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ABSTRACT Cancer progression is influenced by changes in the tumor microenvironment,
such as the stiffening of the extracellular matrix. Yet our understanding of how cancer cells
sense and convert mechanical stimuli into biochemical signals and physiological responses is
still limited. The long noncoding RNA nuclear paraspeckle assembly transcript 1 (NEAT1),
which forms the backbone of subnuclear “paraspeckle” bodies, has been identified as a key
genetic regulator in numerous cancers. Here, we investigated whether paraspeckles, as de-
fined by NEAT1 localization, are mechanosensitive. Using tunable polyacrylamide hydrogels
of extreme stiffnesses, we measured paraspeckle parameters in several cancer cell lines and
observed an increase in paraspeckles in cells cultured on soft (3 kPa) hydrogels compared
with stiffer (40 kPa) hydrogels. This response to soft substrate is erased when cells are first
conditioned on stiff substrate, and then transferred onto soft hydrogels, suggestive of mech-
anomemory upstream of paraspeckle regulation. We also examined some well-characterized
mechanosensitive markers, but found that lamin A expression, as well as YAP and MRTF-A
nuclear translocation did not show consistent trends between stiffnesses, despite all cell
types having increased migration, nuclear, and cell area on stiffer hydrogels. We thus propose
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that paraspeckles may prove of use as mechanosensors in cancer mechanobiology.

INTRODUCTION

Tissue mechanics change gradually during development and aging,
and even more dynamically with disease progression. In cancer, the
stiffness of tumor tissue increases primarily due to the excessive de-
position and reorganization of extracellular matrix (ECM) proteins,
such as collagen, fibronectin, and laminin (Cox and Erler, 2011; An
et al., 2019). These aberrant changes in stiffness and ECM are well
associated with invasion, metastasis, and poor survival in breast can-
cer patients (Acerbi et al., 2015; Zhou et al., 2015). However, how
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biomechanical changes within the tumor microenvironment alter
mechanosensation of cancer cells needs further investigation.

The ability of cells to convert mechanical stimuli into biochemical
signals, through a process known as mechanotransduction, has
been well studied using adult stem cells such as bone marrow—de-
rived stem cells (BMSCs) and adipose-derived stem cells (Engler
et al., 2006; Choi et al., 2012; Wen et al., 2014). Stem cell mechano-
sensation ultimately leads to changes in cell fate such as cell mor-
phology, proliferation, migration, and differentiation (Sheetz et al.,
1998; Lo et al., 2000; Engler et al., 2006; Dupont et al., 2011; Wei
etal., 2015). Several markers including YAP/TAZ and MRTF-A, which
shuffle between the nucleus and cytoplasm, and lamin A, have been
described as being “mechanosensitive.” These markers respond
differently depending on the stiffness of substrate that cells are cul-
tured on (Hadden et al., 2017; Kim et al., 2019; Major et al., 2019).
Furthermore, BMSCs also showed “mechanomemory” responses
by retaining the memory of YAP/TAZ nuclear translocation experi-
enced on one stiffness, even after cells were transferred to a new
stiffness environment (Yang et al., 2014).

Mechanotransduction can also induce structural changes within
the nucleus, such as changes in chromatin organization and nuclear
envelope composition (Dahl et al., 2008; Alam et al., 2016; Le et al.,
2016). "Paraspeckles” are stress-induced subnuclear bodies found
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Paraspeckle expression on 3 kPa and 40 kPa in MCF10A, U20S, 143B, and MDA-
MB-231 cells. (A) The average number of paraspeckles per nucleus was higher in cancer cell lines
cultured on 3 kPa hydrogels compared with 40 kPa hydrogels in U20S (5.75 vs. 4.28), 143B (9.88
vs. 5.47), and MDA-MB-231 (9.22 vs. 3.44) cell lines. No difference in paraspeckle number was
observed in the MCF10A cell line. Treatment of cells cultured on 40 kPa hydrogels with
blebbistatin revealed an increase in paraspeckle number in the U20S (4.28 to 6.00) and
MDA-MB-231 (3.44 to 7.65) cell lines. (B) Paraspeckle total area showed the same trend in U20S
(0.021 pm? vs. 0.0094 pm?), 143B (0.017 pm? vs. 0.0082 pm?), and MDA-MB-231 (0.055 pm? to
0.0054 pm?) cell lines but not in the MCF10A cell line. Blebbistatin treatment also resulted in
increased paraspeckle area in MCF10A, 143B, and MDA-MB-231 cell lines. (C) Analysis of
paraspeckle size revealed that paraspeckles appeared larger in size in cancer cells cultured on
3 kPa hydrogels vs. 40 kPa hydrogels in U20S (0.0034 pm? vs. 0.0019 um?), 143B (0.0016 pm? vs.
0.0014 pm?), and MDA-MB-231 (0.0069 pm? vs. 0.0015 um?) cell lines. Blebbistatin treatment
further increased paraspeckle size in all cell lines. (D) Representative images showing
paraspeckles (red) in nuclei (blue) taken at 60x magnification. Scale bar = 7.5 um. Data are
shown as mean + SEM. Numbers of nuclei used in analyses were indicated per bar graph.

