is shown in (C), with each point represents 
an individual experiment. Bars show the average ± SD. *** p<0.001. Two-way ANOVA. 
Representative images are shown in (D). Scale bar 10 µm. (E-F) Western blot showing the 
expression of mitochondrial dynamics GTPases (E) or OPA1 oligomerization (F). Actin (E) or 
mtHSP70 (F, lower band – the upper band represents leftover OPA1 signal) were used as loading 
controls. 

Figure 2. Cell attachment to the ECM promotes mitochondrial elongation. (A-B) 
Mitochondrial elongation in response to cellular attachment to ECM substrates. MDA-MB-231 
(A) and MCF7 (B) were spun down on coverslips either not coated or coated with poly-D-lysin 
(PDL) or fibronectin (FN) and incubated for the indicated times. mitochondria were marked with 
an antibody against TOM20 and mitochondrial length quantified in 3 independent experiments. 
Each point represents an individual experiment. Bars show the average ± SD. (C-D) Western blot 
showing the expression of the stem cell marker SOX2 (C) and mitochondrial dynamics GTPases 
in MDA-MB-231 cells grown as AM, MS or MS attached for 6 hours on fibronectin. Actin (C) or 
GAPDH (D) were used as loading controls. Western blot showing the lack of OPA1 
oligomerization in MS cells in the absence or the presence of fibronectin. mtHSP70 was used as a 
loading control. (F-H) DRP1 knockdown does not affect mitochondrial structure in MDA-MB-
231 mammospheres. (F) Western blot showing the knockdown of DRP1 in MDA-MB-231 cells. 
(G) Representative images showing mitochondrial structure (marked with an antibody against 
TOM20) in MDA-MB-231 cells knocked down for DRP1. Scale bar 10 µm. Mitochondrial length 
was quantified in 3 independent experiments (H) Each point represents an individual experiment. 
Bars show the average ± SD. 

Figure 3. Actin polymerization drives mitochondrial elongation. (A-B) F-Actin staining in 
MDA-MB-231 and MCF7 mammospheres in suspension. Cells were marked for F-Actin 
(phalloidin, red) and mitochondria (TOM20, cyan). Scale bar 10 µm. The number of cells with 
intermediate mitochondria was quantified in MDA-MB-231 cells with faint (B, left) or strong (B, 
middle) actin staining. As most MCF7 cells had similar F-Actin staining, they were all grouped 
together for mitochondrial length analysis (B, right). Each point represents an individual 
experiment. Bars show the average of 3 independent experiments ± SD. (C) Representative images 
showing F-Actin structures (labelled with phalloidin) present in MDA-MB-231 mammospheres 
under different attachment conditions. Scale bar 10 µm. (D) Actin depolymerization prevents 
mitochondrial elongation in mammospheres. MDA-MB-231 cells were grown as an adherent 
monolayer (AM) or as mammospheres attached for 1 hour on fibronectin (MS-FN) in the absence 
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or the presence of the actin depolymerizing agent CytoD (0.1 μg/ml) and mitochondria were 
analysed as in (B). Each point represents an individual experiment. Bars show the average of 3 
independent experiments ± SD. *** p<0.001. 

Figure 4. Inhibition of the signalling pathway downstream of integrins prevents 
mitochondrial elongation. (A) Western blot showing FAK activation (pFAK-Y397) in response 
to attachment to fibronectin. Actin was used as a loading control. (B-D) Effect of the FAK inhibitor 
PF-573228 (PF, 10 μM) and the Src inhibitor Src Inhibitor-1 (SI-1, 10 μM) on mammosphere 
attachment to fibronectin-coated plates (1 hour) (B) formation of F-actin structures (C) and 
mitochondrial structure (D). Each point represents an independent experiment. Bars show the 
average ± SD. *** p<0.001. (E-G) Effect of Rac1 (Rac Inhibitor III; 2 μM) and Rho (Rho Inhibitor 
I, 10μM) inhibition on mammosphere attachment to fibronectin-coated plates (1 hour) (E), 
formation of F-actin structures (F) and mitochondrial structure (G). Each point represents an 
independent experiment. Bars show the average ± SD. *** p<0.001. One-way ANOVA (B, E), 
Two-way ANOVA (C, D, F, G). 

