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Summary

The nucleoskeleton and cytoskeleton are important protein networks that govern cellular behavior 

and are connected together by the linker of nucleoskeleton and cytoskeleton (LINC) complex. 

Mutations in LINC complex components may be relevant to cancer, but how cell-level changes 

might translate into tissue-level malignancy is unclear. We used glandular epithelial cells in a 

three-dimensional culture model to investigate the effect of perturbations of the LINC complex on 

higher-order cellular architecture. We show that inducible LINC complex disruption in human 

mammary epithelial MCF-10A cells and canine kidney epithelial MDCK II cells mechanically 

destabilizes the acinus. Lumenal collapse occurs because the acinus is unstable to increased 

mechanical tension that is caused by up-regulation of Rho kinase dependent non-muscle myosin II 
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motor activity. These findings provide a potential mechanistic explanation for how disruption of 

LINC complex may contribute to a loss of tissue structure in glandular epithelia.

Blurb:

Zhang et al. describe a functional role for the LINC complex, which links the nucleus to the 

cytoskeleton, in acinar development. Disrupting the LINC complex causes the development of 

acini with occluded lumens, and upregulates myosin II regulatory light chain phosphorylation. 

This mechanically destabilizes the dynamically fluctuating acinus.
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Introduction

The nucleoskeleton, which is comprised of Type V intermediate filament nuclear lamin 

proteins, confers mechanical stiffness to the nucleus and helps organize the genome [1]. The 

nucleoskeleton is connected to the cytoplasmic cytoskeleton by the LINC complex (linker of 

nucleoskeleton and cytoskeleton). The LINC complex transmits mechanical forces generated 

in the cytoskeleton to the nucleus, which positions the nucleus in cells and tissues, and 

enables crucial functions like the establishment of cell polarity, cell migration, cell 

mechanosensing and gene expression [2–10].

The LINC complex spans the inner and outer nuclear membranes. It is composed of an inner 

membrane protein containing the Sad1 and UNC-84 (SUN) domain, and an outer membrane 

protein containing the Klarsicht, ANC-1, and Syne homology (KASH) domain. The SUN 

and KASH domains bind to each other in the perinuclear space [11–14]. The mammalian 

genome encodes five SUN proteins, which are anchored in the inner nuclear membrane and 

several of these interact with lamin A/C and emerin. [2, 11, 15]. By contrast, the mammalian 

genome encodes six KASH proteins (nesprins 1–4, KASH5 and LRMP) [3, 16]. The 

cytoplasmic domain of nesprins interact directly or indirectly with actin filaments (nesprin-1 

and nesprin-2), microtubules (nesprin-1, nesprin-2, and nesprin-4, and KASH5) and 

intermediate filaments [6, 7, 12, 13, 17–20].

Emerging evidence suggests that alterations to LINC complex proteins may contribute to the 

development of pathologies. Complete double knockout (DKO) of nesprin-1 and nesprin-2, 

as well as SUN1 and SUN2, is lethal in mice [21, 22]. Loss of nesprin-4 results in deafness 

in humans [23]; mutations in SYNE1, which encodes nesprin-1, causes cerebellar ataxia [24, 

25], and alterations in LINC complex proteins are associated with Emery-Dreifuss muscular 

dystrophy [26, 27]. A recent study of 3,000 cancer genomes across nine cancer types 

identified mutations in the SYNE-1 gene encoding nesprin-1 as “drivers” in the development 

of cancer [28]. LINC complex components SUN1, SUN2, and nesprin-2 are downregulated 

in breast cancer [29]. SYNE-1 and SYNE-2 genes can also be mutated or undergo gene 

amplification in breast cancers [29–31]. Glandular epithelia in the breast and other organs 

are characterized by tubular networks and acinar structures that contain hollow lumens. 
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Cancer development in glandular epithelia is generally characterized by a loss of tissue 

structure that includes blockage of glandular lumens [32, 33].

Here we examined the effect of LINC complex disruption on the development and 

maintenance of higher-order glandular epithelial cellular structures in three-dimensional 

culture. We focused on epithelial acini which model normal glandular epithelium in vivo 
[34–38]. We show that the LINC complex supports the maintenance of the glandular 

epithelia through its effects on non-muscle myosin II. Our results suggest a potential 

mechanistic role for alterations to the LINC complex in generating structural aberrations of 

glandular epithelial tissue.

Results

The role of the LINC complex in acinar development

To investigate the role of the LINC complex in epithelial acinar development, we first 

generated two MCF-10A breast epithelial cell lines in which the LINC complex could be 

disrupted in an inducible manner. We created one cell line that inducibly expresses SS-

EGFPSUN1L-KDEL (abbreviated as SUN1L-KDEL). This construct binds to endogenous 

KASH domain proteins via a lumenal SUN domain but instead of a transmembrane tether to 

retain it at the NE, it has a KDEL retention motif to maintain it in the ER. Thus SUN1L-

KDEL functionally depletes nesprins at the nuclear envelope thereby disrupting the LINC 

complex [11]. We also created an MCF-10A cell line that inducibly expresses SS-EGFP-

KDEL (abbreviated as EGFPKDEL), to be used as a control. In both these cell lines, 

expression of recombinant proteins was induced by doxycycline. Consistently with our 

previously published observations with NIH 3T3 fibroblasts [39], perturbation of the LINC-

complex by SUN1L-KDEL expression in MCF-10A cells in 3D culture led to loss of 

nesprin-2 and/or nesprin-4 (the antibody cross-reacts with human nesprins 2 and 4) from the 

nuclear envelope, as observed by immunofluorescence (Figure S1). Such loss was not 

observed in cells expressing EGFP-KDEL. Also, SUN1L-KDEL expression but not EGFP-

KDEL expression caused a loss of nesprin-3 from the nuclear envelope in 3D MCF-10A 

culture (Figure S1C). These results demonstrate successful, inducible disruption of the LINC 

complex in MCF-10A cells in 3D culture.

To examine the effect of LINC disruption on acinar formation, we induced the expression of 

EGFP-KDEL or SUN1L-KDEL in MCF-10A cells for 48 h and cultured these cells in 

Matrigel™ over a period of several days. Acinar development by the two cell lines was 

markedly different. The cells producing EGFP-KDEL assembled acini that were almost 

spherical (Figure 1A), with a clearly visible lumen. Over the same time period, cells 

producing SUN1L-KDEL also assembled almost spherical structures, but around 80% of 

these spheres lacked a lumen (Figure 1B). We confirmed that these effects were not due to 

differences in the expression levels of EGFP-KDEL and SUN1L-KDEL (Figure S1D). 

These observations indicate that an intact LINC complex is required for the development of 

MCF-10A acini with organized lumens.

We next examined the generality of these findings by using alternative approaches to disrupt 

the LINC complex. We expressed the KASH2 domain from nesprin-2, which has been 
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shown to disrupt the LINC complex by competitively binding to SUN1/2 [20, 40, 41]. 

Similar to the observations with EGFP-SUN1L-KDEL expressing cells, EGFP-KASH2 

expression in MCF-10A cells caused more than a two-fold decrease in the number of acini 

with lumen but did not prevent the formation of spherical structures (Figure 1A and 1B). 