*, p<0.05; ** p<0.01; *** p<0.001, and ****, p < 0.0001.

within the interchromatin space of mammalian nuclei (Fox et al.,
2002; An et al, 2019). Paraspeckles are RNA-protein granules
marked by the long noncoding RNA (IncRNA) nuclear paraspeckle
assembly transcript 1 (NEAT1), bound by several paraspeckle
proteins including paraspeckle component 1 (PSPC1), non-POU
domain-containing octamer binding (NONO), and splicing factor
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MDA-MB-231

inverse relationship to substrate
stiffness

As paraspeckles are stress-responsive nu-
clear bodies that change in abundance de-
pending on cellular homeostasis, we sought
to investigate paraspeckle responsiveness
in cells, when grown on soft or stiff sub-
strates. We used a variety of cancer cell
lines, as well as a normal epithelial cell line.
We used fluorescence in situ hybridization
(FISH) against the paraspeckle marker, the
IncRNA, NEAT1, to measure differences in
paraspeckle parameters following 48 h of
cell growth on hydrogel substrates tuned to
either 3 kPa or 40 kPa stiffness. Figure 1
shows that all cancer cell lines examined,
including U20S, 143B, and MDA-MB-231,
displayed a clear difference in paraspeckles
when grown on soft 3 kPa substrates com-
pared with cells grown on stiff 40 kPa hydro-
gels (Figure 1, A-C). All cancer cell lines dis-
played an increased paraspeckle number
per nucleus, total paraspeckle area (a mea-
sure of how much nuclear area was repre-
sented by paraspeckle-associated fluores-
cence), and average paraspeckle size on
soft substrates, compared with stiff (Figure
1, A=C). In contrast, the noncancer MCF10A
breast epithelial cell line showed no differ-
ences in paraspeckle parameters between
the two stiffnesses, suggesting that para-
speckle responses to stiffness may be can-
cer specific (Figure 1, A-C). For the cancer cells, the difference in
paraspeckle number for cells grown on soft compared with stiff sub-
strates was more pronounced for the cell lines of metastatic origin,
including the metastatic osteosarcoma-derived 143B cells (1.8-fold
increase in paraspeckles on soft vs. stiff substrates) and the
metastatic breast cancer MDA-MB-231 cells (2.7-fold increase in
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paraspeckles on soft vs. stiff substrates), compared with the non-
metastatic U20S osteosarcoma cell line (1.3-fold). Thus, paraspeck-
les in metastatic cell lines may be more susceptible to changes in
substrate stiffness than in nonmetastatic lines. These observations
may be linked to the preestablished correlation between NEAT1/
paraspeckles and cancer progression and metastasis, and to the
role for paraspeckles in cell plasticity (Li and Cheng, 2018; Modic
etal., 2019).

Myosin-II traction forces suppress paraspeckle expression
We reasoned that mechanotransduction may be responsible, at
least in part, for the suppression of paraspeckle abundance when
cells were grown on the stiff substrate. When cultured on stiff sub-
strates, cells exhibit greater traction forces compared with cells cul-
tured on soft substrates (Lo et al., 2000). Therefore, our data sug-
gests an inverse relationship between paraspeckles and traction
force, with cancer cells cultured on soft substrates exhibiting a
greater number, total area, and average size of paraspeckles, com-
pared with cells cultured on stiff substrates. To test paraspeckle re-
sponsiveness to mechanotransduction, we treated cells with bleb-
bistatin, a nonmuscle myosin-2 inhibitor in order to inhibit
cytoskeletal signal propagation on cells cultured on the 40 kPa stiff-
ness, then again measured paraspeckle parameters. The outline of
cells as depicted by actin immunofluorescence staining shows the
disruption of cell structure following blebbistatin treatment in cells
cultured on 40 kPa hydrogels (Supplemental Figure 1). We observed
that blebbistatin treatment led to an increased number of para-
speckles/nuclei in U20S and MDA-MB-231 cells (Figure 1A), in-
creased paraspeckle area in MCF10A, U20S, and MDA-MB-231
cells (Figure 1B), and increased paraspeckle size in all cell lines
(Figure 1C). Thus, our data indicates that traction force-mediated
mechanotransduction is playing a role in the suppression of para-
speckles in cancer cells cultured on stiff substrates.