Figure 5. Actin polymerization promotes mitochondrial elongation. (A-C) Actin 
polymerization and mitochondria in mammospheres treated with a Rac activator (Rho/Rac/Cdc42 
Activator I, 10 μM, 1 hour). (A) Representative images of F-actin (phalloidin, red) and 
mitochondria (TOM20, cyan) in MDA-MB-231 mammospheres. Scale bar 10 µm. The 
quantification of 3 independent experiments is shown in (B) for F-actin and (C) for mitochondrial 
length. Each point represents an individual experiment. Bars show the average ± SD. *** p<0.001. 
two-sided t-test (B), Two-way ANOVA (C). (D-E) Disruption of mitochondrial elongation in 
mammospheres treated with the Arp2/3 inhibitor CK666 (10 μM, 1 hour) or the formin inhibitor 
SMIFH2 (2 µm, 1 hour). Mitochondrial length was quantified in mammospheres attached to 
fibronectin (1 hour) (D) and attached monolayer cells (E). Each point represents an individual 
experiment. Bars show the average ± SD of 3 independent experiments. ** p<0.01, * p<0.05. Two-
way ANOVA. 

Figure 6. Mitochondrial elongation promotes OXPHOS in mammospheres. (A) Western blot 
showing the expression levels of ETC components in attached monolayer cells (AM), 
mammospheres (MS) and mammospheres attached to fibronectin for 1 hour (MS-FN). GAPDH 
was used as a loading control. (B) Mitochondrial membrane potential measured using TMRM in 
AM, MS and MS attached to fibronectin for 1 hour (MS-FN) in 3 independent experiments. Each 
point represents an individual experiment. Bars show the average ± SD. (C) (C) Western blot 
showing the expression levels of the stem cell markers SOX2 and ALDH1A1 in MDA-MB-231 
and MCF7 cells grown as an adherent monolayer or as mammospheres in suspension. β-Tubulin 
was used as a loading control. (D) Western blot showing the expression levels of mitochondrial 
proteins in ALDH-negative and positive cells isolated from normal mammary gland and mammary 
tumour tissues. β-Tubulin was used as a loading control. (E-F) Metabolic changes in MDA-MB-
231 mammospheres upon attachment to fibronectin. Total ATP (E) and lactate (F) were measured 
in 3 independent experiments. Each point represents an individual experiment. Bars show the 
average ± SD. *** p<0.001, ** p<0.01. one-way ANOVA, two-way ANOVA for (B). (G-I) 
Changes in Oxygen consumption in mammospheres upon attachment to fibronectin. (G) 
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Representative oxygen consumption rate (OCR) curves. O, oligomycin; AA, antimycin A; Rot, 
rotenone. Basal OCR (H) and ATP-linked OCR (I) were calculated from 4 independent 
experiments. Each point represents an individual experiment. Bars show the average ± SD. ** 
p<0.01, * p<0.05. One-way ANOVA. 

Supplemental Figure 1. Mitochondrial fragmentation in MCF7 mammospheres in 
suspension. (A) MCF7 were grown as AM, MS or MS attached for 6 hours on glass coverslips, 
and their mitochondria were marked with an antibody against TOM20 (mitochondria, cyan; with 
nuclei stained with DAPI, yellow). (B) Representative images. Scale bar 10 µm. (C) Quantification 
of 3 independent experiments, with each point represents an individual experiment. Bars show the 
average ± SD. *** p<0.001. Two-way ANOVA. 

Supplemental Figure 2. Mitochondrial fragmentation in attached MS upon Rac inhibition. 
(A) Model for the ECM-induced cytoskeletal pathway regulating mitochondrial dynamics in 
mammospheres. (B) Representative images of mammospheres attached to fibronectin for 1 hour 
in the absence or the presence of the Rac1 (Rac Inhibitor III; 2 μM) and Rho (Rho Inhibitor I, 
10μM) inhibitors and marked for Actin (Phalloidin, Red) and nuclei (Dapi, Blue). Scale bar 10 
µm. 
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