Expression of EGFP or the KASH domain lacking the luminal domain (EGFP-KASH2 DL), 

which does not disrupt the LINC complex [40, 42], did not affect lumen formation (Figure 

1A and 1B). These results indicate that the observed lack of lumen in MCF-10A acini is 

caused by LINC complex disruption and independent of the method used for the disruption.

To check whether the observed LINC complex requirement for normal acinar development 

is cell-type specific, we engineered MDCK II cells to inducibly express mCherry-KASH1 

(abbreviated as KASH1; the KASH1 domain was from nesprin-1). KASH1 production was 

first induced in these cells, and this was followed by a 7-d culture in Matrigel™ to stimulate 

acinar development. KASH1 expression was confirmed to cause a loss of nesprin-1 and 

nesprin-2 from the nuclear envelope as observed by immunofluorescence in both 2D and 3D 

cultures (Figure. S2). As a control, we engineered MDCK II cells to inducibly express 

mCherry-KASH1ΔPPPL (abbreviated as KASH1ΔPPPL) which does not interact with SUN 

proteins [40, 43]; we confirmed that this construct does not displace nesprin-2 from the 

nuclear envelope in 2D and 3D cultures (Figure. S2). In KASH1 expressing cells, we 

observed the formation of assembled structures that displayed multiple lumens, with cortical 

F-actin present near the curved surface of the lumens and between cells (Figure 1C). In some 

cases, acini were observed to be completely occluded. Such phenotypes were absent in the 

uninduced control and in the KASH1ΔPPPL control. Also, effects on acini were not 

attributable to differences in the expression levels of KASH1ΔPPPL and KASH1 constructs 

(Figure. S2C).

Collectively, these data indicated that LINC complex disruption, regardless of the disruption 

method, the cell model and species used (human vs. canine), results in abnormal acinar 

development.

The role of the LINC complex in acinar maintenance

The experiments described above indicated that the disruption of the LINC complex affects 

normal acinar development. We hence asked whether the LINC complex was required to 

maintain lumens in normally developed acini. We allowed MDCK II cells to develop acini 

for 7 d, at which time the cells formed spherical acini with a well-defined lumen (Figure 

2A). We then induced the expression of KASH1 or KASH1ΔPPPL in these cells with 

doxycycline at the end of day 7. The KASH1 acini became occluded upon doxycycline 

treatment after a relatively short time (1–2 d) unlike KASH1ΔPPPL acini (Figure 2A and 

2B). These observations suggest that LINC complex disruption can destabilize existing 

acini, indicating that LINC complex alterations in tissue might lead to loss of tissue 

structure. Upon induction of SUN1L-KDEL expression by doxycycline treatment, 

MCF-10A acini also became similarly occluded in 2 days (Figure 2C and 2D).

To gain insight into the mechanism by which LINC complex disruption might cause 

occlusion of the pre-existing lumen in normally formed acini, we first characterized the 

acinar and nuclear geometric changes induced by DN-KASH expression (Figure S3). We 
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observed no significant changes in the overall acinar geometry with DN-KASH expression. 

Additionally, changes in nuclear geometry were not consistent between MCF-10A and 

MDCK II cells, suggesting that other mechanisms were responsible for the destabilization of 

the acinar structure. Next, we used live-cell imaging to understand acinar dynamics and how 

those dynamics change with LINC complex disruption. Figure 3 shows a typical example of 

an acinus formed by MDCK II KASH1ΔPPPL cells (see Video S1), with a fluctuating 

lumenal shape and acinar boundary. In these acini, the local regions of the acinar surface 

appeared to thicken and thin out constantly over a time period of a few hours. The thinned 

parts eventually recovered to thicken again. Elsewhere, parts of the surface transiently 

thickened. Such thinning and thickening appeared to proceed randomly and relatively 

quickly).

We then examined the acinar dynamics in pre-formed acini that were treated with 

doxycycline to induce the expression of KASH1. Upon doxycycline treatment, the acini 

were immediately transferred onto the microscope stage so that acini could be imaged as the 

levels of KASH1 increased with time. Unlike control acini, shape fluctuations of the 

KASH1-expressing acinus were not stable. Once the acinar boundary began to thin, the thin 

area continued to thin out; the opposite was also true: thickened areas continued to thicken 

(Figure 3). Eventually, the thick boundary moved inward and met the thin boundary, to 

collapse the lumen (after 16 h of induction; see Videos S2 & S3). The entire process, from 

the first observation of thinning to lumenal collapse, occurred rapidly within approximately 

3 h, resulting in the formation of a solid mass of cells. Hence, while normal acini quickly 

recover from fluctuations of cells forming the acinar boundary, LINC complex-disrupted 

acinar lumens collapsed irreversibly. The collapse was not always complete, but was 

observed also in parts of the acinus, which caused partial occlusions. The partial occlusions 

similarly were preceded by local thinning of the acinar surface and rapid local collapse (see 

Videos S4 for an example). These data suggest that LINC complex-disrupted acini may be 

mechanically unstable.

The involvement of non-muscle myosin (NMMII) in loss of acinar architecture mediated by 
LINC complex disruption

We next explored the possible causes of the observed lumenal collapse. Because actomyosin 

forces have been shown to play an important role in the development and maintenance of 

tissues [44–46], particularly in the context of glandular acini [33, 47–50], we asked whether 

non-muscle myosin II (NMMII) was involved in the lumenal collapse after LINC complex 

disruption. The time scale (approximately ~1 h) of fluctuations in the acinar shape, i.e., local 

cell thinning and thickening, also supported the possibility that the fluctuations and 

subsequent collapse were likely associated with the NMMII-generated contractile forces, 

which are known to operate on such time scales in epithelia [51]. While control acini were 

clearly stable to the presence of these fluctuations (Video S1), it is possible that upon LINC 

complex disruption, the acini become unstable because of an increase in the magnitude of 

actomyosin contractile forces. To test this possibility, we quantified the effect of LINC 

complex disruption on myosin regulatory light chain phosphorylation (pMLC) which 

regulates myosin ATPase activity and hence actomyosin tension in MDCK II acini [52]. 

LINC disruption did not affect pMLC levels probed with an anti-myosin light chain 
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(phospho S20) antibody in cells harvested from two-dimensional culture (Figure 4A and 4C, 

slight increase but with no statistical difference). We confirmed that small molecule 

perturbations of NMMII activity had the expected effects: treatment with the ROCK 

inhibitor Y27632 reduced pMLC levels, treatment with Rho activator II, a small molecule 

agonist of Rho, increased pMLC levels, while treatment with blebbistatin, an NMMII 

inhibitor, had no effect consistent with previous reports [53–55] (Figure 4A and 4C). 

Interestingly, there was a statistically significant increase in pMLC levels in LINC disrupted 

cells harvested from acini formed in three-dimensional culture (Figure 4B and 4C). These 

data support the possibility that LINC complex-disrupted acinar lumens collapse due to an 

increase in NMMII-mediated tension. As revealed by immunostaining, pMLC did not 

localize to F-actin bundles in the acinus consistent with previous reports [56]. This suggests 

that in acini, NMMII likely generates contractile forces in disordered gel-like F-actin 

networks that pervade cytoplasmic space [57]. Furthermore, neither LINC disruption nor 

treatment with NMMII agonists had any discernible effects on the spatial distribution of 

pMLC in acini (Figure. S4).