Paraspeckles in cancer cells cultured on soft substrates

are more heterogeneous in distribution

Further analysis of our data revealed that paraspeckles in cancer cell
lines appear more heterogeneous in distribution on soft substrates
compared with stiff. Of the MDA-MB-231 cells grown on 40 kPa
substrates, 80% contain between zero and five paraspeckles, com-
pared with only 30% of cells when grown on 3 kPa substrate (Sup-
plemental Figure 1). The other cancer cell lines show the same pat-
tern. Again, the noncancer MCF10A cell line showed no obvious
trend in distribution with 58% and 61% of cells displaying between
zero and five paraspeckles per nucleus, cultured on 3 kPa and 40
kPa hydrogels, respectively (Supplemental Figure 2). It is well known
that phenotypic and functional heterogeneity is characteristic of
cancer cells, and in particular, differential expression of IncRNAs be-
tween cells has been observed in cancer (Meacham and Morrison,
2013). Our data suggests that substrate stiffness may mediate the
variation in the distribution of paraspeckles in cancer cell lines.

Paraspeckles show signs of mechanomemory when

cultured on stiff substrates in MDA-MB-231 metastatic
breast cancer cells

We next explored the possibility that paraspeckle suppression on
stiff substrates might be subject to mechanomemory, and used the
MDA-MB-231 breast cancer cell line for these experiments, as they
displayed the most obvious paraspeckle differences when cultured
on different substrates. We cultured cells on one substrate for 48 h,
and then transferred the cells to a different stiffness substrate, as
well as the same stiffness substrate as a control. Following a further

1656 | V. Todorovski et al.

48 h culture, we fixed the cells and analyzed paraspeckle parame-
ters. As shown in Figure 2, MDA-MB-231 cells showed increased
paraspeckle number, total area, and paraspeckle size when cultured
on 3 kPa hydrogels compared with 40 kPa hydrogels, and these
levels remained elevated when cells were transferred from 3 kPa to
3 kPa (5.15 to 5.69 average number of paraspeckles/nuclei and
0.011 to 0.010 um? total paraspeckle area); however, they signifi-
cantly decreased when MDA-MB-231 cells were transferred from
3 kPa to 40 kPa hydrogels (5.15 to 3.84 average number of para-
speckles/nuclei and 0.011 ym? to 0.0063 pm? for the total para-
speckle area; Figure 2A). Thus, the stiffer substrate was able to
change the cellular paraspeckle program that had been established
on the soft substrate. In contrast, when MDA-MB-231 cells were
cultured on 40 kPa hydrogels (where paraspeckle levels were initially
lower than that of the 3 kPa hydrogel condition) and transferred
onto 3 kPa hydrogels, we observed that paraspeckle parameters did
not change, suggestive of paraspeckle mechanomemory (Figure
2B). Of note, paraspeckle size decreased when cells were collected
from 3 kPa hydrogels (0.002 pm?) and transferred onto new 3 kPa
(0.0016 um?) and 40 kPa hydrogels (0.0015 pm?), indicating that this
parameter may be sensitive to cell passaging. Overall, these data
suggest a dominant paraspeckle-suppressive signal that occurs in
cancer cells when they are grown on stiff substrates, with a memory
of this suppression that persists even when switched to a softer sub-
strate. Consistent with our findings, previous work reported that
when human mesenchymal stem cells (hMSCs) were cultured on stiff
substrates, YAP/TAZ localized in the nucleus and that this persisted
upon culture on soft substrates over a few days (Yang et al., 2014).
Further work found that global histone acetylation and chromatin
condensation were higher in hMSCs cultured on stiff substrates
compared with soft, and that this persisted following culture on soft
substrates for a prolonged period, suggesting that epigenetic mod-
ifications may provide a means of remembering mechanical input
(Killaars et al., 2019). We therefore speculate that the mecha-
nomemory responses in paraspeckles may be explained by epigen-
etic changes, likely laid down as chromatin marks at the NEAT1 pro-
moter; however, this is yet to be tested.

