bioRxiv preprint doi: https://doi.org/10.1101/2021.07.12.451842; this version posted July 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Low lamin A levels enhance confined cell migration and metastatic capacity in breast cancer

Emily S. Bell*?, Pragya Shah?!, Noam Zuela-Sopilniak?, Dongsung Kim?, Alexandra L. McGregor® 3, Philipp
Isermann?, Patricia M. Davidson?, Joshua J. Elacqua?, Jonathan N. Lakins®, Linda Vahdat®, Valerie M. Weaver*§,
Marcus B. Smolka?, Paul N. Span’, Jan Lammerding®*"

weill Institute for Cell and Molecular Biology, Cornell University, Ithaca, NY

2Current address: Department of Biochemistry and Molecular Biology, The Pennsylvania State University,
University Park, PA

3Nancy E. and Peter C. Meinig School of Biomedical Engineering, Cornell University, Ithaca, NY

“Center for Bioengineering and Tissue Regeneration, Department of Surgery, University of California, San
Francisco, San Francisco, CA

*Department of Medicine, Weill Cornell Medicine, New York, NY

®Helen Diller Cancer Center, Department of Bioengineering and Therapeutic Sciences, and Department of
Radiation Oncology, University of California, San Francisco, San Francisco, CA

"Department of Radiation Oncology, Radiotherapy & Oncolmmunology laboratory, Radboud University
Nijmegen Medical Center, Nijmegen, the Netherlands

*Correspondence to Jan Lammerding: jan.lammerding@cornell.edu

ORCID: 0000-0003-4335-8611

Abstract

Aberrations in nuclear size and shape are commonly used to identify cancerous tissue. However, it
remains unclear whether the disturbed nuclear structure directly contributes to the cancer pathology or is merely
a consequence of other events occurring during tumorigenesis. Here, we show that highly invasive and
proliferative breast cancer cells have lower expression of the nuclear envelope proteins lamin A/C, leading to
increased nuclear deformability that permits enhanced cell migration through confined environments that mimic
interstitial spaces encountered during metastasis. Importantly, increasing lamin A/C expression in highly invasive
breast cancer cells altered expression of numerous other proteins implicated in metastatic progression. Further
supporting an important role of lamins in breast cancer metastasis, analysis of lamin levels in human breast tumors
revealed a significant association between lower lamin A levels and decreased disease-free survival. These findings
suggest that downregulation of lamin A/C may influence both biochemical and physical properties of the cell to

promote breast cancer metastatic progression.
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Introduction

Abnormalities in the size and shape of cell nuclei have long been recognized as consistent and pervasive
features across many types of cancer; accordingly, these features are routinely used in cancer diagnosis and
prognosis (de Las Heras and Schirmer, 2014). However, this predictive power does not distinguish whether nuclear
shape abnormalities have direct functional contributions in cancer progression or simply serve as morphological
biomarkers. The nucleus is the largest and stiffest organelle, measuring =2- to 10-times stiffer than the cell
cytoplasm (Caille et al., 2002; Denais and Lammerding, 2014; Guilak et al., 2000; Tseng et al., 2004). Consequently,
deformation of the nucleus can limit cell movement through confined environments (Wolf et al., 2013), including
interstitial spaces in vivo, where passageways range from 0.1 to 30 um in diameter (Doerschuk et al., 1993;
Stoitzner et al., 2002; Weigelin et al., 2012). Increased nuclear deformability facilitates transit through confined
environments (Davidson et al., 2014; Harada et al., 2014; Lautscham et al., 2015; Mukherjee et al., 2020). Thus,
cancer-associated nuclear alterations that result in softer nuclei could favor tumor invasion and metastasis.

Altered nuclear morphology can be driven by changes in chromatin organization (Bustin and Misteli, 2016;
Reddy and Feinberg, 2013) or perturbed expression of nuclear envelope (NE) proteins (Bell and Lammerding,
2016; Irianto et al., 2016b; Pombo and Dillon, 2015). The NE separates the nuclear interior from the cytoplasm
and includes the inner and outer nuclear membranes, nuclear pore complexes, and the nuclear lamina, which is a
network of lamin intermediate filaments underlying the inner nuclear membrane (Hetzer, 2010). In somatic cells,
the nuclear lamina is comprised primarily of A-type lamins (lamins A and C), which are alternatively spliced from
the LMNA gene, and B-type lamins (lamin B1 and B2), which are encoded by the LMNB1 and LMNB2 genes. A-type
lamins are the main determinants of nuclear stiffness for large deformations, whereas chromatin structure and
composition govern nuclear stiffness during small scale nuclear deformations (Lammerding et al., 2006;
Lammerding et al., 2004; Schape et al., 2009; Stephens et al., 2017; Stephens et al., 2018; Swift et al., 2013).
Accordingly, A-type lamins play an important protective role for stabilizing the nucleus in mechanically-stressed
cells, such as in skeletal and cardiac tissues (Cho et al., 2019; Earle et al., 2020; Swift et al., 2013; Zwerger et al.,
2013), and in cancer cells (Vargas et al., 2012), particularly when migrating through confined 3D environments
(Denais et al., 2016; Harada et al., 2014; Raab et al., 2016) and resisting fluid sheer stress in circulation (Mitchell
et al., 2015).

In addition to providing mechanical stability, the nuclear lamina acts as a scaffold for interactions guiding
the localization and assembly of protein complexes such as transcriptional regulators or other NE proteins,
tethering and transcriptional silencing of regions of chromatin, and connecting the nuclear interior to the
cytoskeleton via the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex (Andres and Gonzalez, 2009;
Gruenbaum and Foisner, 2015; Maurer and Lammerding, 2019). A critical role for lamin A/C in tissue function is
supported by the multitude of mutations throughout the LMNA gene that cause human diseases (Schreiber and
Kennedy, 2013; Wong and Stewart, 2020). Since lamins regulate diverse cellular characteristics, it is striking, but
perhaps not surprising, that changes in lamin A/C expression have been documented in many types of human
cancer (Bell and Lammerding, 2016; Dubik and Mai, 2020; Irianto et al., 2016b), including breast cancer (Alhudiri
et al., 2019; Capo-chichi et al., 2011; Matsumoto et al., 2015; Wazir et al., 2013). These studies have established
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links between lamin alterations and clinicopathological features but have not sufficiently addressed the
mechanisms of lamin A/C downregulation nor the functional consequences of altered lamin levels on cancer cell
biology. Given the prevalence of lamina alterations in tumors and the complex nature of the network of lamin-
regulated cellular processes, there is a critical need to establish cause-and-effect relationships for the role of
lamins in cancer progression.

In this study, we report that variable expression of A-type lamins determines nuclear deformability across
a large panel of human and mouse breast cancer lines. Low lamin A levels and increased nuclear deformability
were associated with invasive and metastatic breast cancer, increased Akt signaling, and predicted decreased
breast cancer survival. Notably, decreased lamin A levels in aggressive breast cancer cells modulated not only
nuclear deformability and migration through confined spaces, but also influenced cell morphology, proliferation,
and expression of numerous proteins involved in cell adhesion, cytoskeletal dynamics, and extracellular
remodeling. Taken together, our findings suggest that A-type lamins may act as a regulatory node influencing both
the biochemical and physical properties of the cell, the dysregulation and downregulation of which promotes

tumor progression and metastasis through enhanced proliferation and migration abilities.

Results
Invasive breast cancer cells exhibit increased nuclear deformability correlating with lower A-type lamin levels.
Breast cancer is a heterogeneous disease that can be categorized into subtypes with distinct prognoses
and treatment options (Onitilo et al., 2009; Sorlie et al., 2001). To investigate the role of nuclear deformability in
breast cancer pathogenesis, we used a novel microfluidic micropipette aspiration assay (Davidson et al., 2019) to
assess nuclear mechanics in a panel of breast cancer cell lines reflecting the diverse molecular and cellular
phenotypes of breast cancer (Fig. 1 A, Fig. S1 A, Video 1, and Table 1). Nuclear deformability varied dramatically
across different cell lines (Figs. 1 B and C, Fig. S1 B), suggesting that some lines harbor intrinsic changes that
influence nuclear mechanical properties. Importantly, the three cell lines (BT-549, MCF7, and MDA-MB-231,
hereafter MDA-231) with the most deformable nuclei have all been previously characterized to be highly invasive
in vitro, fast growing, and amenable to use in metastasis assays inimmunocompromised mice (Table 1), suggesting
that increased nuclear deformability could be a characteristic feature of highly metastatic breast cancer cells.
Since lamin A/C are major determinants of nuclear deformability (Lammerding et al., 2006), we assessed lamin
levels in the panel of cell lines. Cell lines with highly deformable nuclei had decreased lamin A/C levels, and this
association was stronger for lamin A than for lamin C (Figs. 1 D-G). Interestingly, decreased ratios of lamin A to
lamin C also associated with increased nuclear deformability, though this association did not reach statistical
significance (Fig. S1 C). Unlike lamin A/C, decreased lamin B1 levels did not correlate with increased nuclear
deformability (Fig. S1 D-E), but the ratio of lamin A/C to lamin B1 by immunofluorescence showed a strong inverse
correlation with nuclear deformability (Fig. S1 F). Decreased lamin A/C or lamin A/C:B1 ratios also strongly
correlated with larger nuclear area (Figs. 1 G and H, Fig. S1 G), whereas lamin B1 levels alone showed no significant

correlation with nuclear area (Fig. 1 1). As enlarged nuclei are a feature of advanced grade cancers and worse
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prognosis (Bussolati et al., 2014), these data further support an association between decreased lamin A/C levels

and advanced, aggressive breast cancer.

A-type lamin expression is a major determinant of breast cancer nuclear deformability.

In addition to the composition of the nuclear lamina, the mechanical properties of the nucleus can be
influenced by chromatin organization (Pajerowski et al., 2007; Stephens et al., 2017; Stephens et al., 2018) and
the actin cytoskeleton (Davidson and Cadot, 2021; Lee et al., 2015; Wang et al.,, 2018). To evaluate the
contributions of each of these components to the nuclear deformability characteristics observed across the breast
cancer cell lines, we selectively depleted lamin A/C or targeted either actin polymerization or histone
deacetylation in the MDA-468 cell line, which had low nuclear deformability and high lamin A/C levels (Fig. 1 E
and F, Fig. S1 B). Cells were modified by either shRNA-mediated depletion of lamin A/C (Fig. 2 A), inhibition of
histone deacetylases with Trichostatin A (TSA) (Yoshida et al., 1990), or targeting actin polymerization using
Cytochalasin D (CytoD)(Goddette and Frieden, 1986)(Fig. 2 B). As expected, depletion of lamin A/C resulted in a
large (2.3-fold) increase in nuclear deformability compared to non-target shRNA controls (Fig. 2 C). In contrast,
disrupting actin filaments with CytoD resulted in only a mild (1.4-fold) increase in nuclear deformability, and
manipulating euchromatin levels with TSA did not significantly change nuclear deformability (Fig. 2 C), indicating
that alterations in lamin A/C expression are the main determinants of the variable nuclear stiffness observed
across the panel of breast cancer cells (Fig. 2 C). In further support of this idea, increasing lamin A levels by =1.5-
2.5-fold (Fig. 2 D, E, G, and H) through stable exogenous expression in two highly invasive breast cancer cell lines,
BT-549 and MDA-231, which originally had low lamin A/C levels and very deformable nuclei, resulted in

significantly reduced nuclear deformability (Figs. 2 F and 1).

