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Substratum stiffness signals through integrin-
linked kinase and β1-integrin to regulate 
midbody proteins and abscission during EMT

ABSTRACT Abscission is the final stage of cytokinesis during which the parent cell physically 
separates to yield two identical daughters. Failure of abscission results in multinucleation 
(MNC), a sign of genomic instability and a precursor to aneuploidy, enabling characteristics of 
neoplastic progression. Induction of epithelial-mesenchymal transition (EMT) causes MNC in 
mammary epithelial cells cultured on stiff microenvironments that have mechanical properties 
similar to those found in breast tumors, but not on soft microenvironments reminiscent of the 
normal mammary gland. Here we report that on stiff microenvironments, EMT signaling 
through Snail up-regulates the midbody-associated proteins septin-6, Mklp1, and anillin, 
leading to abscission failure and MNC. To uncover the mechanism by which stiff microenviron-
ments promote MNC in cells undergoing EMT, we investigated the role of cell–matrix adhe-
sion through β1-integrin and integrin-linked kinase (ILK). We found that ILK expression, but 
not kinase activity, is required for EMT-associated MNC in cells on stiff microenvironments. 
Conversely, increasing focal adhesions by expressing an autoclustering mutant of β1-integrin 
promotes MNC in cells on soft microenvironments. Our data suggest that signaling through 
focal adhesions causes failure of cytokinesis in cells actively undergoing EMT. These results 
highlight the importance of tissue mechanics and adhesion in regulating the cellular response 
to EMT inducers.

INTRODUCTION
Multinucleation (MNC), or polyploidy, is commonly observed in sev-
eral organs throughout the body, including the skin, gut, muscle, 
and blood (Fox and Duronio, 2013). Polyploid cells are also present 
in the lactating mammary gland, where the majority of secretory al-
veolar epithelial cells are found to be multinucleated after failing to 
complete cytokinesis (Rios et al., 2016). These multinucleated cells 
are believed to have evolved to maximize milk production to 

improve survival of offspring (Rios et al., 2016). At the same time, 
continued division of multinucleated cells can lead to an abnormal 
number of chromosomes, or aneuploidy, a sign of chromosomal in-
stability (Weaver and Cleveland, 2006). Aneuploidy has been associ-
ated with multidrug resistance in tumors, which promotes more ag-
gressive cancer phenotypes as well as a worse prognosis (Giam and 
Rancati, 2015). One of these aggressive phenotypes is epithelial-
mesenchymal transition (EMT), a process observed both in develop-
ment as well as in cancer. During EMT, epithelial cells attain mesen-
chymal characteristics in response to soluble factors including 
transforming growth factor beta (TGFβ) and matrix metalloprotein-
ases (MMPs) (Heerboth et al., 2015). Exposure to these stimuli leads 
to the up-regulation of Snail-family transcription factors, which was 
recently shown to promote MNC through failure of abscission, the 
final stage of cytokinesis (Comaills et al., 2016; Simi et al., 2018).

Cytokinesis is an ordered process that results in the production 
of two daughter cells (Mierzwa and Gerlich, 2014). Cytokinesis be-
gins during anaphase as contraction of the actomyosin ring gener-
ates the cleavage furrow, allowing the chromosomes to move to 
opposite sides of the dividing cell (Normand and King, 2010). As the 
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daughter cells separate, the connection between them elongates 
and coalesces into an intercellular bridge with a central midbody, 
which is an accumulation of microtubules from the metaphase spin-
dle (Mierzwa and Gerlich, 2014). The midbody serves as a scaffold 
for the recruitment of several proteins including septins, among 
many others, to allow abscission (Mierzwa and Gerlich, 2014). 
Septins are filament-forming GTPases that assemble into complexes 
with anillin, which serves as a scaffold for other abscission factors 
and also helps to mature and stabilize the intercellular bridge (Ren-
shaw et al., 2014). After the recruitment of abscission factors, includ-
ing Mklp1, CEP55, and the ESCRT machinery, a secondary ingres-
sion forms on either side of the midbody, allowing the daughter 
cells to separate from each other (Agromayor and Martin-Serrano, 
2013). Abscission can fail in response to the induction of EMT by 
TGFβ or MMPs, but also in response to other signals within the cel-
lular microenvironment (Lafaurie-Janvore et al., 2013; Samban-
damoorthy et al., 2015; Uroz et al., 2019).

Both the biochemical and the mechanical properties of the ex-
tracellular matrix (ECM) can regulate progression through the cell 
cycle, including the completion of cytokinesis (Assoian and Marcan-
tonio, 1996; Sechler and Schwarzbauer, 1998; Klein et al., 2009; 
Lafaurie-Janvore et al., 2013; Sambandamoorthy et al., 2015; Simi 
et al., 2018; Uroz et al., 2019). The stiffness of the ECM, which cells 
sense and respond to via integrin-mediated interactions, regulates 
both gene expression as well as cellular behaviors (Northey et al., 
2017). For example, mammary epithelial cells cultured on soft mi-
croenvironments that match the compliance of the normal mam-
mary gland fail to up-regulate Snail or undergo EMT when cultured 
in the presence of TGFβ or MMPs (Lee et al., 2012; Leight et al., 
2012). In contrast, these same cells undergo robust EMT in response 
to both stimuli when cultured on stiff microenvironments that match 
the compliance of breast tumors (Lee et al., 2012; Leight et al., 
2012). Activation of the EMT program also promotes MNC in mam-
mary epithelial cells, but only when they are cultured on stiff sub-
strata (Fenner et al., 2014; Simi et al., 2018). On these stiff microen-
vironments, treatment with TGFβ or MMP3 induces the expression 
of Snail, which leads to increased levels of the filament-forming 
GTPase, septin-6 (Simi et al., 2018). Elevated expression of septin-6 
leads to MNC by causing abscission failure (Simi et al., 2018). Simi-
larly, dysregulation of other abscission proteins has been shown to 
cause an increase in MNC in HeLa human cervical cancer cells by 
disrupting different stages of cytokinesis (Straight et al., 2005; Zhao 
et al., 2006; Gai et al., 2011; Carlton et al., 2012; Horgan et al., 
2012). Nonetheless, it remains unclear how the mechanical stiffness 
of the microenvironment signals to promote or protect against MNC 
in cells actively undergoing EMT.