Cells appear larger and morphologically different when
cultured on stiff substrates

To further assess mechanotransduction, we investigated cell mor-
phological parameters that have previously been linked to cell
growth on different stiffness substrates. All cancer cell lines, as well
as the normal breast epithelial MCF10A cells, had greater nuclear
and cell areas when grown on stiff 40 kPa hydrogels compared with
cells grown on soft 3 kPa hydrogels (Figure 3, A and B). This positive
correlation between ECM stiffness and nuclear and cell area has
been well described in several studies, including in breast cancer,
and may be explained by the increase in traction forces exerted to
the ECM via integrins (Hynes, 1987; Yeung et al., 2005; Kass et al.,
2007; Califano et al., 2008; Mouw et al., 2014; Hadden et al., 2017).
Comparing different cell sizes, we observed that MDA-MB-231 cells
were smaller overall than the MCF10A cells, with an average size of
650.03 pm? and 887.26 pm? when grown on 3 kPa and 40 kPa, re-
spectively, compared with MCF10A cells (3 kPa, 1150.34 pm?, and
40 kPa, 1428.4 pm?). Previous literature has described both breast
and osteosarcoma metastatic cells to be smaller than primary non-
metastatic cancer cells (Bell and Waizbard, 1986; Lyons et al., 2016).
Because we saw this trend in our breast cancer cell lines, but not in
the osteosarcoma cell lines, cancer cell morphology may be cell-
type specific. Next, form factor was used to investigate the degree
of circularity of cells, with a value closer to one indicating a perfect
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Paraspeckles in MDA-MB-231 cells following conditioning of cells on hydrogels of

display increased motility, compared with
nonmetastatic osteosarcoma cells.

one stiffness, then transferring cells onto hydrogels of the opposite stiffness, as well as a

hydrogel of the same stiffness as a control. (A) The average number of paraspeckles per nucleus
and paraspeckle total area remained elevated when cells were conditioned on 3 kPa hydrogels
and transferred onto new 3 kPa hydrogels; however, paraspeckle size decreased. When
MDA-MB-231 cells were conditioned on 3 kPa hydrogels and transferred onto hydrogels of

40 kPa stiffness, reduced levels of paraspeckle number (5.15 to 3.84), total area (0.011 um? to
0.0063 pm?), and size (0.002 um? to 0.001 pm?) were observed. (B) Cells that were conditioned
on hydrogels of 40 kPa stiffness and transferred onto hydrogels of the same 40 kPa stiffness,

as well as the opposite 3 kPa stiffness, showed no changes in paraspeckle parameters.

(C) Representative images showing paraspeckles (red) in nuclei (blue) taken at 60x magnification.
Scale bar = 7.5 ym. Data are shown as mean + SEM. **, p < 0.01; ***, p < 0.001; and

**x* p <0.0001.

circle. All cell lines, with the exception of U20S, had a higher form
factor when cells were cultured on 3 kPa hydrogels, compared with
40 kPa hydrogels indicating that the 3 kPa substrate led to a more
circular cell shape (Figure 3C). Analysis of the aspect ratio (major
axis/minor axis) revealed no changes in this parameter when cells
were grown on different stiffness, with the exception being a slight
increase in the aspect ratio for the two metastatic cell lines 143B and
MDA-MB-231, when cultured on stiff 40 kPa hydrogels compared
with soft 3 kPa hydrogels (Figure 3D). Consistent with our findings,
previous work reported that breast cancer cells grown on stiff sub-
strates may appear more elongated in shape, potentially assisting
epithelial-to-mesenchymal transition and thus promoting metastasis
(Syed et al., 2017). Thus, these data show that in terms of morphol-
ogy, cancer cells respond to stiff substrates by increasing cell size
and becoming less round, in a similar manner to what has been re-
ported thus far in the field of mechanobiology.

Cells have increased migration on stiffer substrates

Migration tracking was next used to examine how readily cancer
and normal epithelial cells moved when cultured on different stiff-
ness hydrogels over 24 h. Migration tracking showed that all four
cell lines displayed increased migration on stiff 40 kPa hydrogels
compared with soft 3 kPa hydrogels (Figure 4A). This follows the
same patterns as reported in several other cell types including 3T3
mouse fibroblasts and Sal/N transformed fibroblastic cells (Pelham
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Lamin A expression, and YAP and
MRTF-A nuclear translocation do not
show consistent changes in cells grown
on different stiffness

We next examined the degree of lamin A
expression, as well as the nuclear/cytoplas-
mic YAP and MRTF-A ratios, which have pre-
viously had clear trends with respect to sub-
strate stiffness described in the stem cell
field (Dupont et al., 2011; Swift et al., 2013;
Hadden et al., 2017; Kim et al., 2019; Major
etal., 2019). The expression of lamin A in all
cell lines measured showed no clear differences when cells were
grown on substrates of different stiffness, with the exception of
MDA-MB-231 cells, that had normalized lamin A expression ap-
proximately threefold higher in cells cultured on 40 kPa hydrogels
compared with 3 kPa hydrogels, consistent with observations made
by Swift et al. (2013) (Figure 5A). We also considered the origins of
each line, from different tissues of the body with different innate
stiffness. We found that U20S and 143B cells, originating from bone
tissue, had significantly higher levels of lamin A as determined by
fluorescent intensity, compared with MCF10A and MDA-MB-231
cells, which originate from breast tissue, irrespective of being cul-
tured on 3 kPa or 40 kPa hydrogels (Supplemental Figure 3).

