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Abstract

Biomechanical remodeling of stroma by cancer-associated
fibroblasts (CAF) in early stages of cancer is critical for cancer
progression, and mechanical cues such as extracellular matrix
stiffness control cell differentiation and malignant progression.
However, the mechanism by which CAF activation occurs in low
stiffness stroma in early stages of cancer is unclear. Here, we
investigated the molecular mechanism underlying CAF regulation
by SPIN90 and microtubule acetylation under conditions of
mechanically soft matrices corresponding to normal stromal
rigidity. SPIN90 was downregulated in breast cancer stroma but
not tumor, and this low stromal expression correlated with
decreased survival in breast cancer patients. Spin90 deficiency

Introduction

Interactions between cancer cells and their surrounding stroma
are critical for cancer progression. Normal stromal cells inhibit
tumorigenicity. However, tumor conditions surmount inhibitory
activity of stromal cells at a critical point and induce changes that
facilitate cancer progression (1). During early tumor develop-
ment, quiescent fibroblasts, the predominant cell type within
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facilitated recruitment of mDia2 and APC complex to microtu-
bules, resulting in increased microtubule acetylation. This
increased acetylation promoted nuclear localization of YAP,
which upregulated expression of myofibroblast marker genes on
soft matrices. Spin90 depletion enhanced tumor progression, and
blockade of microtubule acetylation in CAF significantly inhib-
ited tumor growth in mice. Together, our data demonstrate that
loss of SPIN90-mediated microtubule acetylation is a key step in
CAF activation in low stiffness stroma. Moreover, correlation
among these factors in human breast cancer tissue supports the
clinical relevance of SPIN90 and microtubule acetylation in
tumor development. Cancer Res; 77(17); 4710-22. ©2017 AACR.

normal stroma, undergo transition into myofibroblast-like cells,
known as cancer-associated fibroblasts (CAF). CAFs are respon-
sible for extracellular matrix (ECM) biosynthesis and mechanical
remodeling of cancer stroma. Changes in cancer stroma induced
by CAF activation lead to the development of a permissive
environment for tumor growth and metastasis. For instance, stiff
ECM created by CAF-mediated collagen crosslinking promotes
malignancy in breast tumors (2), while reduction in cell tension
suppresses the malignant behavior of mammary epithelial cells
(3). During tumorigenesis, dense deposition of stromal ECM by
primed stromal fibroblasts and surrounding cancer cells results in
increased stiffness, in turn, inducing the expression of myofibro-
blast-specific genes, such as o-smooth muscle actin (a-SMA) and
fibroblast activation protein (4).

CAFs acquire an activated phenotype with enhanced expression
of a-SMA, increased cell contractility and spindle shape resem-
bling myofibroblast phenotypes commonly observed in wounds
(5). CAF activation occurs in the stroma during the early stage of
breast cancer where tissue stiffness is relatively low (6). In a two-
dimensional (2D) culture system mimicking stiff matrix condi-
tions, myofibroblast differentiation has been well established
(7). In particular, TGFp-induced myofibroblast differentiation
requires cell adhesion and integrin signaling (7), which mediates
the acquisition of actomyosin-mediated cellular contractility and
adhesion. However, in a soft three-dimensional (3D) matrix
mimicking normal tissue stroma, fibroblasts lack integrin- and
actin-dependent focal adhesion (8, 9).

The observed cell properties on a 3D soft matrix suggest that
microtubules are responsible for mechanical sensing of soft
matrix. Human fibroblasts cultured in relaxed 3D collagen matri-
ces exhibit neuron-like dendritic extensions with microtubule
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core and actin-rich tips lacking integrin-mediated focal adhesions
(10), indicating that cell-matrix interactions in soft matrix envir-
onments are different from those in stiff matrices. Earlier reports
suggest that microtubule predominantly participates in cellular
contractility and force generation under 3D soft environments
(11, 12). In support of these findings, myosin I1A-deficient fibro-
blasts have been shown to develop low-tension interactions with
soft matrix containing prominent bundles of stabilized micro-
tubules (13). Interestingly, increased acetylation of a-tubulin at
lysine 40 (K40) was recently reported in metastatic breast cancer
cells (14). Moreover, high HDAC6 and low acetylated o-tubulin
levels are associated with good prognosis in breast cancer (15).
These findings highlight the physiologic relevance of tubulin
acetylation in cancer progression. Additionally, elucidation of
the mechanisms leading to CAF activation in stroma with low
stiffness during the early stage of cancer is necessary to gain
insights into cancer progression.

Yes-associated protein 1 (YAP), originally identified as a tran-
scriptional coregulator of the Hippo pathway, has emerged as an
important player in mechanotransduction. The subcellular local-
ization and activity of YAP are regulated by substrate stiffness (16—
19) and its activation in CAFs promotes stiffening of ECM through
extensive deposition of collagen (20). The stiffened matrix, in
turn, creates tension within CAFs, leading to nuclear translocation
of YAP and expression of genes encoding cytoskeletal regulators,
such as ANLN and CTGF (16).

In this study, we demonstrated significant downregulation of
SPIN90 (Srchomology 3 protein interacting with NCK, 90 kDa) in
breast cancer stroma with a concomitant increase in microtubule
acetylation and YAP activation. These results establish the mech-
anism underlying CAF differentiation in low stiffness of stromal
environment of early stage breast cancer.

