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Epithelial-mesenchymal transition (EMT) is a crucial
event in wound healing, tissue repair and cancer progres-
sion in adult tissues. We have recently shown that trans-
forming growth factor (TGF)-p-induced EMT involves
isoform switching of fibroblast growth factor receptors by
alternative splicing. We performed a microarray-based
analysis at single exon level to elucidate changes in
splicing variants generated during TGF-f-induced EMT,
and found that TGF-p induces broad alteration of splicing
patterns by downregulating epithelial splicing regulatory
proteins (ESRPs). This was achieved by TGF-p-mediated
upregulation of SEF1 family proteins, dEF1 and SIP1.
8EF1 and SIP1 each remarkably repressed ESRP2
transcription through binding to the ESRP2 promoter in
NMuMG cells. Silencing of both 6EF1 and SIP1, but not
either alone, abolished the TGF-p-induced ESRP repres-
sion. The expression profiles of ESRPs were inversely
related to those of 8EF1 and SIP in human breast cancer
cell lines and primary tumor specimens. Further, over-
expression of ESRPs in TGF-f-treated cells resulted in
restoration of the epithelial splicing profiles as well as
attenuation of certain phenotypes of EMT. Therefore,
SEF1 family proteins repress the expression of ESRPs to
regulate alternative splicing during TGF-f-induced EMT
and the progression of breast cancers.

Oncogene advance online publication, 31 October 2011,
doi:10.1038/0onc.2011.493
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Introduction

Splicing is a post transcriptional process involved in the
maturation of mRNAs and contributes to proteomic
diversity by increasing the number of distinct mRNAs
generated from a single gene locus. Recent works
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suggest that more than 90% of human genes can
produce different isoforms through alternative splicing
(Pan ez al., 2008, Wang et al., 2008). This process is
tightly regulated in a tissue- and cell-type-dependent
fashion (Matlin et al., 2005; Blencowe, 2006), and
alterations in this process are often linked to various
types of diseases including cancer (Wang and Cooper,
2007; Dutertre et al., 2010). Aberrations of splicing
machinery result from mutations in splicing sites or
dysfunction of splicing regulatory factors (Llcata1051
and Darnell, 2010).

One of the well-known genes that are regulated by
tissue-specific alternative splicing is the fibroblast
growth factor receptors (FGFRs). Functional FGFRs
are encoded by four genes (FGFR1-FGFR4), and the
receptors consist of three extracellular immunoglobulin
domains (Ig-I, Ig-IT and Ig-III), a single transmembrane
domain and a cytoplasmic tyrosine kinase domain
(Eswarakumar et al., 2005). FGFRs have several
isoforms, as exon skipping removes the Ig-I domain.
In addition, alternative splicing in the second half of the
Ig-IIT domain in FGFRI1-FGFR3 produces the IIIb
(FGFRIIIb-FGFR3IIIb) and Illc (FGFRIIIc-
FGFR3Illc) isoforms that have distinct fibroblast
growth factor (FGF)-binding specificities and are
predominantly expressed in epithelial and mesenchymal
cells, respectively. FGF-2 (basic FGF) and FGF-4 bind
preferentially to the IIlc isoforms, whereas FGF-7
(keratinocyte growth factor) and FGF-10 bind exclu-
sively to the IIIb isoforms (Coumoul and Deng, 2003;
Chaffer er al., 2007). Recently, epithelial splicing
regulatory proteins (ESRPs) 1 and 2 were identified as
coordinators of the epithelial cell-type-specific splicing
program. ESRPs activate the splicing of exon IIIb and
silence the splicing of exon Illc of FGFR2, leading to
the expression of proteins with the epithelial patterns of
alternative splicing (Warzecha et al., 2009a, b).

Epithelial-mesenchymal transition (EMT) is the dif-
ferentiation switch directing polarized epithelial cells to
trans-differentiate into mesenchymal cells (Thiery et al.,
2009). During the process of embryonic development,
wound healing and reorganization in adult tissues,
epithelial cells have been shown to lose their epithelial
polarity and acquire mesenchymal phenotype. Further,
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EMT is involved in the process of invasion of tumor
cells which also includes the loss of cell-cell interaction
(Kalluri and Weinberg, 2009). Thus far, in nearly all
cases, EMT appears to be regulated by extracellular
matrix components and soluble growth factors or
cytokines (Thiery and Sleeman, 2006). Among these
factors, transforming growth factor-f (TGF-f) is
considered as the key mediator of EMT during
physiological processes. It is frequently and abundantly
expressed in various tumors and also induces EMT in
cancer cells during cancer progression. Recent studies
revealed that TGF-B transcriptionally regulates expres-
sion of several transcription factors, including the zinc-
finger factors Snail and Slug, the two-handed zinc-finger
factors of SEF1 family proteins SEF1 and SIP1, the
helix-loop-helix factors Twist and E12/E47, and the high
motility group protein family HMGA?2, which are
involved in the induction of EMT particularly through
the transcriptional repression of E-cadherin (Moustakas
and Heldin, 2007; Miyazono, 2009).

We have recently reported that TGF-f induces
isoform switching of FGFRs from IIIb to IIlc by
alternative splicing during EMT in NMuMG cells,
which results in enhanced EMT with aggressive pheno-
types through cooperative action of TGF-f and FGF-2
(Shirakihara et a/., 2011). In the present study, we found
that TGF-pB regulates alternative splicing of numerous
genes during EMT. The expression of 6EF1 family
proteins, 8EF1 and SIPl, is increased after TGF-B
treatment and subsequently represses the expression of
the alternative splicing factor ESRP. Overexpression of
ESRP in TGF-B-treated cells inhibits the conversion of
alternative splicing pattern of epithelial types into those
of mesenchymal types, as well as downregulation of the
expression of E-cadherin. Repression of ESRP by 6EF1
family proteins is thus, a crucial process during EMT
induced by TGF-p and in progression of breast cancers.

Results

Changes in splice variants during TGF-f-induced EMT
We have recently found that TGF-B primes isoform
switching of FGFRs by alternative splicing during
TGF-B-induced EMT, thereby changing the sensitivities
of cells from FGF-7 to FGF-2 (Shirakihara et al., 2011).
Reverse transcriptase-polymerase chain reaction (RT—
PCR) analysis of mouse mammary epithelial NMuMG
cells revealed that, in addition to FGFRs, CD44 splicing
profile and the total level of CD44 mRNA were changed
after treatment with TGF-f (Figures la and b). There
are multiple splice variants of the Mena gene (a member
of Enabled (Ena)/vasodilator-stimulated phosphoprotein
family of proteins) that are involved in cancer progres-
sion (Philippar er al., 2008). We found that TGF- also
caused changes in splicing of the exon 11a of the Mena
gene (Figure 1c¢). These findings suggest that alteration
in splicing variants by TGF-p is not limited to FGFRs.
We next analyzed the expression of more than one
million exons in NMuMG cells using mouse exon 1.0 ST
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array and adapted ARH method to rank the splicing
predictions across the different genes (Figure 1d)
(Rasche and Herwig, 2010). We found that the
expression of 3601 genes was altered at the exon level,
which was classified by GO parameters (Lee er al,,
2008), suggesting that TGF-f induces a broad alteration
in splicing patterns and generates a number of splicing
variants during EMT in NMuMG cells (Supplementary
Figure S1 and Supplementary Table 1). As CD44,
FGFRs, SLK (ste 20-like kinase) and CTNNDI (also
known as &-catenin or p120 catenin), of which splicing
profiles have been reported to be regulated by ESRPs,
were included in our exon-array data (Figure le and
Supplementary Figure S2), we calculated ARH scores
for the published exon-array data of ESRPs-silenced
human prostate cancer PNT2 cells and compared the
data with our exon-array data (Warzecha et al., 2009D).
We found that 227 genes and 75 genes in ESRP1/2-
silenced cells overlapped with those of our data with
P<0.05 and P<0.01, respectively (Supplementary
Table 2). These findings suggest that TGF-B-induced
changes in splice variants are partly mediated by ESRPs.