Here we investigated the mechanism by which ECM stiffness 
couples with EMT signaling to regulate abscission in mammary epi-
thelial cells. We cultured cells on synthetic polyacrylamide (PA) sub-
strata with mechanical properties that mimic those of the normal 
murine mammary gland or the average breast tumor. We show here 
that, in cells cultured on stiff but not soft substrata, EMT-associated 
signaling through Snail up-regulates the expression of not only 
septin-6 but also the midbody proteins anillin and Mklp1. Further-
more, elevated expression of Mklp1 results in an increase in MNC of 
mammary epithelial cells on stiff microenvironments. In contrast, we 
found that culture on a soft microenvironment protects against 
MNC even in the presence of elevated levels of septin-6 or Mklp1. 
Consistently, expression of ILK and β1-integrin is required for EMT 
signaling to induce MNC in cells cultured on stiff substrata. We 
found that increasing cell–ECM adhesion in cells cultured on soft 
substrata by expressing an autoclustering mutant of β1-integrin per-

mits EMT signaling through Snail to up-regulate the expression of 
midbody proteins and induce MNC. These results demonstrate the 
importance of tissue mechanics and adhesion in regulating the cel-
lular responses to EMT stimuli.

RESULTS
Induction of EMT by exposure to TGFβ or ectopic 
expression of Snail leads to MNC downstream of septin-6
When exposed to TGFβ, NMuMG mouse mammary epithelial cells 
up-regulate the expression of the EMT-associated transcription fac-
tor, Snail (Figure 1A). Exposure to TGFβ also results in an increase in 
the number of multinucleated cells (Figure 1, B and C). Consistently, 
we found that ectopically expressing Snail in the absence of exog-
enous TGFβ (Figure 1D) induces MNC (Figure 1, E and F). We previ-
ously found that induction of EMT with MMP3 causes MNC in part 
by leading to elevated levels of the filament-forming GTPase, 
septin-6 (Simi et al., 2018). Consistent with those results, here we 
found that ectopic expression of Snail causes an increase in the tran-
script levels of septin-6 in NMuMG cells (Figure 1G). Similarly, we 
found that ectopic expression of septin-6 itself (Figure 1H) increases 
MNC in NMuMG cells (Figure 1, I and J). Conversely, short hairpin 
RNA (shRNA)-mediated depletion of septin-6 (Figure 1K) reduces, 
but does not completely prevent, MNC in the presence of EMT in-
ducers such as TGFβ (Figure 1, L and M). These data reveal that 
EMT-associated signaling through Snail induces MNC in NMuMG 
mouse mammary epithelial cells, at least in part by elevating the 
expression of the midbody protein septin-6.

Snail and substratum stiffness increase the expression of 
midbody proteins
We previously found that the mechanical stiffness of the microenvi-
ronment regulates the induction of MNC downstream of EMT sig-
naling by affecting the completion of abscission (Lee et al., 2012; 
Simi et al., 2018). The abscission process is preceded by formation 
of the intercellular bridge and the midbody as well as recruitment of 
various proteins, including kinesin-like protein (Kif23 or Mklp1), anil-
lin, and septins (Figure 2A) (Mierzwa and Gerlich, 2014). Anillin is a 
scaffolding protein that localizes to the cleavage furrow during cyto-
kinesis and forms complexes with septins to stabilize the actomyosin 
ring (Renshaw et al., 2014). Both up-regulation (Gai et al., 2011) and 
depletion (Straight et al., 2005) of anillin are associated with defects 
in cytokinesis in HeLa cells. Mklp1 is required for formation and 
maturation of the midbody. Depletion of Mklp1 has been shown to 
lead to abscission failure in HeLa cells (Zhu et al., 2005). Here we 
found that ectopic expression of Snail up-regulates the levels of 
Sept6 in NMuMG cells cultured on stiff substrata, with mechanical 
properties similar to those of breast tumors, but not in cells on soft 
substrata, with mechanical properties similar to that of normal breast 
tissue (Figure 2B). These results are consistent with our previous 
findings in SCp2 mouse and MCF10A human mammary epithelial 
cells (Simi et al., 2018).

Although elevated expression of septin-6 increases MNC, suc-
cessful completion of abscission depends on several midbody pro-
teins, any of which can cause abscission failure if dysregulated (Nor-
mand and King, 2010; Mierzwa and Gerlich, 2014). We therefore 
investigated whether EMT-associated signaling through Snail affects 
the expression of other components of the abscission machinery to 
cause an increase in MNC in mammary epithelial cells, given that 
depletion of septin-6 is not sufficient to completely prevent EMT-
induced MNC. Similar to its effects on the levels of septin-6, we 
found that ectopic expression of Snail leads to an increase in the 
expression of anillin (Anln) and Mklp1 (Kif23) at both the transcript 
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(Figure 2C) and protein (Figure 2D) levels in NMuMG mouse mam-
mary epithelial cells. To determine whether Snail affects the expres-
sion of Anln or Kif23 by signaling through septin-6, we ectopically 

expressed septin-6 and used qRT-PCR analysis to evaluate the other 
midbody components. This analysis revealed no changes in the lev-
els of either Anln or Kif23 in response to septin-6 expression 