Materials and Methods

Human cancer tissues and experimental mouse model

Human breast cancer tissues were kindly provided and
analyzed by Chungbuk National University Hospital of the
Korea Biobank Network, and tissue microarray of breast cancer
tissues (diagnosed in 2008-2009) were provided by Chonnam
National University Hospital of Korea Biobank Network
(20160120-BR-21-03-02). Written informed consents were
obtained from the patients before surgery and this study was
approved by the Gwangju Institute of Science and Technology
(GIST) Institutional Review Board. Spin90~/~ mice were gen-
erated by inserting a pgk-neomycin cassette into the Nhel site of
exon 4. All animal procedures were performed with the approv-
al of the Animal Care and Ethics Committees of the GIST (GIST-
2014-09).

Cell lines

Mouse embryonic fibroblasts (MEF) were isolated from embry-
os at 12.5 days postcoitum. The SV40 large T-antigen was trans-
fected into MEFs for immortalization in 2008. MEF cells were
authenticated by morphologic profiling and genotyping and RT-
PCR in 2013. E0771, mouse medullary mammary adenocarci-
noma cells derived from C57/BL6 mice were purchased from CH3
Biosystems and authenticated by morphologic profiling in 2015.
Primary CAFs were isolated from mammary tumors of wild-type
(WT) and Spin90~/~ mice using flow cytometry and authenticated
by RT-PCR in 2015. Every cell line usually used from passages 3 to
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8. All cell lines were tested for Mycoplasma contamination using
the MycoAlert mycoplasma detection Kit (Lonza) in 2015.

Polyacrylamide gels preparation

Polyacrylamide gels (PAG) varying in stiffness from 0.5 to 20
kPa were prepared as previously described (10, 21). The activated
PAGs were coated with 10 ug/mL human plasma fibronectin (EN;
Gibco) overnight at 4°C. Stiffness was measured by atomic force
microscopy.

RT-PCR

Total RNA was prepared using TRI reagent (Molecular Research
Center, Cincinnati, OH) and reverse-transcribed by TOPscript RT
DryMIX (Enzynomics). cDNA was subjected to PCR using Taq
polymerase (iNtRON BioTechnology) with primers (Supplemen-
tary Table S1).

3D collagen gel contraction assay

A total of 2 x 10° cells were mixed with collagen (1 mg/mL)
and FN (100 pg/mL) solution and polymerized for 1 hour.
Floating matrix contraction (FMC) and stressed matrix contrac-
tion (SMC) were measured as described (22).

Modified Boyden chamber assay

Conditioned media (CM) derived from MEFs were prepared by
incubation for 36 hours in serum-free DMEM. MDA-MB-231 cells
were seeded on 300 pg/mL Matrigel (BD Biosciences) coated or
uncoated transwells with 8.0-um pores (Corning Costar), and CM
was added to the lower chamber. After 24-hour incubation, cells
were fixed and stained with 0.05% Crystal violet in 2% EtOH.
Cells that invaded the bottom layer of transwell inserts were
counted in nine randomly selected fields.

In vivo-like organotypic culture

Collagen gel preparation was done as described previously
(23). MEFs were suspended in collagen gel solution and mix-
tures were polymerized at 37°C. After polymerization, MDA-
MB-231 (2.5 x 10° cells) were seeded on collagen gels. After 2
weeks, gels were standard hematoxylin and eosin staining of
paraffin sections. Invading cells were quantified by MetaMorph
software (Molecular Devices) and the invasion index was
measured by the following formula: [1—(noninvading area/
total area)].

Orthotopic breast cancer model

Congenic female C57/BL6-Spin90~/~ or WT mice (10-14-
week-old) were used for the orthotopic breast cancer model.
E0771 (5 x 10° cells) suspended in PBS were inoculated into
the left inguinal mammary fat pad. Tumor size was measured
daily using calipers, and tumor volume (V) was calculated using
the standard method, V= (L x Wz) /2, where W is width, and L is
length. After 4 weeks, tumors and lungs were isolated.

Immunohistochemistry

Mammary tumors and lungs were excised from mice and fixed
in 10% formalin or Bouin's solution and embedded in paraffin
blocks. Sectioned tissues were stained with specific antibodies
such as anti-mouse SPIN90 for human tissues (clone 84B3), anti-
rabbit SPIN90 for mouse tissues (Proteintech), a-SMA, acetylated
o-tubulin, and YAP. Nuclei were counterstained with hematox-
ylin or Hoechst 33342. Colorimetric analysis was performed
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using an Aperio Image Scope (Leica Biosystems) and Image ]
software. Colorimetric analyses were performed using an Aperio
Image Scope (Leica Biosystems) and ImageJ software. To analyze
correlations between SPIN90 expression and o-tubulin acetyla-
tion in human breast cancer tissues, we measured the total
intensity of positive pixels per observed area in five randomly
selected areas of paired normal and cancer stroma using the
Positive Pixel Counts v.9.1 algorithm. The intensity in tumor
stroma (I.T.) relative to the intensity in normal stroma (L.N.),
calculated as the log of the ratio, L.T./ILN., in base 2 [Log,(L.T./
I.N.)|, was evaluated to determine Pearson correlation coefficient
(r) and the statistical significance of r (P value) using a t test. An
absolute value of Log,(I.T./I.N.) greater than 1 indicates at least a
two-fold increase or decrease in tumor stroma compared with

A B

Tumor stroma (n = 107)

normal stroma. Fluorescence staining in tissues was detected by
confocal microscopy (Olympus FV1000) and analyzed with
MetaMorph software.