For YAP and MRTF-A nuclear/cytoplasmic ratios, we observed
no consistent trend in subcellular distribution when cells were grown
on either stiffness in any of the cell lines tested (Figure 5, B and C).
Although trends between increasing nuclear translocation of YAP
when cells are grown on increasing stiffness substrates have been
well accepted in the stem cell field, the role of YAP translocation in
the context of mechanotransduction and cancer remains controver-
sial (Dupont et al., 2011; Tan et al., 2018; Qin et al., 2019). A study
using colorectal cancer cells showed increased YAP translocation
into the nucleus when cells were cultured on substrates with in-
creased stiffness (Tan et al., 2018). However, in a separate study on
the same MDA-MB-231 used here, there was no change observed
in YAP translocation when cells were grown on substrates of varying
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Nuclei

Nuclei/Cells Cells

Nuclear area, cell area, and shape of cells revealed that all cell lines appeared
morphologically different when cultured on 3 kPa and 40 kPa hydrogels. (A, B) All four cell lines
had larger nuclei and cell area when cultured on 40 kPa hydrogels compared with 3 kPa
hydrogels. (C) Analysis of form factor, representing the circulatory of cells (1 = a perfect circle)
showed that MCF10A, 143B, and MDA-MB-231 cells appeared more circular when cultured on
3 kPa hydrogels. (D) Aspect ratio (X/Y) revealed that 143B cells had a larger X/Y ratio when
cultured on stiff substrates. (E) Outlines of nuclear and cell images showing differences in size
and morphology of cell cultured on both conditions. Outlines were obtained from images taken
at 20x magnification and visualized in multicolor images by CellProfiler using F-actin for
cytoplasmic and DAPI for nuclear boundary recognition. Scale bar = 100 pm. Data are shown
as mean = SEM. Numbers of cells used in analyses were indicated per bar graph. *, p < 0.05;

** p<0.01; and **** p < 0.0001.

stiffness, suggesting that YAP nuclear translocation as a result of al-
tered substrate stiffness may be cell line specific (Qin et al., 2019).
Although MRTF-A nuclear translocation in the context of substrate
stiffness has not been as extensively studied as YAP translocation,
our MRTF-A staining, as with the YAP translocation data, showed no
clear trend in terms of different behavior in cells grown on different
stiffness. Furthermore, vinculin staining, which is typically enhanced
in cells cultured on stiff substrates and used to show focal adhesions
at the cell-cell and cell-matrix junctions, revealed more focal ad-
hesions in cells grown on 40 kPa hydrogels compared with soft
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ment in cellular and molecular biology.
Furthermore, substrate stiffness can lead
to differences in proliferation rates in various
cell lines, including MDA-MB-231; however,
no correlation between proliferation and
paraspeckle expression was observed in our
data (Figure 5, E and F). Cells on glass had a
similar proliferation rate to cells on 40 kPa;
however, cells on glass had more para-
speckles with an increased heterogeneous
distribution compared with cells on 40 kPa.
Tilghman et al. (2010), showed no signifi-
cant differences in cell cycle (G1, S, and G2
phases) between MDA-MB-231 cells on
0.15 versus 4.8 kPa. Moreover, Fox et al.
showed loss of paraspeckles only during
telophase (Fox et al., 2005), a cell cycle
stage that would typically only take up a
very small proportion of the overall cell cy-
cle. If there was a subpopulation of cells ar-
rested in telophase on the 40 kPa hydrogels,
we would expect to have two distinct popu-
lations in paraspeckle numbers. However,
because we had a relatively normal distribu-
tion of paraspeckles in the 40 kPa condition
(Figure 5F and Supplemental Figure 2), our data suggests a very
limited representation of cells in telophase in our experiment.

Proposed mechanisms for paraspeckle mechanosensation
Paraspeckle abundance and size is determined by the level of the
IncRNA NEAT1 (Hirose et al., 2014; Wang et al., 2018). Although our
study did not characterize the mechanisms underlying paraspeckle
mechanosensation to substrate stiffness, we speculate that the re-
duced levels of paraspeckles in response to stiffness are the result of
suppression in NEAT1 transcription.
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in this context (unpublished data). We there-
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expression in response to stiffness is due to
the suppression in NEAT1 transcription,
which may be the result of PRC2-H3K27me3-

MCF10A

U20S 143B

linked epigenetic silencing. This suppression
of transcription may counteract the more
usual induction of NEAT 1/paraspeckles that
is observed with many other cell stresses (An
et al., 2019).