FIGURE 1: Inducing EMT by exposing cells to TGFβ or ectopically expressing Snail leads to MNC through septin-6. 
(A) qRT-PCR analysis for Snai1 in NMuMG mouse mammary epithelial cells treated with or without TGFβ. (B) Phase-
contrast and fluorescence images and (C) quantification of MNC in cells treated with or without TGFβ. (D) qRT-PCR 
analysis for Snai1 in cells ectopically expressing GFP or Snail. (E) Phase-contrast and fluorescence images and 
(F) quantification of MNC in cells ectopically expressing GFP or Snail. (G) qRT-PCR analysis for Sept6 in NMuMG cells 
ectopically expressing GFP or Snail. (H) qRT-PCR analysis for Sept6 in cells ectopically expressing GFP or septin-6. 
(I) Phase-contrast and fluorescence images and (J) quantification of MNC in cells ectopically expressing GFP or septin-6. 
(K) qRT-PCR analysis for Sept6 in cells ectopically expressing shCntl or shSeptin-6. (L) Phase-contrast and fluorescence 
images and (M) quantification of MNC in cells ectopically expressing shCntl or shSeptin-6 treated with or without TGFβ. 
Shown are mean ± SD of n = 3–4 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 using 
two-sided Welch’s t test (A, D, G, H, K), two-sided Student’s t test (C, F, J), or two-way Anova with Tukey’s post-hoc test 
(M). Scale bars, 25 μm.
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(Supplemental Figure S1A). Similarly, ectopic expression of Mklp1 or 
anillin has no effect on that of septin-6 (Supplemental Figure S1, B 
and C).

To determine whether the mechanical properties of the microen-
vironment affect the expression of these midbody proteins, we cul-
tured mammary epithelial cells on soft or stiff substrata. We found 
that NMuMG mouse mammary epithelial cells as well as other hu-
man (MCF10A) and mouse (SCp2, 4T1) mammary epithelial cells 
express higher levels of both anillin and Mklp1 when cultured on stiff 
substrata than when cultured on soft substrata (Figure 2E; Supple-
mental Figure S1, D–F). We also found that the ability of Snail to 
up-regulate the expression of Anln and Kif23 depends on substra-
tum stiffness (Figure 2F). Specifically, cells cultured on soft microen-
vironments are impervious to ectopic expression of Snail and main-
tain their levels of anillin and Mklp1. These data reveal that stiff 
microenvironments permit EMT-associated signaling through Snail 

to alter the expression of several components of the abscission 
machinery.

Since Snail regulates the expression of Mklp1, we next sought to 
determine whether changes in the levels of Mklp1 cause an increase 
in MNC in mammary epithelial cells. We ectopically expressed a 
GFP-Mklp1 fusion protein, which revealed that increasing the levels 
of Mklp1 promotes MNC in NMuMG and SCp2 cells (Figure 3, A–C; 
Supplemental Figure S2A). To our knowledge, these data implicate 
elevated levels of Mklp1 in abscission failure for the first time. This 
finding suggests that tight regulation of Mklp1 expression is essen-
tial for the completion of cytokinesis and normal cell division. Simi-
larly, we found that depleting Mklp1 using an shRNA-based ap-
proach also induces MNC in mammary epithelial cells (Figure 3, 
D–F; Supplemental Figure S2B), consistent with previous work in 
HeLa cells (Zhu et al., 2005). We used a similar strategy to determine 
whether changes in the levels of anillin affect MNC in mammary 

FIGURE 2: Snail and substratum stiffness increase the expression of midbody proteins. (A) Schematic of the abscission 
machinery. (B) qRT-PCR analysis for Sept6 in NMuMG mouse mammary epithelial cells cultured on soft or stiff substrata 
and ectopically expressing GFP or Snail. (C) qRT-PCR analysis for Anln (anillin) and Kif23 (Mklp1) in cells ectopically 
expressing GFP or Snail. (D) Immunoblotting analysis for anillin and Mklp1 in cells ectopically expressing GFP or Snail. 
(E) qRT-PCR analysis for Anln and Kif23 in cells cultured on soft or stiff substrata. (F) qRT-PCR analysis for Anln and Kif23 
in cells cultured on soft or stiff substrata and ectopically expressing GFP or Snail. Shown are mean ± SD of n = 3-4 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 using two-way ANOVA with Tukey’s 
post-hoc test (B, F) or two-sided Welch’s t test (C, E).
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epithelial cells. In contrast to Mklp1, we 
found that ectopic expression of anillin does 
not induce MNC (Figure 3, G–I). However, 
depleting anillin leads to a significant in-
crease in MNC in mammary epithelial cells 
(Figure 3, J–L), consistent with previous find-
ings in HeLa cells (Straight et al., 2005). 
These data confirm that altering the levels 
of components of the abscission machinery 
promotes abscission failure and MNC in 
mammary epithelial cells.

A soft microenvironment protects 
against MNC downstream of elevated 
levels of septin-6 or Mklp1
The stiffness of the breast tumor microenvi-
ronment is often elevated and has been 
shown to regulate both cytokinesis (Lafaurie-
Janvore et al., 2013; Sambandamoorthy 
et al., 2015; Simi et al., 2018) and induction 
of EMT (Lee et al., 2012; Leight et al., 2012; 
Wei et al., 2015; Rice et al., 2017). We previ-
ously found that mammary epithelial cells 
cultured on soft microenvironments are im-
pervious to ectopic expression of Snail, un-
dergo normal abscission, and remain mono-
nucleated (Simi et al., 2018). To determine 
whether substratum stiffness regulates MNC 
downstream of abnormal levels of abscis-
sion components, we ectopically expressed 
septin-6 or Mklp1 in NMuMG mouse mam-
mary epithelial cells that were subsequently 
cultured on soft or stiff substrata (Figure 4A). 
As expected, we found that ectopic expres-
sion of septin-6 or Mklp1 induces MNC in 
cells cultured on stiff microenvironments 
(Figure 4, B and C; Supplemental Figure S3). 
In contrast, culture on soft microenviron-
ments protects cells from MNC downstream 
of either septin-6 or Mklp1 (Figure 4, B and 
C). Consistently, ectopic expression of 
septin-6 promotes MNC in SCp2 mouse 
mammary epithelial cells that are cultured 
on stiff but not on soft microenvironments 
(Supplemental Figure S3). Soft microenvi-
ronments therefore protect against MNC, 
even when mammary epithelial cells express 
abnormally high levels of components of 
the abscission machinery.