Statistical analysis

Quantitative human tissue immunochemistry results and pub-
lic transcriptome data were analyzed using a Pearson correlation
test and false discovery rate-adjusted P value (q), respectively. All
quantified data in bar charts are shown as means + SEM, and
represent an average of 3 to 4 independent experiments. Data in
box and whisker plots and scattered plots represent differences
between populations. A two-tailed Student t test with unequal
variance was used for comparison of parameters between two
groups. All P values are two-sided. Data were considered
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Low SPIN9O expression is correlated with poor prognosis in breast cancer patients. A and B, Analysis of the combined gene expression datasets GSE39004
and GSE9014. Stroma-specific downregulated or upregulated genes were functionally annotated based on gene ontology term analyses. C, Two set probes
recognizing SPIN90. Probe #1 binds to the 3’-UTR and probe #2 recognizes the distal region of SPIN90. D, KM survival curves of human breast cancer patients
expressing low levels of SPIN90, compared with patients with high SPIN90 expression. All 3554 patients were divided into four molecular subgroups for
analysis: luminal A (n =1764), luminal B (n =1002), HER2 type (n = 208), and triple-negative (TN; n = 580). E, Downregulation of SPIN90 in breast cancer tissues,

compared with paired normal tissues (n = 10). Scale bar, 50 um.
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statistically significant at Pvalues less than 0.05; *, P < 0.05;**, P <
0.01; ***, P < 0.001.

Results

Clinical relevance of SPIN90 downregulation in CAFs

We analyzed public transcriptome data, with the goal of iden-
tifying the specific regulators of CAF activation in breast cancer
stroma. To screen differentially expressed genes between normal
and cancer stroma that were not significantly changed in tumors,
1,685 genes (unchanged in tumor, compared with normal tissue)
were initially sorted (n = 50, P value > 0.5; PMID: 24316975,
GSE39004; Supplementary Fig. S1A and S1B). Among these, 26
upregulated (P value < 0.05) and 80 downregulated (P value <
0.05) genes in cancer stroma were selected (PMID: 18438415,
GSE9014; Fig. 1A). In the tumor microenvironment, ECM com-
position and stromal stiffness depend on the activation state of
fibroblasts. Morphologic differences between normal stromal
fibroblasts and activated CAFs, including spreading and elonga-
tion, were significant. We, thus, focused on the gene set involved
in "cytoskeletal protein binding" (GO: 0008092). Intersection of
106 differentially regulated genes in the cancer stroma with 2,062
genes annotated to the term "cytoskeletal protein binding" led to
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the isolation of five genes (NCKIPSD, LZTS1, TPM1, EMD, and
TPM3), of which SPIN90 (NCKIPSD) was selected for examina-
tion as a potential regulator of CAF activation based on the
Kaplan-Meier (KM) plot analysis (Supplementary Fig. S1C).
Downregulation of SPIN90 in cancer stroma (n = 107), compared
with normal stroma (n = 12), was confirmed via GO term analysis
of the gene set "cytoskeletal protein binding" (Fig. 1B, fold change
>2; FDR< 1%). SPIN90 mRNA expression in breast cancer stroma
was validated using two sets of probes, one that recognizes the
3'UTR, which is more specific for targeting SPIN90, and one that
recognizes the distal region, which is less specific. Using the 3'UTR
probe, but not the distal probe, we observed a distinct decrease in
SPIN90 transcript expression in breast cancer stroma (Fig. 1C;
Supplementary Fig. S1D).

For the clinical relevance of SPIN90 downregulation in breast
cancer stroma, we used KM plot analysis based on a human gene
expression-array database (Affymetrix ID: 216116 on www.
kmplot.com/analysis). Decreased survival of patients with low
levels of SPIN90 mRNA was observed for all molecular subtypes
of breast cancer, including luminal A (n = 1764), luminal B (n =
1002), HER2-type (n =208), and triple-negative (n = 580) groups
(Fig. 1D). Histologic analyses of paired normal and breast cancer
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Figure 2.

Cancer progression is accelerated in SpinQO’/’ mice. A, Scheme of the experimental procedure. B-D, Orthotopic injection of EQ771 cells into mammary fat
pads of syngeneic WT (n = 15) and Spin90’/’ mice (n = 9), and comparison of tumor weights and representative images (B). Tumors were allowed

to grow for 23 days. Graphs depict tumor volumes over time (C). *, P < 0.05; **,P < 0.01. Lungs were fixed with Bouin's solution and analyzed for
metastasis (D). E, Lung metastasis model of intravein-injected B16F10 melanoma cells. F, CAF marker expression by gPCR in CAFs isolated from the

EO771-injected murine model. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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tissues (n = 10) revealed dramatic downregulation of SPIN90 in
CAFs of cancer stroma, but not in cancer cells and immune cells
(Fig. 1E; Supplementary Fig. S1E). Data mining using public GEO
data analysis in ovarian cancer (GSE40595) further confirmed
reduced expression of SPIN90 in CAFs (Supplementary Fig. S1F).
Interestingly, downregulation of SPIN90 in CAFs of lung metas-
tases (CAF-LM) was more pronounced than that in fibroblasts of
primary colorectal tumor (CAF-PT; GSE46824; Supplementary
Fig. S1G).

To ascertain whether SPIN90 deficiency is relevant to tumor-
igenesis and metastasis, we performed orthotopicinjection of syn-
geneic murine breast cancer cells, E0771, into mammary fat pads
or intravein injection of syngeneic melanoma cells, B16F10, into

the tail veins of WT and Spin90~/~ [knockout (KO)] mice (Fig.
2A). The resulting tumors were bigger in mammary glands of
Spin90_/ ~ mice, compared with those of WT mice, and interest-
ingly, a prominent increase in tumor volume in Spin90~/~ mice
was observed during initial tumor growth (Fig. 2B and C).
Moreover, all Spin90~/~ mice (n = 9) bearing E0771 breast tumors
developed lung metastasis whereas 20% WT mice (n = 15)
remained metastasis-free and the rest displayed fewer metastatic
nodules (Fig. 2D; Supplementary Fig. S2A). Injection of B16F10
melanoma cells also induced increased lung metastasis in
Spin90~/~ mice (Fig. 2E; Supplementary Fig. $2B), indicating that
SPIN90 deficiency in the stroma facilitates favorable conditions
for cancer progression. To compare the activation states of CAFs in
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Figure 3.