To test the possibility that increased NMMII contractility can destabilize the spherical acinus 

and induce lumenal occlusion, we treated MDCK II acini with calyculin A. Calyculin A 

inhibits myosin light chain phosphatase and increases pMLC levels in cells, increasing 

NMMII-mediated tension [58–60]. Calyculin A treatment induced a similar dynamic mode 

of lumenal collapse as was observed for LINC complex-disrupted acini. Specifically, local 

thinning and simultaneous thickening at other acinar surfaces (sometimes located at the 

opposite acinar pole) leading to lumenal collapse were observed (Figure 4D and Videos S5 

& S6). The time scale for collapse from the initial thinning and thickening event was 

approximately 2–4 h, similar to the time scale observed in lumenal collapse upon LINC 

disruption (Figure 3 and Videos S2 & 3). Further, lumenal collapse was consistently 

preceded by a localized thinning/thickening, which was a reproducible consequence of 

LINC complex disruption and calyculin A treatment (Figure 4D). We also treated acini with 

Rho activator II and found similar reproducible collapse of acini after 2–4 h (Figure 4D; 

Video S7; Figure 4A shows that Rho activator II treatment increased pMLC levels). 

Furthermore, acinar collapse was dependent on the dose of Rho activator II (Figure 4E). 

Treatment of acini with lower doses of Rho activator II at which acini did not collapse, still 

caused a significant increase in acinar fluctuations (Figure 4F) relative to the DMSO treated 

control (Figure 4F). Treatment with the Y27632 and blebbistatin, on the other hand, reduced 

the fluctuations in the local thickness of the acinus (Figure 4F, Videos S8 & 9), suggesting 

that acinar fluctuations are NMMII dependent. Collectively, these findings support the 

plausibility of lumenal collapse upon LINC disruption being a type of mechanical instability 

triggered by increased acinar fluctuations caused by an increase in NMMII-mediated 

contractile forces.

Motivated by these observations, we asked whether inhibiting NMMII would rescue lumenal 

collapse in acini in which the LINC complex was disrupted. When blebbistatin, an NMMII 

inhibitor, was included in the acinar culture medium (on day 4 of culture), lumen formation 

by KASH1-producing MDCK II cells was rescued (Figure 5A and corresponding plot in 5B, 

acinar development). Likewise, the presence of blebbistatin prevented LINC complex 

disruption from altering pre-formed acini (Figure 5A and corresponding plot in 5B, acinar 
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maintenance). These experiments suggest that actomyosin forces may drive lumenal collapse 

in LINC complex-disrupted MDCK II acini.

To determine whether the up-regulation in NMMII motor activity observed in cells with 

LINC complex disruption was ROCK-dependent, we treated the induced MDCK II acini 

(acini where the LINC complex was disrupted) with Y-27632. Including Y-27632 on day 4 

of culture prevented lumenal blockage during acinar development (Figure 6A, 6B). 

Similarly, providing the inhibitor together with doxycycline on day 7 prevented lumenal 

blockage in preformed MDCK II acini as well as in preformed MCF-10A acini (Figure 6A, 

6B). Further, live imaging of MDCK II acinar revealed that Y-27632 treatment of induced 

acini caused an increase in the size of the LINC disrupted acinus over a 20 h period which 

was not observed in the KASH1ΔPPPL control nor in the uninduced control (Figure 6C. and 

6D). As noted above, Y-27632 treatment eliminated the fluctuations in acinar thickness 

(Figure 6C) that were observed in control acini and also caused acinar thinning (Figure 6C, 

6D and Video S10). Collectively, these observations demonstrated that the destabilization of 

lumenal shape brought about by LINC complex disruption requires ROCK-regulated 

NMMII light chain phosphorylation.

LINC complex disruption alters acinar mechanics and promotes cell division inside the 
filled lumen

Changes to multicellular tissue architecture, particularly lumenal filling, can cause 

significant changes to the mechanical properties of the acinus, which cause downstream 

changes in cell function and gene expression and potentially promote cellular malignancy 

[32, 61]. We therefore performed mechanical measurements in which a glass hemisphere 

was pressed against isolated acini assembled by MDCK II cells and the applied force was 

recorded, with simultaneous fluorescence imaging of the cells (Figure 7A). When the 

applied forces exceeded background noise levels, the acini were observed to flatten out. 

Further increase in the applied force resulted in structural collapse of the acini through the 

formation of cellular blebs and/or bursting of cells. Pinpointing the applied pressure at which 

such failure was first observed, we found that acini with disrupted LINC complexes failed at 

higher applied pressures than cells with intact LINC complexes (Figure 7A). Such increased 

resistance to rupture of LINC disrupted acini is consistent with the presence of filled lumens. 

We also performed these experiments on LINC-disrupted acini treated with Y-27632, and as 

expected, Y-27632 treatment restored the failure pressure of LINC disrupted acini to control 

levels (Figure 7A). These results support the concept that NMMII-mediated lumenal filling 

in LINC disrupted acini may alter the mechanical micro-environment of cells [49], and 

could potentially give rise to further changes in cellular function.

Consistent with the observed changes in acinar mechanics, E-cadherin containing cell-cell 

adhesions were observed both in the peripheral regions of acini, as well as in between cells 

inside the lumen (Figure 7B), and these overlapped with F-actin bundle formation. Given 

that E-cadherin linkages transmit actomyosin force between cells, these results show that 

post lumenal collapse, cells retain cell-cell contacts and are integrated mechanically at least 

to some extent throughout the acinus.
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In normal acini, cells in the lumen undergo apoptosis, while cells divide along the acinar 

periphery. Loss of tissue structure and abnormal micro-environmental mechanics can lead to 

loss of confinement of mitosis to the peripheral regions of acini. To test the possibility that 

cell division may be impacted by LINC complex disruption, we examined the mitotic 

spindle by imaging the microtubule network and DNA in MDCK II acini (Figure 7C). Cell 

division could be observed throughout the filled lumens, clearly indicating that LINC 

complex disruption promoted subsequent unconstrained cell division in the collapsed 

lumenal space. Mechanically induced changes to multicellular architecture upon LINC 

complex disruption can cause downstream aberrations in cell proliferation.

Nuclei in 3D acini are relatively uniformly positioned such that the nuclear-Golgi axis is 

oriented toward the lumen [34]. As the LINC complex is known to control nuclear position 

[17], we examined the effect of LINC disruption on the orientation of the nuclear-Golgi axis 

relative to the radial direction in MCF-10A cells. The nuclear-Golgi axis oriented early 

during acinar development (Figure 7D) toward the center of the initial cluster of dividing 

cells, for both control as well as LINC disrupted cells (Day 3, Figure 7D), and continued to 

be directed toward the lumen during subsequent development (day 4 through day 8, Figure 

7D, and plot). Additionally, we probed the spatial localization of the polarity marker gp135 

in MDCK II acini. Gp135 is localized to the apical surface of the MDCKII acinus in control 

acini. Gp135 continued to be localized to the luminal surface in partially collapsed acini at 

24 h of LINC disruption (Figure 7E and plot). These results suggest that lumenal collapse 

caused by LINC disruption is not preceded by changes to cell polarity.