Repression of ESRPs by TGF-§

We next determined how TGF-p regulates the functions
of splicing factors ESRP1 and ESRP2 during EMT. We
found that TGF-B considerably downregulated the
mRNA expression of ESRP2 in NMuMG cells, whereas
the expression of ESRP1 mRNA could not be clearly
detected (Figure 2a, left). We also examined the
expression of ESRPs after TGF-p stimulation in other
cells ‘derived from mammary gland epithelial cells,
including EpH4 cells expressing the viral H-Ras
oncogene. (EpRas cells) and breast cancer JygMC(A)

-cells (Ehata ef al., 2007). Treatment of EpRas cells with

TGF-B repressed both ESRP1 and ESRP2 at the
mRNA levels and ESRP1 at the protein level (Figures
2a, right and b). As JygMC(A) cells autonomously
secrete TGF-B (Hoshino et al., 2011), we treated the
cells with TGF-B type I receptor (TBR-I) inhibitor,
SB431542. The treatment increased the expression of
ESRP1 and ESRP2 (Figure 2¢). In addition, transfec-
tion of NMuMG cells with small interfering RNAs
(siRNAs) against Smad2 and Smad3 attenuated the
effects of TGF-B on the expression of ESRP2
(Figure 2d). Moreover, when de novo protein synthesis
was inhibited by cycloheximide, which is an inhibitor of
protein synthesis, downregulation of ESRP2 by TGF-
was attenuated (Figure 2e). PAI-1 and SIPI have been
reported as direct and indirect transcriptional targets of
TGF-B/Smad pathway, respectively (Shirakihara et al.,
2007). Thus, these findings suggest that the suppression
of ESRP2 by TGF-B involves de novo protein synthesis
through the Smad pathway.

ESRP?2 repression by SEF1 and SIPI in TGF-f-induced
EMT

We examined the expression profiles of 3EFI1, SIP1,
E-cadherin and ESRP2 after TGF-§ stimulation by
quantitative RT-PCR. The levels of ESRP2 were



TGF-p drives EMT through ESRP downregulation
K Horiguchi et a/

3
a % v1 v2 v3 v4 v5 v6 v7 v8 vO vi0 b CD44
CDh44 1.4
v 12}
§
i
> 0.8r
os
CcD44 é’ _‘é 0.6
o<
&= o4t
0.2+
GAPDH
0
) TGF-p
<
v
H,0 () TGF-B
Mena 11a+
Mena 11a- =¥
Mena -
d NMuMG cells e
TGF-p <Ep <ED CD44
> : e
g 1.6
S 1a4r
ﬂ Prepare RNA ﬂ =2 12 r/"\’
N
Mouse Exon 1.0ST Array EE 08F v2 V4. vs v7 g
+2 06
Z w
'] S
9 og vi v3 v6é v8 vio

ARH Analysis:
Rank probe sets by ARH values

Figure 1

Changes in alternative splicing during TGF-B-induced EMT. (a) Changes in alternative splicing of CD44. Specific primers to

detect v1-v10 variants of CD44 are shown as arrows (top pancl). GAPDH was used as internal control. (b) The total level of CD44
mRNA was cvaluated by quantitative RT-PCR analysis. (¢) Specific primers to detect splicing variants of Mena arc shown as arrows
(top pancl). GAPDH was uscd as internal control. (d) NMuMG cells treated with TGF-p for 24 h were prepared for Mouse Exon 1.0
ST Array. The ARH method was adapted to identify candidate genes at the exon level whose expressions changed during EMT. (e) The
ratio of expression changes of cach cxon calculated by probe signal value in CD44 is shown. Red circles indicate the cxons whosce probe
signals were altered by TGF-p treatment and reported to be spliced by ESRPs (Warzecha et al., 2009a).

gradually decreased until 24 h upon TGF-f stimulation,
with the expression profile similar to that of E-cadherin
and reciprocal to that of 3EF1 and SIP1 (Figure 3a).
To evaluate the mechanism of reciprocal regulation
between SEF1/SIP1 and ESRP2 expression, we prepared
the ESRP2 promoter region from NMuMG cells by a
PCR-based strategy. The activity of ESRP2 promoter in
NMuMG cells was remarkably repressed by constitu-
tively active mutant of TPR-I (caTBR-I), 6EF1 and
SIP1. 8EF1 overexpression had a stronger effect than
SIP1 overexpression, probably because the protein levels
of transfected SIP1 were much lower than those of 5EF1
as determined by immunoblot analysis (Figure 3b and
Supplementary Figure S3a). When we infected the cells
with adenoviral vector encoding either 8EF1 or SIPI,
SEF1 or SIP1 each reduced the expression of endogenous
ESRP2 mRNA with equivalent efficiencies (Figure 3c).

To determine whether SEF1 and SIP1 interact with the
promoter regions of ESRP2, we performed chromatin

immunoprecipitation (ChIP) assays in NMuMG cells
after TGF-B treatment. The quality of commercially
available anti-8EF1 antibody was appropriate for ChIP
assays, whereas that of anti-SIP1 antibodies was not
suitable for this assay. Thus, we overexpressed FLAG-
tagged SIP1 in NMuMG cells and immunoprecipitated
it with anti-FLAG antibody. In the absence of TGF-j,
the level of SEF1 expression was very low and thus
insufficient for ChIP (Figure 3d). After treatment with
TGEF-8, interactions of 8EF1 with DNA fragments of
the ESRP2 promoter in NMuMG and EpRas cells
(Figure 3d, left and data not shown) and the ESRPI
promoter in EpRas cells (Figure 3d, right) were observed.
Moreover, SIP1 also interacted with the ESRP2 and
ESRP! promoters, whereas neither 8EF1 nor SIPI
associated with hemoglobin B gene (HBB) promoter
that was used as a negative control (Figure 3d). In the
competition assays of ChIP, overexpression of FLAG-
SIP1 reduced the interaction of endogenous JEF]

Oncogene
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with the ESRP2 promoter (Supplementary Figure S3b),
suggesting that 8EF1 family proteins recognize the same
binding regions of ESRP2 promoter. Overall, these
findings indicate that 8EF1 and SIP1 are preferentially

recruited to the promoter region of ESRPs, and that

they suppress the transcription of ESRPs in response to
TGF-p treatment.

As double knockdown of 8EF1 and SIP1 is necessary
to block the E-cadherin repression by TGF-f (Shiraki-
hara et al., 2007), we next analyzed the TGF-B-mediated
ESRP2 repression in NMuMG cells in which both SEF1

and SIP1 were silenced using their specific siRNAs -

(Figure 3e). TGF- treatment induced the expression of
SEF1 and SIP1 mRNAs by about three-fold after 48h
and repressed the expression of ESRP2. In the cells
transfected with either 8EF1 or SIP1 siRNA alone,
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TGF-p-mediated ESRP2 repression was only partially
blocked; however, transfection with both SEF1 and
SIP1 siRNAs completely abolished the TGF-f-mediated
ESRP?2 repression (Figure 3e). The 3EF1/SIP1-mediated
ESRP repression was also detected in EpRas cells
(Supplementary Figure S3c). Therefore, similar to the
repression of E-cadherin, the transcription of ESRPs is
accumulatively regulated by the 6EF1 family proteins
during EMT by TGF-8.