Isolated Spin90-KO MEFs possess CAF characteristics. A, Schematic overview of MEF isolation and experimental conditions. B-E, WT and Spin90-KO MEFs were
seeded on fibronectin-coated 0.5 kPa PAG or glass. B, Projected cell area and percentage/field with morphologic index (round, medium, well-spread) were
measured. Scale bar, 20 um. C, Cells were stained with a-SMA antibody and phalloidin to visualize F-actin. Scale bar, 50 um. D, RT-PCR of Spin90, a-Sma

and Gapdh and immunoblotting of a-SMA. E, gPCR analysis of Ctgf and Cyr61. Graphs depict relative expression normalized to Gapdh. F, Matrices were
floated for 12 hours with BSA (5 mg/mL) or FBS (FMC), or attached for 18 hours, then released from the bottom and incubated for 1 hour (SMC). G, lllustration
of organotypic culture and hematoxylin and eosin-stained sections of MDA-MB-231 cells cultured on organotypic gels in the absence or presence of WT, Spin90-KO,
and rescued MEFs. Scale bar, 50 pm. *, P < 0.05; **, P < 0.01; ***, P < 0.001. N.S., nonsignificant.
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Microtubule acetylation is critical for myofibroblast differentiation. A and B, Cell lysates obtained from WT, Spin90-KO (A), and Spin90-rescued MEFs (B) were
subjected to immunoblotting with acetylated a-tubulin and detyrosinated a-tubulin antibodies. €, Morphologic analysis of WT, Spin90-KO, Spin90-rescued, and
a-Tatl-dKO cells on 0.5 kPa PAGs. Cells were analyzed for projected cell area and nucleus elliptical factor. ***, P< 0.001. D and E, Inhibition of a-tubulin acetylation via
a-Tatl knockout decreases a-SMA expression (D) and cellular contractility (for 12 hours) in Spin90-KO MEFs (E). F, Nuclear elliptical ratio of WT, Spin90-KO, and
mbDia2-dKO MEFs. ***, P<0.001. G and H, Loss of mDia2 in Spin90-KO MEFs inhibits a.-SMA expression (G) and contractility (H). ***, P< 0.001. I, Immunoprecipitation
with an anti-mDia2 antibody. J, HEK293T cells were transfected with Flag-APC, pEGFP-mDia2, and myc-SPIN90 (0, 125, 250, and 500 ng) and applied for
immunoprecipitation. K, Cells on 0.5 kPa gels were lysed with hypotonic buffer containing cytochalasin D and paclitaxel and centrifuged 100,000 x g.

stroma of WT and Spin90~/~ mice, we isolated stromal fibroblasts
from tumors of both groups (Supplementary Fig. S2C) via fluo-
rescence-activated cell sorting using an anti-PDGFR* o antibody
(Supplementary Fig. S2D). The purity of the sorted CAF popula-
tion was verified via qPCR analysis of genes specific for fibroblasts
(Pdgfra), macrophages (Csf-1r), and lymphocytes (Cd45; Supple-
mentary Fig. S2E). Fibroblasts originating from Spin90~/~ mice
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showed a more activated phenotype than those from WT mice,
determined based on increased expression of a-Sma, Mmp-2, and
Cyr61 (Fig. 2F).

Loss of SPIN90 induces myofibroblast differentiation
As the rigidity of stroma in the early stages of cancer is similar to
that of normal stroma, we compared the morphology of MEFs on
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Spin90 deficiency-mediated microtubule acetylation promotes YAP activity in low stiffness matrices. A, Images show YAP cellular localization (red) and nucleus
(blue) in WT, Spin90-KO, and a-Tatl-dKO MEFs. White arrows, nuclear accumulation of YAP. Graphs show YAP cellular localization. B, Cytosolic/nuclear
fractionation of WT, Spin90-KO, a-Tatl-dKO MEFs on 0.5 kPa PAGs. C, cytosolic fraction; N, nuclear fraction. C, Luciferase reporter assay (8xGTIIC-Lux) in

WT, Spin90-KO, a-Tatl-dKO MEFs to measure YAP transcriptional activity. ***, P < 0.001. D, WT and Spin90-KO MEFs were transfected with siRNA (mock

and YAP) and either pGL3-empty vector (EV) or 8xGTIIC-Lux. E, Western blots, levels of YAP, Ac-a.-tub, and a-SMA in WT and Spin90 KO MEFs transfected
with either mock or YAP siRNA. F, Gene expression levels (Cyr6], Ctgf, and Yap) in indicated siRNA-transfected WT and Spin90-KO MEFs were compared with
RT-PCR. G and H, Breast cancer tissues (n = 30) were subjected to double staining with anti-YAP and anti-Ac-o-tub (G), and anti-YAP and anti-SPIN90 (H)
antibodies and followed by Alexa-555 and Alexa-488 dyes, respectively. Fluorescence intensity were measured and analyzed by MetaMorph software.
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FN-coated PAGs with a Young's modulus of ~0.5 kPa represent-
ing the approximate stiffness of normal breast stroma (6). 20 kPa
representing the approximate stiffness of malignant breast tumor
(8) and on glass coverslips (~10° kPa; ref. 21). Spin90~/~ MEFs
cultured on 0.5 kPa PAG displayed slender morphology with
increased protrusions at the periphery while WI' MEFs were
rounded in shape (Fig. 3A and B; Supplementary Fig. S3A). No
significant morphologic differences were observed in cells cul-
tured on glass coverslips. Notably, a-Sma and other myofibroblast
markers, including Ctgf and Cyr61, were highly expressed in
Spin90~/~ MEFs under 0.5 kPa PAG (Fig. 3C-E; Supplementary
Fig. S3B and S3C).