The stiffness of the microenvironment 
regulates MNC in part through 
integrin-linked kinase (ILK)
Mechanical signals are transmitted from the 
ECM to focal adhesions through β1-integrin. 
The focal adhesion component ILK is up-
regulated in NMuMG cells cultured on stiff 
substrata (Han et al., 2018). Furthermore, 
we recently found that ILK is required for in-
duction of EMT in mammary epithelial cells 
cultured on stiff substrata (Kilinc et al., 2021). 

FIGURE 3: Disrupting the levels of midbody proteins causes an increase in MNC. (A) qRT-PCR 
analysis for Kif23 in cells ectopically expressing GFP or Mklp1. (B) Phase-contrast and 
fluorescence images and (C) quantification of MNC in cells ectopically expressing GFP or Mklp1. 
(D) qRT-PCR analysis for Kif23 in cells ectopically expressing shCntl or shMklp1. (E) Phase-
contrast and fluorescence images and (F) quantification of MNC in cells ectopically expressing 
shCntl or shMklp1. (G) qRT-PCR analysis for Anln in cells ectopically expressing YFP or anillin. 
(H) Phase-contrast and fluorescence images and (I) quantification of MNC in cells ectopically 
expressing YFP or anillin. (J) qRT-PCR analysis for Anln in cells expressing shScr or shAnillin. 
(K) Phase-contrast and fluorescence images and (L) quantification of MNC in cells ectopically 
expressing shScr or shAnillin. Shown are mean ± SD of n = 3 independent experiments. 
*P < 0.05, **P < 0.01, ****P < 0.0001 using two-sided Welch’s t test (A, D, G, J), or two-sided 
Student’s t test (C, F, I, L). Scale bars, 25 μm.
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Stable depletion of ILK in NMuMG cells using shRNA approaches 
(shILK) causes a reduction in cell–matrix adhesion, as inferred from 
quantifying the number of focal adhesions (Figure 5, A and B; Sup-
plemental Figure S4, A and B) (Han et al., 2018). To determine 
whether ILK plays a role in MNC downstream of EMT induction, we 
cultured control (shCntl) or shILK-expressing cells in the presence or 
absence of TGFβ (Figure 5C). Consistent with previous reports, we 
found that depleting ILK blocks the ability of TGFβ to induce mor-
phological or transcriptional changes associated with EMT (Figure 
5D). Additionally, we found that depleting ILK blocks the expression 
of Sept6 or induction of MNC downstream of TGFβ (Figure 5, E and 
F). Depleting ILK also decreases MNC in response to ectopic ex-
pression of septin-6 or Mklp1 (Figure 5, G and H). Furthermore, ec-
topic expression of septin-6 or Mklp1 induces MNC in shCntl cells 
cultured on stiff but not soft substrata (Figure 5, I and J), consistent 
with the results using parental cells (Figure 4). In contrast, shILK cells 
are insensitive to elevated levels of septin-6 or Mklp1 and remain 
mononucleated on both soft and stiff substrata. Therefore, stiff mi-
croenvironments signal through ILK to promote abscission failure in 
mammary epithelial cells that are treated with EMT inducers.

To parse whether it is the presence of ILK or its kinase activity 
that is required for TGFβ to induce MNC on stiff microenvironments, 
we compared the phenotype of cells in which ILK is blocked phar-
macologically to that of shILK cells. We pretreated NMuMG cells 
with CPD-22, an ATP-competitive inhibitor of ILK that prevents 
downstream signaling and phosphorylation of Akt (Supplemental 
Figure S5A) (Lee et al., 2011). We found that in cells pretreated with 
CPD-22, exposure to TGFβ still induces morphological changes as-
sociated with EMT (Supplemental Figure S5B), increases the expres-

sion of Snai1 and Sept6 (Supplemental Figure S5, C and D), and 
promotes MNC (Supplemental Figure S5E). These data are consis-
tent with previous observations, specifically that treatment with 
CPD-22 does not prevent the phosphorylation of Smad-2 down-
stream of TGFβ, which is required for the induction of EMT (Parker 
et al., 2018). In contrast to depleting ILK levels using shRNA, block-
ing ILK activity pharmacologically has no effect on the formation of 
focal adhesions (Supplemental Figure S5, F–I). We therefore con-
clude that while the expression of ILK is required for focal adhesion 
formation and abscission failure downstream of EMT inducers, its 
kinase activity is not.

Based on the above findings, we hypothesized that the low lev-
els of ILK in cells on soft substrata protect against abscission failure 
and MNC in response to EMT inducers. If correct, our hypothesis 
would suggest that increasing the expression of ILK should pro-
mote MNC in cells cultured on soft microenvironments. To test our 
hypothesis, we used an adenoviral approach to ectopically express 
ILK (adILK) in NMuMG cells (Supplemental Figure S6A). Surpris-
ingly, we found that ectopic expression of ILK is not sufficient to 
permit TGFβ to induce MNC in cells cultured on soft substrata 
(Supplemental Figure S6, B and C). Consistently, ectopic expres-
sion of ILK also fails to permit treatment with TGFβ to induce 
expression of Snai1 or Sept6 in cells cultured on soft substrata 
(Supplemental Figure S6, D and E). However, we noticed that 
adILK-transduced cells maintain a rounded morphology on soft 
substrata. We also observed that ectopic expression of ILK is not 
sufficient to promote focal adhesion formation in cells cultured on 
soft substrata (Supplemental Figure S6, F–I). Combined with our 
other observations, these data suggest that it is the presence of ILK 

FIGURE 4: A soft microenvironment protects against MNC even in cells that ectopically express septin-6 or Mklp1. 
(A) Phase-contrast and fluorescence images of NMuMG mouse mammary epithelial cells ectopically expressing GFP or 
septin-6 and cultured on soft or stiff substrata. Red, E-cadherin; white, nuclei. Quantification of MNC in cells ectopically 
expressing (B) septin-6 or (C) Mklp1 cultured on soft or stiff substrata. Shown are mean ± SD of n = 3 independent 
experiments. **P < 0.01, ****P < 0.0001 using two-way ANOVA with Tukey’s post-hoc test. Scale bars, 10 μm.
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in focal adhesions that promotes MNC in cells undergoing EMT on 
stiff microenvironments.