Discussion

Available evidence implicates the LINC complex in cancer development, but little is known 

about the underlying molecular and mechanistic processes. Specifically, a convincing 

explanation for how cell-level changes translate into tissue-level malignancy is lacking, in 

part because of the limited insight provided by the two-dimensional cell culture used in most 

studies. In this study, we used glandular epithelial cells in a three-dimensional culture model 

to investigate the effect of LINC disruption on higher-order cellular architecture. We showed 

that inducible disruption of the LINC complex results in the development of aberrant acini, 

i.e., acini that lack lumen or display multiple lumens. The aberrant phenotypes were not 

specific to the method used for LINC complex disruption and were not restricted to single 

cell type or species. Further, the rapid lumenal collapse occurred as a result of increased 

NMMII activity, mediated by ROCK, affecting actomyosin forces.

Assembling acini in stiff extracellular matrices results in lumenal filling, while acini 

assembled in soft matrices assemble normal lumens [33], and inhibiting NMMII activity 

rescues lumen formation in stiff extracellular matrices. These results, together with our 

observations, suggest that lumenal filling will occur upon increase in actomyosin tension, 

independent of the type of perturbations. Our dynamic imaging experiments of the process 

of lumenal collapse suggest that increased cellular actomyosin tension due to treatment with 

calyculin A or Rho activator II or due to LINC complex disruption caused lumenal collapse 

through an inward movement of thickening acinar boundaries toward thinning acinar 

surfaces (Figures 3 and 4). Conversely, inhibiting cellular actomyosin tension caused the 
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lumen to increase in size with thinning of the cellular boundaries (Figure 6C & 6D). 

Collectively, these results together with previous studies, suggest that the acinus is 

mechanically unstable to enhanced cellular actomyosin activity. The observed expansion and 

thinning of the acinus upon inhibition of cellular actomyosin tension, and compression and 

collapse of the acinus upon increase in actomyosin tension are consistent with the simple 

mechanical model illustrated in Figure 7F. A normal acinus reflects a state of mechanical 

equilibrium where the surface tension T of the spherical monolayer, assumed to be generated 

by actomyosin contraction, balances the lumenal pressure P. We speculate that P is 

maintained by a physiological process, such as ion transport, to maintain a higher osmotic 

pressure inside the lumen than outside it. Based on the Law of Laplace, the stress balance 

may be described as

2T /R = P (1)

where R is the radius of curvature of the lumen. If the surface tension and pressure are 

maintained by cellular processes independent of the size of the acinus, then the mechanical 

equilibrium expressed in Equation 1 is unstable. That is, an increase in T (such that 2T/R > 

P) will cause the acinus to compress and thus decrease its radius. However, this reduces the 

radius of curvature, which, according to equation 1, would further move the system away 

from a mechanical equilibrium and, ultimately, towards lumenal collapse. On the other hand, 

a decrease in T, such that 2T/R < P will cause the acinus to continually expand until the 

stretched cells in the monolayer finally reach a mechanical limit to further thinning. 

Establishing and sustaining such an unstable mechanical equilibrium would require a control 

mechanism (which requires further investigation) to regulate T and/or P in response to 

actomyosin fluctuations.

Disruption of the LINC complex can alter cell mechanotransduction [62, 63], 

mechanosensitive gene expression [64], nuclear body dynamics [65, 66], cell migration [67], 

nuclear positioning [5, 17, 68–71], the assembly of the actomyosin cytoskeleton [5, 72–74], 

and the mechanical properties of the nucleus [39]. Our results add to this literature, by 

showing that mechanical continuity between the nucleus and the cytoskeleton is required for 

maintaining three-dimensional tissue architecture and mechanics. The molecular pathways 

upstream of ROCK/NMMII that are regulated by the LINC complex during acinar 

morphogenesis are presently unclear but are likely to be complex based on emerging 

evidence about the interplay of LINC complex components with the RhoA pathway. For 

example, there is evidence that the LINC complex protein SUN1 antagonizes RhoA activity 

while Sun2 promotes it [75]. Further, LINC complex proteins can also impact gene 

expression independently of incorporation into the LINC complex [76]. These pathways 

require further investigation. The model in Figure 7F suggests that molecular interactions 

between the LINC complex and ROCK-dependent NMMII ATPase activity are critical for 

acinar structural stability, and LINC complex disruption destabilizes the acinus by causing 

hyper-contractility.

In addition to collapse of pre-formed acini upon LINC complex disruption, our data shows 

that the process of acinar morphogenesis itself also becomes abnormal resulting in assembly 
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of acini that lack a lumen. Including inhibitors like blebbistatin or Y27632 at day 4 did 

prevent the formation of occluded acini by day 7 during MDCK II acinar development 

(Figure 5 and 6A). However, a limitation of our study is that the process of acinar 

development itself is significantly more complex involving cell division and apoptosis. The 

mechanism by which LINC complex disruption impacts the development of acini may 

involve more than alterations to cellular actomyosin tension alone, particularly in MCF-10A 

cells which develop over many days. Another limitation of our study is that our approach 

relied on dominant negative proteins which displace all nesprin proteins from the LINC 

complex. Given that nesprin-2 has been shown to be downregulated in cancer, and mutations 

identified primarily in nesprin-1 and nesprin-2 in cancer, studies that focus on the impact of 

specific nesprin proteins will be required to establish a more direct connection with cancer. 

Our working hypothesis is that alterations to nesprin proteins likely disrupt the LINC 

complex in a similar manner as demonstrated here. Finally, the extent to which results from 

the model systems studied here are applicable to actual cancer development is unclear and 

will require further investigation with animal models.

Collectively, our findings add weight to the concept that physical forces play a crucial role in 

the development and maintenance of tissues [44–46], particularly in the context of glandular 

acini [33, 47–50, 77]. The presented findings should provide impetus for studies of the 

LINC complex in the context of cancer progression.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Plasmids generated in this study have been deposited to Addgene (mcherry-DNKASH, 

125553; pinducer20-mcherry-DNKASH1 125554; pinducer20-mcherry_DNKASH1ΔPPPL, 

129280). Further information and requests for resources and reagents (including stable cell 

lines and other plasmids) should be directed to and will be fulfilled by the Lead Contact, 

Tanmay P. Lele (tlele@che.ufl.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Stable cell lines—To generate a system for doxycycline-inducible LINC complex 

disruption in MCF-10A cells, the cells were transduced using the pRetroX-Tet-On-

Advanced system (Clontech) and then incubated in DMEM/10% FCS containing 0.5 mg/ml 

G418 to select for cells that stably express the rtTA-Advanced protein. The cells were 

subsequently transduced using pRetroX-Tight.puro (Clontech), followed by a selection on 

medium containing 1 mg/ml puromycin. Plasmid pRetroX.Tight.puro harbored either 

sequences encoding SS-EGFP-SUN1L-KDEL (SUN1LKDEL) or SS-EGFP-KDEL (EGFP-

KDEL) [11]; in the latter, the EGFP sequence alone was targeted to and retained in the ER 

lumen as a control. After puromycin selection, expression of the SS-EGFP-SUN1L-KDEL 

or SS-EGFP-KDEL was induced with 1 μg/ml doxycycline for 18 h, and FACS-sorted to 

select cells that expressed EGFP protein. These cells were subsequently screened by 

immunofluorescence with or without 1 μg/ml doxycycline for 18 h to ensure that the cells 

were only expressing the fusion proteins upon induction of expression with doxycycline. To 

generate the constructs for MCF-10A EGFP-KASH2 and EGFP-KASHΔL cells. pLVX-
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puro-EGFP-C2 vector was derived from pLVX-puro vector (Clontech) by inserting EGFP-

MCS sequence. cDNAs for human nesprin-2 KASH (6829–6907 aa) and KASHΔL (6829–

6884 aa) were previously described [40] and were inserted into pLVX-puro-EGFP-C2 vector 

with BamHI and NotI restriction sites.