It has been reported that CAFs can be classified into two
subtypes, myofibroblastic CAFs [a-SMAM&"/IL6'°"] and inflam-
matory CAFs (a-SMA'®"/IL6"8"), which serve distinct roles in
cancer progression (24). To determine the CAF linage of Spin90~/~
MEFs, we examined expression of the markers of inflammatory
CAFs such as 116 and I111. Spin90~/~ MEFs expressed low levels of
116, but did not express detectable levels of 1111, indicating that
Spin90~/~ MEFs exhibit a myofibroblastic CAF phenotype
(«-SMAM8"/11,6!°") rather than an inflammatory CAF phenotype
(Supplementary Fig. S3D).

A comparison of the contractile activities of WT and Spin90~/~
MEFs by analysis of FMC and SMC (22) revealed higher cellular
contractility of Spin90~/~ MEFs compared with WT cells using
BSA instead of FBS (Fig. 3F). However, the contractility of
both cell groups in procontractile conditions (e.g., in the
presence of FBS) was similar (Fig. 3F), indicating that MEFs

www.aacrjournals.org

develop intrinsic cellular contractility due to SPIN90 loss,
which may influence myofibroblast differentiation under soft
matrix conditions.

Next, we examined the cancer cell invasive and migratory
activity using the Boyden chamber assay and a 3D organo-
typic culture system. CM were collected by in vitro culture of
MEF isolated from WT and Spin90~/~ mice. CM obtained
from Spin90~/~ MEFs were sufficient to induce invasion of
MDA-MB-231 cancer cells (Supplementary Fig. S3E). In con-
trast, CM from WT and SPIN90-rescued MEFs (Res) were not
effective in inducing invasion. In accordance with these data, 3D
organotypic culture that closely mimics the physiologic tumor
microenvironment (23), cancer cell invasion was increased in
collagen gels embedded with Spin90~/~ MEFs (Fig. 3G).

Microtubule acetylation is critical for myofibroblast
differentiation

We examined the effects of SPIN90 deficiency on o-tubulin
posttranslational modifications, such as tubulin acetylation
and detyrosination, representing well-known mechanisms for
increasing microtubule stability. Acetylated, but not detyrosi-
nated a-tubulin was significantly increased in Spin90~/~ MEFs
cultured on 0.5 kPa PAG (Fig. 4A), thereby leading to acqui-
sition of resistance to nocodazole treatment (Supplementary
Fig. S4A). Rescue of SPIN90 expression in Spin90~/~ MEF led to
a dramatic decrease in the acetylated a-tubulin level (Fig. 4B),
clearly indicating that SPIN90 deficiency affects microtubule
stability.
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We generated Spin90 and o-tubulin acetyltransferase 1
(o-Tat1)-double KO MEFs («-Tat1-dKO) using the CRISPR/
Cas9 system (Supplementary Fig. S4B). Spin90-KO-mediated
cell spreading on soft substrate was completely abrogated in
both SPIN90-rescued and «-Tat1-dKO cells (Fig. 4C). Nuclear
deformation, which reflects cell elongation (25), was observed
infrequently in both SPIN90-rescued and «-Tat1-dKO MEFs
(Fig. 4C). In addition, expression of o-SMA and myofibroblast
marker genes observed in Spin90~/~ MEFs was completely
inhibited in «-Tat1-dKO cells (Fig. 4D), consistent with the
significant suppression of collagen gel contraction in «-Tatl-
dKO MEFs (Fig. 4E).

Earlier studies reported that acetylated tubulins accumulate in
stable microtubules (26) and that members of the mDia family
regulate microtubule stability in association with various micro-
tubule-binding proteins (27, 28). Accordingly, we investigated
the molecular mechanisms underlying the association of mDia
with microtubule acetylation under conditions of SPIN90 defi-
ciency. Treatment with a pharmacologic inhibitor of the formin
family (smiFH2) inhibited microtubule acetylation under
SPIN90 depletion (Supplementary Fig. S4C) and resulted in
reduced production of nocodazole-resistant microtubules (Sup-
plementary Fig. S4A). Spreading of Spin90~/~ MEFs on soft
substrates was also significantly impaired by smiFH2, which was
rescued by overexpression of the a-tubulin acetyl-mimic (K40Q)
mutant (Supplementary Fig. S4D; ref. 29). The data indicate that
mDia is required for both SPIN90-associated microtubule acet-
ylation and cell spreading in soft substrates. Experiments per-
formed on Spin90~/~ MEFs transfected with siRNAs targeting
mDial and mDia2 confirmed that mDia?2 is specifically involved
in microtubule acetylation (Supplementary Fig. S4E). Genetic
disruption of mDia2 using the CRISPR/Cas9 system (Supplemen-
tary Fig. $4B) in Spin90~/~ MEFs (mDia2-dKO) prevented SPIN90
deficiency-mediated cell spreading and nuclear deformation (Fig.
4F; Supplementary Fig. S4F). Additionally, knockout or knock-
down of mDia2 in Spin90~/~ MEFs reduced expression of 0.-SMA
(Fig. 4G; Supplementary Fig. S4G) and collagen matrix contrac-
tion (Fig. 4H), indicating that mDia2 plays an essential role in
microtubule acetylation with SPIN90 depletion.