Clustering of β1-integrin increases MNC in cells cultured on 
soft substrata
We and others have previously reported that β1-integrin plays a key 
role in cellular responses to substratum stiffness, and that depleting 

β1-integrin itself prevents the induction of EMT on stiff microenvi-
ronments (Paszek et al., 2005; Lee et al., 2012). Here we found that 
depleting β1-integrin (Figure 6A) prevents statistically significant 
increases in the expression of Snai1 (Figure 6B) and Sept6 (Figure 
6C) and reduces MNC (Figure 6, D and E) in response to treatment 
with TGFβ. Consistent with these observations, depleting β1-
integrin reduces MNC when septin-6 or Mklp1 are expressed 

FIGURE 5: Expression of ILK is required for MNC in cells cultured on stiff microenvironments. (A) Immunofluorescence 
analysis for vinculin to label focal adhesions in shCntl and shILK-expressing NMuMG mouse mammary epithelial cells 
(red, vinculin; blue, nuclei; scale bars, 10 μm). (B) Quantification of focal adhesions in shCntl or shILK-expressing cells. 
(C) Phase-contrast and fluorescence images of shCntl and shILK-expressing cells treated with or without TGFβ (scale 
bars, 25 μm). qRT-PCR analysis for (D) Snai1 and (E) Sept6 in shCntl and shILK-expressing cells treated with or without 
TGFβ. (F) Quantification of MNC in shCntl or shILK-expressing cells treated with or without TGFβ. Quantification of 
MNC in shCntl or shILK-expressing cells cultured on tissue culture plastic that ectopically express (G) septin-6 or 
(H) Mklp1. Quantification of MNC in shCntl or shILK-expressing cells that ectopically express (I) septin-6 or (J) Mklp1 
and are cultured on soft or stiff substrata. Shown are mean ± SD of n = 3 independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001 using two-sided Student’s t test (B), two-way ANOVA with Tukey’s post-hoc test 
(D, E, F, G, H), or Sidak’s multiple comparisons test (I, J).
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FIGURE 6: Depleting β1-integrin prevents EMT and reduces MNC in cells on plastic. 
(A) qRT-PCR analysis for ITGB1 in cells expressing shScr or shβ1. qRT-PCR analysis for 
(B) Snai1 or (C) Sept6 in shScr- or shβ1-expressing cells treated with or without TGFβ. 
(D) Phase-contrast and fluorescence images of shScr- and shβ1-expressing cells treated with 
or without TGFβ (scale bars, 25 μm). Quantification of MNC in shScr- and shβ1-expressing 
cells (E) treated with or without TGFβ, or that ectopically express (F) septin-6 or (G) Mklp1. 
(H) Immunofluorescence analysis for vinculin to label focal adhesions in shScr- or shβ1-
expressing cells (red, vinculin; blue, nuclei; scale bars, 10 μm). (I) Quantification of focal 
adhesions in shScr- or shβ1-expressing cells. Shown are mean ± SD of n = 3 independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 using two-sided Welch’s 
t test (A), two-way ANOVA with Tukey’s post-hoc test (B, C, E, F, G), or two-sided Student’s 
t test (I).

ectopically (Figure 6, F and G). As expected, 
we also found that depleting β1-integrin 
causes a decrease in the number of focal 
adhesions in cells cultured on plastic (Figure 
6, H and I; Supplemental Figure S4, C and 
D) (Kawahara et al., 2018), consistent with 
our hypothesis that focal adhesion signaling 
is necessary for MNC of cells undergoing 
EMT.

We therefore took advantage of an auto-
clustering mutant of β1-integrin (β1V737N) 
(Paszek et al., 2005; Lee et al., 2012), which 
increases the number of focal adhesions in 
NMuMG cells cultured on soft substrata, as 
compared with cells expressing wild-type 
(WT) β1-integrin or vector control (Figure 7, 
A and B; Supplemental Figure S4, E and F) 
(Paszek et al., 2005; Yeh et al., 2017). Con-
sistent with our hypothesis, we found that 
treatment with TGFβ induces the expression 
of Snai1 (Figure 7C) and Sept6 (Figure 7D) in 
β1V737N-expressing cells that are cultured on 
soft substrata. Furthermore, treatment with 
TGFβ promotes MNC in cells on soft sub-
strata that express β1V737N but not in those 
that express WT β1-integrin (Figures 7, E 
and F). To determine whether expression of 
septin-6 is required for MNC downstream of 
β1V737N, we depleted septin-6 in β1V737N-
expressing cells cultured on soft substrata in 
the presence of TGFβ. Consistent with our 
findings in cells cultured on plastic (Figure 
1M), we found that depleting septin-6 in 
β1V737N-expressing cells reduces but does 
not completely prevent MNC induced by 
TGFβ signaling (Figure 7G), indicating that 
septin-6 is not solely responsible for the 
phenotype we observe in cells undergoing 
EMT. Our data reveal that mechanical sig-
naling through focal adhesions promotes 
MNC in cells undergoing EMT. These results 
suggest that soft microenvironments pro-
tect cells from abscission failure by decreas-
ing ILK expression, β1-integrin clustering, 
and focal adhesion formation.