Future experiments testing a role for
such epigenetic regulation of NEAT1 will be

MDA-MB-231 important to determine factors upstream of

Migration distance
(100pum)

E(kPa) 3

FIGURE 4: Migration tracking of MCF10A, U20S, 143B, and MDA-MB-231 cells on 3 kPa vs.
40 kPa hydrogels showed increased migratory trends on stiff substrates. (A) Rose plots
corrected to 0,0 showing representative tracks taken by cells cultured on 3 kPa and 40 kPa

(n = 20). (B) Total distance traveled confirmed that cells from all cell lines cultured on 40 kPa
hydrogels migrated a greater distance (n = 80) compared with cells cultured on 3 kPa hydrogels

(n=80). Data are shown as mean £ SEM. **** p < 0.0001.

Our data presents an opposing view on what is considered
“traditional” in the field of mechanobiology, given most mecha-
nosensitive markers have shown positive correlations with stiffness
(e.g., increased lamin A expression, increased nuclear localization
of YAP and MRTF-A, faster migration, and larger nuclei). Although
counterintuitive, several other studies have reported similar “non-
traditional” trends that are in line with our study. A study investi-
gating the nuclear translocation of protein four-and-a-half LIM
domains 2 (FHL2) using human foreskin fibroblasts, showed an
increase in nuclear localization of FHL2 when cells were cultured
on soft (8.78 kPa) substrates compared with mid (20.2 kPa) and
stiff (75.3 kPa) hydrogels (Nakazawa et al., 2016). Furthermore, re-
search investigating matrix models of scars revealed that in mes-
enchymal stem cells (MSCs), a strong smooth muscle actin repres-
sor, NKX2.5, slowly exited the nucleus on rigid matrices (Dingal
etal., 2015). The overexpression of NKX2.5 overrode rigid pheno-
types, inhibiting smooth muscle actin and cell spreading, whereas
cytoplasm-localized NKX2.5 mutants degraded in well-spread
cells.

Ongoing work in understanding the role of mechanotransduc-
tion in altering gene expression in response to force, have high-
lighted the role of chromatin remodeling and subsequent epigen-
etic regulation in gene expression. A recent study described that
chromatin reorganization in response to force, can induce poly-
comb repressive complex 2 (PRC-2) mediated global transcription
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NEAT1 in this context. The field of mecha-
nobiology is expanding, and alternative
mechanisms inducing gene expression,
ookl aside from traditional activation of mecha-
notransduction signaling pathways, are be-
coming apparent. Although further research
should investigate this, we believe that our
study along with the studies mentioned
above, all showing nonclassic mechanore-
sponses, may be of benefit one day. We be-
lieve these “counterintuitive” findings, al-
though currently posing as a challenge, will
potentially assist in identifying other mecha-
notransduction pathways that may currently
be unknown.

Summary

In summary, here we showed that paraspeckles are mechanosensi-
tive in U20S, 143B, and MDA-MB-231 cancer cell lines, with
greater fold changes observed in metastatic cancer cell lines. The
paraspeckle trend showed a consistent inverse relationship with
morphological and migratory properties, confirming their mecha-
nosensitivity. We propose that paraspeckles may be a better marker
of mechanotransduction for cancer cells, in contrast to lamin A ex-
pression and the nuclear translocation of YAP and MRTF-A that
showed no obvious changes in cells cultured on different substrate
stiffnesses.