Interactions of mDia with APC and EB1 via its FH1 and FH2
domains are involved in microtubule stabilization and mod-
ification (28). SPIN9O also directly binds the FH1 and FH2
domain of mDia, which is known to regulate actin dynamics
(30). In view of these findings, we speculated that SPIN90
competes with APC for binding to mDia. Indeed, interactions
of mDia2 with APC in Spin90~/~ MEFs were enhanced (Fig. 41),
whereas overexpression of SPIN90 in Spin90~/~ MEFs

SPIN90 and Microtubule Acetylation Axis in CAF Activation

suppressed this binding in a manner dependent on SPIN90
levels (Fig. 4]). Next, we examined whether APC-bound mDia2
preferably binds to microtubule in the absence of SPIN90. The
recruitment of mDia2 to microtubules in Spin90~/~ MEFs on
soft matrices was assessed by in vivo microtubule sedimenta-
tion assay. When the F-actin level was relatively low, mDia2
was found in the pellet fraction with microtubules. Cosedi-
mentation of mDia2 with microtubules was enhanced in
Spin90~/~ cells, which was reversed in the a-Tat1-dKO MEFs
(Fig. 4K). In addition, acetylated tubulin was observed in
the cosedimented fraction of mDia2 in Spin90~/~ cells. Our
results collectively indicate that SPIN90 deficiency facilitates
the formation of APC/mDia2 complexes, which lead to
enhance their accessibility toward microtubules (Supplemen-
tary Fig. S4H).

SPIN90 deficiency-mediated microtubule acetylation
promotes YAP activity in low stiff matrices

Next, we determined the underlying mechanism by which
SPIN90 deficiency-mediated microtubule acetylation promotes
myofibroblast differentiation. In this study, nuclear translocation
of YAP markedly increased in Spin90~~ MEFs even on soft
matrices but it was reversed in a-Tat1-dKO cells. However, YAP
mostly localized in the nucleus in all types of cells on glass
coverslips independent of microtubule acetylation (Fig. 5A; Sup-
plementary Fig. S5A). This was confirmed by cellular fractionation
assay showing increased YAP in nuclear fraction of Spin90~/~ cells
(Fig. 5B). Overexpression of -TAT1 and acetyl-mimic a-tubulin
(K40Q) in WT MEF facilitated nuclear localization of YAP in 0.5
kPa soft PAG matrices (Supplementary Fig. S5B-S5D). For a direct
readout of YAP activity, we used a YAP-responsive luciferase
reporter (8XGTIIC-lux). YAP activity increased in Spin90~/~ MEFs
on soft matrices but it was reversed by «-Tat1 depletion (Fig. 5C).
YAP silencing with siRNA reduced YAP-responsive reporter activ-
ity (Fig. 5D) and inhibited 0-SMA expression (Fig. 5E) as well as
the expression of myofibroblast marker genes such as Ctgf and
Cyr61 (Fig. 5F) on low stiffness matrices. Next, we examined YAP
localization in CAFs within human breast cancer stroma. Cyto-
plasmic localization of YAP was mostly observed in fibroblasts
with low level of a-tubulin acetylation in normal breast stroma,
whereas YAP mainly localized in the nucleus of cells with highly
acetylated tubulin in tumor stroma (approximately 60% cells
among overall selected cells, n = 30; Fig. 5G). Consistently,
cellular localization of YAP correlated with SPIN90 expression
in fibroblasts. Nuclear translocation of YAP was mainly observed
in long spindle shaped SPIN90™ CAFs within tumor stroma (1n =
30; Fig. 5H). These data collectively support that acetylated

Figure 7.

Regulation of SPIN90 and a-tubulin acetylation in human breast cancer stroma. A, Breast cancer tissues (n = 30) were subjected to immunohistochemistry with anti-
SPIN90 and anti-Ac-o-tub antibodies and followed by Alexa-555 and Alexa-488 dyes, respectively. Fluorescence intensities were measured and analyzed by
MetaMorph software. B=D, An analysis of IHC images of human breast cancer tissues in tissue microarrays revealed a negative correlation between SPIN9O
downregulation and o-tubulin acetylation. Scatter plots of data for all patients (n = 103; B), based on TNM stage (C) or molecular subtype (D), are displayed with
Pearson correlation coefficient (r) and statistical significance of r (P value). An absolute value of log, (I.T./I.N.) greater than 1indicates at least a two-fold increase in
o-tubulin acetylation or a two-fold decrease in SPIN90 expression compared with normal stroma. The gray-shaded box shows the proportion of patients satisfying
the above criteria. E, Percent changes in SPIN90 expression and acetylated o-tubulin in tumor stroma compared with paired normal tissue in cancer tissue samples
were analyzed in patients with recurrence (n = 26). Tissues were obtained from surgery performed at the time of the initial diagnosis. F, Proposed model for SPIN90-
mediated CAF differentiation in cancer stroma. @—@ Downregulation of SPIN9O in early stage of cancer stroma, which facilitates the formation of APC-mDia2
complex. @ mDia2-APC complex binds to microtubules and increased microtubule acetylation, leading to stabilization. @—@ Acetylated MT facilitates YAP
nuclear translocation of YAP, resulting in expression of myofibroblastic marker genes.@—, Activated CAFs remodel stromal ECM, which favors tumor progression
in an early stage of cancer.
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microtubules induced by SPIN90 depletion facilitates nuclear
translocation of YAP and its target gene expression on low stiffness
matrices.