To create a dominant-negative KASH1 (DN-KASH1) peptide (originally developed by 

Lombardi et al. [78]) mCherry dominant negative (DN)-KASH1 protein was prepared by 

cloning the sequence encoding the KASH domain from human nesprin-1 (synthesized by 

Gene Art, Thermo Fisher) into pmCherry-C1 (Clontech). Similarly, to create a control 

KASH1 peptide which could not interact with SUN proteins, the last 4 amino acids of 

KASH1 (Pro-Pro-Pro-Leu) were deleted from this construct (referred to as KASH1ΔPPPL) 

[43]. To develop an inducible lentivirus, the sequences encoding mCherry-DN-KASH1 and 

mCherry-DN-KASH1ΔPPPL were each inserted into pinducer20 (gift from Stephen 

Elledge; Addgene plasmid #44012) [79]. Lentivirus was generated using HEK 293 cells 

(ATCC) and standard second-generation packaging plasmids[80]. After lentiviral infection 

[80], MDCK II cells were selected using G418, and then induced to express mCherry-

KASH1 with 100 ng/ml doxycycline. Cells expressing high levels of mCherry-KASH1 or 

mCherry-KASH1ΔPPPL were sorted by flow cytometry and were clonally expanded.

Cell culture and drug treatment—Cells were maintained at 37°C in a humidified 5% 

CO2 environment. Human breast epithelial cells (MCF-10A from ATCC) were maintained in 

DMEM/F12 medium (Invitrogen) supplemented with 20 ng/ml epidermal growth factor 

(EGF, Peprotech), 0.5 mg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 100 

μg/ml insulin (Sigma), 1% v/v penicillin-streptomycin mix (Pen-Strep, Invitrogen), and 5% 

v/v horse serum (Invitrogen) [34]. MDCK II cells (gift of Jennifer Lippincott-Schwartz) 

were cultured in DMEM medium with 4.5 g/l glucose (Mediatech Cellgro), supplemented 

with 10% v/v donor bovine serum (DBS, Gibco). To induce acinar formation in MCF-10A 

cells, cells were trypsinized and re-suspended in assay medium consisting of DMEM/F12 

supplemented with 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 100 μg/ml insulin, 

1% v/v penicillin-streptomycin mix (Pen-Strep) and 2 % v/v horse serum [34]. Cells were 

next seeded in the assay medium supplemented further with 5 ng/ml EGF and 2% v/v 

Matrigel™ on growth factor reduced (GFR) Matrigel™ (Corning)-coated 8-well Nunc Lab-

Tek chamber slides (5000 cells/well) as previously described [34]. To coat an 8-well Nunc 

Lab-Tek chamber slide with Matrigel™, 40 or 45 μl of Matrigel™ was spread evenly on 

each well of 8-well chamber slide. Then the chamber slide was kept in the incubator for at 

least 30 min until the gels were solidified. For studying the effect of LINC complex 

disruption on MCF-10A acinar development, MCF-10A cells were induced to express 

specific control proteins or dominant negative proteins by treatment with 1 mg/ml 

doxycycline for 48 h before seeding into Matrigel™. To induce acinar formation in MDCK 

II cells, cells were cultured in MDCK II growth medium supplemented with 2% v/v 

Matrigel™, on GFR Matrigel™ (Corning)-coated 8-well Nunc Lab-Tek chamber slide 

system (5000 cells/well) for 7 d. For studying the effect of LINC complex disruption on 

MDCK II acinar development, cells were induced to express dominant negative mCherry-

KASH1 by treatment with 1 mg/ml doxycycline for 24 h. In acinar maintenance 

experiments, MCF-10A or MDCK II cells were allowed to form acini and then treated with 
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1 μg/ml doxycycline for indicated times. For myosin inhibition, Y27632 (EMD Millipore) at 

final concentrations of 40 μM and blebbistatin (EMD Millipore) at 50 μM were used. For 

increasing myosin activity, calyculin A (Cell Signaling Technology) at a final concentration 

of 5nM and Rho activator II (Cytoskeleton Inc) at final concentrations of 1 μg/ml, 2.5 μg/ml 

and 5 μg/ml were used.

METHOD DETAILS

Immunostaining—Acini were immunostained using the protocol of Debnath et al. [34]. 

To immunostain acini in 3D Matrigel™, cells were first fixed with 2% paraformaldehyde for 

20 min at room temperature. Then the fixed acini were incubated in permeabilization buffer 

(0.5% Triton X-100 in PBS) for 30 min at room temperature followed by another 45 min 

incubation with IF buffer (130 mM NaCl; 7 mM Na2HPO4; 3.5 mM NaH2PO4; 7.7 mM 

NaN3; 0.1% BSA; 0.2% Triton X-100; 0.05% Tween-20) supplemented with 10% goat 

serum. Acini were incubated with primary antibody rabbit anti-GM130 (Cell Signaling 

Technology, working dilution 1:2000), mouse anti-GP 135,EMD Millipore, clone 3F2:D8, 

concentration: 0.5 mg/ml, working dilution 1: 250), rabbit anti-Nesprin 2/4 (peptide antigen 

KKAELEWDPAGDIGGLGPLGQ; YenZyme, working dilution 1:200, described in [39], 

rabbit anti-Nesprin 3 (Sigma, working dilution 1:100), rabbit anti-Nesprin 2 (described in an 

earlier study [40], dilution 1:200), mouse anti-Nesprin 1 (EMD Millipore MANNES1A 

clone 7A12, dilution 1:50), mouse anti-alpha tubulin (Sigma, working dilution 1:250), rabbit 

anti-ECadherin (24E10) (Cell Signaling Technology, working dilution 1:200) and rabbit 

anti-myosin light chain (phospho S20) (Abcam, working dilution 1:100, previously validated 

for MDCK II cells [81]) overnight at 4°C. The samples were then washed with PBS and 

incubated with secondary antibodies Alexa Fluor 594 goat anti-rabbit antibody, Alexa Fluor 

647 chicken anti-rabbit antibody, Alexa Fluor 647 donkey anti-mouse antibody and Alexa 

Fluor 488 goat anti-rabbit antibody was used for 2 hrs at room temperature (Invitrogen, 

working dilution 1:200). Phalloidin conjugated to a fluorophore (Alexa Fluor 488, 594, or 

647; Life Technologies) was used to stain F-actin. The nucleus was stained with Hoechst 

33342 (Life Technologies/Invitrogen) or DAPI stain (Vector Laboratories).