Switching between FGFR isoforms by ESRPs during
TGE-B-induced EMT

As we have previously reported (Shirakihara er al,
2011), FGFR1 upregulated by TGF-p in NMuMG cells
was the mesenchymal isoform, that is, FGFRI1IIIc,
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whereas the FGFR2 downregulated by TGF- was the
epithelial isoform, that is, FGFR2IIIb (Figure 4a).
Further, isoform switching of FGFR1 and FGFR2 was
also observed in EpRas cells, in which both ESRP1 and
ESRP2 were endogenously expressed (Figures 2a and
4b). Because TGF-B downregulated the total levels of
FGFR2, the TGF-B-mediated induction of the IIlc
isoform of FGFR2 was not clearly detected in both cells
(Figures 4a and b). When ESRP2 was silenced by its
specific siRNAs in NMuMG cells, ESRP2 siRNA
changed the FGFR2IIIb isoform to FGFR2IIIc isoform
without appearance of FGFRIIIIc in the absence of
TGF-B (Figure 4c), suggesting that the TGF--mediated

(left), SIP1 (center) and ESRP2 levels (right). NC, control siRNA.

conversion of FGFR2IIIb into FGFRIIIIc requires
ESRPs as well as other unidentified transcriptional
factor(s). In addition, transfection with both ESRP1 and
ESRP2 siRNAs in EpRas cells resulted in the expression
of Illc isoform of FGFR2 as well as that of FGFRI
(Figure 4d). Taken together, these findings suggest that
TGF-B increases FGFRI1 expression and decreases
FGFR2 expression, leading to the conversion of the
IITb isoform into the IIlc isoform of FGFRs through
alternative splicing by ESRPs.

We next performed gain-of-function experiments after
achieving ectopic expression of FLAG-tagged ESRP2.
After TGF-B treatment, the FGFRIIIIc isoform was

Oncogene
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Figure 4 Isoform switching of FGFRs induced by TGF-B. (a) NMuMG cells were treated with 1ng/ml TGF-p for 24h and the
expression of FGFR1 (left) and FGFR2 (center) was determined by quantitative. RT-PCR. Expression of FGFR isoforms was
analyzed by conventional RT-PCR using specific primers for I1Ib or Illc (right). (b) After EpRas cells were treated with 1 ng/m] TGF-
B, the total levels of FGFR1 (left) and FGFR2 (center) and expression of FGFR isoforms (right) were examined. (¢) NMuMG cells
transfected with siRNA against mouse ESRP2 (siESRP2) were incubated for 48 h, and then analyzed by quantitative RT-PCR to
determine the levels of endogenous ESRP2 (left). Expression of FGFR2 isoform was analyzed by conventional RT-PCR (right).
TF(-), no transfection; NC, control siRNA. (d) EpRas cells transfected with siRNAs against both ESRP1 (siESRP1) and ESRP2
(siESRP2) were incubated for 48h, and analyzed by quantitative RT-PCR to determine the levels of endogenous ESRP1 (left) and
ESRP2 (center). Expression of FGFR isoforms was analyzed by conventional RT-PCR (right). TF(—), no transfection; NC, control

siRNA. () NMuMG cells infected with GFP or FLAG-ESRP2 lentiviruses were treated with TGF-p for 24h and analyzed by

immunoblot analysis (left) and conventional RT-PCR to determine the levels of I1Ib and Illc isoforms of FGFRI (right). IF(=), no
infection. (f) After NMuMG cells were treated with 1ng/ml TGF-B for 48h or transfected with both 8EF1 and SIP! siRNAs,
conventional RT-PCR were performed to detect expression of FGFR1 isoforms. NC, control siRNA

expressed in control or GFP-transfected cells, whereas
it was replaced with the IIIb isoform in ESRP2-
overexpressed cells (Figure 4e). Importantly, when
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8EF1 and SIP] were silenced by their specific siRNAs
in NMuMG cells, treatment with TGF-B did not result
in the replacement of the IIlc isoform of FGFRI, due to



de-repression of the ESRP2 (Figure 4f). Switching of
responses to FGF ligands was also confirmed by
phosphorylation of Erk in NMuMG cells (Supplemen-
tary Figures S4a—f). These findings, thus, suggest that
isoform switching of functional FGFRs through TGF-
B-induced alternative splicing is mediated by SEF1/
SIP1-repressed ESRPs.

Regulation of ESRP expression by SEFI and SIP1
in human breast cancer cells
TGF-B-induced EMT appears to correlate with the
progression of various cancers, especially breast cancer
(Padua and Massague, 2009). We examined the expres-
sion of ESRPs and 8EF1/SIP1 as well as that of other
EMT regulators, including Snail, Twist and Slug, in 23
human breast cancer cell lines. As previously reported,
the expression of ESRPs was correlated with E-cadherin
expression (Supplementary Figure S5) (Warzecha et al.,
2009a,b). Interestingly, the expression levels of SEFI
and SIPl mRNAs in these cell lines were inversely
correlated to those of ESRPs (Figure 5a). However, the
expression levels of neither Snail, Slug nor Twist were
significantly correlated with those of ESRPs in human
breast cancer cells used in our study (Supplementary
Figure S5). Importantly, most of the cell lines with high
levels of 8EF1 and SIP1 expression and low levels of
ESRPs expression appeared to be categorized into the
‘basal-like’ subtype of breast cancer (Charafe-Jauffret
et al., 2006; Neve et al., 2006; Yamaguchi et al., 2008).
In contrast, most of the cell lines with low levels of 8EF1
* and SIP1 expression and high levels of ESRPs expres-
sion were categorized into the ‘luminal’ subtype of
breast cancer. Among the 23 cell lines, we selected
several cell lines and confirmed the expression of FGFR
isoforms by RT-PCR. CRL1500 and UACC893 cells,
which expressed low 6EF1/SIP1 levels and high ESRP1/
2 levels, exhibited constitutive expression of only IIIb
isoforms of FGFR (Figure 5b). On the other hand,
MDA-MB-231, MDA-MB-157, Hs578T, HCC1395 and
BT549 cells, with low expression of ESRPs and high
expression of 3EF1/SIP1, expressed only ITlc isoforms
of FGFRs (Figure 5b). Moreover, double knockdown
of 8EF1 and SIPI increased the expression of ESRP1
and “ESRP2 . in MDA-MB231 ‘and BT549 cells
(Figure 5¢), indicating that 8EF1 and SIP1 down-
regulate ESRP expression in human breast cancer cells.
We next examined whether SEF1/SIP1 and ESRPs
are reciprocally expressed in human breast tumors.
Primary tumor tissues from cancer patients were
subjected to immunohistochemical analyses with anti-
8EF1 and anti-ESRP1 antibodies. The quality of anti-
ESRP2 antibodies obtained in our study was not
suitable for immunohistochemical analyses. The samples
analyzed showed positive ESRP1 and cytokeratin 19
(K19) staining in cancer cells in tumor nest, whereas
SEF1 was not detected in typical tumor cells, especially
those in the tumor nest, but it was clearly detected in
stromal cells and spindle-shaped cells at the degenerated
tumor nests (Figure 5d). Therefore, these findings

suggest that the expression levels of ESRP and 8EF1
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are reciprocally controlled in tumor tissues and/or
stroma tissues, which was consistent with the expression
profiles in breast cancer cell lines.

ESRPs attenuate malignant phenotypes of cancer cells as
well as EMT .