DISCUSSION
EMT is a dynamic process fundamental for 
development in which epithelial cells take 
on a mesenchymal phenotype and increase 
their motility and invasiveness (Heerboth 
et al., 2015). This phenotypic transition is 
tightly regulated by both mechanical and 
chemical signals from the surrounding mi-
croenvironment (Scott et al., 2019). EMT is 
often dysregulated in the context of breast 
cancer, where the ECM within the tumor mi-
croenvironment is drastically remodeled, 
leading to an increase in stiffness (Paszek 
et al., 2005) that on its own can promote 
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EMT (Lee et al., 2012; Leight et al., 2012; 
Wei et al., 2015; Rice et al., 2017). We 
previously reported that stiff microenviron-
ments disrupt normal cell division, leading 
to an increase in MNC downstream of EMT-
associated up-regulation of septin-6 (Simi 
et al., 2018). Here we found that signaling 
downstream of EMT inducers, specifically 
through Snail, also leads to an increase in 
the expression of other midbody proteins, 
including anillin and Mklp1, in a stiffness-
dependent manner (Figure 2). Although 
Snail is commonly known as a transcriptional 
repressor, recent studies have shown that 
∼50% of target genes are transcriptionally 
activated upon Snail binding (Rembold 
et al., 2014), indicating that Snail may po-
tentially act as a transcriptional activator for 
septin-6, Mklp1, and anillin. In support of 
this hypothesis, we analyzed available Snail 
ChIP-seq datasets acquired from mouse 
breast cancer cells and found that Snail may 
potentially bind to the promoters of 
septin-6, Mklp1, and anillin (Ye et al., 2015). 
Whether Snail directly binds to the promot-
ers or collaborates with another transcrip-
tion factor to drive the expression of these 
proteins will be the subject of a future study.

Increasing or decreasing the expression 
of midbody proteins has been shown to 
cause cytokinesis failure in HeLa cells, which 
results in an increase in MNC (Straight et al., 
2005; Zhu et al., 2005; Zhao et al., 2006; Gai 
et al., 2011). In addition to disrupting cytoki-
nesis, elevated levels of midbody proteins 
are associated with an increase in tumor 
growth and invasion as well as a decrease in 
overall survival of patients with breast can-
cer (Zou et al., 2014; Kalimutho et al., 2018; 
Li et al., 2020; Wang et al., 2020). Consis-
tently, we found that ectopic expression of 
septin-6 or Mklp1 leads to MNC in mouse 
mammary epithelial cells (Figure 3). How-
ever, this potentially deleterious phenotype 
is blocked in cells cultured on soft microen-
vironments that mimic the stiffness of the 
normal mammary gland (Figure 4). These 
data reveal that soft matrices protect cells 
from abscission failure, MNC, and aneu-
ploidy. It is interesting to note, however, that 

FIGURE 7: Expression of an autoclustering mutant of β1-integrin promotes focal adhesion 
formation, EMT, and MNC in cells cultured on soft substrata. (A) Immunofluorescence analysis 
for vinculin to label focal adhesions in cells expressing vector control, WT β1-integrin (WT β1), 
or β1V737N cultured on soft or stiff substrata (red, vinculin; blue, nuclei, scale bar, 10 μm). 
(B) Quantification of focal adhesions in the cells in A. qRT-PCR analysis for (C) Snai1 or (D) Sept6 
in cells expressing WT β1 or β1V737N cultured on soft or stiff substrata and treated with or 
without TGFβ. (E) Immunofluorescence analysis for E-cadherin in cells expressing WT β1 or 
β1V737N cultured on soft or stiff substrata and treated with or without TGFβ (red, E-cadherin; 
white, nuclei; scale bar, 10 μm). (F) Quantification of MNC in cells expressing WT β1 or β1V737N 

cultured on soft or stiff substrata and treated 
with or without TGFβ. (G) Quantification of 
MNC in cells expressing β1V737N and shCntl or 
shSept6 cultured on soft or stiff substrata 
and treated with or without TGFβ. Shown are 
mean ± SD of n = 3–4 independent 
experiments. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 using two-way ANOVA 
with Tukey’s post-hoc test (B, G) or Sidak’s 
multiple comparisons test (C, D, F).
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while depletion of anillin and Mklp1 both result in a significant in-
crease in MNC, depletion of septin-6 does not. One possible expla-
nation is that different septin family members can substitute for each 
other to stabilize the septin complex and promote normal cytokine-
sis (Dolat et al., 2014). Consistently, septin-6-knockout mice have no 
phenotype. In contrast, depletion of anillin results in improper local-
ization of the contractile ring, causing regression of the cleavage 
furrow and cytokinesis failure (Straight et al., 2005; Kim et al., 2017). 
Similarly, depletion of Mklp1 prevents formation of the midbody, 
which is required for abscission (Zhu et al., 2005). Therefore, al-
though we observe that substratum stiffness affects the expression 
of several different components of the abscission machinery, each 
likely plays distinct roles.

Mechanical signals are transmitted from the matrix microenviron-
ment through integrins and focal adhesions. ILK is an adaptor pro-
tein involved in transmitting cell–ECM signals and in regulating sev-
eral cellular processes, including EMT (Gil et al., 2011; Zheng et al., 
2019). Here we found an association between ILK and MNC in re-
sponse to induction of EMT (Figure 5). Although ILK expression is 
required for induction of EMT and MNC in cells on stiff microenvi-
ronments, inhibiting its kinase activity does not affect either process. 
Similarly, ectopic expression of ILK in cells cultured on soft substrata 
is not sufficient to increase focal adhesions or induce MNC down-
stream of EMT-associated signaling. These data suggest that it is the 
scaffolding function of ILK, rather than its kinase activity, that permits 
EMT-associated signaling on stiff microenvironments.

In addition to serving as a scaffolding protein, ILK plays an im-
portant role in regulating proliferation (Han et al., 2018), which is 
significantly reduced in cells on soft microenvironments (Schrader 
et al., 2011; Razinia et al., 2017; Kalli and Stylianopoulos, 2018). 
Since MNC results from failure of cytokinesis in this context, it re-
mained possible that the lower levels of MNC that we observed on 
soft substrata resulted from lower rates of proliferation. If this were 
the case, then we would expect to observe an increase in proliferation 
in β1V737N-expressing cells cultured on soft substrata (which show 
increased MNC in response to TGFβ) compared with vehicle-ex-
pressing controls (which do not). However, EdU analysis revealed 
that depleting ILK or ectopically expressing β1V737N has no effect on 
proliferation (Supplemental Figure S7). Consistent with these results, 
we previously found that increasing proliferation in cells cultured on 
soft substrata does not permit an induction of MNC downstream of 
EMT signaling (Simi et al., 2018). From these data, we conclude that 
the lower rates of MNC that we observe in shILK-expressing cells 
and cells cultured on soft substrata result from weak cell–matrix 
interactions instead of from a reduction in proliferation. This conclu-
sion is supported by the results of our experiments using the auto-
clustering β1V737N mutant, which permits treatment with TGFβ to 
induce an increase in the levels of Snai1 and Sept6 as well as MNC 
in cells cultured on soft substrata.