MATERIALS AND METHODS

Cell culture

Cell lines including MCF10A breast epithelial, U20S osteosar-
coma, 143B metastatic osteosarcoma, and MDA-MB-231 meta-
static breast cancer were used for this study. U20S, 143B, and
MDA-MB-231 cells were cultured in DMEM (Invitrogen) + 10%
fetal bovine serum + 1% penicillin-streptomycin. MCF10A cells
were cultured in DMEM/F12 (Invitrogen) + 2% horse serum, 1%
penicillin-streptomycin, 0.05% hydrocortisone, 0.01% cholera
toxin, and 0.1% insulin. Cells were maintained in an ESCO CelCul-
ture CO; incubator at 5% CO, and 37°C. Inhibition experiments
(inhibition of myosin-Il forces) were performed by allowing cells to
adhere for 24 h and then treating cells with 50 uM blebbistatin
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(A) Normalized lamin A expression (n = 3, 100 cells/repeat) revealed that lamin A
levels did not change pending on stiffness in MCF10A, U20S, and 143B cell lines; however, the
MDA-MB-231 cell line showed increased normalized lamin A expression in cells cultured on
40 kPa hydrogels compared with soft 3 kPa hydrogels. (B, C) Quantification of YAP and MRTF-A
nuclear/cytoplasmic ratio showed no trend between stiffness for both markers in MCF10A,
U20S, 143B, and MDA-MB-231 cell lines (n = 3, 100 cells/repeat). The ratios between markers
followed similar trends between cell lines and appeared significantly elevated in the U20S cell
line compared with all other cell lines. (D) Representative images of lamin A, YAP, and MRTF-A
staining in all four cell lines at 3 kPa and 40 kPa stiffness taken using confocal microscopy at 20x
magnification. (E) Paraspeckle parameters (paraspeckle number, total area, and average size) in
MDA-MB-231 cells cultured on 3 kPa, 40 kPa, and glass (E = GPa range) revealed a nonlinear
trend between stiffness and paraspeckles. This trend was inverse to the relationship between
lamin A and the same stiffness conditions. (F) Investigation of cell proliferation (determined by %
confluency changes over time) and paraspeckles in MDA-MB-231 revealed that although cells
cultured on 40 kPa and glass exhibited similar proliferation rates, paraspeckle abundance in
these two conditions differed. Scale bar = 50 pm. Data are shown as mean + SEM. *, p < 0.05.
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(Sigma-Aldrich) for a further 24 h. Cells
were washed with phosphate-buffered sa-
line (PBS) three times for 5 min and imme-
diately fixed using 4% paraformaldehyde
(PFA; sc-281692; Santa Cruz) in prepara-
tion for FISH and immunofluorescence, as
described below.

Polyacrylamide gel fabrication

and functionalization

Polyacrylamide hydrogels of 3 kPa and
40 kPa (E: Young's modulus) were fabri-
cated by creating polymer solutions
containing 10% acrylamide monomers
(Bio-Rad) with 0.03% and 0.3% (vol/vol)
N,N’-methylene-bis-acrylamide cross-linker
(Bio-Rad), respectively (Tse and Engler,
2010). Petri dishes containing 20 ml 100%
ethanol + 600 pl acetic acid + 100 pl 3-(tri-
methoxysilyl)propyl methacrylate (Sigma-
Aldrich) and 20 ml 100% ethanol were pre-
pared. Coverslips (Menzel Glasser; 25 mm)
were subject to UV radiation on both sides
for 1 min on each side and were soaked in
the methacrylate solution for 5 min, fol-
lowed by ethanol for 3 min. Coverslips
were then removed and allowed to air dry.
Glass microscope slides (HURST Scientific)
were prepared for the fabrication of hydro-
gels by coating with dichlorodimethylsilane
(DCDMS; Sigma-Aldrich) and spreading us-
ing a kimwipe. Aliquots of polymer solu-
tions of 1 ml for each 3 kPa and 40 kPa were
acquired and 10 pl of 10% (wt/vol) ammo-
nium persulfate (APS; Sigma-Aldrich) was
added and mixed using a vortex for 1 s.
Then, 1 pl of N,N,N’,N’- tetramethylethyl-
enediamine (TEMED; Bio-Rad) was added
to each aliquot and mixed for 1 s using a
vortex. Working quickly, 250 pl of the poly-
mer solution + APS + TEMED was added
onto the pre prepared/DCDMS-coated
glass microscope slide for each hydrogel,
and the ready methacrylated coverslips
were transferred on top. Gels were al-
lowed to polymerize for 15 min and then
were stored in six-well plates in PBS. Hy-
drogels were functionalized using 0.2 mg/
ml sulfosuccinimidyl 6-(4-azido-2-nitrophe-
nylamino) hexanoate (sulfo-SANPAH) di-
luted in 50 mM HEPES, pH 8.5, and placed
under a UVP Benchtop transilluminator
(365 nm) for 10 min. Hydrogels were
washed twice using (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (HEPES;
Sigma-Aldrich) and protein coated with 25
pg/ml fibronectin (Sigma-Aldrich) over-
night at 37°C. Prior to seeding, hydrogels
were placed under the UV transilluminator
(305 nm) for 20 min.
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Mechanomemory experimental setup

MDA-MB-231 cells were cultured for 48 h on 2 x 3 kPa hydrogels
and 2 x 40 kPa hydrogels prepared as described above. One hydro-
gel of each stiffness was used as a control (control sample) and the
other hydrogel of each stiffness was used to condition cells and then
split onto new hydrogels (conditioning sample). Cells for the control
sample were seeded at a density of 5000 cells/um? and cells for the
conditioning sample were seeded at a density of 10,000 cells/pm?.
At 48 h, the control samples for each stiffness were allowed to grow
for a further 48 h before fixing, while the conditioning samples were
subject to 0.2 ml of TrypLE Express (Life Technologies) to allow for
cell detachment. Each cell suspension was split in two and cells were
seeded on new 3 kPa and 40 kPa hydrogels and allowed to grow for
a further 48 h. All cells for the mechanomemory experiment were
grown for a total of 96 h.