a-tubulin acetylation in Spin90-deficient MEFs promotes
cancer progression

To further clarify the relationship between microtubule
acetylation and CAF formation, experiments were performed
to determine whether a-Tat1-dKO cells are devoid of CAF
activity. CM obtained from «-Tat1-dKO MEFs was not effective
on invasion of MDA-MB-231 cells (Fig. 6A). In an orthotopic
breast cancer model, coinjection of E0771 cells with SpinQO’/’
MEFs induced the formation of large tumors with similar
sizes to those observed upon coinjection with CAFs obtained
from orthotopic breast tumors, whereas coinjection with
SPIN90-rescued or o-Tat1-dKO MEFs resulted in the formation
of small tumors (Fig. 6B and C; Supplementary Fig. S6A).
Distinct increases in tumor volume in the Spin90~/~ MEF and
CAF groups were observed during initial tumor growth, deter-
mined from days 10 to 18 (Fig. 6C). These results indicate that
MEFs obtained from Spin90~/~ mice display more of a CAF-like
phenotype. Consistent with this observation, increased a-SMA
expression in orthotopic tumors from Spin907/7 mice was
observed, compared with those of WT controls (Fig. 6D). This
finding was also true for acetylated o-tubulin, as determined
based on immunohistochemistry analysis (Fig. 6D). Enhanced
a-SMA expression and acetylated o-tubulin were additionally
prevalent in sections of lung metastases from Spin90~/~ mice
(Supplementary Fig. S6B).

Regulation of SPIN90 and a-tubulin acetylation in CAFs within
human cancer stroma

Increased o-tubulin acetylation was observed in SPIN90™
CAFs (low or no expression of SPIN90) of human breast cancer
stroma (Fig. 7A). In normal stromal fibroblasts, SPIN90 was
highly expressed while acetylation of a-tubulin was significant-
ly low. As shown in Fig. 7A, SPIN90" and Ac-a-tub' cells were
abundant in CAFs within tumor stroma (n = 30). To further
determine whether SPIN90 expression and tubulin acetylation
are associated with progression of human breast cancer, we
compared SPIN90 expression and acetylation of a-tubulin in
normal stromal fibroblasts and CAFs obtained from patients
diagnosed with breast cancer in 2008 or 2009 (n = 103).
Among patients, 62% showed both a decrease in SPIN90 and
an increase in acetylated o-tubulin in tumor stroma greater
than 2 times that in normal stroma (Fig. 7B). Pearson corre-
lation tests revealed a negative correlation between SPIN90
expression and acetylation of o-tubulin (r =—0.66604, P = 5.7
x 107'®%; Fig. 7B). Samples were further analyzed based on
tumor node metastasis (TNM) stage. Overall, 63% stage I, 69%
stage II, and 44% stage III samples showed decreased SPIN90
expression and increased acetylated a-tubulin in cancer stroma
CAFs (Fig. 7C). Downregulation of SPIN90 and increased
acetylated o-tubulin were prominent in TNM stages I and II,
but not stage III. An analysis of samples by subgrouping into
four molecular subtypes of breast cancer related to prognosis
and recurrence revealed a significant decrease in SPIN90 and
increase in acetylated o-tubulin in CAFs from luminal A
(r =-0.72943, P = 1.62349E-10) and triple-negative
(= —0.83311, P = 0.00406) subtypes (Fig. 7D). Stroma parti-
cipates in therapeutic resistance, which contributes to breast
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cancer progression and poor prognosis (31, 32). Of the
103 patients examined, 26 had recurrence within 5 years.
In patients with cancer recurrence, decreased expression of
SPIN90 (69.2%, 18/26) and increased acetylation of a-tubulin
(55%, 11/20) in CAFs compared with paired normal stromal
fibroblasts were prominent (Fig. 7E). Taken together, the
data suggest that the SPIN90/acetylated o-tubulin axis in
CAFs is significantly involved in breast cancer progression
(Fig. 7F)

Discussion

Myofibroblasts contain actin bundles with contractile units,
including nonmuscle myosin and 0-SMA, and their contrac-
tility promotes mechanical remodeling of the surrounding
ECM during cancer development. Fibroblasts in normal stro-
ma (mechanically soft condition) are devoid of focal adhesion
and stress fibers (via actin polymerization; ref. 33) and
instead, microtubule-mediated cell spreading and signaling
are dominant in the 3D compliant and soft substrate envir-
onments, such as normal stroma (10, 11). In particular,
microtubule acetylation in soft substrate appears essential for
gene expression as well as cell spreading for myofibroblast
differentiation (34, 35). In support of this idea, disruption of
microtubule acetylation via «-Tatl ablation in soft substrate
conditions completely inhibited cell spreading, o-SMA expres-
sion and cellular contractility assessed based on 3D collagen
gel contraction. We reason that microtubule acetylation pos-
sibly offers a stable microtubule network for gene expression
by regulating cellular trafficking of transcription factors essen-
tial for myofibroblast differentiation, such as YAP, in soft
matrices.

A mechanosensor YAP localizes in cytoplasm on low stiffness
matrices (17) and translocates into the nucleus depending on
matrix stiffness. In this study, we demonstrated that YAP
localized in the nucleus of Spin90-deficient cells even on soft
matrices. Nuclear translocation of YAP enhanced the expression
of myofibroblast marker genes, such as a-Sma, Cyr61, and Ctgf,
which are responsible for the acquisition of myofibroblast
phenotypes. On soft matrices, YAP, thus, is likely to sense
cellular contractility induced by acetylated microtubules on
the matrices with low stiffness, but not by actin cytoskeletons.
This could explain how stromal fibroblasts acquire the prop-
erties of CAF in stroma with relatively low stiffness of early
stage breast cancer.