MDA-MB-231 cells are morphologically classified as
poorly differentiated carcinoma cells (Neve et al., 2006).
We analyzed the anchorage-independent growth of
MDA-MB-231 cells by cultivating the cells in soft agar.
As shown in Figure 6a, these cells showed anchorage-
independent growth, whereas the cells overexpressing
ESRPs failed to efficiently proliferate in soft agar.
Overexpression of ESRPs also switched the isoform
expression of FGFRI from IIlc to IIIb in MDA-MB-
231 cells (Supplementary Figure S6a). The expression of
E-cadherin was upregulated at the mRNA and protein
levels in cells overexpressing ESRPs (Figures 6b, d
and e), whereas reorganization of actin stress fiber
and expressions of EMT regulators and mesenchymal
marker proteins, including fibronectin and N-cadherin,
were not significantly affected by ESRP overexpres-
sion (Figure 6e, Supplementary Figures S6b and c).
In addition, morphology of the cells overexpressing
ESRPs was altered to a cobblestone-like shape (Figure 6¢),
suggesting that ESRPs partially restored the well-
differentiated phenotype in cells with a poorly differ-

" entiated phenotype. Moreover, these effects of ESRPs

were also confirmed in NMuMG cells, in which the
overexpression of ESRP2 restored TGF-f-mediated
alteration of morphology and downregulation of
E-cadherin (Figures 6f, g and h). Similar to MDA-
MB-231 cells, ESRP overexpression failed to affect
the expression of mesenchymal marker proteins and
reorganization of actin stress fiber (Supplementary
Figures S6d and e). These findings thus suggest that
ESRPs attenuate the EMT phenotype mainly through
upregulation of E-cadherin.

Discussion

Roles of ESRPs in alteration in splicing during
TGF-p-induced EMT :

By comparing our data with the published database of
the exon-array data of ESRP1/2-silenced PNT2 cells
using high ARH scores (P<0.01), a subset of genes in
NMuMG cells overlapped with those in PNT2 cells
(Supplementary Table 2). Recently, profiling of ESRP-
regulated splicing using a further sensitive analysis
was reported (Warzecha er al., 2010). In the report,
Affymetrix human exon junction arrays were performed
to profile splicing changes in response to ectopic
expression of ESRP1 in MDA-MB-231 cells and
knockdown of ESRP1 and ESRP2 in PNT2 cells. They
identified 310 genes in- MDA-MB-231 cells and 385
genes in PNT2 cells as ESRP-dependent targets of
alternative splicing. When they were compared with our
gene list of NMuMG cells (P <0.01), 55 genes in MDA-
MB-231 cells and 92 genes in PNT2 cells matched our

~I!
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Figure 6 ESRPs attcnuate malignant phenotypes of cancer cells. (a—e) MDA-MB-231 cells were infected with lentiviruses encoding
ESRP1 and ESRP2. The cclls were examined for anchorage-independent growth in soft agar (left in a) and quantified
(right in a). Expression of E-cadherin in the cells was cvaluated by quantitative RT-PCR (b). immunohistochemical (d) and
immunoblot (e) analyses. (¢c) Morphology of the cells were analyzed by phase-contrast microscopy (d). a-tubulin levels were monitored
as a loading control (e). (f-h) NMuMG cells infected with lentivirus encoding GFP or FLAG-ESRP2 were treated with TGF-p for
36h. The cells were analyzed by phase-contrast microscopy (f). immunoblot analyses with the indicated antibodies (g). and
immunohistochemical analyses with anti-E-cadherin (green in h) and anti-FLAG (red in h) antibodics. and by TOTO3 to detect nuclei
(bluc in h). o-tubulin levels were monitored as a loading control. Ratio of E-cadherin to a-tubulin is shown at bottom (g). IF(—). no
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o

Figure 5 Expression profiles of ESRP1/2 and 8EF1/SIP1 in breast cancer cells. (a) mRNA levels of the expression of ESRP1. ESRP2.
SEF1 and SIP1 were determined by quantitative RT-PCR and compared among 23 human breast cancer ccll lines. Gene cluster shown
is reported by Neve et al. (2006) and Charafe-Jauffret ef al. (2006). Basal A subtype reveals basal-like signature with basal cytokeratin
(K5/K14) positive. and basal B subtype exhibits a stem-cell like cxpression profile with vimentin positive and may reflect the clinical
triple-ncgative tumor type (Neve ez al., 2006). (b) The cxpression of FGFRs isoforms in human breast cancer cell lines was determined
by conventional RT-PCR. (¢) MDA-MB-231 and BT 549 cells were transfected with siRNAs against 3EF1 and SIP1. and mRNA levels
of ESRP1 and ESRP2 were cxamined by quantitative RT-PCR. NC. control siRNA. (d) Representative images of hematoxylin and
cosin (HE) staining and immunohistochemical staining of cytokeratin 19 (K19). ESRPI1, and 8EF1 in primary tumor samples from
breast cancer patients arc shown (# 1 and 2).
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gene list of NMuMG cells. Although it is difficult to
further evaluate these data, due to the differences in
species and tissues of the cells lines, these findings
suggest that ESRPs play crucial roles in alteration in
splicing variants during TGF-p-induced EMT.

Regulation of FGFRs by TGF-J at the levels of
transcription and alternative splicing

Splicing of the second half of the third Ig-like domain of
the FGFRs has been well documented (Eswarakumar
et al., 2005). ESRPs were identified through the screening
of the proteins that regulate the splicing of FGFRs
(Warzecha er al., 2009a, b). We have recently reported that
TGF-B induces isoform switching of FGFRs from the IIIb
to IIlc type by alternative splicing during EMT in
NMuMG cells, which results in enhanced EMT through
the cooperative action of TGF-$ and FGF-2 (Shirakihara
et al, 2011). NMuMG cells predominantly expressed
FGFR2IIIb in the resting state. TGF-B repressed the
expression of FGFR2IIIb isoform and induced the
expression of the FGFRI1IIIc isoform, but not that of
the FGFR2IIIc (Figure 4a). Importantly, overexpression
of ESRP2 in TGF-B-treated NMuMG cells led to an
increase in FGFR11IIIb isoform (Figure 4e), and 8EF1 and
SIP1 siRNAs did not affect the upregulation of FGFR1
(Figure 4f). These findings suggest that 8EF1 and SIP1 are
dispensable in the TGF-B-mediated transcriptional regula-
tion of FGFR1. Therefore, isoform switching of FGFRs
during TGF-B-induced EMT requires ESRPs and other
unidentified transcriptional factor(s) that are not regulated
by 8EF1/SIPI.

Splicing profiles of CD44 and Mena were also changed
by ESRP2 siRNA (Supplementary Figures S7a and b). As
described above, treatment by TGF-B alone induced
partial EMT with about 50% reduction of ESRP2
mRNA (Figure 2a). Thus, addition of FGF-2 in TGF-
B-treated cells further repressed the levels of ESRP2
mRNA and in tum changed the profile of alternative
splicing of Mena (Supplementary Figure S7c). When
ESRP2 was knocked down in TGF-f-treated cells, Mena
was almost completely altered to its splicing variant
(Mena 11a-) (Supplementary Figure S7d). These findings,
therefore, suggest that TGF-f stimulation elicits partial
EMT with repression of ESRP2 to about 50%, and that
further reduction of ESRP2 expression induces enhanced
EMT with aggressive phenotypes of mesenchyme.