Mechanical indentation assay—Indentation experiments were performed using a 

custom micro-indenter consisting of a sapphire probe with a 1.6-mm curvature radius 

fastened to a double-leaf cantilever [82]. The cantilever was mounted to a piezoelectric stage 

(Physik Instrumente P-622.ZCL). Normal forces were calculated by measuring the 

deflection of the cantilever using a linear displacement capacitance probe (Lion Precision 

C5R-0.8 sensor). Acini were isolated from Matrigel™ (following steps described in Lee et 
al., [83]) and deposited on glass-bottom petri dishes (Cell Vis) coated with 0.01% poly-L-

lysine (Sigma). To isolate acini, acini were first washed once with PBS at 4°C and then 

incubated with PBS at 4°C supplemented with 5 mM EDTA, 1 mM NaVO4, 1.5 mM NaF 

until most of the gels were dissolved. This was followed by 15 min centrifugation at 125 g 

and 4°C. The pellet was next rinsed with 4°C PBS and then centrifuged again at 4°C, 125 g 

for 15 min. To check the viability of acini, isolated acini were incubated with calcein AM 

(Invitrogen, 1:2000). To avoid adhesion to cells, the indenter probe was coated with 0.1 wt% 

pluronic F-127. The micro-indenter was mounted above a laser-scanning confocal 

microscope (Nikon C2) to perform real-time imaging of the acini during indentation. 
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Indentation measurements were performed at an indentation speed of 0.1 μm/s to a 

maximum load of 50 μN.

Determination of spindle-angle orientation—The spindle angle was measured as the 

acute angle between the line joining the two poles of the mitotic spindle, and the line joining 

the mid-point of the spindle line and the centroid of the apical domain. The measurements 

were performed in Image J [84].

Western blotting—For assaying cells in 2D culture, cells were washed with cold 

phosphate-buffered saline (PBS) and lysed in lysis buffer (50 mM Tris-HCl pH 7.2, 1% 

(w/v) Triton X-100, 500 mM NaCl, 10 mM MgCl2 and 0.1% v/v SDS) supplemented with 

1% v/v protease inhibitor (Cytoskeleton Inc.) on ice. Cells were then scraped from the dish 

and centrifuged at 10,000 rpm (Eppendorf, 5415R) for 5 mins at 4°C. The supernatant was 

collected, s nap-frozen in liquid nitrogen, and stored at – 80°C. Total protein concentration 

was determined us ing Precision Red advance protein kit (Cytoskeleton, Inc.). For cells 

cultured in 3D Matrigel™, we used previously published protocols from the Brugge lab [34, 

85]. Briefly, cells were washed with cold PBS and lysed in RIPA buffer (Alfa Aesar) 

supplemented with 1% protease inhibitor for 15 mins at 4°C. The cell, Matrigel™ and lysis 

buffer mixture was pulled through 27-gauge needle 3 times and allowed to sit at 4°C for 15 

mins. The lysate was spun for 15 mins at 4°C at 13200 rpm (Eppendorf, 5415R). The 

supernatant was collected and snap-frozen in liquid nitrogen. The CytoTox 96 kit (Promega) 

was used to detect lactate dehydrogenase (LDH) levels, which was used to normalize lysate 

concentrations for equal loading. Expression levels of individual proteins were quantified 

using the WES™ system (Protein Simple) and the 12–230 kDa WES kit (SM-W004), 

according to manufacturer’s instruction. The primary antibodies used were rabbit anti-

p(myosin) (ab 2480, Abcam) against phosphorylated myosin (S20) that have been 

previously validated for MDCK II cells [81] and mouse anti-GAPDH antibodies (NB300–

328SS, Novus Biologicals). The secondary antibodies used were from the WES™ detection 

kit, anti-rabbit (042–208) and anti-mouse antibodies (042–205) and used as per 

manufacturer’s instructions. Data analysis was performed using ProteinSimple Compass 

software. The total intensity for each band was computed as the area under each peak 

(computed automatically by the software). Next, the total intensity for each band was 

divided by the total intensity of the corresponding GAPDH band. Next, for a given blot, the 

data normalized as above in each lane was further normalized to the normalized data in a 

reference lane.

Imaging and analysis—Fluorescence imaging of cells/acini was performed using a 

Nikon A1+ confocal microscope or Nikon epifluorescent microscope equipped with a 60× 

oil immersion objective with 1.4 N.A.,40× oil immersion objective with 1.3 N.A., 40× water 

immersion objective with 1.15 N.A., or 10× objective with 0.3 N.A. (all from Nikon). 

Epifluorescence imaging made use of a CCD camera (CoolSNAP, Photometrics), while 

confocal images were captured with DU4 detector. For all live-acinar imaging, the cells were 

maintained in an environmental chamber (In Vivo Scientific) at 37°C and 5% CO 2. Time-

lapse imaging of acini was performed using a 20× objective, 0.75 N.A. or 40× objective, 0.6 

N.A. (Nikon). The correction collar of each objective was adjusted based on the 
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manufacture’s suggestion for different cover glasses. The filter cube used for live cell 

imaging was 540/20 excitation and 600/25 emission.

QUANTIFICATION AND STATISTICAL ANALYSIS

Matlab was used to analyze the mean squared fluctuations reported in Figure 4F. Student’s t-

test was used to detect the statistical difference between MCF-10A groups. Bonferroni 

correction was used if multiple comparisons were performed. One-way ANOVA followed by 

Tukey (HSD) test was used to compare different phenotypes formed by MDCK II cells using 

the R software [86] (Figure 1D, 2B and S2D). Data are presented as mean ± SEM. Detailed 

experimental design (replication and sample sizes) and statistical information can be found 

in Figure Legends.

DATA AND CODE AVAILABILITY

All data and code supporting the findings of this study are available from the corresponding 

authors upon request.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• The LINC complex is required for normal development of epithelial acini 

with lumens

• LINC complex disruption increases myosin regulatory light chain 

phosphorylation

• Increased myosin activity causes collapse of the dynamically fluctuating 

acinus

• The LINC complex mechanically stabilizes the epithelial acinus
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Figure 1. Disruption of the LINC complex results in lumen occlusion during acinar development 
by MCF-10A and MDCK II cells.
LINC complex disruption was induced by doxycycline before seeding on the Matrigel™. 