Although our results implicate ILK in regulating MNC down-
stream of EMT signaling, analysis of available breast cancer cell line 
and tumor sample datasets reveals a positive and statistically sig-
nificant correlation between the expression of β1-integrin and mid-
body proteins (Supplemental Figure S8). In contrast, these datasets 
show no correlation between the expression of ILK and the mid-
body proteins analyzed. These correlative results are consistent 
with our findings that clustering of β1-integrin (and focal adhesion 
assembly) is essential for EMT signaling, abscission failure, and 
MNC and suggest that the expression of β1-integrin is more essen-
tial in regulating these processes in the context of cancer. These 
findings are corroborated by other studies implicating the impor-
tance of both integrin-ligand anchoring and stiffness in the 

responses of cells to their microenvironment (Trappmann et al., 
2012; Wen et al., 2014).

Although previous studies have emphasized the role of integrin 
signaling and matrix compliance in the regulation of EMT, no study 
to date has explored the role of EMT signaling and integrin–ECM 
interactions in the formation of multinucleated cells. Depleting inte-
grins or interfering with integrin signaling prevents the induction of 
EMT (Bhowmick et al., 2001; Bianchi et al., 2010; Lee et al., 2012; 
Feldkoren et al., 2017), which we found promotes MNC in cells on 
stiff microenvironments. The increase in multinucleated cells that we 
observe on stiff microenvironments is supported by previous work, 
which shows that increases in ECM stiffness, traction forces at the 
cytokinetic ring, or prolonged tension at the intercellular bridge all 
promote abscission failure leading to an increase in MNC (Lafaurie-
Janvore et al., 2013; Uroz et al., 2019). Taken together, our results 
suggest the following: mammary epithelial cells form weak interac-
tions with soft matrices, leading to a decrease in the response to 
EMT inducers and expression of midbody proteins, which permits 
the cells to complete cytokinesis and generate two daughter cells. 
In contrast, cells form stronger interactions with stiff matrices, lead-
ing to expression of Snail in the response to EMT inducers, which 
increases the expression of midbody proteins, causing downstream 
defects in abscission (Figure 8). This interplay between mechanical 
and chemical signaling from the microenvironment is especially sig-
nificant in the context of cancer, including tumors of the breast, 
where increased integrin–ECM interactions have been implicated in 
cell survival and resistance to chemotherapy (Aoudjit and Vuori, 
2012; Thibaudeau et al., 2015; Cooper and Giancotti, 2019). Our 
data suggest that normalizing a stiff microenvironment, or blocking 
mechanical signaling through cell–matrix adhesions, as a strategy to 
prevent enhanced invasiveness, MNC, and genomic instability in 
cells undergoing EMT.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture
NMuMG mouse mammary epithelial cells (ATCC) were cultured in 
high glucose DMEM (Hyclone) supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin (Life Technologies), and 100 μg/ml 
streptomycin (Life Technologies). SCp2 mouse mammary epithelial 
cells were cultured in DMEM:F12 supplemented with 2% FBS, 10 
μg/ml insulin (Sigma), and 50 μg/ml gentamicin (Life Technologies); 
4T1 mouse mammary carcinoma cells (ATCC) were maintained in 
RPMI medium (Hyclone) supplemented with 10% FBS and 50 μg/ml 
gentamicin. MCF10A human mammary epithelial cells were cul-
tured in DMEM:F12 supplemented with 5% horse serum (Fisher Sci-
entific), 100 ng/ml cholera toxin (Sigma), 10 μg/ml insulin, 20 ng/ml 
epidermal growth factor (Sigma), 0.5 mg/ml hydrocortisone (Fisher 
Scientific), and 50 μg/ml gentamicin. Cells were treated for 24 h with 
vehicle (0.1% bovine serum albumin) or TGFβ1 (5 ng/ml; R&D Sys-
tems) starting 24 h after initial plating. For experiments using the ILK 
inhibitor CPD-22 (1 μM; Millipore), cells were pretreated with the 
inhibitor for 24 h before exposure to TGFβ1.

Synthetic substrata
PA gels were generated as previously described (Simi et al., 2018). 
Briefly, PA gels were polymerized on 31-mm-diameter glass cover-
slips by mixing water and 12.5% (vol/vol) acrylamide with either 
0.5% (vol/vol) or 17.5% (vol/vol) bisacrylamide. To initiate polymer-
ization, 10% ammonium persulfate (Bio-Rad) at a 1:200 dilution and 
N,N,N’,N’-tetramethethylenediamine (Sigma-Aldrich) at a 1:2000 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-02-0072
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dilution were added; 36 μl of the mixture was sandwiched between 
the coverslips, and the mixture was allowed to polymerize for 45 min 
at room temperature, after which the top coverslip was carefully re-
moved. The heterobifunctional crosslinker Sulfo-SANPAH was used 
to conjugate the surface of the PA gel with fibronectin (Fisher Scien-
tific) as previously described (Simi et al., 2018). Before cells were 
plated, the gels were rinsed at least twice with HEPES buffer or 
phosphate-buffered saline (PBS) and incubated with culture me-
dium at 37°C for ∼1 h.

Viral transductions and transfections
Recombinant adenoviruses encoding GFP-septin-6, GFP-septin-6-
shRNA, GFP-Mklp1, GFP-Mklp1-shRNA, GFP-U6-shRNA, GFP-ILK, 
or GFP alone were purchased from Vector Biolabs. The recombinant 
adenovirus encoding GFP-Snail was described previously (Simi 
et al., 2018). Adenovirus was added directly to culture medium at an 
MOI of 50.