Attenuation of EMT phenotype by ESRPs

Human breast cancer MDA-MB-231 cells are classified
as poorly differentiated carcinoma cells, and express low
levels of ESRP1/2 and high levels of 8EF1/SIP1. Over-
expression of ESRPs upregulated E-cadherin expres-
sion without affecting the levels of 3EF1 and SIPI
(Figures 6b—e, and Supplementary Figure S6¢). Among
other EMT regulators, expression of Snail and Slug was
not affected by ESRPs, whereas that of E47 and Twist
was not detected in the cells (Supplementary Figure S6¢
and data not shown), suggesting that restoration of
E-cadherin by ESRPs is not induced by de-repression of
the EMT regulators. In addition, ESRP2 overexpression

Oncogene

failed to downregulate mesenchymal-marker proteins
and restore reorganization of actin stress fiber in MDA-
MB-231 and TGF-B-treated NMuMG cells (Figures 6e,
Supplementary Figures S6b, d and e). In the present
study, some of polarity-and adhesion proteins, including
pl20 catenin and scribbled, are regulated at splicing
levels by ESRPs. Thus, alternative splicing variants of
these proteins may regulate unidentified E-cadherin
inducers or epithelial regulators, and alter the cells from
mesenchymal to epithelial phenotype through increase
in E-cadherin expression.

Regulation of ESRP expression in other z‘ypd of cancer
SEF1 and SIP1 are necessary for TGF-f-induced EMT in
NMuMG cells and in some breast cancer cells (Shiraki-

‘hara et al., 2007; Gregory et al., 2008). Intriguingly, they

were not upregulated by TGF-p and dispensable for TGF-
B-induced EMT in pancreatic cancer Panc-1 cells, in which
Snail was involved in TGF-B-induced EMT (Horiguchi
et al., 2009). Moreover, Twist induced EMT in human
mammary epithelial HMLE cells (Yang ez al., 2004). Thus,

~ expression of each EMT regulator appears to be variously

regulated in the cells that have undergone EMT, depend-
ing on cell or tissue specificity. EMT regulators are not
good markers to detect cells that have undergone EMT,
because in certain cells it is difficult to determine which
regulators specifically and preferentially contribute to
EMT. However, ESRPs were repressed by Snail and
Twist in certain cells that had undergone EMT, including
Panc-1 cells (Supplementary Figure S8) and HMLE cells
(Warzecha et al., 2009a, b), respectively, and the expres-
sion of ESRPs was inversely correlated with progression of
breast cancer (Figure 5a). Therefore, these findings suggest
that ESRPs, rather than EMT regulators, may be useful
negative markers for detecting cells that have undergone
EMT or cancer cells with more aggressive phenotypes.

Expression of SEF1|SIP1 and ESRPs in the ‘basal-like’
and ‘luminal’ types of breast cancer cells

Our findings on a panel of 23 human breast cancer cell
lines revealed an important phenomenon that the
expression levels of ESRPs are reciprocally controlled
by the expression levels of SEF! family proteins.
Importantly, most of the cell lines with high levels of
SEF1 and SIP1 expression and low levels of ESRP
expression were categorized into the ‘basal-like’ subtype
of breast cancer (Charafe-Jauffret er al., 2006; Neve
et al., 2006; Yamaguchi er al., 2008). Thus, elevated
expression of SEF1 and SIP1 appears to correlate
with aggressive phenotypes and poor prognosis of
cancer patients, which are most likely due to the
reinforced invasive and metastatic properties of
tumor cells via EMT. In contrast, most of the cell
lines with low levels of 8EF1 and SIP! expression and
high levels of ESRPs expression were categorized into
the ‘luminal’ subtype of breast cancer. Thus, 8EF1 and
SIP1 are specifically expressed in ‘basal-like’ subtype and
ESRPs are specifically expressed in ‘luminal’ subtype of
breast cancer cells. Although some of the luminal-type
breast cancer cells expressed high levels of Snail or Twist



mRNAs, it is still unknown why these EMT regulators
failed to affect E-cadherin expression. In addition to
mRNA profiling, determination of the protein levels of
the EMT regulators will be required in the future.

Materials and methods

Cell culture, reagents and antibodies

All cells used in the present study were cultured as described
previously (Shirakihara et /., 2011). Recombinant human
TGF-B1 was obtained from R&D Systems (Minneapolis, MN,
USA). SB431542 was form Sigma-Aldrich (St Louis, MO,
USA). Mouse monoclonal anti-FLAG M2, anti-a-tubulin and
anti-ESRP] arntibodies were purchased from Sigma-Aldrich.
Rabbit monoclonal anti-keratin 19 and polyclonal 3EF]
antibodies were purchased from Epitomics (Burlingame, CA,
USA) and Novus Biologicals (Littleton, CO, USA), respec-
tively. Mouse anti-E-cadherin antibody was from BD Trans-
duction Laboratories (Lexington, KY, USA).

RNA extraction, microarray and RT-PCR analyses

Total RNA was purified using the RNeasy Mini Kit (Qiagen,
- Valencia, CA, USA) and used to perform microarray, conven-
tional RT-PCR and quantitative RT-PCR analyses. Values
were normalized to mouse TATA binding protein (TBP) or
human hypoxanthine phosphoribosyltransferase 1. The primer
sequences are shown in Supplementary Table 3. Oligonucleotide
microarray analysis was performed using GeneChip Mouse
Exon 1.0 ST Array (Affymetrix) according to the manufacturer’s
instructions. The ARH method was used to identify exons
differentially expressed between non-treated and TGF-B-treated
NMuMG cells (Rasche and Herwig, 2010). Exon-array data are
available at Gene Expression Omnibus (GSE28184).

DNA construction and generation of lentiviruses

Mouse ESRP2 promoter, containing —1000 to +200 base
pairs from transcription start site, was cloned by PCR using
genomic DNA of NMuMG cells. The purified PCR fragment
was-cloned into pGL4 vector (Promega, Madison, WI, USA).
Human ESRP1 and mouse ESRP2 were cloned by PCR using
cDNA of A431 and NMuMG cells.- All constructs were
confirmed by sequencing. The mouse SEF1 and SIP1 cDNAs,
and the adenoviral vector encoding 8EF1 or SIP! epitope-
tagged with FLAG at their N-termini were described
previously (Shirakihara er al, 2007). We used a lentiviral
~expression system to establish stable expression of ESRP2 in

NMuMG cells (NMuMG-ESRP2) and that of ESRPI/2 in
MDA-MB-231 cells (Horiguchi er al., 2009).

RNA interference :
Transfection of siRNA was performed according to the
protocol recommended for HiPerfect (Qiagen) or RNAIMAX
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Structural differences in the osteocyte network between the calvaria and long
bone revealed by three-dimensional fluorescence morphometry, possibly
reflecting distinct mechano-adaptations and sensitivities
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ARTICLE INFO ABSTRACT

The structural features of osteocytes and their cellular process network are thought to allow for mecha-
notransduction from the bone tissue to these cells. This study applied three-dimensional fluorescence
microscopy to fixed and decalcified bone specimens to quantitatively compare the osteocytes and their
networks between mouse parietal bone and tibia that are physiologically enforced by distinct mechanical
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Keywords: loads. The subsequent morphometric analysis by the surface rendering of osteocyte cell bodies revealed
I?ISte"Cyte o the tibia to have relatively enriched cytoplasm in the osteocyte cell body in comparison to the parietal
Mt;?;%s;;r;ctiyimagmg bone. Furthermore, quantitative tracing of the cellular processes in silico demonstrated that the numbers

of the cellular processes and their bifurcation points per osteocyte in the tibia were significantly higher
than those in the parietal bone. Though the total length of the processes per osteocyte in the tibia was
two times longer, its total surface area and total volume were smaller than those in the parietal bone,
due to its thinner diameter. These architectural differences in the osteocytes and their networks are thus
implicated - in the adaptation to physiologically different loading, and may also induce distinct

Shear stress

mechanosensitivities.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Osteocytes are embedded in the hard bone matrix of the lacu-
nae, and form an intercellular network by extending slender cellu-
lar processes within narrow bony tubes of the canaliculi [1-4]. This
structure ensures intercellular communication among bone cells
including osteoblasts and osteoclasts. Osteocytes account for
90-95% of all bone cells and they are thought to sense mechanical
loads and accordingly transmit the signals to osteoblasts and

-osteoclasts through the osteocyte network, and thus regulate bone
remodeling [5-10]. Osteocytes also play a key role in phosphate
metabolism by producing an endocrine factor, fibroblast growth
factor 23 (FGF23), whose target organ is the kidney [11].