In our experiments, SpinQO’/’ MEFs contained stable and
acetylated microtubules resistant to nocodazole. Moreover,
Spin90~/~ MEFs exerted a strong contractile force in collagen
matrix contraction, which was abolished upon inhibition of
tubulin acetylation. Suppression of SPIN90 expression with
siRNA strongly enhanced stress fiber formation, indicative of
RhoA activation (36). These results are inconsistent with
previous reports that disruption of microtubule networks
induces RhoA activity, leading to enhanced focal adhesion
formation and contractility in cells, and a decrease in cellular
contractility induced by blebbistatin in human dermal
fibroblasts results in increased microtubule acetylation (29).
These discrepancies in results from different studies imply
that cell contractility and/or spreading are not mediated
by a common cellular mechanism in soft matrix and stiff
matrix conditions.
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Based on the current findings, we reason that depletion of
SPIN90 in soft matrix conditions (normal stroma) facilitates
interactions of mDia2 with APC. The mDia/APC complex
enhances microtubule stability and modification, consequently
driving YAP activation for myofibroblast differentiation. Acti-
vated myofibroblasts have high synthetic capacity for ECM
proteins, deposition of collagen as well as tissue remodeling.
Environmental stiffness is gradually increased, stress fibers and
focal adhesions develop, and subsequently, surrounding nor-
mal fibroblasts are activated (37).

Reciprocal interactions between stromal fibroblasts and
tumor cells occur at the initial stages of cancer progression.
With respect to CAF functions, in the traditional view, the
tumor stroma is considered to be protumorigenic (38, 39);
however, the potential of tumor stroma to exert antitumori-
genic properties has been suggested in the context of pancreatic
cancer. For instance, a-SMA™*-CAF depletion in a mouse pan-
creatic cancer model was shown to promote cancer progression
and decrease survival by altering tumor immunity, suggesting
antitumorigenic functions of CAFs (40, 41). These apparent
differences in the properties of stromal CAFs may reflect the
effects of the distinct microenvironments of different cancers.
In light of such context dependence, pro- or antitumorigenic
functions of CAFs should be carefully considered in cancer
therapy strategies targeting CAFs. In our study, Spin90~/~ MEFs
differentiated into myofibroblastic CAFs with a-SMAM&"/(IL)-
6'°% expression and exhibited pro-tumorigenic properties in
breast cancer. Enhanced tumor formation in Spin90~/~ mice
was prominent at an early stage after tumor injection (Fig. 2).
The effects of SPIN90 deficiency on fibroblasts were confirmed
by coinjection of cancer cells and Spin90~/~ MEFs into WT
mice, which promoted tumor formation, similar to that
observed with coinjection of CAFs. These data support the
theory that coinjected MEFs in mammary fat pads are primed
by the cancer cells and undergo transition to CAF. Coinjected
Spin90~/~ MEF have greater CAF activity, and may, therefore,
alter the ECM composition and stiffness to promote cancer
progression. In addition, inhibition of microtubule acetylation
in w-Tat1-dKO MEFs significantly blocked tumor formation in
an E0771 breast cancer model.

Therapeutic approaches for targeting both cancer cells and
CAFs have continued to expand, and although the current
study did not clarify the mechanism underlying SPIN90 down-
regulation in CAFs, the control of CAF activation through
regulation of SPIN90 expression may ultimately provide a
novel option for effective treatment of early-stage breast can-
cer. Signals induced by infection or chronic inflammation
activate normal fibroblasts as well as cancer and/or inflam-
matory cells within the tumor microenvironment at the early
stage of cancer (4). These primed cells reciprocally or mutually
interact with each other through paracrine signaling. For
example, TGFP1 secreted by many cell types, including macro-
phages and cancer cells, is a major inducer of stromal fibro-
blast activation and resulting CAF differentiation (7). How-
ever, we found that TGFB1 did not suppress SPIN90 expression
in WT MEFs (data not shown). Instead, we identified circular
miRNAs as potential suppressors of SPIN90 expression in a
mouse breast cancer model. Thus, we speculate that other
growth factors, cytokines, or miRNAs secreted by adjacent
inflammatory cells and/or cancer cells in the tumor microen-
vironment may regulate SPIN90 expression in stromal fibro-
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blasts at the early stage of cancer; however, this still remains to
be demonstrated experimentally.

Tumor stroma is known to contribute to drug resistance and
poor prognosis. Stromal activation is a major factor associated
with cancer recurrence within 5 years, despite administration of
the appropriate treatments (38). Collagen type I, secreted by
CAFs, promotes the formation of a stiff tumor microenviron-
ment, which, in turn, inhibits chemotherapeutic drug uptake
and regulates tumor sensitivity to chemotherapy (40). Treat-
ment with anticancer drugs such as tamoxifen and trastuzumab
has greatly improved overall survival but ~33% of patients still
experience recurrence and metastasis (42). In this study, down-
regulation of SPIN90 and increased o-tubulin acetylation in
CAFs were observed in more than 55% of patients with cancer
recurrence, an observation with implications for therapeutics to
prevent recurrence. In conclusion, our current findings offer
new insights into the control of CAF activation through regu-
lation of SPIN90 expression and microtubule acetylation in
breast cancer stroma.
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