








RESEARCH ARTICLE

Journal of Cell Science (2016) 129, 1989-2002 doi:10.1242/jcs.180539

Calvo, F., Ege, N., Grande-Garcia, A., Hooper, S., Jenkins, R. P., Chaudhry, S. I.,
Harrington, K., Williamson, P., Moeendarbary, E., Charras, G. et al. (2013).
Mechanotransduction and YAP-dependent matrix remodelling is required for the
generation and maintenance of cancer-associated fibroblasts. Nat. Cell Biol. 15,
637-646.

Cetera, M., Ramirez-San Juan, G. R., Oakes, P. W., Lewellyn, L., Fairchild, M. J.,
Tanentzapf, G., Gardel, M. L. and Horne-Badovinac, S. (2014). Epithelial
rotation promotes the global alignment of contractile actin bundles during
Drosophila egg chamber elongation. Nat. Commun. 5, 5511.

Conklin, M. W., Eickhoff, J. C., Riching, K. M., Pehlke, C. A., Eliceiri, K. W.,
Provenzano, P. P., Friedl, A. and Keely, P. J. (2011). Aligned collagen is a
prognostic signature for survival in human breast carcinoma. Am. J. Pathol. 178,
1221-1232.

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M.,
Zanconato, F., Le Digabel, J., Forcato, M., Bicciato, S. et al. (2011). Role of
YAP/TAZ in mechanotransduction. Nature 474, 179-183.

Elkabets, M., Gifford, A. M., Scheel, C., Nilsson, B., Reinhardt, F., Bray, M.-A.,
Carpenter, A. E., Jirstrom, K., Magnusson, K., Ebert, B. L. etal. (2011). Human
tumors instigate granulin-expressing hematopoietic cells that promote malignancy
by activating stromal fibroblasts in mice. J. Clin. Invest. 121, 784-799.

Engler, A. J., Sen, S., Sweeney, H. L. and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell 126, 677-689.

Esnault, C., Stewart, A., Gualdrini, F., East, P., Horswell, S., Matthews, N. and
Treisman, R. (2014). Rho-actin signaling to the MRTF coactivators dominates the
immediate transcriptional response to serum in fibroblasts. Genes Dev. 28,
943-958.

Feng, Y., Nie, L., Thakur, M. D., Su, Q., Chi, Z., Zhao, Y. and Longmore, G. D.
(2010). A multifunctional lentiviral-based gene knockdown with concurrent rescue
that controls for off-target effects of RNAi. Genomics Proteomics Bioinformatics 8,
238-245.

Franci, C., Takkunen, M., Dave, N., Alameda, F., Gomez, S., Rodriguez, R.,
Escriva, M., Montserrat-Sentis, B., Baro, T., Garrido, M. et al. (2006).
Expression of Snail protein in tumor-stroma interface. Oncogene 25, 5134-5144.

Gaggioli, C., Hooper, S., Hidalgo-Carcedo, C., Grosse, R., Marshall, J. F,,
Harrington, K. and Sahai, E. (2007). Fibroblast-led collective invasion of
carcinoma cells with differing roles for RhoGTPases in leading and following cells.
Nat. Cell Biol. 9, 1392-1400.

Gardel, M. L., Sabass, B., Ji, L., Danuser, G., Schwarz, U. S. and Waterman,
C. M. (2008). Traction stress in focal adhesions correlates biphasically with actin
retrograde flow speed. J. Cell Biol. 183, 999-1005.

Hasebe, T., Sasaki, S., Imoto, S., Mukai, K., Yokose, T. and Ochiai, A. (2002).
Prognostic significance of fibrotic focus in invasive ductal carcinoma of the breast:
a prospective observational study. Mod. Pathol. 15, 502-516.

Heallen, T., Zhang, M., Wang, J., Bonilla-Claudio, M., Klysik, E., Johnson, R. L.
and Martin, J. F. (2011). Hippo pathway inhibits Wnt signaling to restrain
cardiomyocyte proliferation and heart size. Science 332, 458-461.