(A) Fluorescent images of representative acini formed by MCF-10A cells expressing the 

proteins indicated in the left column. Scale bar, 10 mm. (B) Occurrence of MCF-10A acini 

with a lumen under different conditions presented in (A). EGFPKDEL: SS-EGFP-KDEL, 

SUN1L: SS-EGFP-SUN1L-KDEL (-Dx, without doxycycline, +Dx, with doxycycline), 

KASH2: EGFP-KASH2, KASH2 ΔL: EGFP-KASH2. If one or more cells were observed 

inside the three-dimensional lumen, as visualized using z-stack confocal microscopy, the 

acinus was scored as lacking a lumen; n ≥ 93 acini from at least three experiments for each 

condition. Error bars represent ± SEM (* p < 0.05, Student’s t-test with Bonferroni 

corrections). (C) Fluorescent images of representative acini formed over a period of 7 days 

by uninduced MDCK II cells (-Dx, KASH1), by MDCK II cells inducibly expressing 

mCherry-KASH1ΔPPPL induced with doxycycline on day −1 (+Dx, DPPPL) or by MDCK 

II cells inducibly expressing mCherry-KASH1 induced with doxycycline on day −1 (+Dx, 

KASH1). DNA and F-actin were imaged through Hoechst and phalloidin staining 

respectively. Scale bar, 20 μm. (D) Occurrence of MDCK II acini with a single lumen under 

different conditions in (E). n≥120 acini from 3 independent experiments for each condition. 
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Error bars represent ± SEM (*p<0.001, One-Way ANOVA with post-hoc Tukey (HSD) test). 

Also see Figure S1 and S2 for validation of LINC complex disruption.
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Figure 2. Disruption of the LINC complex induces lumen blockage in pre-formed MCF-10A and 
MDCK II acini.
Non-induced cells were allowed to form acini; then doxycycline (Dx) was added to induce 

expression of ΔPPPL: mCherry-KASHΔPPPL and KASH1: mCherry-KASH1 (A) or EGFP-

KDEL: SS-EGFP-KDEL and SUN1L-KDEL: SS-EGFP-SUN1L-KDEL (C). The cartoon in 

(A) and (C) indicates the period of three-dimensional culture (7 d for MDCK II cells, 20 d 

for MCF-10A cells), and the duration of induction by doxycycline before acinar fixation and 

microscopy (1–2 d for MDCK II acini, 2 d for MCF-10A acini). (B) Plot shows occurrence 

of MDCK II acini with single lumen corresponding to the data in (A). n ≥100 acini from 3 

independent experiments were scored for each group. Error bars represent ± SEM (*p < 

0.001, and N.S. (not significant) by one-way ANOVA followed by Tukey (HSD) test for 

multiple comparisons). (D) Plot shows the occurrence of MCF-10A acini with lumens under 

different conditions corresponding to the data in (C). At least 80 acini from 3 independent 

experiments were scored for each group. Error bars represent ± SEM (*p<0.05 by student’s 

t-test with Bonferroni corrections for statistical comparisons).
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Figure 3. LINC disruption destabilizes the acinus.
Time-lapse differential interference contrast (DIC) microscopy images overlaid with 

fluorescent images of mCherry-KASH1ΔPPPL (+Dx, ΔPPPL) or mCherry-KASH1 (+Dx, 

KASH1) showing shape fluctuations of the MDCK II cell acinar boundaries and 

corresponding outlines (the expression of either protein was induced by doxycycline, Dx, 

added at time = 0 h) (see also Video S1). In the top panel, local thinning is observed (arrow, 

starting at 12 h) in the control acinus, which recovers by 18 h. Such thinning/thickening 

followed by recovery was seen in 23 acini that did not collapse out of 23 assayed mCherry-

KASH1ΔPPPL acini from 6 different experiments. Conversely, in the mCherry-KASH1 

acinus, there is thinning (arrow) and thickening (arrowheads), at the opposite poles. The 

thick boundary continues to thicken, moves inward, and eventually meets the thin boundary, 

resulting in acinar collapse (after 16 h) (see also Videos S2, S3 and S4). The thick boundary 
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covers the distance of the acinar radius in approximately 3 h to collapse the acinus. Such 

collapse was observed in 35 acini out of 50 assayed acini in 5 different experiments. The 

model shows how the local thinning and thickening of cells result in lumenal collapse in pre-

developed acini formed by LINC disrupted MDCK II cells. Cell boundaries are not shown in 

the cartoon. See also Figure S3 for the effect of LINC complex disruption on the geometric 

properties of MCF-10A and MDCKII acini.
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Figure 4. Levels of phosphorylated myosin II regulatory light chain (pMLC) increase upon LINC 
complex disruption in acini, and increased actomyosin contractility causes lumenal collapse.
(A) Western blot of pMLC levels detected using anti-myosin light chain (phospho S20) 

antibody in lysates from MDCK II cells cultured in two-dimensional tissue culture dishes. 

+Dx indicates doxycycline treatment for 1 day to induce the expression of mCherry-

KASH1. The effect of 40 μM Y27632 (Y27), 50 μM blebbistatin (Bleb) treatment on pMLC 

levels are shown; DMSO was included as vehicle control. Also shown is the effect of 1 

μg/ml Rho activator II treatment. GAPDH was used as loading control; N ≥ 4 per condition 

Zhang et al. Page 25

Curr Biol. Author manuscript; available in PMC 2020 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(except Rho activator II, where N = 2). (B) Western blot analysis of pMLC levels detected 

using anti-Myosin light chain (phospho S20) antibody from MDCK II acini formed through 

culture in three-dimensional Matrigel™. Doxycycline (Dx) was added to induce expression 

of mCherry-KASH1ΔPPPL and mCherry-KASH1 for 1 day before seeding cells in 

Matrigel™, and cells were harvested from acini after 7 days. GAPDH was used as loading 

control and N = 6 biological replicates were assayed. See also Figure S4 for 

immunofluorescence data with the anti-Myosin light chain (phospho S20) antibody. (C) Plot 

shows the normalized pMLC levels corresponding to the data in (a) and (b). Error bars 

indicate ± SEM (*p<0.05 by student’s t-test for statistical comparisons with Bonferroni 

corrections for multiple comparisons). (D) Time-lapse DIC and fluorescent images of acini 

formed over 7 days in three-dimensional culture by uninduced MDCK II cells, followed by 

treatment with DMSO (vehicle control), 5 nM calyculin A (see Videos S5 and S6) or 2.5 

μg/ml Rho activator II (see also Video S7) at time = 0 h. Images are representative of 40 

acini that did not collapse out of 43 assayed in 6 different experiments under DMSO 

treatment, 31 acini that collapsed out of 31 assayed under Calyculin A treatment in 3 

different experiments, and 20 acini that collapsed out of 34 assayed under Rho activator II 

treatment in 3 different experiments. Local thinning is indicated by arrows and local 

thickening by arrowheads. (E) Plot shows the percentage of acini that collapsed as a function 

of the dose of Rho activator II (RA). At least 26 acini from 3 independent experiments were 

assayed for each dose. (F) Plot shows the mean squared fluctuations in acinar thickness 

(quantified at two locations in each acinus) in uninduced mCherry-KASH1 cells treated with 

40μM Y27632, 1 μg/ml Rho activator II (see Video S8) or 50 μM Blebbistatin (see Video 