ShCntl or shILK-expressing NMuMG cells were generated using 
a lentivirus expressing a scrambled shRNA sequence or a lentivirus 
expressing shRNA against ILK as previously described (Han et al., 
2018). Stable clones were selected using puromycin (5 μg/ml; 
Sigma).

NMuMG cells were transfected with the pTK88_GFP-Anillin plas-
mid (Addgene plasmid # 46354), the scramble-shRNA plasmid 
(shScr, Addgene plasmid #1864), the shAnillin plasmid (Sigma), or 
the shβ1 plasmid (Sigma) using FuGENE HD Transfection Reagent 
(Promega). The autoclustering β1-integrin mutant (β1V737N) plasmid 
was generated as previously described (Lee et al., 2012). FuGENE 
and the plasmid were mixed with Opti-MEM medium (3:1 FuGENE 
reagent:DNA ratio), incubated for 10 min at room temperature, and 

FIGURE 8: Substratum stiffness signals through focal adhesions to regulate MNC in cells 
undergoing EMT. Cells cultured on soft microenvironments have weak cell–matrix interactions 
leading to a decrease in the response to EMT inducers, levels of midbody proteins, and MNC. In 
contrast, cells cultured on stiff microenvironments have stronger cell–matrix interactions 
resulting in an increase in the response to EMT inducers, expression of midbody proteins, and 
MNC.

then added directly to culture medium. 
Cells were fixed with 4% paraformaldehyde 
(PFA) in PBS and analyzed 48 h later.

Quantitative reverse transcriptase PCR 
(qRT-PCR)
Gene expression was measured by qRT-PCR 
analysis 24 h after TGFβ treatment or 48 h 
after viral transduction. RNA was extracted 
using TRIzol reagent (Invitrogen), followed 
by reverse transcription to generate cDNA 
using a Verso cDNA synthesis kit (Thermo 
Scientific). Transcript levels were measured 
using an Applied Biosystems Step One Plus 
instrument and iTaq Universal SYBR Green 
SuperMix (Bio-Rad). Melt-curve analysis was 
used to confirm the amplification of only 
one PCR product. The expression level of 
each gene was normalized to that of 18S 
rRNA in the same sample. Primers were de-
signed using PrimerQuest (IDT) and verified 
for specificity using BLAST (Supplemental 
Table S1).

Immunofluorescence analysis
Cells were fixed with 4% PFA in PBS for 15 
min at room temperature and then blocked 
for 1 h at room temperature with 10% (vol/
vol) goat serum (Sigma Aldrich) in 0.1% Tri-
ton X-100 in PBS (PBST). To label E-cad-
herin, samples were incubated overnight 
at 4°C with mouse anti-E-cadherin anti-

body (C36; BD Biosciences; 1:200). To label focal adhesions, sam-
ples were incubated overnight at 4°C with mouse anti-vinculin 
(Sigma; 1:200) or rabbit anti-pY397-FAK antibody (141-9; Invitro-
gen; 1:200). Samples were then washed four times with PBST for 
15 min each time and incubated with Alexa 594 goat anti-mouse 
secondary antibody (Invitrogen, 1:200) overnight at 4°C. Nuclei 
were counterstained by incubating cells with a 1:5000 dilution of 
Hoechst 33342 (Invitrogen) for 30 min at room temperature and 
then washed three times with PBS for 15 min each wash. Samples 
were imaged using a Hamamatsu camera attached to a Nikon 
Ti-U inverted microscope at 20× magnification in air or at 40× 
magnification in oil (for focal adhesions).

To analyze MNC, the number of cells with at least two nuclei 
was divided by the total number of cells in each image to obtain 
the percentage of multinucleated cells. Focal adhesions were 
quantified as previously described (Lee et al., 2012). Briefly, to 
count the number of focal adhesions per cell, original images were 
filtered to subtract background fluorescence and segmented with 
a threshold of 0.05 μm2. The number of images required to quan-
tify an experimental condition was determined using a running av-
erage, such that when the condition stabilized no further images 
were analyzed. All image analysis was performed in ImageJ.

Immunoblotting
Samples were lysed with RIPA buffer supplemented with phospha-
tase and protease inhibitors. Protein concentrations were measured 
using the DC protein assay (Bio-Rad). Samples were mixed with 
Laemmli buffer, boiled for 10 min, resolved by SDS–PAGE (4–12% 
Tris-glycine gels), and transferred to nitrocellulose membranes. 
Membranes were blocked in 5% nonfat milk for 30 min and then 
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incubated overnight at 4°C in blocking buffer containing antibodies 
against anillin (Santa Cruz, 1:500), Mklp1 (Abcam, 1:1000), Akt (Cell 
Signaling Technologies, 1:1000), pAkt (Ser473) (Cell Signaling Tech-
nologies, 1:2000), or GAPDH (Cell Signaling Technologies, 1:2000).

EdU incorporation assay
Proliferation was assessed by quantifying the percentage of EdU-
positive cells using the Click-It EdU Alexa Fluor 594 kit (Thermo 
Fisher Scientific). Samples were exposed to EdU for 2 h and then 
immediately fixed with 4% PFA in PBS before applying the Click-iT 
cocktail reagent.

Breast cancer cell line and clinical tumor analysis
The Cancer Cell Line Encyclopedia dataset (Ghandi et al., 2019) and 
The Metastatic Breast Cancer Project (using cBioPortal) (Wagle 
et al., 2017) were used to extract the mRNA expression profiles of 
53 breast cancer cell lines and 146 breast tumors, respectively. The 
transcript levels of six genes (Sept6, Snai1, Anln, Kif23, ILK, and 
ITGB1) were analyzed using a Pearson correlation matrix.

Statistical analysis
Statistical analysis was performed using Prism version 8 (GraphPad). 
Two-sided Welch’s t test, two-sided Student’s t test, Pearson’s cor-
relation, and one-way or two-way ANOVA with Tukey’s post-hoc test 
or Sidak’s multiple comparison test were used for all data analysis. 
All experiments were performed using at least three separate bio-
logical replicates. A p value < 0.05 was considered to be statistically 
significant.
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