Decreased Lamin A levels and increased nuclear deformability facilitate migration through confined spaces.
During progression through the metastatic cascade, cells disseminating from the primary site encounter
various passageways substantially smaller than the diameter of the nucleus, such as during invasion through the
basement membrane, migration through tight interstitial spaces, or during intra- and extravasation (Doerschuk et
al., 1993; Stoitzner et al., 2002; Weigelin et al., 2012). Deformation of the nucleus to squeeze through such
confined spaces can impose a rate-limiting step on cell passage (McGregor et al.,, 2016; Wolf et al., 2013).
Therefore, loss of A-type lamin levels may contribute to metastatic progression by increasing nuclear
deformability and enhancing migration through confined environments. To test this hypothesis, we assessed
whether depletion of lamin A/C by shRNA enhanced confined migration in cells with high lamin A/C levels, and
conversely whether exogenous expression of lamin A in cells with low lamin A/C levels impaired their migration
through tight spaces. To precisely control the degree of confinement, we used microfluidic migration devices that
contain small (1x5 um? and 2x5 um?) constrictions, as well as larger (15x5 pum?) control channels that do not
require nuclear deformation (Fig. S2)(Davidson et al., 2014; Davidson et al., 2015; Denais et al., 2016). MDA-468
cells depleted for lamin A/C migrated significantly faster through small constrictions than non-target control cells;

in contrast, lamin A/C depleted and non-target controls had similar transit times in the larger control channels
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(Figs. 3 A and B, Video 2), indicating that loss of lamin A/C specifically enhanced migration through confined
spaces. Conversely, exogenous expression of lamin A in BT-549 and MDA-231 cells, which normally have low lamin
A/C expression and high nuclear deformability (Fig. 1B-F), resulted in decreased nuclear deformability (Figs. 2 F
and I) and slower transit through small constrictions relative to control cells (Figs. 3 C-F, Video 3), indicating that
nuclear deformability acts as a critical determinant of confined migration efficiency even in highly invasive cancer
cells. In contrast, the effect of lamin A overexpression was much less pronounced in the larger control channels,
which overall allowed faster cell transit (Figs. 3 D and F). Taken together, these results highlight that breast cancer
cells with diminished lamin A/C levels and corresponding highly deformable nuclei have a migration advantage

specifically in confined environments, which may facilitate invasion and metastatic progression.

Lower lamin A levels are associated with metastatic progression.

Our findings support that downregulation of A-type lamins could be a feature of aggressive, metastatic
breast cancer. However, a relationship with metastatic progression is difficult to assess solely through comparison
of cancer cell lines collected from individuals with different genetic backgrounds and containing distinct molecular
mechanisms driving tumor progression. To better assess whether a relationship exists between metastatic
progression and downregulation of lamin A/C, we compared lamin levels in isogenic cell lines derived from murine
mammary cancer driven by expression of the polyomavirus middle T antigen (PyMT) (Guy et al., 1992). The PyMT
mammary epithelial cell line was compared with the highly metastatic Met1 variant derived from the same model
in a syngeneic background (Borowsky et al., 2005). The metastatic Met1 cells had significantly lower levels of lamin
A and lamin C than the primary PyMT line, based on the analysis of protein (Fig. 4 A) and transcript (Fig. 4 B) levels.
Accordingly, Metl cells had significantly more deformable nuclei than the primary tumor PyMT line (Fig. 4 C).
Depletion of lamin A/C via IPTG-inducible shRNA was sufficient to increase nuclear deformability in the primary
PyMT line to approximately that of Met1 cells (Figs. S3). These findings provide further support that metastatic
breast cancers are characterized by increased nuclear deformability driven by decreased A-type lamin levels.

The above findings suggest that decreased expression of A-type lamins may provide a selective advantage
at some point during breast cancer metastasis. Metastasis is a multi-step process involving local invasion,
intravasation, survival in circulation, arrest in vasculature, extravasation, and secondary tumor growth (Sahai,
2007). To evaluate which stage of metastasis is associated with the decrease in A-type lamins, we analyzed lamin
expression in the isogenic 4T1 progression series. These sister cell lines were all isolated from a single,
spontaneously arising tumor from a Balb/cfC3H mouse and are each capable of progressing to different stages of
metastasis (Aslakson and Miller, 1992; Dexter et al., 1978). Strikingly, increased metastatic capacity was associated
with a significant decrease in lamin A levels. The 67NR cell line, which does not leave the primary site, had the
highest lamin A levels; cells capable of disseminating to the lymph nodes (168FARN cells) and lungs (4T07) had
significantly lower lamin A expression, and lamin A levels were lowest in cells capable of metastasizing to the lungs
and bone (4T1) (Aslakson and Miller, 1992; Lelekakis et al., 1999) (Fig. 4 D and E). In contrast, lamin B1 and lamin

C levels did not vary significantly across the progression series (Fig. 4 D). These findings support that a decrease in
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lamin A levels is acquired or selected for during the early invasion or intravasation stages of the metastatic

cascade.

Increasing lamin A in breast cancer cells alters mediators of cell metabolism, extracellular remodeling, adhesion,
and cytoskeleton dynamics.

In addition to influencing nuclear deformability and stability, the nuclear lamina participates in diverse
cellular processes, including chromatin organization, DNA damage repair, and the regulation of transcription
factors and signaling pathways (Bell and Lammerding, 2016; de Leeuw et al., 2018). Consequently, the decrease
of lamin A/C in invasive breast cancer may promote tumor progression through mechanisms beyond the altered
mechanical properties of the nucleus. To assess additional effects of altered lamin levels on tumor progression,
we performed quantitative proteomic analysis in BT-549 stably modified to exogenously express lamin A and mock
controls, using stable isotope labeling with amino acids in culture (SILAC) and mass spectrometry analysis (Fig.
5 A). With a moderate (=2.5-fold) increase in lamin A (Fig. 2 D and E), resulting in BT-549 cells with lamin A/C levels
similar to breast cancer cell lines with high lamin A/C levels, we identified 91 proteins with at least 2-fold difference
in expression between the lamin A overexpressing cells and mock controls (Fig. 5 B). Of these, 42 proteins
increased in expression with the increase in lamin A levels, and 49 proteins decreased when lamin A was
overexpressed. We validated changes in expression for several of the identified proteins by Western blot analysis
(Fig. 5 C-G). Strikingly, the majority of proteins affected by lamin A levels were involved in extracellular remodeling,
cell metabolism, cell adhesion, and/or cytoskeletal dynamics (Fig. 5 B). For example, increasing lamin A expression
in the invasive BT-549 breast cancer cells promoted a switch in extracellular matrix production towards increased
fibronectin synthesis, which can be associated with wound healing and fibrosis (To and Midwood, 2011) (Fig. 5 B
and C), and decreased collagen VI levels (COL6A1 and COL6A2) (Fig. 5 B and D). COL6A1 and COL6A2 are frequently
elevated in cancer relative to normal tissue, have been implicated in migration, Akt signaling, proliferation, and
metastasis, and are associated with poor prognosis (Chen et al., 2013; Chen et al., 2019; Chiu et al., 2011; Owusu-
Ansah et al., 2019; Wan et al., 2015). Consistent with the tumor-promoting effects of low lamin A levels, increased
expression of lamin A resulted in an increase in p53 tumor suppressor protein levels (Fig. 5 B and E), which
mediates cell-cycle arrest and apoptosis in response to stress in normal cells (Brady and Attardi, 2010). Increasing
lamin A also led to elevated Caveolin-1 levels (Fig. 5 B and F), a component of the plasma membrane domains
known as caveolae, which influence endocytosis, exocytosis, signal transduction, cell adhesion, actin cytoskeleton,
and response to mechanical stress (Echarri and Del Pozo, 2015; Sinha et al., 2011). Considering that A-type lamins
have a critical role in tissues that experience high levels of mechanical stress (Isermann and Lammerding, 2013;
Swift et al., 2013), it is interesting to note that the protein with the largest increase upon lamin A addition was the
molecular chaperone heat shock protein 27 (HSPB1 or HSP27) (Fig. 5 B); a protein that is normally most highly
expressed in cardiac and skeletal muscle (Sugiyama et al., 2000). HSPB1 was nearly undetectable in control BT-
549 cells but increased =12-fold upon overexpression of lamin A (Fig. 5 G). To determine if A-type lamins regulate
HSPB1 levels in other breast cancer models, we examined HSPB1 expression in PyMT cells in response to inducible

depletion of lamin A/C (Supp. Fig S3 A-C). HSPB1 levels decreased significantly when lamin A/C levels were
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depleted (Fig. 5 H). Since HSPB1 has been implicated in mRNA stabilization, antioxidant responses, regulation of
apoptosis, cytoskeletal dynamics, and even secretion for an extracellular role in regulation of proliferation and
immune response (Batulan et al., 2016; Mymrikov et al., 2011), the scaling of HSPB1 expression with A-type lamins
levels could provide a mechanism for the regulation of diverse cellular processes impacting metastasis. In
accordance with these diverse roles for HSPB1, BT-549 cells overexpressing lamin A showed HSPB1 localization
throughout the cytoplasm and accumulation of HSPB1 in membrane protrusions (Fig. 5 I).

Since many of the proteins altered upon changes in lamin A expression are involved in cell matrix
remodeling, cell adhesion, and actin dynamics, we explored how changes in lamin A/C levels affect cell
morphology. BT-549 breast cancer cells are characterized by extensive cell spreading and expansive lamellipodia
(Fig. 6 A). Increasing the expression of lamin A in BT-549 cells resulted in reduced cell spreading and more
elongated cell morphology with filopodia-like protrusions (Figs. 6 A-F), further highlighting how changes in lamin
A expression can affect cellular structure and functions beyond the nuclear envelope. Thus, alteration of lamin
A/C expression can lead to numerous changes within breast cancer cells, affecting how the cells modify and
interact with their physical microenvironment. Collectively, these changes could promote cancer cell invasion and

metastatic progression.

Decreased lamin A/C expression is associated with increased breast cancer cell proliferation in vitro and in vivo.

Since altered lamin expression affected numerous proteins with various cellular functions, we examined
whether cell proliferation was also impacted. Even a moderate (=1.5- to 2.5-fold) increase in lamin A expression
in BT-549 and MDA-231 cells, which normally have low levels of lamin A/C (Fig. 2D, E, G, H), slowed cell
proliferation and increased population doubling times compared to mock controls (Figs. 6 G-J). In contrast, shRNA-
mediated depletion of lamin A/C in PyMT cells, which normally express high levels of lamin A/C, did not
significantly alter proliferation (Figs. S4 A and B). These data suggest that decreasing A-type lamin levels alone
may not be sufficient to accelerate cell proliferation in breast cancers with initially high lamin A/C levels, but that
the low lamin A/C levels found in highly aggressive breast cancers do contribute to allowing high rates of
proliferation. To test whether the link between lamin A/C levels and cell proliferation extends to human breast
tumors, we assessed 21 human primary tumor tissue sections for their levels of A-type and B-type lamins in tumor
cells, and for the fraction of Ki67-positive tumor cells, a marker for actively cycling cells (Fig. 7 A). Lamin A/C levels
were normalized to lamin B levels to account for differences in sample processing and immunolabeling efficiency.
Comparing tumors from different patients, we identified a significant correlation between the average lamin A/C
levels, normalized to lamin B, and the fraction of Ki67-positive cells within the tumor (Fig. 7 B). Notably, the ratio
of lamin A/C to lamin B showed a stronger correlation with the fraction of Ki67-positive cells than either lamin A/C
or lamin B staining alone (Fig. 7 B and Figs. S5 A and B), highlighting the merit in normalizing the lamin A/C
measurements by the lamin B signal. Importantly, the correlation between low lamin A/C levels and high fraction
of Ki67-positive cells also held true at the single cell level within individual tumors. When cells from individual
tumors were split into subgroups based on their Ki67 status, the Ki67-positive subgroup had significantly lower

average lamin A/C to lamin B ratios than the Ki67-negative subgroup from the same tumor (Fig. 7 C). Nearly every
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tumor analyzed exhibited this trend (13 of 14 tumors), demonstrating that even within a single tumor, decreased

lamin A/C consistently associates with a more proliferative subset of cells.