How osteocytes sense external loads remains unknown; how-
ever, the mechano-transduction of physical loads to the bone
tissue must be tightly influenced by the structural features of bone
including the lacunocanalicular and osteocyte network. Loading-
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induced fluid flow through the canalicular network has been
thought to result in a fluid shear stress on the surface of osteocyte
processes [12]. The interaction of the pericellular matrix and the
osteocyte cellular process could amplify the physiological ampli-
tude of loads to the bone tissue, thus producing sufficient levels
of force to induce cellular response [13-16]. )

The skeletal system contains bones that are inherently loaded
by distinct mechanical force patterns [17,18]. Long bones are
loaded predominantly along the longitudinal direction with much
higher amplitude than flat bones such as calvariae that are loaded
radially and tangentially by intracranial pressure and mastication.
The human fibula is estimated to have a load that is nearly twice

- that of the skull bone [19]. Extracellular mechanical forces are cou-

pled to the intracellular organization of the cytoskeleton that reg-
ulates cellular connections to other cells and the extracellular
matrix, thus affecting cell shape and functional outputs [20,21].
This suggests that the morphology of osteocytes, the patterning
of the osteocyte network and their function are determined by
external loading whose directional patterns and amplitudes are
physiologically different in each bone. It is, therefore, relevant
and intriguing to quantitatively manifest the structural differences
of osteocytes and the osteocyte networks in distinct bones such as

- parietal bone and tibia.
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This study applied three-dimensional fluorescence microscopy
to fixed and decalcified bone specimens followed by surface ren-
dering of osteocyte cell bodies and tracing of osteocyte cellular
processes in silico for better imaging acquisition of the osteocyte
network to compare the mouse parietal bone and tibia. These mor-
phometric analyses revealed significant quantitative architectural
differences in the osteocytes and their networks in these bones.

2. Materials and methods
2.1. Animals and preparation of skeletal tissues

Mice (laboratory strain C57BL6]J) were purchased from a local
distributor. The parietal bones and tibiae were dissected from
8-week-old mice after anesthetizing the animals with 0.1% ethy-
lanthranilate. Bone specimens were fixed in 4% paraformaldehyde
for 4°C. The specimens were washed with phosphate-buffered
saline, and decalcified in 20% ethylenediaminetetraaceticacid
(EDTA) for 14 days for 4°C. The decalcified specimens were
embedded in an optimal cutting temperature (OCT) compound
(Sakura Finetek, Tokyo, Japan) to obtain cryosections. Frontal sec-
tions of the parietal bones and longitudinal sections of tibiae
(10-20 pm) were prepared, respectively. The subsequent observa-
tions were focused on the outer cortical plates of parietal bones
and the diaphysis of tibiae. -

2.2, Staining for actin filaments with fluorescent dye-conjugatedphal
loidin

The specimens were stained with phalloidin AlexaFluor 488
(Invitrogen, Carlsbad, CA, USA) for visualizing actin-rich cell bodies
and cellular processes, and BOBO-3 (Invitrogen) for counter stain-
ing of nuclear DNA with 20 pg/ml of RNAasel (Invitrogen) at room
temperature for 2 h, as previously described [22].

2.3. Confocal laser scanning images

Confocal optical sectioning was performed with a system of LSM5
Pascal5 confocal laser scanning microscopy (Carl Zeiss, Oberkochen,
Germany) with a PlanFluor objective (63x, N.A. = 1.4). Two laser
lines, 488 nmand 543 nm were used. The theoretical xy- and z-axes
resolutions were 0.178 and 0.700 pum, respectively. The refraction
index correction was 0.934. The frame size of the image was
146.2 x 146.2 pmwith 512 x 512 pixels and 8-bit color depth. Pixel
size was 0.286 um. Confocal images were taken with a 0.29 um step
size for voxel sampling and then were processed four times with
Kalman averaging.

2.4. Three-dimensional (3D) reconstruction followed by the morphom
etry of osteocytes and the cellular network tracing in silico

The 3D structure of the osteocyte network was constructed
from a z-series of CLS images using IMARIS software (Bitplane,
Ziirich, Switzerland). The diameters of the osteocyte cell body
and point-to-point distances between osteocytes were measured
using the Measurement Pro function of IMARIS by rotating the
3D-reconstructed images. The surface area and volume of single
osteocytes were measured by surface rendering using the Surface
function of IMARIS. The threshold for the surface rendering of
osteocytes was determined by super imposing the surface images
to the 3D-reconstructed images until these two images overlapped.
Any cellular processes measuring less than 0.5 pm in diameter
were excluded in this rendering to separate the cell body and cell
processes. The Filament Tracer function of IMARIS was originally
developed to analyze neurite morphology and designed to recon-

struct 3D dendritic tree models. This software package was em-
ployed to obtain dendritic tree models of the osteocyte network
and to quantitate the pattern of the osteocyte cellular processes
by measuring the numbers of endpoints, branching points, seg-
ments between a branching point to another branching point,
and the diameter, surface area and volume of each segment. The
beginning point at each osteocyte was set in the 3D-reconstructed
images to trace the cellular processes radiating from single osteo-
cytes, and the endpoints of the cellular process were set in several
different sizes of the diameter (0.2, 0.3, 0.4 and 0.5 um). The aver-
age total length of the processes, the average surface area, the aver-
age volume, the average number of endpoints, the average number

- of branching points and the average number of segments per oste-

ocyte were calculated by dividing each total value by the number
of osteocytes analyzed.

2.5. Statistics

The mean values of the morphometric parameters were statis-
tically analyzed using paired t-test. Differences were considered
to be significant if p < 0.01.

3. Results

The decalcified parietal bones and tibiae of the 8-week-old mice
stained by a fluorescent dye-conjugated phalloidin were scanned
by the high-resolution optical slices of the confocal z-series, which
clearly showed the presence .of the intercellular osteocyte net-
works in parietal bone and tibia (Fig. 1A and B, respectively). The
3D reconstitution and the surface rendering of the osteocytes ob-
tained from the confocal z-series images revealed the morphology
of the osteocyte cell body in the parietal bone and tibia (Fig. 1C and
D, respectively). The morphology of the osteocytes in the parietal
bone appeared relatively spherical or oval shaped, whereas those
in the tibia were elongated and spindle-shaped. This morphologi-
cal distinction was quantitatively confirmed by determining the
longest and shortest diameters in the 3D-reconstructed images
(Table 1). The diameters of the osteocyte cell bodies in the parietal
bone and tibiae ranged from 6.46 £ 0.39 t010.78 £ 0.37 um, and
from 5.71+0.30 to 15.52£0.92 um, respectively. Though the
shortest diameter showed no significant difference, the longest
diameter of the osteocyte cell body in the tibia was 44% longer than
that in the parietal bone. The ratio of the longest to the shortest
diameter obviously demonstrated that the osteocytes in the tibia
were more elongated than those in the parietal bones. The dis-
tances between neighboring osteocytes in the two types of bone
showed no significant differences (Table 1). This study next ana-
lyzed the volume and the surface area of the osteocyte cell bodies
(Table 1). The volume and the surface area of the tibial osteocytes
were significantly higher than those of the parietal osteocytes.
There was no significant difference in the nuclear volumes of both
groups of the osteocytes (Fig. 1E and F), thus the ratios of the cel-
lular volume was compared to the nuclear volume. This compari-
son demonstrated that the cytoplasmic volume in the tibial
osteocytes was nearly 50% larger than that in the parietal
osteocytes.