Hsu, D. S.-S., Wang, H.-J.,, Tai, S.-K., Chou, C.-H., Hsieh, C.-H., Chiu, P.-H.,
Chen, N.-J. and Yang, M.-H. (2014). Acetylation of snail modulates the
cytokinome of cancer cells to enhance the recruitment of macrophages. Cancer
Cell 26, 534-548.

Humphrey, J. D., Dufresne, E. R. and Schwartz, M. A. (2014).
Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell
Biol. 15, 802-812.

Lee, K.-W., Yeo, S.-Y., Sung, C. O. and Kim, S.-H. (2015). Twist1 is a key regulator
of cancer-associated fibroblasts. Cancer Res. 75, 73-85.

Lu, P., Weaver, V. M. and Werb, Z. (2012). The extracellular matrix: a dynamic niche
in cancer progression. J. Cell Biol. 196, 395-406.

Mohseni, M., Sun, J., Lau, A., Curtis, S., Goldsmith, J., Fox, V. L., Wei, C.,
Frazier, M., Samson, O., Wong, K. K. et al. (2014). A genetic screen identifies an
LKB1-MARK signalling axis controlling the Hippo—YAP pathway. Nat. Cell Biol.
16, 108-117.

Moody, S. E., Perez, D., Pan, T.-c., Sarkisian, C. J., Portocarrero, C. P., Sterner,
C. J., Notorfrancesco, K. L., Cardiff, R. D. and Chodosh, L. A. (2005). The
transcriptional repressor Snail promotes mammary tumor recurrence. Cancer Cell
8, 197-209.

Paszek, M. J., Zahir, N., Johnson, K. R., Lakins, J. N., Rozenberg, G. I., Gefen,
A., Reinhart-King, C. A., Margulies, S. S., Dembo, M., Boettiger, D. et al.
(2005). Tensional homeostasis and the malignant phenotype. Cancer Cell 8,
241-254.

2002

Provenzano, P. P., Eliceiri, K. W., Campbell, J. M., Inman, D. R., White, J. G. and
Keely, P. J. (2006). Collagen reorganization at the tumor-stromal interface
facilitates local invasion. BMC Med. 4, 38.

Provenzano, P. P., Inman, D. R., Eliceiri, K. W,, Knittel, J. G, Yan, L., Rueden,
C. T., White, J. G. and Keely, P. J. (2008). Collagen density promotes mammary
tumor initiation and progression. BMC Med. 6, 11.

Provenzano, P. P., Inman, D. R., Eliceiri, K. W. and Keely, P. J. (2009). Matrix
density-induced mechanoregulation of breast cell phenotype, signaling and gene
expression through a FAK-ERK linkage. Oncogene 28, 4326-4343.

Roeder, B. A, Kokini, K., Sturgis, J. E., Robinson, J. P. and Voytik-Harbin, S. L.
(2002). Tensile mechanical properties of three-dimensional type | collagen
extracellular matrices with varied microstructure. J. Biomech. Eng. 124, 214-222.

Rowe, R. G., Li, X.-Y., Hu, Y., Saunders, T. L., Virtanen, |., de Herreros, A. G.,
Becker, K.-F., Ingvarsen, S., Engelholm, L. H. et al. (2009). Mesenchymal cells
reactivate Snaill expression to drive three-dimensional invasion programs. J. Cell
Biol. 184, 399-408.

Sander, E. A. and Barocas, V. H. (2009). Comparison of 2D fiber network
orientation measurement methods. J. Biomed. Mater. Res. A 88A, 322-331.

Sharon, Y., Alon, L., Glanz, S., Servais, C. and Erez, E. (2013). Isolation of normal
and cancer-associated fibroblasts from fresh tissues by Fluorescence Activated
Cell Sorting (FACSa). J. Vis. Exp. 71, e4425.