Akt signaling promotes decreased lamin A/C

Progression through the cell cycle is accompanied by phosphorylation-driven disassembly and reassembly
of the lamina (Collas, 1999; Peter et al., 1990). Lamins can also be phosphorylated during interphase, contributing
to increased degradation (Buxboim et al., 2014; Kochin et al., 2014; Swift et al., 2013). One of the kinases
implicated in lamin A phosphorylation and degradation is Akt, which is activated downstream of PI3K (Barati et
al., 2006; Bertacchini et al.,, 2013; Cenni et al., 2008; Naeem et al., 2015). PI3K/Akt signaling is frequently
dysregulated in cancers, where it serves as a key driver of growth and division (Fruman and Rommel, 2014). Thus,
phosphorylation of lamins by Akt could provide a potential mechanism for downregulation of lamin A/C as a
component of a PI3K/Akt-mediated pro-proliferative signaling network proliferation. To explore a potential
connection between Akt signaling and lamin A/C, we quantified lamin levels in a human breast tumor microarray
(n = 109) that had previously been analyzed to separate tumors into groups negative or positive for
phosphorylated Akt, which marks active Akt (Wennemers et al., 2013) (Fig. 7 D). Remarkably, tumors positive for
Akt phosphorylation had significantly lower lamin A to lamin B ratios (Fig. 7 E), highlighting that this pathway could
be contributing to downregulation of A-type lamins. To test this hypothesis, we quantified lamin levels in MDA-
231 cells after treatment with the Akt inhibitor Afuresertib. Akt inhibition resulted in a significant increase in the
lamin A/C to lamin B1 ratio compared to vehicle-treated control cells (Figs. 7 F and G). This increase in A-type
lamin protein levels occurred without a change in LMINA gene expression (Fig. 7 H), suggesting that Akt signaling
influences A-type lamin levels in breast cancer cells through post-transcriptional mechanisms, such as regulation
of protein stability, rather than via transcriptional regulation (Agrelo et al., 2005; Bertacchini et al., 2013;
Marmiroli et al., 2009).

Decreased lamin A levels are associated with worse prognosis in breast cancer.

Our findings suggest that primary breast cancer tumors with lower lamin A/C levels have enhanced
proliferation, invasion, and confined migration abilities, which could promote cancer progression and metastasis.
To investigate the proposed associations between lamin A/C levels and patient outcomes, we measured lamins
levels in primary tumor tissue microarrays representing a retrospective cohort of 122 breast cancer patients,
including 54 with triple-negative breast cancers, who did not receive systemic treatment and had been followed-
up for at least 5 years (Nagelkerke et al., 2011). Lamin levels were assessed using immunofluorescence and
segmentation of nuclei for single cell analysis of lamin intensity at the nuclear rim, allowing measurements to
reflect differences in the nuclear lamina composition regardless of nuclear morphology (Fig. 8 A). Another
advantage of this approach is that nuclei can be selected so that only tumor cells are analyzed and surrounding
stromal cells are excluded. The ratio of lamin A to lamin B was calculated for each individual tumor cell, and these
measurements were then used to calculate the average ratio for each tumor (Fig. 8 B). Kaplan-Meier survival

analysis with log-rank testing found a significant association between disease-free survival and lamin A : B ratio.
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Importantly, patients with breast tumors with low lamin A: lamin B ratios (based on an optimal cutoff ratio of
1.983) had significantly reduced disease-free survival compared to patients with high lamin A:lamin B ratios
(Fig. 8 C). This correlation with patient survival occurred without any significant association with ER/PR/HER2
status (Fig. 8 D), suggesting that lamin A downregulation may identify more aggressive breast cancers in a subtype-
independent manner. These findings support that the impact of decreased lamin A levels on cell invasion and
proliferation are functionally important for breast cancer progression, as lower lamin A levels are associated with

worse disease-free survival across human breast cancer patients.

Discussion

Despite the widespread and historic use of altered nuclear size and NE morphology for cancer diagnosis
and prognosis, an integrated understanding of how these changes arise and how they relate to biochemical and
mechanical functions influencing tumor progression has remained elusive. Using a broad panel of human and
mouse breast cancer cells lines, we present evidence that the deformability of the nucleus varies dramatically
across different breast tumor types and is determined by alterations in the levels of the nuclear envelope protein
lamin A and, to a lesser extent, lamin C. Importantly, our analysis of cell lines from isogenic and syngeneic mouse
models of breast cancer found that a decrease in lamin A levels was associated with the acquisition of metastatic
capabilities. Consistent with these findings, decreased lamin A levels in human tumors correlated with increased
proliferation and reduced disease-free survival in breast cancer patients. Notably, proteomic and morphological
analysis revealed that the effect of altered lamin A/C levels in invasive breast cancer cells extends well beyond
regulation of nuclear deformability, affecting cell proliferation, morphology, and expression of proteins involved
in adhesion, cytoskeletal dynamics, stress responses, and extracellular remodeling. Collectively, these findings
support that modulation of lamin A/C may have a central role in mediating broad reprogramming of cellular
functions during cancer progression (Fig. 9).

Lamin A/C expression has been previously reported to exhibit stiffness-dependent scaling as cells sense
and respond to their physical environment; lamin A/C levels increase in stiffer environments and in conjunction
with force transmission to the nucleus (Buxboim et al., 2014; Cho et al., 2017; Gonzalez-Cruz et al., 2018; Swift et
al., 2013). However, we observed variations in lamin A/C in breast cancer cells that could not be explained by
differences in substrate stiffness as cells were grown on identical substrates, and lamin A/C levels varied between
and within patient tumors. Instead, we identified a consistent association between decreased lamin A/C and
enhanced invasive, metastatic, and proliferative characteristics in cell lines and tumors. Although it is likely that
multiple pathways converge to explain the variable lamin A/C expression observed in different cancers, our
findings support a direct connection between oncogenic activation of Akt signaling with the regulation of A-type
lamins and nuclear deformability across breast cancers. Akt has previously been reported to regulate lamin A/C
through both alterations in gene expression and phosphorylation-mediated targeting for degradation (Bertacchini
et al., 2013; Cenni et al., 2008). The PI3K/Akt pathway is hyperactivated in =60% of breast cancers (Ortega et al.,

2020), and we found that Akt activation was associated with significantly lower lamin A : B ratios in human tumors
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and that Akt helps to maintain low lamin A/C levels in aggressive breast cancer cell lines. Thus, decreasing lamin
A/C may be a downstream consequence of activation of a proliferative PI3K/Akt signaling network, raising the
question of whether downregulation of lamin A/C contributes to Akt-driven enhanced proliferation in breast
cancer. In support of this hypothesis, we found that highly proliferative tumors and actively cycling cells exhibited
lower lamin A : B ratios, and moderate increase in lamin A through exogenous expression was sufficient to
decrease proliferation in aggressive breast cancer cells. This is consistent with previous studies linking a decrease
in lamin A/C to enhanced proliferation across multiple cell types (Broers et al., 1997; Ivorra et al., 2006). Notably,
multiple studies have linked lamin A/C to cell cycle regulation through interaction with pRB, thereby maintaining
the ability of this tumor suppressor protein to delay cell cycle entry (Johnson et al., 2004; Nitta et al., 2006; Van
Berlo et al., 2005). Taken together, our findings support that the downregulation of lamin A/C can be both a
downstream consequence and a contributor in the reprogramming of cancer cells for enhanced proliferation.
Changes in lamina composition resulting in altered mechanical and signaling properties may also be
regulated in cancers at the level of relative expression of lamin A versus C, which varies across tissues due to
alternative splicing (Aljada et al., 2016). However, the majority of studies linking lamin A/C alterations to tumor
progression have not distinguished between lamin A and C (Alhudiri et al., 2019; Belt et al., 2011; Coradeghini et
al., 2006; Matsumoto et al., 2015; Wang et al., 2018; Wazir et al., 2013; Willis et al., 2008; Wu et al., 2009). Lamins
A and C are identical for the first 566 amino acids and cannot be differentially detected by most available
antibodies. Interestingly, we found that the association with nuclear deformability was much stronger for lamin A
than for lamin C. Furthermore, the gain of metastatic capacity in murine mammary cancer models was associated
with downregulation of lamin A to a much greater extent than lamin C. These findings support that decreased
levels of lamin A are the more important determinant of enhanced nuclear deformability and cancer disease
progression. Consistent with this finding, decreased lamin A, but not lamin C, has been associated with metastasis
and decreased disease-free survival in ovarian cancer (Gong et al., 2015), and the ratio of lamin A mRNA to lamin
C mRNA has been found to decrease in multiple tumor types relative to normal tissues or less proliferative tumors
(Aljada et al., 2016; Venables et al., 2001). Accordingly, we found that aggressive breast cancer cell lines with
highly deformable nuclei tend to not only have lower lamin A levels overall, but also decreased lamin A to lamin
C ratios. The potential differential roles for lamin A and C in tumor progression contrast with apparent redundant
roles in tissue maintenance; mice producing only lamin C appear healthy with only minimal nuclear morphological
abnormalities and a mild increase in nuclear deformability (Fong et al., 2006; Lammerding et al., 2006), while mice
lacking both lamin A and C die by 7 weeks of age (Sullivan et al., 1999). Continued studies comparing and
manipulating levels of lamin A and C isoforms are needed to better understand specific functions of individual
lamin isoforms, and how changes in relative expression contribute to differentiation and disease processes.
Lamin A/C bind and regulate a multitude of proteins involved in growth factor signaling cascades,
regulation of cell cycle progression, and DNA damage repair (Andres and Gonzalez, 2009; Bell and Lammerding,
2016; Frock et al., 2006; Gonzalo, 2014; Kennedy and Pennypacker, 2014; Maynard et al., 2019; Redwood et al.,
2011). The functional and proteomic changes reported here upon modulation of lamin A levels in breast cancer

cells suggest that high levels of lamin A can contribute to functions typically associated with tumor suppressor

Page 10


https://doi.org/10.1101/2021.07.12.451842

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.12.451842; this version posted July 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

proteins, such as growth suppression, and stress responses. However, unlike classic tumor suppressors, the LMNA
gene is not frequently deleted or mutated in cancer (Bell and Lammerding, 2016), suggesting that a minimal level
of expression is required for cell survival and growth. The balance between pathways promoted and inhibited as
a function of lamin A levels may be particularly relevant to metastatic cells invading through tissues. We found
that the decreased lamin A levels in highly aggressive breast cancer cells increased nuclear deformability and
modulated expression of numerous proteins involved in cell adhesion and matrix remodeling, functions which are
critical determinants of efficient cell movement in 3-D environments (Condor et al., 2019; Lautscham et al., 2015;
Mekhdjian et al., 2017). As a result, lower lamin A levels promote faster transit through small constrictions
requiring nuclear deformation. However, squeezing the nucleus through small confinements can result in DNA
damage caused by both the deformation of the nucleus and rupture of nuclear envelope (Irianto et al., 20163;
Raab et al., 2016; Shah et al., 2020). Importantly, mutation or depletion of lamin A/C increases the frequency of
nuclear envelope rupture and impairs the ability to efficiently repair and survive rupture events (Denais et al.,
2016; Earle et al., 2020; Irianto et al., 2016a; Raab et al., 2016). The importance of maintaining some level of lamin
A/C for stress resistance and epithelial cell function is further highlighted by studies showing impaired survival
and growth of cells harboring severe depletion of lamin A/C (Harada et al., 2014; Mitchell et al., 2015; Raab et al.,
2016; Roncato et al., 2021). Thus, we propose that lamin A occupies opposing roles in restricting growth and
metastatic dissemination of cancer cells while also being critically important for nuclear stability, maintenance,
and cell survival. Accordingly, none of the breast cancer cell lines completely lacked lamin A/C, indicating that
some minimal lamin A/C expression is needed to balance promoting metastatic progression while avoiding
negative effects of loss of lamin A/C.