The osteocyte cellular processes were traced using the Filament
Tracer function to quantitatively compare the intercellular osteo-
cyte networks in the parietal bone and tibia. The beginning point
at each single osteocyte was set in the 3D-reconstituted images,
and the endpoint diameter of the cellular process was set in several
different sizes (Fig. 2). Preliminary manual measurements of 3D-
reconstructed images revealed the size of the cellular processes
originating from the cell surface to range from approximately
0.8-0.5 pm in diameter, and that the size of recognizable slender
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Fig. 1. Three dimensional (3D) reconstitution and surface rendering of osteocytes in the parietal bone (A, C, E and G) and tibia (B, D, F and H). The actin-rich cell body and
cellular processes of osteocytes are visualized by a fluorescent dye-conjugated phalloidin (Pallioidin AlexaFluor 488) in green. Nuclei were conterstained by a cyanine nucleic
acid dye (BOBO-3) in red. (A, B) Representative 3D-reconstituted images of the confocal z-series slices from parietal bone (A) and tibia (B) show osteocytes and theircellular
process networks. Bar, 10 um. (C, D) Surface renderings of osteocyte cell bodies of parietal bone (C) and tibia (D) from the 3D-reconstituted images (A and B, respectively)
enable morphometric analyses (see Table 1). (E, F) Surface renderings of osteocyte nuclei of parietal bone (E) and tibia (F) from the 3D-reconstituted images (A and B,
respectively) are shown. (G, H) Merged images (G and H) of the surface renderings of cell bodies and nuclei (C-E and D-F, respectively) are shown with 50% transparency of
the cell bodies to visualize relative position of nucleus in cell body. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

cellular processes forming the intercellular network and connec-
tions was nearly 0.2 pm in diameter. Therefore, the endpoints were
set at 0.2, 0.3, 0.4 and 0.5 um in diameter. Fig. 2 shows the den-
dritic tree models in different settings of the endpoint diameter.
These tree models demonstrated that increasing number of the cel-
lular processes and their bifurcations and more intensive and de-
tailed appearances of the network were observed as the endpoint
diameter setting got smaller in diameter. However, the settings

of 0.2 and 0.3 pum in diameter revealed that the detailed rough sur-
faces of the osteocyte cell bodies that did not participate in the
intercellular network were traced as the cellular processes. Fur-
thermore, quite a few of the traced networks did not fit into the
recognizable osteocyte network in the 3D-reconstructed images
with connecting small separated fluorescence signals. Consistently,
the quantification and statistical data at these settings often
showed unreasonably small values in comparison to the actual
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Table 1 resolution of this microscopy system and image processing (data
Morphometric data of the osteocytes in mouse parietal bone and tibia. not shown). Therefore, the osteocyte network was further evalu-
Parietal bone Tibia ated by the endpoint setting at 0.4 um in diameter.
Shortest diameter (um) 6.46 + 039 571+030 Th}s in silico tracing of the cellular processes by Filament Tracer
Longest diameter (pm) 10.78 £+0.37 15.52 +0.92 function was used to calculate the average length, the average vol-
Diameter ratio, long/short 1.67 267 ume, the average surface area and the average diameter of each
ge::'ceil d‘St?“cezgum) Zig-ggi;f‘é j;ggijﬁzgg segment (Table 2). All the values exhibited significant differences
ell volume (um 93421 25+41. e o !
Goll surface atsa (nAE) 27941 42491 45826 %53 60 1nQ1catmg that the tl.bla has a thinner Fellular process network
Nuclear volume (pm?) 11574 +7.60 135.54 + 11.94 with a higher branchmg rate, in comparison to the parietal bone.
Volume ratio, cell/nucleus 2.1 3.05 The numbers of endpoints, branching points and segments per

osteocyte in the tibia revealed higher scores than those in the pari-
etal bones, suggesting more a comprehensive network in the tibia
(Table 3). The total length of the cellular processes per osteocyte

The values are the mean = SEM of 20 osteocytes in each bone.

" P<0.01.

Fig. 2. Dendritic tree models of the osteocyte cellular processes in parietal bone (A, C, E and G) and tibia (B, D, F and H) from the 3D-reconstituted images (Fig. 1A and B,
respectively). Dendritic tree models with different endpoint diameter settings at 0.5 pm (A and B), 0.4 pm (C and D), 0.3 um (E and F) and 0.2 jm (G and H) are shown. Green
dots, red dots and white bars indicate end points branching points and cellular process segments, respectively (see Tables 2 and 3). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Morphometric values of the osteocyte networks in mouse parietal bone and tibia.
Parietal bone Tibia
Average length (um) 257+0.10 2.04£0.05
Average volume (pum?) 239+0.18 036+0.02°
Average surface area (um?) 6.07 £0.35 2.26+0.08
Average diameter (pm) 0.95 £ 0.05 0.39+0.01

Average values per segment with the endpoint diameter setting at 0.4 um are
shown. A segment is defined as a cellular process segment from a branching point
to another branching pomt or an endpoint. The values are the mean + SEM.

" P<0.01.

"Table 3
Morphometric data of the osteocyte networks in mouse parietal bone and tibia (Total
values of cellular processes per single osteocyte).

Parietal bone Tibia
Total length (pum) 311.06 637.67
Total volume (pm?) 288.87 112.49
Total surface area (pm?) 734.63 708.49
Total endpoints 64.00 162.00
Total branching point 58.00 15233
Total segments 121.00 . 31333

Total average values of cellular processes per smgle osteocyte were calculated from
the values shown in Table 3.

was longer than that in the parietal bones. However, the total vol-

ume and the total surface area of the cellular processes per osteo-

cyte in the tibia revealed lower scores than those in the parietal
bone, due to the thinner diameter of the cellular process in the ti-
bia. These findings indicated that the tibia has a longer and thmner
intercellular network than that in the parietal bone.

4. Discussion

Vatsa et al. reported the morphometric differences in osteocytes
and lacunae between the fibula and calvaria by combinatorial
scanning of live bone fragments from 3 to 6-month-old mice using
confocal microscopy and nano-computed tomography [23]. This
revealed that osteocytes in the fibula had a spindle shape and
stretched along the longitudinal axis of the principal loading direc-
tion, whereas those in the calvaria were spherical without any
particular alignment in direction. The current study conducted
two-color fluorescence morphometry by using three-dimensional
confocal scanning followed by surface rendering of the osteocyte
cell bodies and nuclei. This analysis revealed that the average
volume and surface area of single osteocytes in the tibia was signif-
icantly larger than those in the parietal bone, which was mainly

due to more cytoplasm in the tibial osteocytes. Cells engaging in

active functions such as secretion and absorption tend to have
relatively large volumes of cytoplasm probably due to their well-
developed cell organelles. Therefore, the significant difference in
the cytoplasmic volume of osteocytes between the tibia and parie-
tal bone suggests a functional dlverSIty in these cells to modulate
bone metabolism.