Stanisavljevic, J., Loubat-Casanovas, J., Herrera, M., Luque, T., Pena, R.,
Lluch, A., Albanell, J., Bonilla, F., Rovira, A., Pena, C. et al. (2015). Snaill-
expressing fibroblasts in the tumor microenvironment display mechanical
properties that support metastasis. Cancer Res. 75, 284-295.

Stemmer, V., de Craene, B., Berx, G. and Behrens, J. (2008). Snail promotes Wnt
target gene expression and interacts with beta-catenin. Oncogene 27, 5075-5080.

Tran, H. D., Luitel, K., Kim, M., Zhang, K., Longmore, G. D. and Tran, D. D.
(2014). Transient SNAIL1 expression is necessary for metastatic competence in
breast cancer. Cancer Res. 74, 6330-6340.

Wang, H. B., Dembo, M. and Wang, Y. L. (2000). Substrate flexibility regulates
growth and apoptosis of normal but not transformed cells. Am. J. Physiol. Cell
Physiol. 279, C1345-C1350.

Wei, S. C., Fattet, L., Tsai, J. H., Guo, Y., Pai, V. H., Majeski, H. E., Chen, A. C,,
Sah, R. L., Taylor, S. S., Engler, A. J. et al. (2015). Matrix stiffness drives
epithelial-mesenchymal transition and tumour metastasis through a TWIST1-
G3BP2 mechanotransduction pathway. Nat. Cell Biol. 17, 678-688.

Wong, V. W., Rustad, K. C., Akaishi, S., Sorkin, M., Glotzbach, J. P., Januszyk,
M., Nelson, E. R., Levi, K., Paterno, J., Vial, I. N. et al. (2012). Focal adhesion
kinase links mechanical force to skin fibrosis via inflammatory signaling. Nat. Med.
18, 148-152.

Wynn, T. A. and Ramalingam, T. R. (2012). Mechanisms of fibrosis: therapeutic
translation for fibrotic disease. Nat. Med. 18, 1028-1040.

Ye, X., Tam, W. L., Shibue, T., Kaygusuz, Y., Reinhardt, F., Ng Eaton, E. and
Weinberg, R. A. (2015). Distinct EMT programs control normal mammary stem
cells and tumour-initiating cells. Nature 525, 256-260.

Yook, J. I, Li, X.-Y., Ota, I., Hu, C., Kim, H. S., Kim, N. H,, Cha, S. Y., Ryu, J. K,,
Choi, Y. J., Kim, J. et al. (2006). A Wnt—-Axin2—-GSK3beta cascade regulates
Snaill activity in breast cancer cells. Nat. Cell Biol. 8, 1398-1406.

Zhang, X. D., Yang, X. C., Chung, N., Gates, A., Stec, E., Kunapuli, P., Holder,
D. J., Ferrer, M. and Espeseth, A. S. (2006). Robust statistical methods for hit
selection in RNA interference high-throughput screening experiments.
Pharmacogenomics 7, 299-309.

Zhang, K., Rodriguez-Aznar, E., Yabuta, N., Owen, R. J., Mingot, J. M., Nojima,
H., Nieto, M. A. and Longmore, G. D. (2011). Lats2 kinase potentiates Snaill
activity by promoting nuclear retention upon phosphorylation. EMBO J. 31, 29-43.

Zhang, K., Corsa, C. A., Ponik, S. M., Prior, J. L., Piwnica-Worms, D., Eliceiri,
K. W., Keely, P. J. and Longmore, G. D. (2013). The collagen receptor discoidin
domain receptor 2 stabilizes SNAIL1 to facilitate breast cancer metastasis. Nat.
Cell Biol. 15, 677-687.

Zhang, H., von Gise, A, Liu, Q., Hu, T,, Tian, X., He, L., Pu, W., Huang, X., He, L.,
Cai, C.-L. etal. (2014). Yapl is required for endothelial to mesenchymal transition
of the atrioventricular cushion. J. Biol. Chem. 289, 18681-18692.

Zhao, B., Li, L., Tumaneng, K., Wang, C.-Y. and Guan, K.-L. (2010). A coordinated
phosphorylation by Lats and CK1 regulates YAP stability through SCF (beta-
TRCP). Genes Dev. 24, 72-85.