Taken together, our data support a model where lamin A acts as a determinant of how cells interact with
their physical environment, as well as a gatekeeper protecting the integrity of the nucleus in response to those
interactions. Our findings support the hypothesis that primary tumors with lower lamin levels may have enhanced
ability to grow and metastasize. However, this could also indicate that the low lamin A levels and highly
deformable nuclei occurring in highly aggressive breast cancers are accompanied by increased sensitivity to
targeted disruption of repair mechanisms involved in responses to mechanically induced nuclear damage, thus

representing a potential target for novel clinical treatment options.

Materials and methods

Cells and cell culture. The human breast cancer cell lines MDA-231 (HTB-26), MDA-468 (HTB-132), MCF7 (HTB-
22), SKBR3 (HTB-30), HCC70 (CRL-2315), BT-549 (HTB-122), BT-474 (HTB-20), and T47D (HTB-133) were obtained
from the American Type Culture Collection (ATCC). MDA-231, MDA-468, MCF7, SKBR3 and T47D cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS,
Seradigm VWR) and 1% (v/v) penicillin and streptomycin (PenStrep, ThermoFisher Scientific). BT-549, BT-474 and
HCC70 cells were grown in Roswell Park Memorial Institute medium (RPMI) 1640 media supplemented with 10%

FBS and 1% PenStrep. All cell lines were cultured under humidified conditions at 37°C and 5% CO,. The murine
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epithelial PyMT Flox3 (“PyMT”) tumor cell line was established from an unfloxed tumor arising in the MMTV-PyMT
mouse model described in (Pickup et al., 2013) and serves as a less metastatic comparator for the highly metastatic
Metl (CVCL_U373) MMTV-PyMT line (Borowsky et al., 2005; Mekhdjian et al., 2017). PyMT and Met1 cells were
maintained in Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 (DMEM/F12; Gibco) supplemented
with 10% (v/v) FBS (Seradigm VWR), and 1% (v/v) penicillin and streptomycin (PenStrep, ThermoFisher Scientific).
The 4T1 murine mammary cancer metastatic progression series cell lines (67NR (CVCL_9723), 168FARN
(CVCL_0I86), 4TO7(CVCL_B383), and 4T1(CVCL_0125))(Aslakson and Miller, 1992) were a kind gift from Dr. Peter
Friedl (MD Anderson Cancer Center, Houston, TX, USA). 4T1 progression series cell lines were maintained in RPMI
(Gibco) supplemented with L-glutamine (Gibco), sodium pyruvate, 10% (v/v) FBS (Seradigm VWR), and 1% (v/v)
penicillin and streptomycin (PenStrep, ThermoFisher Scientific). For Akt inhibition experiments, MDA-231 cells
were treated with 5 uM of Afuresertib (GSK2110183, Selleckchem, Cat #57521) or DMSO (Sigma, Cat #D2650) for
24 hours before analysis. For IPTG-induced knockdown of Lmna in PyMT cells, IPTG was applied at a concentration
of 0.25 mM for at least 48 hours prior to the start of experiments. None of the cell lines in this study are listed
NCBI Biosample database of commonly misidentified cell lines. All cell lines were tested for mycoplasma at the
beginning of studies (tested negative with MycoSensor PCR Assay Kit, Agilent, #302109) and have never exhibited

contamination symptoms after initial testing.

Generation of stably modified cell lines. MDA-468 cell lines were stably modified with lentiviral vectors to express
the nuclear reporter NLS-GFP (pCDH-CMV-NLS-copGFP-EF1-blastiS (Denais et al., 2016), available through
Addgene (#132772)). MDA-468 cells were also modified with lentiviral vectors to stably express shRNA to LMNA
and (MISSION anti-LMNA shRNA, available through Sigma, TRCN0O000061835, NM_170707.1-752s1c1) or control
non-target MISSION control shRNA (available through Sigma). MDA-231 and BT-549 cells were modified with NLS-
RFP (pCDH-CMV-3xNLS-TagRFP-T-EF1-blastiSBT-549 (Denais et al., 2016)) and then additionally modified with
lentiviral vectors to express Lamin A (pCDH-CMV-hLamin_A-IRES-copGFP-EF1-puro (Earle et al., 2020), available
through Addgene (#132773)) or the control plasmid, pCDH-CMV-IRES-copGFP-EF1-puro, generated in house). For
IPTG-inducible Lmna knockdown, PyMT cells were modified with pLKO.1-EEFla-mApple-Luc2 and pLKO.1
U63xlaclbs (Miroshnikova et al., 2016) containing shLmna (Sense: GCTTGACTTCCAGAAGAACAT) or shGFP (Sense:
GCAAGCTGACCCTGAAGTTCAT) shRNA.

For viral modifications, pseudoviral particles were produced as described (Hanson et al., 2008). In brief,
293-TN cells (System Biosciences, SBI) at 70-80% confluency were co-transfected with the lentiviral plasmid and
lentiviral helper plasmids (psPAX2: Addgene #12260 and pMD2.G: Addgene #12259, gifts from Didier Trono) using
PureFection (SBI System Biosciences) following the manufactures protocol. Lentivirus containing supernatants
were collected at 48 hours and 72 hours after transfection and filtered through a 0.45 um syringe filter. Cells were
transduced for 1-3 consecutive days with the viral stock diluted 1:3 with culture media in the presence (or absence
for BT-549 cell line) of 8 ug/mL polybrene (Sigma-Aldrich). The viral solution was replaced with fresh culture
medium, and cells were cultured for 24-48 hours before selection with 1 pg/mL of puromycin (InvivoGen) or 6

pg/mL of blasticidine S (InvivoGen) for 10 days. Cells were also sorted using fluorescence assisted cell sorting
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(FACS) (BD FACSARIA) to ensure a consistent level of expression of the fluorescent reporters.

Fabrication and use of microfluidic migration devices. Confined migration experiments in microfluidic devices
were performed as described previously (Davidson et al., 2014; Davidson et al., 2015; Denais et al., 2016). Briefly,
the devices contain channels of 5 um height with constriction widths ranging from 1 to 15 um in width. Unconfined
regions of 250 um height are found on either side of the migration channels region and cells are loaded into one
of these regions (Davidson et al., 2015). Microfluidic devices are produced using molds that were made using two-
layered SU-8 photolithography as described previously (Davidson et al.,, 2014). Polydimethylsiloxane (PDMS)
replicas of the molds were made using a Sylgard 184 PDMS kit (Dow Corning) using the (1:10) manufacturer’s
recipe. After devices were cut to size and holes were punched to allow addition of cells and media, a plasma
cleaner (Harrick Plasma) was used to covalently bind microfluidic devices to glass coverslips that had been
pretreated with 0.2 M HCI, rinsed, and dried. The assembled devices were placed on a 95°C hot plate for 5 min to
improve adhesion. Devices were filled with 70% ethanol for sterilization and then rinsed with sterile deionized
water. Devices were then coated with 5 pg/ml fibronectin (Millipore) in PBS (MDA-231 or BT-549) or 50 pg/mL
Rat Tail Collagen Type 1in 0.02 N acetic acid (MDA-468) overnight at 4°C. After the incubation, devices were rinsed
with PBS and filled with cell culture medium before loading ~30,000 cells through the side port into one of the
250 um height regions. Cells were allowed to attach in a tissue culture incubator for 6-24 hr, depending on the
cell line, prior to the start of imaging. Devices were sealed with a glass coverslip to minimize evaporation and were
imaged every 10 min for at least 12 hours in phenol-red free DMEM supplemented with 25 mM HEPES and 10%
FBS (for MDA-231 and BT-549 cells) or a 0.1%-12% FBS gradient (for MDA-468 cells). Transit times were calculated
through manual analysis. Briefly, transit time of a cell through a constriction was defined as the time between
when the front of the nucleus crossed into the region 5 um in front of the constriction center and when the back
of the nucleus passed out of the region 5 um behind the constriction center. A similar analysis was performed on
cells in the 15 um wide channels to obtain values of the migration transit time of cells under non-constrained

conditions.

Fabrication and use of Micropipette aspiration devices. Micropipette aspiration of cells into 3-um-wide, 5-um-
high channels was performed using microfluidic devices fabricated as described in (Davidson et al., 2019).
Standard lithography techniques were used to produce the mask and wafers for the device at the Cornell
NanoScale Science and Technology Facility (CNF). PDMS replicas of the microfluidic device molds were cast using
Sylgard 184 (Dow Corning). Devices were cut to size and three entrance port holes were punched and the device
was mounted onto a glass slide (pretreated with 0.2M HCI) using a plasma cleaner (Harrick Plasma). Devices were
filled with PBS containing 2% bovine serum albumin (BSA), 0.2% FBS solution. Cells were trypsinized and
resuspended in 2% BSA, 0.2% FBS PBS solution containing 10 ug/ml Hoechst 33342 (Invitrogen) to visualize nuclei.
The cell suspension (~5 x 10° cells/ml) was perfused into the devices at constant pressure using a MCFS-EZ
pressure controller (Fluigent). Pressure at the inlet and outlet ports was set to 1.0 and 0.2 pounds per square inch

(relative to atmospheric pressure, Pam), respectively. The remaining port was outfitted with a hand-held pipette
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to manually backflush cells from the pockets to allow new cells to enter at the start of each image acquisition
sequence. Bright-field and fluorescence images were acquired every 5 seconds for 1-2 minutes. Nuclear protrusion
length (AL) was analyzed for each cell at each time point using a custom-written MATLAB program (Davidson et

al., 2019), made available on request.