Aline of studies by Sugawara et al. performed quantitative mor-
phometry for the cellular processes of osteocytes and provided a
method to calculate the average length of the cellular processes
per single osteocyte [24,25]. The current study attempted to mea-
sure and compare the sizes of the cellular processes of osteocytes
in the parietal bone and tibia by tracing the cellular processes in
silico. Considering the theoretical resolution of the microscopy sys-
tem and the voxel size of the 3D reconstituted images, measure-
ment of structures smaller than 0.4 pm was not expected to
- provide trust worthy data. In fact, the in silico tracings achieved

by setting the endpoint at 0.3 and 0.2 pum did not fit for the visually
recognizable network of the cellular process in the 3D reconsti-
tuted images: These settings revealed artificial connections of fluo-
rescence signals that affected reasonable measurements. Though
some part of the recognizable network smaller than 0.4 um in
diameter was not entirely traced, the morphometric analysis of
the cellular processes revealed significant differences in the archi-
tectures of the osteocyte networks between the parietal bone and
tibia. )

The analysis revealed that osteocytes in the tibia radiate a sig-
nificantly larger number of the cellular processes and branches in
comparison to the parietal bone. Furthermore, the surface area
and volume of each segment of the-cellular process in the tibia
was significantly smaller than those in the parietal bone, due to
its smaller diameter. These data possibly indicate that tibia devel-
oped a more comprehensive and detailed osteocyte intercellular
network in comparison to the parietal bone. Mechanical forces
on cells influence their cytoskeletal structure, and thus their cellu-

- lar shape and connection to the surrounding cells [20,21]. Imma-

ture osteocytes possibly align themselves and develop their
intercellular network in response to distinct loading patterns dur-
irig bone development, when they are being embedded in osteoid.
The osteocyte cell body plays a key role for initial mechano-sensing
during this process, as discussed by Vatsa et al. [23]. Hirose et al.
reported a gradual arrangement and flattening of cortical osteo-
cytes along the longitudinal axis of long bone with age [26]. There-
fore, the architectural differences in the osteocytes and their
cellular process networks between the parietal bone and tibia are
probably adaptations to the physiologically different loading pat-
terns. In our previous work, zebrafish have a poorly developed
osteocyte lacunocanalicular network, whereas amphibians, reptiles
and mammals all show well-developed lacunocanalicular systems,
which could be intriguing because such osteocytic adaption to the
mechanical loads might be involved in the phylogenetic diversity
of bone [22]. '

The architectural differences in the network of osteocyte ceflular
processes may transduce extraosseous loads to cellular responses
with distinct efficiency. The ultrastructure of osteocyte processes,
the pericellular matrix and the encasing canaliculi provides the ba-
sic elements for fluid flow-based theoretical models [13,15,16].
Physical dynarmcs predicts that the extraosseous load could cause
a shear strain and a hoop strain on the surface of the processes
[12,13]. These two strains are in inverse proportion to the surface
aréa and the inner diameter, respectively, in each basic physical
model. Therefore, the surface area and the diameter of the cellular
process could provide critical values with the mechanosensitivity of
osteocytes. On the other hand, there is little view available regard-
ing how the other quantitative values, such as the length, the num-
ber and the branching rate of the cellular processes affect the
mechanosensitivity. These values also possibly reflect the compre-
hensiveness of the intercellular network system rather than simply
the local ultrastructure. Therefore, these factors are likely to influ-
ence the cellular and intercellular flow of molecules associated with
mechanosensitivity and biological functions [27]. The current find-
ings collectively provoke views for the architectural differences in
the osteocyte networks as the systems of molecular transduction
and mechanotransduction, which may be associated with the func-
tional diversity of the osteocyte itself. '

In conclusion, our quantitative analyses based on the three-
dimensional fluorescence microscopy revealed significant differ-
ences in the structural architecture of the osteocyte networks in
the parietal bone and tibia. These morphometric differences in
the osteocyte networks between flat bone and long bone probably
reflect adaptations to different physiological loading patterns to
these bones, and suggest different activities of the networks. The
current analysis is therefore considered to provide new insights
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into the physiological, pathological and phylogenetic mechanisms
of mechanosensing and metabolism in bone [28,29].
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Reduction of NOTCH1 exypression' pertains to maturation
abnormalities of keratinocytes in squamous neoplasms

Kei Sakamoto', Takuma Fujii?, Hiroshi Kawachi®, Yoshio Miki*, Ken Omura®, Kei-ichi Morita®, Kou Kayamori’,

Ken-ichi Katsube' and Akira Yamaguchi’

Notch is a transmembrane receptor functioning in the determination of cell fate. Abnormal Notch signaling promotes
tumor development, showing either oncogenic or tumor suppressive activity. The uncertainty about the exact role of
Notch signaling, partially, stems from inconsistencies in descriptions of Notch expression in human cancers. Here, we
clarified basal-cell dominant expression of NOTCH1 in squamous epithelium. NOTCH1 was downregulated in squamous
neoplasms of oral mucosa, esophagus and uterine cervix, compared with the normal basal cells, although the expression
tended to be retained in cervical lesions. NOTCH1 downregulation was observed even in precancers, and there was little
difference between cancers and high-grade precancerous lesions, suggesting its minor contribution to cancer-specific
events such as invasion. In culture experiments, reduction of NOTCH1 expression resulted in downregulation of keratin 13
and keratin 15, and upregulation of keratin 17, and NOTCH7 knockdown cells formed a dysplastic stratified epithelium
mimicking a precancerous lesion. The NOTCH1 downregulation and the concomitant alterations of those keratin ex-
pressions were confirmed in the squamous neoplasms both by immunohistochemical and cDNA microarray analyses. Our
data indicate that reduction of NOTCH1 expression directs the basal cells to cease terminal differentiation and to form an
immature epithelium, thereby playing a major role in the histopathogenesis of epithelial dysplasia. Furthermore,
downregulation of NOTCH1 expression seems to be an inherent mechanism for switching the epithelium from a normal
and mature state to an activated and immature state, suggesting its essential role in maintaining the epithelial integrity.
Laboratory Investigation (2012) 92, 688~702; doi:10.1038/labinvest.2012.9; published online 13 February 2012 ’
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epidermal differentiation. Conditional knockout of Notchl in
skin results in epidermal and corneal hyperplasia.® Over-
expression of constitutively active Notch1 in basal cells leads
to hyperplastic epidermis and abnormal hair development.*®
In contrast, deletion of Notch2, Notch3 and Notch4 does
not cause significant changes in the epidermis.®'®'" These
results indicate the 51gn1ﬁcance of Notchl in epidermal
differentiation.

Notch is a transmembrane receptor that regulates cell pro-
liferation and differentiation in various tissues. Notch is
constitutively processed and is tethered on the plasma
membrane as a heterodimeric protein, and the signal is
transduced by the Notch intracellular domain (NICD) pro-
duced by ligand-induced cleavage,"* which translocates to
the nucleus and directly induces the transcription of down-
stream targets by forming a transactivation complex with

several cofactors.® In humans, there are four Notch homologs
(NOTCH1, 2, 3, 4) and they exhibit diverse patterns of ex-
pression, suggesting different contributions in each tissue.
The expression of Notchl, Notch2 and Notch3 in mouse
skin and hair follicles has been documented,*”
signaling seems to have important roles in the regulation of

and Notch

Abnormal Notch signaling can promote tumor develop-
ment. The first indication that Notch has a role in carcino-
genesis was obtained from a mouse mammary tumor virus
integration assay in which four genes were identified as
candidates that associate with tumor progression, the third of
which (int-3) turned out to be a truncated form of Norch4.'?
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