Zhou, B. P., Deng, J., Xia, W., Xu, J., Li, Y. M., Gunduz, M. and Hung, M. C.
(2004). Dual regulation of Snail by GSK-3beta-mediated phosphorylation in
control of epithelial-mesenchymal transition. Nat. Cell Biol. 6, 931-940.

Q@
=
=
@®©
()
(&S]
=
©
>
©
<
(]
(D)
(&S]
c
2
O
n
o
O
Y—
(@)
©
=
S
>
(®)
)




J. Cell Sci. 129: doi:10.1242/jcs.180539: Supplementary information

B
shROCK1 shROCK2 0 o1 @ cTL

GTL. & 2 GTL 91 2 64 [ shROCK1-1 [ shROCK2-1

|— ||== = |rockire @ shROCK12 M ShROCK2-2

— [ | sNALT

D

| P

relative protein level

l--.l |...| TAZ . NIL1 SNAIL2 YAP

—— || | pS3.Cofiin
[—| | — | Coiilin 15

[ | [ | puLC

e —TES

I a—| [—] Fa N

' )2 7 2,
| ——— | ———| (- TUbUIN '9004,,84’4,( "S‘/V,q/(e 0, Ao Ty,

[0 ctL 0O shROCK1-1 W shROCK1-2

relative mRNA level

D
Fasudil Y-27632 E

Conc.(uM) 0 10 10 10 20 50 0 10 10 1020 50 1.5

[J SNAIL1

Time(h) 0 3 7242424 0 3 7 2424 24
W YAP

b.m M.ISNAIU
.

f—— R — | vap

relative protein level

——ee——- -eseas 05 1

|-._. s ——— o —— | pS3.Cofilin

l‘o— -— I Cofilin

- —— ——— ¢
| | Rock1 0 1010102050 0 1010 10 20 50 (M)

| ——— e WD | FOCK2 0 372424240 3 7242424 (h)
Fasudil Y-27632

| —_— e —— e T ——— . — | B-Tubulin

Supplemental Figurel. The presence of ROCK1 or ROCK2 influences SNAIL1
protein levels in breast tumor cells. (A) ROCK1 or ROCK2 were shRNAi-depleted (two

different RNAi each) or CTL (scrambled shRNAi) in MDA-MB-231 human breast cancer
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Quantification of SNAill, SNAIL2, and YAP relative protein levels from experiments in
(A). CTL values were arbitrarily set = 1. (C) Q-PCR analysis for level of indicated mRNAs
in MDA-MB-231 tumor cells or CAFs transduced with CTL (scrambled) (black columns),
or ROCK1/2 shRNAI expressing lentiviruses (gray columns). Results are presented as
mRNA levels relative to control cells, in which mRNA level was set as 1. (D) Human
MDA-MB-231 breast cancer cells were treated with Fasudil or Y27632 at the indicated
concentration and for the indicated times. Cell extracts were then Western blotted with the
indicated antibodies. This experiment was repeated twice and a representative result shown
(E) Quantification of relative level of SNAILI1 protein level in cells described in (D).

Protein level in untreated cells was arbitrarily set = 1.
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Supplemental Figure 2. Mechanical signals increase SNAIL1 protein level in breast
tumor cells, post-transcriptionally (A) Human invasive breast tumor cells MDA-MB-231
were cultured on soft (80-120 Pa) or stiff (120 kPa) polyacrylamide hydrogels coated with
Collagen I or Fibronectin for 12 hours. Western blots of cell extracts were performed with

the indicated antibodies. (B) Quantification of relative SNAIL1, SNAIL2, and YAP protein

[
o
)

(]

£

| -
*-9
£

o)

S

©
4+

C

Q

£
Ko}

Q

Q

=}
wn

L]

(0]

(O]

C
o

O
wn
o
@)
G

(o]
©

c

—

=)

o
=

level in experiment in (A). Amounts in cells on soft substrate were arbitrarily set = 1. (C)