Western Blot analysis. Cells were lysed in high salt RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl (or 750 mM for
lamins blots to increase solubility), 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate) containing freshly
added protease (complete EDTA-Free, Roche) and phosphatase (PhosSTOP, Roche) inhibitors. For lamin blots,
lysates were vortexed for 5 minutes at 4°C and passed through an insulin syringe five times to shear DNA. Lysates
were cleared by centrifugation at 13 000 rpm for 5 minutes at 4°C. Protein concentration was quantified using
Bio-Rad Protein Assay Dye, and 25—-30 ug of protein lysate was combined with Laemmli buffer and heated for 3
minutes at 95°C.Proteins were separated using an 8%, 10%, or 4—-12% polyacrylamide gel with a standard SDS—
PAGE protocol. Protein was transferred to a methanol-activated PVDF membrane at room temperature at a
voltage of 16V for 1 hour in a semi-dry transfer apparatus. Membranes were blocked using 3% BSA in Tris-buffered
saline containing 0.1% Tween-20 (TBST). Primary antibodies were diluted in the same blocking solution and
incubated overnight at 4 °C. After three 5-minute rinses in TBST, infrared (IR)-dye conjugate secondary antibodies
IRDye 800CW Donkey Anti-Goat (VWR, #102673-336), IRDye 800CW Donkey Anti-Rabbit (VWR, #102673-334) and
IRDye 680RD Donkey Anti-Mouse (VWR, #102673-412) were added at 1/5000 in blocking solution for 1 hour at
room temperature. After three more TBST washes, membranes were rinsed with water and imaged on an Odyssey
CLx imaging system (LI-COR) and quantification was performed in Image Studio Lite (LI-COR). Primary antibodies
used for western blots obtained from Santa Cruz Biotechnology, Inc. were Lamin A/C (E-1) (1/1000,
AB_10991536), Lamin A/C (N-18) (1/1000, AB_648152), Actin (1/4000, AB_630835), COL6A1(B-4) (1/500,
AB_2783834), Fibronectin (EP5) (1/500, AB_627598), p53 (Pab 240) (1/500, AB_628086), and caveolin-1 (4H312)
(1/500, AB_1120056). Antibodies were also obtained from the Developmental Studies Hybridoma Bank (DSHB)
created by the NICHD of the NIH and maintained at The University of lowa, Department of Biology, lowa City, IA
52242. DSHB antibodies were used at a dilution of 0.5 ug/ml and include Lamin A/C (AB_2618203, MANLAC1(4A7)
deposited by Morris, G.E.), Tubulin (AB_528499, E7 deposited by Klymkowsky, M.), Actin (AB_528068, JLA20
deposited by Lin, J.J.-C.), HSPB1 (AB_2617267, CPTC-HSPB1-1 deposited by Clinical Proteomics Technologies for
Cancer). Additional antibodies used for western blots were Tubulin (1/3000, Sigma, AB_477579), Lamin B1
(1/1000, Abcam, AB_10107828), Histone H3 (1/5000, Abcam, AB_2885180). Blots validating SILAC results were
conducted as above, but with anti-mouse 1gG IgM, HRP-linked (Thermo Fisher Scientific, AB_228321) and anti-
rabbit IgG HRP-linked (Cell Signaling, AB_2099233) secondary antibodies. Bands were detected using SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Scientific) and the c-Digit imaging system (LI-COR) and

densitometry was performed in FlJI.

Human tumor tissue sections and tissue microarray. The relationship between lamin levels and phospho-Akt

staining, receptor status and breast cancer patient survival was investigated using a breast tumor tissue
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microarray (TMA) described in detail in (Nagelkerke et al., 2011). The TMA consisted originally of samples from
122 patients, and of these 109 tumor cores were undamaged and analyzable for this study. Breast tumor samples
were collected from patients who underwent resection surgery of their primary tumors and had not received
systemic adjuvant treatment. Patients were treated between January 1991 and December 1996 and data was
available from at least 5 years of follow-up or until a recurrence event. Additionally, levels of ER, PR, HER2, and
phosphorylated Akt had been previously assessed by immunohistochemistry (Wennemers et al., 2013), allowing
our comparison of lamin levels across histological subtypes and in tumors negative or positive for phospho-Akt.
Immunofluorescent staining, imaging, and quantification was performed while blinded to breast tumor
characteristics or patient outcome. All procedures were conducted according to institutional guidelines and with
institutional approval.

Human tumor sections used for analysis of relationships between proliferation (Ki67 positivity) and lamin
levels were obtained from Dr. Linda Vahdat (Weill Cornell Medicine, IRB# 0408007390A002). The 21 paraffin-
embedded breast tumors analyzed included 8 HER2-positive tumors and 5 triple-negative tumors and surgery

dates ranged from February 1995 to June 2009.

Immunofluorescent staining. For staining of cell monolayers, cells were cultured on cover slips for 24-48 hours
before fixation with 4% PFA in PBS for 20 min at room temperature. Cells were then rinsed in PBS, quenched in
100mM glycine/PBS for 5 minutes and permeabilized in 0.3% triton/PBS for 10 minutes. Blocking was in 2% BSA
in washing buffer (PBS with 0.2% triton X-100 and 0.05% Tween-20) for 1 hour at room temperature. Cells were
stained overnight at 4°C with primary antibodies diluted in blocking solutions. After primary antibodies were
removed, cells were rinsed three times (5 minutes each) in washing buffer, and fluorescently-labeled secondary
antibodies were applied in blocking solution for 40-60 minutes. Where applicable, cells were also stained with
Alexa Fluor 647 Phalloidin (1/100, Thermo Fisher Scientific, AB_2620155) during secondary antibody incubation.
After three more washes in washing buffer, nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI)
(Invitrogen, 0.1% stock diluted 1/500 in PBS for use) for 10 minutes prior to rinsing with water and mounting using
Hydromount (#17966 from electron Microscopy Sciences).

For staining of paraffin-embedded human breast tumor tissue sections and tissue microarray, sections
were deparaffinized in 3 changes of xylenes followed by 100% ethanol, 95% ethanol and 70% ethanol (all 5 min
each). Sections were rehydrated with gently running tap water for 5 minutes. For antigen retrieval, sections were
transferred to Tris-EDTA, pH9.0 in a coplin jar and placed in a 55°C water bath. After 30 minutes, water bath
temperature was increased to 95°C and incubation continued for an additional 20 minutes after reaching 95°C.
Water bath was shut off and allowed to cool slowly for 3-4 hours. Each tissue section was circled with a liquid
blocker pen and rinsed 5 minutes with PBS. Each section was covered with blocking buffer of 3% BSA and 5%
filtered horse serum in PBS-T (PBS with 0.05% triton X-100 and 0.03% Tween-20) for 1 hour. Primary antibodies
diluted in blocking buffer were applied overnight in a humidified chamber at 4°C. After primary antibody
treatment and three rinses (10 minutes each) with PBS-T, fluorescently-labeled secondary antibodies were applied

in Block buffer for 1 hour at room temperature followed by three more 10 minute PBS-T washes. Nuclei were
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counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen, 0.1% stock diluted 1/500 in PBS for use) for
10 minutes prior to rinsing with water and mounting using Hydromount (#17966 from Electron Microscopy
Sciences).

Secondary antibodies and dilutions used included Donkey anti-Rabbit Alexa Fluor 488 (1/300, Thermo
Fisher Scientific, AB_2535792), Donkey anti-Mouse Alexa Fluor 568 (1/300, Invitrogen, AB_2534013), Donkey anti-
Goat Alexa Fluor 647 (1/150, Thermo Fisher Scientific, AB_141844), and Donkey anti-Goat Alex Fluor 568 (1/300,
Life Technologies, AB_142581). The primary antibodies and dilutions used for immunofluorescence on cell
monolayers were Lamin A/C (E-1) (1/200, Santa Cruz, AB_10991536), Lamin A/C (N-18) (1/50, Santa Cruz
Biotechnologies, AB_648152), Lamin A (H102) (1/100, Santa Cruz Biotechnologies, AB_648148), Lamin B1 (1/100,
Abcam, AB_10107828), Lamin B1 (1/200 Proteintech AB_2136290), Lamin B (M-20) (1/100, Santa Cruz
Biotechnologies, AB_648158), and HSPB1 (2 ug/ml, AB_2617267, CPTC-HSPB1-1 deposited to the DSHB by Clinical
Proteomics Technologies for Cancer). Primary antibodies and dilutions used for immunofluorescence on human
breast tumor tissues were Lamin A/C (E-1) (1/100, Santa Cruz, AB_10991536), Lamin A (H102) (1/100, Santa Cruz
Biotechnologies, AB_648148), Lamin B (M-20) (1/100, Santa Cruz Biotechnologies, AB_648158), Ki67 (1/200,
Novus Biologicals, AB_10001977).

Fluorescence microscopy and image analysis. Microfluidic migration device experiments and immunofluorescent
staining images were collected on inverted Zeiss Observer Z1 microscope equipped with temperature-controlled
stage (37°C) and CCD camera (Photometrics CoolSNAP KINO) using 20x air (NA = 0.8), 40x water (NA = 1.2) and
63x oil (NA = 1.4) immersion objectives. Airy units for all images were set between 1 and 2.5. The image acquisition
for migration experiments was automated through ZEN (Zeiss) software with imaging intervals for individual
sections between 5-10 min. Microfluidic micropipette experiments were collected on a motorized inverted Zeiss
Observer Z1 microscope equipped with either charge-coupled device cameras (Photometrics CoolSNAP EZ or
Photometrics CoolSNAP KINO) or a sCMOS camera (Hamamatsu Flash 4.0) using a 20x air (NA = 0.8) objective.
Cells stained for HSP1B by immunofluorescence were imaged using an Olympus IX83 inverted microscope with
Slidebook 6.0 software (Intelligent Imaging Innovations), a 60x oil immersion objective (NA = 1.35) and
Hamamatsu Orca R2 monochrome CCD camera.

Analysis of immunofluorescent staining of lamins and Ki67 in cell monolayers and human tumors was
performed using a custom-written MATLAB program available on request. DAPI-stained nuclei were used for
segmentation of individual nuclei. For tumors, regions containing tumor cells, rather than stroma, were manually
selected for inclusion in analysis. For each detected nucleus, mean Ki67 fluorescence intensity was calculated, and
the nuclear rim was identified as the top 70% (human tumors) or 20% (cell monolayers) of pixels in the lamin
staining. Intensity of both A-type and B-type lamins in the nuclear rim were quantified and lamin B signal was used
for normalization of lamin A to facilitate comparisons across tumor sections. For Ki67 staining, nuclei were
counted as positive if the signal was 2-fold above background for that image. For association of lamin levels and
patient survival, the lamin A : lamin B ratios calculated were used to determine the optimal lamin A : lamin B cutoff

to divide patients in having a good or bad prognosis (disease free survival). The analysis produced an optimal
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cutoff of the lamin A:lamin B ratio of 1.983 to define high and low groupings. Differences in survival were assessed

using a Mantel-Cox log rank test.

Proliferation and cell morphology analysis. Cell lines were plated into 96-well plate at an initial density of 500,
1000, or 1500 cells/well and allowed to attach (3-4 hours) at 37°C. Following this, plates were placed into the
IncuCyte (Sartorius) incubator microscope system and imaged with a 20x air objective once every 0.5-1 hour for
at least 3 days. Four images per well were taken at each time point. Zoom (Sartorius) software was used to
establish an image processing mask and generate confluency percentages over time. Doubling time analysis was
performed over data range where cells were in exponential growth phase as determined through IncuCyte
imaging. Doubling time was calculated using the formula: Doubling time = In(two)/((In(CellsT2/CellsT1) / (Time)),
where CellsT1 = initial confluency and CellsT2 = final confluency and Time = duration between initial and final
counts. Images collected for proliferation experiments in the IncuCyte were also analyzed for cell morphological
differences between BT-549 cells with exogenous expression of Lamin A plasmid (+LamA) or control plasmid. Cell
spread area and shape analysis was performed using ImageJ (Schindelin et al., 2012). For filopodia analysis, images

were blinded and analyzed for number of cells with protrusions.