FISH

Cells on hydrogels were fixed with 4% PFA (sc-281692; Santa Cruz)
at 48 h following seeding for nonmechanomemory experiments
and 96 h following seeding for mechanomemory experiments.
Cells were permeabilized with 70% ethanol overnight. Stellaris
RNA-FISH was performed as per the manufacturer’s instructions
using probes targeting 5 NEAT1 (SMF-2036-1) labeled with
Quaser 570 Dye (1:100; Biosearch Technologies). Cells were
stained with DAPI (4’,6-diamidino-2-phenylindol; 1:15,000) in di-
ethylpyrocarbonate (DEPC) water for 1 min at room temperature.
VectaShield (Vector Laboratories) was used to mount hydrogels
onto microscope slides and coverslips were sealed using nail pol-
ish. Fluorescence signals were imaged at 60x magnification using
the DeltaVision Elite imaging system and SoftWoRx software. Im-
ages were acquired as Z-stacks of 0.2 pm increments and were
subjected to deconvolution and quick projection. NIS-Elements
Advanced (4.0) software (Nikon) was used to quantify paraspeckles
by identifying the region of interest (ROI; nuclei) and detecting bi-
nary thresholds representing paraspeckles, within the ROI. Para-
speckle data was presented as (i) average number of paraspeckles
per nuclei, (i) average total paraspeckle area, and (iii) average
paraspeckle size. The pixel to um conversion factor was 0.011.

Immunofluorescence

Cells on hydrogels were fixed as previously described and were
permeabilized with 1% Triton-X (Sigma-Aldrich) for 15 min at
room temperature. Cells were costained using primary antibod-
ies: YAP (sc-101199; Santa Cruz; 1:100), lamin A (sc-20681; Santa
Cruz), MRTF-A (sc-390324; Santa Cruz), and vinculin (ab18058;
Abcam; 1:100) diluted in 2% bovine serum albumin (Sigma-
Aldrich) in PBS for 1 h at 37°C. Cells were then washed using PBS
three times for 5 min. Secondary antibodies including Alexa Fluor
594 (ab150116; Thermo Fisher Scientific Company; 1:200) and
Alexa Fluor 647 (ab150095; Thermo Fisher Scientific Company;
1:200) were conjugated against primary antibodies along with
rhodamine-conjugated phalloidin (r415; Invitrogen; 1:100) for 1 h
at 37°C. DAPI (1:15,000; 4’,6-diamidino-2-phenylindole) in DEPC
water was counterstained for 1 min at room temperature and cov-
erslips were washed with PBS. Coverslips were mounted onto mi-
croscope slides using VectaShield (Vector Laboratories) mounting
media and sealed with nail polish. Imaging was done using a
Nikon C2+ confocal microscope and NIS-Elements Advanced
(4.0) software (Nikon). Images were processed using CellProfiler
using a custom made pipeline to measure protein expression
levels and determine nuclear area, cellular area, and form factor
(4 x T x area/perimeter?).
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Cell migration tracking and proliferation analysis

Following 4 h post seeding once cells had adhered, hydrogels were
placed in an IncuCyte S3 live-cell imaging system (Essen Biosci-
ences). The IncucCyte was set to acquire images of each gel at 10x
magnification every 15 min for 24 h for both 3 kPa and 40 kPa hydro-
gels. For the cell migration tracking analysis, images were exported
and videos were created using Fiji software. Four videos of ran-
domly selected regions within the gel were analyzed and one refer-
ence video to normalize for shaking of hydrogels that occurred dur-
ing imaging was obtained. Cells were numbered using a random
number generator and 20 cells per video were selected to be manu-
ally tracked. A total of 80 cells per condition were analyzed (20 per
video). Cells were manually tracked using the manual tracking plu-
gin function on Fiji, ensuring to exclude any cells that had left the
frame. Cell proliferation data was acquired using the IncuCyte pro-
liferation assay to determine cell proliferation as occupied area (%
confluence) at each time point. Proliferation data was presented as
% change in confluency over time.

Statistical analysis

All data has been presented as mean = SEM and all experiments
were performed in triplicate. Data in Figures 1 and 2 were analyzed
using one-way ANOVA, while all other data was analyzed using the
Students t test. Multiple comparisons of Tukey post tests were used
where necessary. Data presented was interpreted as *, p < 0.05;
**, p<0.01; ***, p<0.001; and ****, p < 0.0001.
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