J. Cell Sci. 129: doi:10.1242/jcs.180539: Supplementary information

Human breast tumor cells MDA-MB-231 were cultured on fibronectin-coated soft (80-120
Pa) or stiff (120 kPa) polyacrylamide hydrogels coated for 12 hours in the presence or
absence (CTL) of the ROCK inhibitor Fasudil (10 uM). Western blots of cell extracts were
performed with the indicated antibodies. (D) Quantification of relative SNAIL1 and YAP
protein level in experiment in (C). Amount in cells on soft substrate were arbitrarily set = 1.
(E) Q-PCR determination of relative SNAIL1, SNAIL2, YAP and TAZ mRNA level in
MDA-MB-231 cells cultured on Fibronectin coated soft (80-120 Pa) or stiff (120 kPa)
hydrogels. (F) Human breast tumor CAFs were treated with cycloheximide (100 pg/ml) and
then plated on soft or stiff FN-coated polyacrylamide hydrogels for increasing times, cells
lysed, and Western blots performed with the indicated antibodies. (G) Quantification of
relative SNAILI protein level in each experimental setting in (F) was quantified and plotted
as level relative to time = 0, which was arbitrarily set to equal 1. (H) CAFs were dissociated
from tissue culture plates and maintained in suspension with gentle rocking for 30 minutes
and then added to plastic tissue culture plates for 4 hours. Cells were lysed and nuclear (N)
and cytosolic (C) fractions isolated. Western blots were performed on cell fraction extracts
with the indicated antibodies. Lamin A/C served as a nuclear marker while p-tubulin served

as a cytosolic marker.
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(A) CAFs were dissociated from tissue culture plates and maintained in suspension with
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gentle rocking for 30 min with DMSO (CTL) or 10 ¥M Fasudil, then added to plastic tissue
culture plates. At the indicated times after addition to TC plates, cells were lysed and
Western blots performed with the indicated antibodies. All experiments were performed 2-3
times and a representative example shown. Quantification is plotted as the mean + SD. (B)
Quantification of the relative protein level of SNAIL1 and YAP in experiment described in
(A). Level of protein in control cells (+DMSO) at t=0 was arbitrarily set = 1.

(C-H) CAFs were added to soft (80-120 Pa) (C, D) or stiff (120 kPa) (E, F) polyacrylamide
hydrogels coated with Fibronectin, or stiff (120 kPa) polyacrylamide hydrogels coated with
Fibronectin in the presence of Fasudil (G, H) for 8 hours. Immunofluorescence with
Vinculin antibody to detect focal adhesions (green) (C, E, G), phalloidin to detect actin
fibers (red), and DAPI to identify nuclei (blue) was then performed. (D, F, H) are merged

images.
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Supplemental Figure 4. SNAIL1 influences fibrogenic gene expression in CAFs when
exposed to a stiff matrix.

(A) Control and SNAIL1 RNAi-depleted CAFs were plated on soft or stiff FN-coated
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polyacrylamide hydrogels for 12 hours. mRNA was isolated and analyzed on RT? Profiler™
PCR Array (Human Fibrosis) from Qiagen. Data were analyzed by web-based software
(Qiagen) using the comparative cycle threshold method normalized to expression of
housekeeping genes. (B) Q-PCR analysis for YAP-regulated gene expression (ANKRDI1,
CTGF, SPDR) in control (CTL), SNAIL1-depleted, or YAP-depleted CAFs exposed to soft
or stiff FN-coated polyacrylamide hydrogels for 12 hours. (C) STBS-Luc activity
(YAP/TEAD activity) was determined in human CAFs cells following SNAIL1, YAP, or
control scrambled shRNA1 infection. (D) Relative photon flux was calculated. Control cells
were arbitrarily set to 1. All experiments were performed 2-3 times and a representative

example shown. Quantification is plotted as the mean + SD.
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Table S1.

Click here to Download Table S1
Table S2.

Click here to Download Table S2
Table S3.

Click here to Download Table S3
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