Quantitative RT-PCR. For Akt inhibition experiments, MDA-231 cells were treated with 5 uM of Afuresertib
(GSK2110183, Selleckchem, Cat #57521) or DMSO (Sigma, Cat #D2650) for 24 hours before lysis. For analysis of
PyMT and Met1 cells, roughly 3 x 10° cells were lysed in 500 ul of Trizol (Ambion, Cat #15596018) for 10 min at
room temperature. Chloroform (VWR Cat #0757) was added at a 1:5 ratio, tubes were vigorously shaken and then
spun down at full speed for 5 min. The resulting top clear fraction was transferred to a gDNA Eliminator column
and RNA extraction was carried out using a RNeasy Plus Mini Kit (Qiagen, Cat #74136) as per manufacturer’s
instructions. The cDNA was generated using iScript select cDNA synthesis kit (Bio RAD, Cat #1708897). The qRT-
PCR reactions were done using the LightCycler 480 SYBR green | kit (Roche Cat #04077516001), using the following
primers at a concentration of 5 uM: Mouse-GAPDH-Frw 5’-GGAGAGTGTTTCCTCGTCCC-3’, mouse-GAPDH-Rev 5’-
ATGAAGGGGTCGTTGATGGC-3’, mouse-LMNA-Frw 5’-TCCACTGGAGAAGAGTGC-3’, mouse-LMNA-Rev 5'-
CGCTGCAGTGGGAACCA-3’, human-18S-Frw  5’-GGCCCTGTAATTGGAATGAGTC-3’, human-185-Rev  5'-
CCAAGATCCAACTACGAGCTT-3’, human-GAPDH-Frw 5’-TGCGTCGCCAGCCGAG-3’, human-GAPDH-Rev 5’-
AGTTAAAAGCAGCCCTGGTGA-3’, human-LMNA-Frw 5-GACTCAGTAGCCAAGGAGCG-3’, human-LMNA-Rev 5’-
TTGGTATTGCGCGCTTTCAG-3’. Reactions were run on the LightCycler 480/384 machine (Roche serial #1263) and
analyzed using LightCycler 480 software (v 1.5.0).

SILAC Proteomic analysis. Quantitative proteomic sample preparation and analysis were performed as described
previously (Bastos de Oliveira et al., 2015; Bastos de Oliveira et al., 2018; Kim et al., 2018). Briefly, BT-549 cells
were cultured for a minimum of three passages (=2 weeks) in ‘light’ or ‘heavy’ SILAC media as indicated. SILAC
media was composed of RPMI 1640 medium for SILAC (Thermo Fisher Scientific) supplemented with 10% (v/v)
dialyzed FBS, 2.0 g/L sodium bicarbonate, 105 mg/L L-leucine, 200 mg/L proline, and 1% (v/v) penicillin and
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streptomycin (PenStrep, ThermoFisher Scientific). The ‘light’ SILAC media was further supplemented with ‘light’
(normal) lysine (*2C¢,**N,) and arginine (*2Cs,'*N,), while ‘heavy’ SILAC media was supplemented with ‘heavy’ lysine
(13C6,°N,) and arginine (**Cs,°N4) (100 mg/L for each). Cells were grown to 50-70% confluency at the time of
sample collection and were collected by washing cells with PBS, briefly scraping to collect cells in PBS, and
centrifugation at 1000 rpm for 3 minutes at 4°C, followed by washing the cell pellet an additional time in PBS. Cells
were then lysed in modified RIPA buffer lacking SDS (NaF 50 mM, Tris-Cl pH7.5 50 mM, NaCl 150 mM, NP-40 1%,
EDTA 5mM, Sodium deoxycholate 0.25%). After 30 minutes on ice, DNA was sheared, followed by centrifugation
for 5 minutes at 4°C and protein concentration of the supernatant was determined by Bradford assay. For each
experiment (A and B as indicated), equal amounts of protein from BT-549 control and +LamA cells were combined.
The proteins were denatured and reduced (1% SDS, 10 mM DTT) and alkylated with iodoacetamide and then
precipitated with three volumes of a solution containing 50% acetone, 49.9% ethanol and 0.1% acetic acid.
Proteins were trypsin-digested overnight at 37°C in 50 mM Tris-HCIl, pH 8 with 150 mM NaCl and 2 M urea.
Peptides were acidified (0.2% of trifluoroacetic acid and formic acid) and then purified using a Sep-Pak C18 Vac
purification column (Waters). The eluted peptides were resuspended in 80% acetonitrile/1% formic acid and
fractionated using Hydrophilic Interaction Chromatography (HILIC). HILIC fractions were injected into a Q-Exactive
Orbitrap and the data was analyzed using Sorcerer as described previously (Bastos de Oliveira et al., 2015; Bastos
de Oliveira et al., 2018).

Statistical analysis. Unless otherwise noted, all values are expressed as mean +/- standard error of the mean and
data were generated from a minimum of three independent biological replicates. In figure legends, N is used to
indicate the number of independent biological replicate experiments, and n is used to indicate the number of cells
analyzed. Values were considered to be significantly different when p values were <0.05. The statistical tests used
are indicated in the figure legend for each figure and were performed using Prism software (Graphpad) or SPSS
(IBM). For correlations shown in Figure 1 (E, F, H, 1) and Figure S1 (C-G), there was no significant departure from
linearity based on runs test and similar results could be obtained by either Pearson correlation (linear regression

p values shown) or Spearman correlation.

Online Supplemental Information

Fig. S1 provides a schematic of the micropipette aspiration microfluidic device and shows that A-type lamins and
lamin A/C to lamin B ratios have an inverse correlation with nuclear deformability and nuclear area. Fig. S2 shows
a schematic of the microfluidic device used to assess confined cell migration. Fig. S3 shows that decreasing lamin
A/C levels enhances nuclear deformability of PyMT cells. Fig. S4 shows that decreasing lamin A/C levels does not
significantly impact proliferation of PyMT cells. Fig. S5 compares the average immunofluorescence intensity of
lamin A/C or lamin B in human tumors with the percentage of cells positive for the Ki67 proliferative marker in
each tumor. Video 1 shows examples of micropipette aspiration of MDA-231 and HCC70 cells, which have very
high and very low nuclear deformability, respectively. Video 2 shows MDA-468 cells migrating more efficiently

through confined spaces upon depletion of lamin A/C by shRNA compared to non-target control cells. Video 3
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shows that increasing expression of lamin A impedes transit of MDA-231 cells through confined spaces relative to

mock-modified control cells.
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Table 1. Characteristics of human breast cancer cell lines.

Cell Source Subtype | Invitro | In vitro In vitro 3-D | Tumor growth in immunocompromised mice*
line growth | invasion | colony
morphology
MDA- AC, Pleural Basal B/ 24 h +++++ Invasive Fast growing (lorns et al., 2012), locally invasive (Thompson
231 effusion Claudin et al., 1992), and a commonly used model for breast cancer
(Cailleau et low metastasis to lung, liver, lymph nodes, bone, brain, and
al., 1978) ovaries (Bos et al., 2009; lorns et al., 2012; Kang et al., 2003;
Minn et al., 2005; Puchalapalli et al., 2016; Yin et al., 1999).
BT-549 PIDC, Basal B/ 24 h +++++ Invasive Originally thought to be non-tumorigenic and may require
Primary Claudin addition of Matrigel for growth in MFPs of nude mice (Lee et
tumor low al., 2018; Thompson et al., 1992). Infrequently used in vivo
(Lasfargues for tumor growth assays (MFP and SC injection) and for lung
and metastasis from circulation assays (Banerjee et al., 2011;
Coutinho, Chen et al., 2017; Hahn et al., 1999; Jiang et al., 2020;
1981) Murthy et al., 1995; Tate et al., 2012; Walsh et al., 2017;
Yoon et al., 2012).
MCF7 IDC, Pleural | Luminal 48 h ++ Spherical / Poorly invasive (Thompson et al., 1992) and rarely
effusion non-invasive metastatic in nude mice (Clarke, 1996; Ozzello and Sordat,
(Soule et 1980; Shafie and Liotta, 1980), but some metastasis has
al., 1973) been documented in NSG mice (lorns et al., 2012).
Commonly used as a model of luminal breast cancer when
estrogen supplementation is used to enhance tumorigenicity
(Lacroix and Leclercq, 2004; Ogba et al., 2014).
T47D IDC, Pleural Luminal 60 h + Spherical / Poorly invasive and rarely metastatic in nude mice (Clarke,
effusion non-invasive | 1996). Commonly used as a model of luminal breast cancer
(Keydar et when estrogen supplementation is used to enhance
al., 1979) tumorigenicity (Lacroix and Leclercq, 2004; Ogba et al.,
2014).
BT-474 IDC, HER2+ 96 h + Spherical / Poorly tumorigenic, and rarely metastatic (lorns et al., 2012),
Primary non-invasive | but growth can be enhanced by addition of Matrigel (Price,
tumor 1996).
(Lasfargues Used as a model for HER2-dependent breast cancer.
etal.,
1978)
SKBR3 AC, Pleural HER2+ 60 h + Spherical / Poorly tumorigenic (Price, 1996; Thompson et al., 1992), but
effusion non-invasive | still used for some in vivo studies as a model for HER2-
(Fogh, dependent breast cancer (Capietto et al., 2011; Cho et al.,
1975) 2005).
MDA- AC, Pleural Basal A 48 h + Spherical / Slow tumor growth, poorly invasive, and rarely metastatic
468 effusion non-invasive | (Marusyk et al., 2014; Thompson et al., 1992).
(Cailleau et
al., 1978)
HCC70 | DC, Primary | Basal A 72 h N.D. Spherical / Poorly tumorigenic, rarely metastatic (Khawaled et al., 2019)
tumor non-invasive | and not commonly used for in vivo studies. Growth can be
(Gazdar et enhanced by addition of Matrigel (Simon et al., 2016).
al., 1998)

Cell sources and subtype refer to the breast tumor type and site of isolation (Neve et al., 2006; Prat et al., 2010). AC = adenocarcinoma,
PIDC = papillary invasive ductal carcinoma, IDC = invasive ductal carcinoma, DC = ductal carcinoma, MFP = mammary fat pad, SC =
subcutaneous N.D. = not determined. In vitro growth data based on population doubling time in culture (Nair et al., 2019). In vitro
invasion data is based on Boyden chamber invasion through Matrigel (Neve et al., 2006; Thompson et al., 1992), with results ranging from
weakly invasive (+) to highly invasive (+++++). In vitro 3-D colony morphology is based on observations of colonies embedded in Matrigel
(Kenny et al., 2007; Thompson et al., 1992).
*Note: Direct comparisons of tumorigenicity across studies are difficult as tumor growth varies dramatically depending on cell number
used, transplantation site, mouse model (Puchalapalli et al., 2016), and supplementation with Matrigel or estrogen. The most common
uses and observations are summarized, but each cell line described is capable of growth in vivo under the right experimental conditions.
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Figure 1. Nuclear size and stiffness vary widely across breast cancer cell lines and correspond to lamin A/C levels.