S9). DMSO served as vehicle control. Data in the plot represents results from live imaging 

of at least 6 acini from 3 independent experiments, corresponding to at least 12 time series 

for each condition.
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Figure 5. Inhibition of NMMII motor activity rescues lumen formation and prevents lumen 
blockage.
(A) Fluorescent images of representative MDCK II acini formed under the indicated 

conditions. +Dx&DMSO: doxycycline treatment inducing the expression of mCherry-

KASH1; DMSO was included as vehicle control; +Dx&Bleb: doxycycline treatment to 

induce mCherry-KASH1 expression followed by blebbistatin treatment to inhibit NMMII. In 

the left panel (acinar development), doxycycline was added at 0 d, acini allowed to develop 

for 7 d in Matrigel™ with blebbistatin added on day 4 (+Dx+Bleb) or without blebbistatin 

(+Dx). DMSO is the untreated control with DMSO. In the right panel (acinar maintenance), 

uninduced MDCK II cells were allowed to form acini for 7 d (-Dx, DMSO added at day 7), 
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and were then treated with doxycycline for 2 d (+Dx, DMSO added at day 7 with 

doxycycline), or with doxycycline and blebbistatin (+Dx+Bleb). DMSO: addition of DMSO 

after the 7th day for two days. (B) Quantitative analysis of data from (A). At least 190 acini 

from at least three experiments were analyzed for each condition. Error bars represent ± 

SEM (* p < 0.05, Student’s t-test with Bonferroni corrections for multiple comparisons). 

The cartoon on the top of each panel indicates the period of three-dimensional culture and 

period of blebbistatin addition. Dx: doxycycline.
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Figure 6. ROCK inhibition rescues the lumen phenotype and causes acinar expansion.
(A) Fluorescent images of representative acini formed by MDCK II cells induced for 7 d 

with doxycycline to induce mCherry-KASH1, and with ROCK inhibitor Y27632 (Y27) 

added on day 4 of culture (top panel, acinar development); images of acini formed during 7-

d culture, followed by 2-d treatment with doxycycline to induce mCherry-KASH1 

expression and Y27632 to inhibit ROCK (middle panel, acinar maintenance); and images of 

acini formed by uninduced MCF-10A cells followed by 2-d treatment with doxycycline to 

induce EGFP-SUN1L-KDEL expression and Y27632 to inhibit ROCK (bottom panel). The 

cartoon next to each panel indicates the period of three-dimensional culture and Y27632 

treatment. Dx: doxycycline. (B) Quantification of data corresponding to (A) and untreated 

controls. DMSO served as vehicle control. At least 80 acini from at least three experiments 

were analyzed for the corresponding images in (A). Error bars represent ± SEM (* p<0.05, 

Student’s t-test with Bonferroni corrections for multiple comparisons). (C) Time-lapse 

fluorescent images of an acinus formed by MDCK II cells expressing mCherry-KASH1, 

which was treated with 40 μM Y27632 at 0 h (see Video S10). The size of the acinus 

increases and the thickness of the acinus decreases over a period of several hours after 

Y27632 treatment. Two nuclei (arrowheads) do not move significantly in the images for 

several hours after reaching the expanded state. (D) Plot shows time-dependent, pooled, 
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averaged area and thickness of uninduced MDCK II acini (squares) normalized to the initial 

area and thickness respectively. Acini, pre-formed for 6 d, were induced with doxycycline 

for 24 hours to express mCherry-KASHΔPPPL (circles), or induced with doxycycline (Dx) 

for 24 h to express mCherry-KASH1 followed by 40 μM Y27632. The uninduced control is 

also shown. At least 5 acini from 3 experiments were analyzed, error bars are ± SEM.
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Figure 7. LINC disruption causes abnormal acinar mechanics and orientation of cell division but 
not acinar polarity.
(A) Schematic illustration of acinar indentation experiments, demonstrating how isolated 

acini indented using a glass hemisphere probe undergo large deformations. The normal force 

applied by the probe was measured while confocal fluorescent images were acquired 

simultaneously of the MDCK II acini (acini were treated with calcein (green)). 

Representative fluorescent images and corresponding indentation curves showing the initial 

deformation of representative MDCK II acini, followed by blebbing and/or rupture of the 

acinar surface. The applied pressure at which blebbing/rupture occurred was determined 

from the simultaneous measurement of the contact area and force. Arrows designate the 

normal force at which failure occurred. Scale bars, 50 mm. –Dx, KASH1: uninduced MDCK 

II acini; +Dx, KASH1: MDCK II acini treated with doxycycline at day 0 to induce 

expression of mCherry-KASH1 and allowed to develop for 7 days; +Dx+Y27, MDCK II 

acini treated with doxycycline at day 0 to induce expression of mCherry-KASH1, 40 μM 

Y27632 was added at day 4 of the 7 d culture. Bar plot shows the effect of doxycycline-

induced mCherry-KASH1 expression on the pressure at which the acini bleb/rupture, in the 

presence or absence of Y27632 (added at day 4 of the 7d culture). Error bars represent ± 

SEM (*p <0.05, Student’s t-test with Bonferroni correction). At least 8 acini cultured from 

at least two independent experiments were analyzed per condition. (B) Already developed 
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MDCK II acini were treated with doxycycline to express mCherry-KASH1 on day 7 of 

culture, and fixed 24 h and 48 h post-doxycycline treatment (+Dx). Images show overlays of 

immunostained F-actin (green), E-cadherin (yellow), mCherry-KASH1 (red) and DNA 

(blue; stained with Hoechst). Scale bar, 20 mm. (C) Already developed MDCK II acini were 

treated with doxycycline to express mCherry-KASH1 on day 7 of culture, and fixed 24 h 

post-doxycycline treatment (+Dx). Images show overlays of immunostained alpha-tubulin 

(green), mCherry-KASH1 (red) and DNA (blue; stained with Hoechst). Scale bar, 20 mm. 

(D) Fluorescent images show representative acini formed by EGFP-KDEL cells (top) and 

SUN1LKDEL cells (bottom) stained with DAPI and for GM130 (labeling Golgi) at different 

days after induction; cells were induced with doxycycline at day −2. Scale bar, 20 μm. Bar 

plot shows the fraction of acini that are polarized (acini with the Golgi between the 

developing lumen and the nuclei were scored as polarized) at different days. Error bars 

represent ± SEM; at least 195 nuclei were scored from 3 different experiments at each 

condition and time point. No statistically significant differences were observed between 

EGFP-KDEL and SUN1L-KDEL acini based on Student t-test. (E) Fluorescent images show 

representative acini in uninduced mCherry-KASH1 (-Dx), induced mCherry-KASH1ΔPPPL 

cultured in Matrigel for 7 days (+Dx, ΔPPPL, 7 d), preformed mCherry-KASH1ΔPPPL 

acini induced with doxycycline for 24 hr (+Dx, ΔPPPL, 24 hr) and preformed mCherry-

KASH1 acini induced with doxycycline for 24 hr stained with Hoechst (blue) and for gp135 

(green) (+Dx, KASH1, 24h). Scale bar, 20 μm. Plot shows the percentage of MDCKII acini 

with apical localization of gp135. At least 120 acini from 3 experiments were scored for 

each condition. Error bars represent ± SEM. No statistical significance was detected based 

on Student t-test. (F) Mechanical model for acinar maintenance. Decrease in NMMII 

generated tension results in expansion of the acinus (left) and increase in NMMII tension 

due to LINC disruption results in compression of the acinus and lumen collapse.
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