(A) Images and schematic of nuclear deformation into a microfluidic micropipette aspiration device under an
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externally applied pressure. The length of nuclear protrusion (AL) into the 3 x 5 um? channel was measured every
5 seconds at constant pressure application. Scale bar = 20 um. (B) Nuclear protrusion curves for four
representative human breast cancer cell lines with different degrees of nuclear deformability. N = 3, mean £+ SEM.
(C) Representative time-lapse image series of deformation of fluorescently labeled nuclei of MDA-231, BT-549,
MDA-468, and HCC70 cells in the microfluidic micropipette aspiration device. Scale bar = 10 pum. (D)
Representative example of Western blot for lamin A/C in a panel of human breast cancer cell lines. Breast cancer
subtype classifications are indicated; colored dots correspond to the data for each cell line presented in panels E-
F. Tubulin served as loading control. (E and F) Nuclear deformability, assessed based on the nuclear protrusion
length into the micropipette at 60 seconds of aspiration (N = 3 independent experiments), shows an inverse
correlation with lamin A (E) and lamin C (F) levels determined by western blot analysis (N = 3). Mean + SEM. The
linear regression results are indicated on each graph. (G) Representative examples depicting lamin A/C
immunolabeling and cell morphology for each human breast cell line studied. Scale bar = 20 um. (H and 1)
Quantification of nuclear cross-sectional area and lamin levels in adherent cells plated on glass coverslips and
immunofluorescently labeled as shown in panel G. N = 3, mean = SEM. Larger nuclear cross-sectional area
correlates with decreased lamin A/C levels. Lamin B1 levels were less variable between cell lines and did not

correlate with nuclear cross-sectional area. Linear regression analysis is indicated on each graph.
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Figure 2. Decreased A-type lamin levels result in the enhanced nuclear deformability of invasive breast cancer
cells. (A) Representative western blot and quantification (N = 3, mean £ SEM) showing decreased lamin A/C levels
in MDA-468 cells expressing LMNA shRNA or non-target control. Lamin A/C levels were normalized to non-target
control in each Western blot. Significance based on one-sample t-test compared to a theoretical value of 1. (B)
Representative images of MDA-468 cells stained for DNA (DAPI) and F-actin (phalloidin) to assess the effect of
lamin A/C depletion (shLMNA), inhibition of actin polymerization by cytochalasin D (CytoD, 4 uM for 20 minutes),
or inhibition of histone deacetylation by trichostatin A (TSA, 4 nM for 12 hours) on cell and nuclear morphology.
Scale bar = 20 um. (C) Micropipette aspiration in a microfluidic device was used to assess which cellular

components have the greatest impact on nuclear deformability. MDA-468 shLMNA cells and MDA-468 and non-
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target controls (shControl) cells treated with CytoD, TSA, or DMSO vehicle control. Statistical analysis based on
two-way repeated measures (RM) ANOVA with Tukey’s multiple comparisons test. N = 3, mean = SEM. (D)
Representative western blot and corresponding quantification from five independent experiments probed for
lamin A/C lamin levels in BT-549 cells with exogenous expression of Lamin A (+LamA) and mock controls. Actin
was used as loading control. Statistical analysis based on one-sample t test with a theoretical value of 1 (control).
Data shown as mean + SEM. (E) Examples of immunofluorescent staining of lamins in BT-549 cells expressing
exogenous lamin A (+LamA) or control construct and quantification of nuclear rim lamin A staining intensity.
Statistics based on two-tailed unpaired Student’s t test. Mean + SD, n = 475 and 661 cells quantified across 3
independent experiments. Scale bar = 20 um. (F) BT-549 cells with addition of lamin A exhibit decreased nuclear
deformability as determined by micropipette aspiration in a microfluidic device. Statistical analysis based on two-
way RM ANOVA. N = 7, mean = SEM. (G) Representative western blot for lamin A in MDA-231 control and +LamA
cells and corresponding quantification based on three independent experiments. Statistical analysis based on one-
sample t test with a theoretical value of 1. Data plotted as mean = SEM. (H) Examples of immunofluorescent
staining of lamins in MDA-231 cells expressing exogenous Lamin A (+LamA) or control construct and quantification
of nuclear rim lamin staining by immunofluorescence. Statistical analysis based on two-tailed unpaired Student’s
t test. Mean £ SD, n = 404 and 546 cells quantified across 2 independent experiments. Scale bar =20 um. (1) MDA-
231 cells with addition of lamin A exhibit decreased nuclear deformability as determined by micropipette

aspiration in a microfluidic device. Statistical analysis based on two-way RM ANOVA. N = 3, mean + SEM.
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Figure 3. Decreased Lamin A levels facilitate migration through confined spaces. (A) Representative image
sequences of MDA-468 cells expressing shControl and shLMNA as the cells migrate through <2 x 5 um?
constrictions along a 0.1% to 12% FBS gradient. (B) Transit times for MDA-468 shControl and shLMNA cells moving
through <2 x 5 um? (n = 252 and 213 cells) or 15 x 5 um? (n = 224 and 206 cells) constrictions along a 0.1% to 12%
FBS gradient. (C) Representative image sequences of BT-549 Control and +LamA cells migrating through <2 x 5
um? constrictions. (D) Transit times for BT-549 Control and +LamA cells moving through <2 x 5 um? (n = 142 and
108 cells) or 15 x 5 um? (n = 71 and 61 cells) constrictions. (E) Image sequences of MDA-231 Control and +LamA
cells migrating through <2 x 5 um? constrictions. (F) Transit times for MDA-231 Control and +LamA cells moving
through <2 x 5 um? (n = 142 and 83 cells) or 15 x 5 um? (n = 33 and 42 cells) constrictions. For all cell lines, transit
time calculations were collected from across a minimum of three independent experiments and displayed as mean

+ SEM. Statistical analysis based on two-tailed unpaired Student’s t test. Scale bars = 20 um.
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Figure 4. Breast cancer cells with increased metastatic capacity have reduced lamin A expression. (A)
Representative western blot and corresponding quantification (N = 3, mean = SEM) for lamin A/C levels in MMTV-
PyMT transgenic mouse tumor model cell lines from a primary tumor (PyMT) or the highly metastatic Met1 line
derived from a late-stage MMTV-PyMT tumor. Tubulin served as a loading control. Statistical analysis based on
one-sample t test with a theoretical value of 1. (B) Quantitative RT-PCR for Lmna mRNA in the metastatic Met1
cells compared to the primary tumor PyMT line. Mean = SEM, N = 3. Statistical analysis by two-tailed unpaired
Student’s t test. (C) Nuclear protrusion curves comparing nuclear deformability of Metl and PyMT cells upon
micropipette aspiration in a custom microfluidic device. Mean + SEM, N = 3. Statistical analysis based on two-way
RM ANOVA. (D) Representative western blot and corresponding quantification (N = 3, mean £+ SEM) of lamin levels
in cell lines from the 4T1 mouse mammary tumor metastatic progression series. Histone H3 is included as a loading
control. Statistical analysis based on one-way ANOVA with Tukey’s multiple comparisons. *, p = 0.0192, **, p
<0.01, ***, p =0.0008. (E) Representative examples of immunofluorescent staining of lamins in the 4T1 metastatic
progression series cell lines. Cell lines are displayed in order of increasing propensity for metastasis during tumor
growth in the mouse mammary fat pad. Schematic representation of lamin levels based on the general trend

shown in panel D. Scale bar = 20 um.
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Figure 5. Increasing lamin A in breast cancer cells alters expression of proteins involved in cell metabolism,
extracellular remodeling, adhesion, and cytoskeleton dynamics. (A) Schematic for the design of the SILAC
experiments to identify proteins altered upon increased lamin A expression in BT-549 cells. Cells were cultured in
media containing normal/light amino acids or heavy amino acids (L-lysine 3Cs, *N, and L-arginine 3Cs, >N4) for
2 weeks prior to analysis. (B) Proteins listed here were detected to have > 2-fold change in both of two
experiments comparing +LamA and control BT-549 cells. Increase (red) and decrease (green) in protein abundance
in +LamA cells relative to controls is indicated by color on a log2 scale; proteins are listed in functional groupings.
Lamin A/C was detected at =1.7-fold increase in +LamA cells compared to control cells in both experiments. Yellow
stars indicate proteins selected for validation by western blot analysis. (C-G) Representative western blots and
corresponding quantification of protein levels in BT-549 control and +LamA cells to validate SILAC results for
fibronectin (FN, N = 3), collagen 6A1 (COL6A1, N = 3), p53 (TP53, N = 3), caveolin 1 (CAV1, N = 4), and HSPB1 (N =
3). Tubulin and actin were used as loading controls. Data displayed as mean + SEM. Statistical analysis by two-
tailed unpaired Student’s t test. (H) Representative western blot and corresponding quantification (N = 3, mean +
SEM) of HSPB1 levels in PyMT mouse mammary tumor cells with shRNA-mediated knockdown of Lmna or non-
targeting control shRNA. Actin was included as a loading control. Statistical analysis by two-tailed unpaired
Student’s t test. (I) Representative images of immunofluorescence staining of HSPB1 in BT-549 cells. White arrows
and insets highlight accumulation of HSPB1 at membrane protrusions in cells expressing exogenous lamin A

relative to controls. Scale bar = 20 um.
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Figure 6. Lamin A levels modulate breast cancer cell morphology and proliferation. (A) Representative images

showing morphology of BT-549 control and +LamA cells. Scale bar = 100 um. (B) Quantification of cell morphology

(circularity, aspect ratio and cell spread area) for BT-549 control and +LamA cells. Larger marker size indicates

larger cell spread area. Data shown were collected across 4 independent experiments. (C-F) Adherent BT-549

control and +Lam A cells were quantified (N = 4, mean = SEM) to determine cell spread area (C), cell aspect ratio

(D), cell circularity (E), and the percentage of cells exhibiting filopodia-like protrusions (F). Statistical analysis by

two-tailed unpaired Student’s t test. (G) Representative proliferation curves for BT-549 control and +LamA cells.

Data shown represent a single experimental replicate where measurements were collected from images taken

every 0.5 hour from 7 wells per condition plotted as mean + SD. (H) Doubling times were calculated for BT-549

control and +LamA cells from N =5 independent experiments. Data plotted as mean + SEM and statistical analysis
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by two-tailed unpaired Student’s t test. (I) Representative proliferation curves for MDA-231 control and +LamA
cells. Data shown represent a single experimental replicate where measurements were collected from images
taken every 0.5 hour from 7 wells per condition plotted as mean £ SD. (J) Doubling times were calculated for MDA-
231 control and +LamA cells from N = 5 independent experiments. Data plotted as mean = SEM and statistical

analysis by two-tailed unpaired Student’s t test.
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Figure 7. Decreased A-type lamin levels are associated with increased proliferation and Akt signaling in human
breast tumors. (A) Images show examples of immunofluorescent staining for lamins and the Ki67 proliferative
marker in two human tumor samples. In the inset showing lamin staining, Ki67-positive cells are indicated with
white asterisks. Scale bars = 100 um. (B) The average lamin A/C to lamin B ratio per tumor (N = 21 human tumors)
was quantified as nuclear rim lamin intensity from immunofluorescent staining and showed an inverse correlation
with the percentage of proliferative cells. Total cell count was based on the number of DAPI-stained nuclei and
cells were counted as proliferative when Ki67 positivity was 2-fold above background. The linear regression results
are indicated. (C) Pairwise comparison of Lamin A/C to lamin B ratio in Ki67+ (proliferating) cells and Ki67— cancer
cells within individual tumors (N = 14 tumors). Only tumors with at least 10 Ki67-positive cells were included.
Lamin A/C : lamin B ratio calculated from nuclear rim immunofluorescent staining intensity. Statistical analysis by
two-tailed paired Student’s t test. (D) Representative images of negative and positive immunohistochemistry
staining of phospho-Akt in tumor sections from a breast cancer tissue microarray (TMA) generated from patients
that had not received any systemic treatment. Scale bar = 500 um. (E) Phosphorylation of Akt was previously
scored in a breast cancer TMA (Wennemers et al., 2013), and immunofluorescent lamin staining and quantification

of nuclear rim staining intensity in this same TMA revealed that Akt signaling was associated with lower lamin A :
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lamin B ratio. Statistical analysis by two-tailed unpaired Student’s t test. (N = 89 tumors, see Wennemers et al.
2013 for original P-Akt scoring). (F) MDA-231 cells were treated with an Akt inhibitor (Afuresertib, 5 uM for 24
hours) and stained for lamins by immunofluorescence. Representative merged image and Lamin A/C alone (green)
are shown. Scale bar = 20 um. (G) Quantification of lamin immunofluorescent staining intensity in the nuclear rim
in MDA-231 cells treated as in (F). Analyzed cells (n = 1409 and 1376 cells) were pooled from two independent
experiments and plotted as mean + SD. Statistical analysis by two-tailed unpaired Student’s t test. (H) Analysis of
LMNA gene expression by gRT-PCR in MDA-231 cells treated with an Akt inhibitor (Afuresertib, 5 uM for 24 hours).
Data collected from N = 3 independent experiments and plotted as mean + SEM. Statistical analysis by one-sample

t test with a theoretical value of 1.

Page 33


https://doi.org/10.1101/2021.07.12.451842

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.12.451842; this version posted July 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A Original image B Patient 1 Patient 2 Patient 3 Patient 4
(Lamin A, Lamin B, DAPI

A
= : Lamin B
Segment nuclei in
DAPI channel
Ratio
(Lamin A: B)
1.5
C D §.p=0973
4
i 2 |2
Select tumor cell nuclei = L'I ol
- —~ ER- ER+
o u-.._l m
Quantify lamin intensity at s ) — LAt L < =0.702
nuclear rim of each tumor cell 2 60 .""-"'.'“'“" E 61P
£ 4
5] L el
S 401 p=002 b_o 5 0
a E=1 . s,
Detected : Nuclear o ‘ . ] PR- PR+
Tudleus Al pixels i g = High LaminA: B x
201 4. LowLaminA:B 6P 0389
Calculate lamin A : lamin B 4
ratio for each cell 0 2 %
0 50 100 150 0l
Months after primary surgery HER2- HER2+

Figure 8. Decreased lamin A levels are associated with worse prognosis in breast cancer. (A) Flow chart for
analysis of lamin immunofluorescent staining in human tumors. DAPI-stained nuclei were used for segmentation
of individual nuclei followed by selection of regions containing tumor cells to exclude stromal cells from the
analysis. Within each detected nucleus, the nuclear rim was segmented based on the top 70% of pixels above
background levels. Both lamin A and lamin B intensity at the nuclear rim were quantified with this method,
allowing the lamin B signal to be used for normalization of lamin A across different tumor sections. Scale bar =
200 um. (B) Examples of immunofluorescent lamin staining and quantification in patient tumors. Scale bar = 200
um. (C) The average lamin A : lamin B ratio per tumor was quantified from immunofluorescent staining of the
TMA as shown in (A) and (B). The TMA was comprised of node-negative breast cancer patients who had not
received systemic therapy and had a minimum of 5 years of follow-up. Decreased lamin A : lamin B ratio was
associated with worse breast cancer patient survival as indicated by a Kaplan-Meier plot using an optimal lamin A

: lamin B cutoff of 1.983 to define high (N =74) and low (N = 35) groupings. A hazard ratio of 0.45 (95% confidence

Page 34


https://doi.org/10.1101/2021.07.12.451842

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.12.451842; this version posted July 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

interval: 0.22-0.9, p = 0.02) was calculated for high lamin A: vs low lamin A: B ratio. Patient survival means were
91.6 months = 9.1 SEM for low lamin A : B tumors and 120.9 months + 5.9 SEM for high lamin A : B tumors. (D)
Lamin A : B ratio was not significantly associated with estrogen receptor (ER), progesterone receptor (PR), or HER2,

suggesting that lower lamin A levels identify poor prognosis independent of breast cancer histological subtype.

Statistical analysis by two-tailed Student’s t test.
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Figure 9. Lamin A levels influence multiple features of metastatic breast cancer. Downregulation of lamin A in
breast cancer tumor cells, which may be mediated through increased Akt signaling, is associated with a gain of
metastatic capacity. Decreased lamin A levels lead to increased nuclear deformability, enhanced migration
through confined environments, and increased proliferation rate in metastatic cancers. Accordingly, decreased

levels of lamin A are associated with reduced disease-free survival in breast cancer patients.
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Supplemental Figures and Figure Legends
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Figure S1. Characterization of lamin levels, nuclear deformability, and nuclear area in a panel of breast cancer cell lines.
Related to Figure 1. (A) Schematic of the microfluidic micropipette aspiration device for high throughput assessment of
nuclear deformability. A constant pressure gradient is applied across the three ports, such that cells flow into 10 x 20 pm?
pockets. Nuclear protrusion (AL) into the 3 x 5 um? channels is monitored over time by imaging nuclei labeled with Hoechst
33342 or another fluorescent DNA stains. Back-flushing channels manually from the outflow port allows a new set of cells
to enter the channels. (B) Nuclear protrusion curves for eight different representative human breast cancer cell lines with
different degrees of nuclear deformability. N = 3, mean = SEM, *, p < 0.05. Statistical analysis by two-way repeated
measures (RM) ANOVA with Tukey’s multiple comparisons. MDA-231, BT549, MDA-468, and HCC70 curves are also shown
in Figure 1B. (C) Nuclear deformability, assessed based on the nuclear protrusion length into the micropipette at 60
seconds of aspiration (N = 3 independent experiments), shows an inverse correlation with the ratio of lamin A to lamin C
determined by western blot analysis (N = 3). Data are plotted as mean £ SEM and the linear regression results are indicated
on the graph. (D-F) Quantification of nuclear rim lamin intensity (N = 3) by immunofluorescence reveals an inverse
correlation between nuclear deformability and A-type lamin levels or lamin A/C: lamin B1 ratio, but not for lamin B1 alone.
Deformability measurements (N = 3) were taken as nuclear protrusion (AL) after 60 seconds of micropipette aspiration in
a microfluidic device. Data are plotted as mean + SEM; the linear regression results are indicated on each graph. (G)
Nuclear area (N =3) and lamin nuclear rim immunofluorescence staining intensity (N = 3) were quantified in adherent cells
plated on glass coverslips. Larger nuclear spread area correlates with decreased lamin A/C : lamin B1 ratio. Data are plotted
as mean £ SEM and the linear regression analysis is indicated on graph.


https://doi.org/10.1101/2021.07.12.451842

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.12.451842; this version posted July 12, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Microfluidic device for studying confined migration
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Figure S2. Schematic of the PDMS microfluidics devices used for analysis of cell migration through confined 3-D
environments. Related to Figure 3. The devices are sterilized, coated with collagen or fibronectin, and filled with media
prior to addition of cells through the loading ports into the 250 um tall space in front of a 5 um tall migration area
containing channels with precisely defined constrictions. Constrictions are either 1 x 5 um?, 2 x 5 um?, or 15 x 5 um? in
size. If necessary, a chemoattractant gradient can be set up across the device by loading the appropriate media into the
media reservoirs on each side of the pillar array. A 0.1% to 12% FBS gradient was used for migration experiments involving
MDA-468 cells but was not needed to stimulate movement of MDA-231 or BT-549 cells. Cells are imaged at 10-minute
intervals. Transit times are quantified based on the movement of the fluorescently labeled nucleus through the
constrictions. Shown are representative images for 2 x 5 um? and 15 x 5 um? constrictions containing NLS-GFP-expressing
MDA-468 cells =20 hours post-seeding in the device. Scale bar = 50 um.
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Figure S3. Depletion of lamin A/C increases nuclear deformability. Related to Figure 4. (A-B) Western blot and
corresponding quantification (N = 3, mean + SEM) of lamin A/C levels in PyMT cells expressing IPTG-inducible shRNA to
Lmna or non-targeting (shGFP) control. Cells were cultured in media with or without 0.25 mM IPTG for 48 h prior to
analysis. Statistical analysis based on one-way ANOVA with Tukey’s multiple comparisons test. (C) Representative images
of immunofluorescent staining of lamins in PyMT cells expressing IPTG-inducible shRNA to Lmna or shGFP control and
treated with IPTG for 48 h. Scale bar = 20 um. (D) PyMT cells depleted for A-type lamins as in (A) and (B) exhibit increased
nuclear deformability as quantified by micropipette aspiration in a microfluidic device (N = 4, mean = SEM). Statistical
analysis based on two-way RM ANOVA.
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Figure S4. Depletion of lamin A/C does not significantly alter PyMT cell proliferation. Related to Figure 6. (A)
Representative proliferation curves for PyMT cells with IPTG-inducible lamin A/C depletion (shLmna) or shGFP control.
Data shown were acquired from a single experimental replicate where measurements were collected from images taken
every 0.5 hour from 3 wells per condition and plotted as mean + SD. (B) Doubling times were calculated for PyMT IPTG-
inducible shLmna and shGFP control cells from N = 6 independent experiments. Data plotted as mean = SEM and statistical

analysis by two-tailed unpaired Student’s t test.
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Figure S5. Relationship between lamin levels and proliferative index in human breast tumors. Related to Figure 7. (A-
B) The average Lamin A/C and lamin B nuclear rim staining intensity was quantified per tumor (N = 21 human tumors)
and assessed for correlation with the percentage of proliferative cells as determined by quantification of
immunofluorescent staining of Ki67. Total cell count was based on the number of DAPI-stained nuclei and cells were
counted as proliferative when Ki67 positivity was 2-fold above background. The linear regression results are indicated on
each graph.

Supplemental Video Legends

Video 1. Nuclear deformability of MDA-231 and HCC70 cells in a micropipette aspiration microfluidic device, related to
Figure 1. Time-lapse fluorescence microscopy showing deformation of MDA-231 (left) and HCC70 (right) nuclei
fluorescently labeled with Hoechst 33342 (cyan in merge, white in single channel images). Images were captured at 5

second intervals and played at 5 frames per second. Scale bar =50 um

Video 2. Migration of MDA-468 shLMNA and shControl cells in a microfluidic device, related to Figure 3. Time-lapse
fluorescence microscopy showing migration of MDA-468 depleted for lamin A/C via shLMNA (right) and shControl cells
(left) cells through 2 x 5 um? constrictions in a microfluidic device in a 0.1% to 12% FBS gradient. MDA-468 nuclei are
visible due to expression of NLS-GFP (green). Images were captured at 10-minute intervals and played at 5 frames per

second. Scale bar =50 um

Video 3. Migration of MDA-231 Control and lamin A overexpressing cells in a microfluidic device, related to Figure 3.
Time-lapse fluorescence microscopy showing migration of MDA-231 control cells (left) and cells with exogenous
expression of lamin A (“+LamA”, right) through 2 x 5 um? constrictions in a microfluidic device. Cells express GFP (green).

Images were captured at 10-minute intervals and played at 6 frames per second. Scale bar =50 um
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