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Bone metastasis is a frequent complication of breast cancer that is often accelerated by TGF-f signaling; how-
ever, little is known about how the TGF-f§ pathway is regulated during bone metastasis. Here we report that
deleted in liver cancer 1 (DLC1) is an important regulator of TGF-f3 responses and osteolytic metastasis of
breast cancer cells. In murine models, breast cancer cells lacking DLC1 expression exhibited enhanced capabil-
ities of bone metastasis. Knockdown of DLC1 in cancer cells promoted bone metastasis, leading to manifested
osteolysis and accelerated death in mice, while DLC1 overexpression suppressed bone metastasis. Activation
of Rho-ROCK signaling in the absence of DLC1 mediated SMAD?3 linker region phosphorylation and TGF-$-
induced expression of parathyroid hormone-like hormone (PTHLH), leading to osteoclast maturation for
osteolytic colonization. Furthermore, pharmacological inhibition of Rho-ROCK effectively reduced PTHLH
production and breast cancer bone metastasis in vitro and in vivo. Evaluation of clinical breast tumor samples
revealed that reduced DLCI expression was linked to elevated PTHLH expression and organ-specific metastasis
to bone. Overall, our findings define a stroma-dependent paradigm of Rho signaling in cancer and implicate

Rho-TGF-f crosstalk in osteolytic bone metastasis.

Introduction

Breast cancer is one of the major causes of cancer-related death
worldwide, mainly due to outgrowth of cancer cells in vital organs,
including bone, lungs, liver, and brain (1). The majority of patients
with advanced breast cancer will develop bone metastases and suf-
fer from severe pain and eventually death (2). Current treatments
for bone metastasis have limited efficacy; therefore, there is an
urgent need to identify functional molecules in cancer cell bone
colonization as new therapeutic targets.

TGF-f signaling is a critical regulator of breast cancer metas-
tasis to the bone, which is a rich reservoir of various growth fac-
tors, such as TGF-f, IGF, and EGF (2, 3). TGF-f binds to and acti-
vates a pair of cell surface receptors, which in turn phosphorylate
SMAD?2 and SMAD3. These receptor-regulated SMAD (R-SMAD)
proteins then bind to SMAD4 and translocate into the nucleus for
transcriptional regulation. The TGF-f-activated transcriptional
program is involved in various steps of cancer metastasis, includ-
ing angiogenesis, extracellular matrix remodeling, chemoattrac-
tion of protumor stroma, metastatic homing, cancer cell survival,
and colonization (4-6). In particular, TGF-f in the bone milieu
enhances the expression of soluble factors or cell surface proteins
such as parathyroid hormone-like hormone (PTHLH; also called
PTHrP), Jagged 1 JAG1), and matrix metalloproteinase 1 (MMP1)
by tumor cells, which in turn tip the balance of bone remodeling
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in favor of osteolysis by promoting osteoclast maturation (7-9).
Bone destruction leads to release of additional TGF-f§ embedded
in the bone matrix and further cancer cell stimulation, the vicious
cycle of osteolytic bone metastasis. Although numerous studies
have firmly established the central role of TGF-f signaling in bone
metastasis, how this molecular pathway is regulated during the
process is largely unknown.

Human deleted in liver cancer 1 (DLCI) is located at chromo-
some 8q22, a region frequently lost in cancer cells, and encodes
a RhoGTPase-activating protein (RhoGAP), which inhibits
RHOA, RHOB, RHOC, and CDC42 by stimulating hydrolysis
of GTPase-bound GTP. These GTPases are genuine regula-
tors of cytoskeleton organization (10). Once activated by GTP
binding, they initiate a signaling cascade of their downstream
effectors, including protein kinases and actin-binding proteins.
These effectors act on the dynamic assembly and disassembly
of F-actin, leading to cell morphological responses that are cru-
cial in several cancer-related biological processes, such as cell
motility and cytokinesis (11-14). Rho GTPases and DLC1 are
dysregulated in a wide array of cancers and have been found to
play opposite roles in tumorigenesis as well as in migration and
invasion of tumor cells (13, 15). Thus far, the roles of these mol-
ecules in cancer have been mainly attributed to their regulation
of the tumor cell cytoskeleton, and it is not clear whether and
how the Rho pathway plays a cytoskeleton-independent role
in cancer progression and metastasis. Indeed, it is difficult to
extrapolate the cancer cell-autonomous role of Rho signaling
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Figure 1

DLC1 suppresses breast cancer osteolytic metastasis. (A) DLC1 expression in MDA231 derivative cell lines (n = 3). Green and red text denotes
cell lines with high and low DLC1 expression, respectively. (B) DLC7 KD and OE in SCP28 and SCP2 cells (n = 3). (C) Representative BLI, X-ray,
and H&E images of bone metastases by SCP28 cells. Arrowheads denote areas of overt osteolysis. (D) BLI quantitation of limb metastasis by
SCP28 cells (n = 10 per group). (E) Osteolytic area sizes caused by SCP28 cells. (F) Survival of mice injected with SCP28 cells. (G) Representa-
tive BLI and H&E images of animals injected with SCP2 cells. (H) BLI limb metastasis burden by SCP2 cells (n = 10 per group). (I) Survival of
mice injected with SCP2 cells. (J) In vivo bone metastasis analysis of 4T1 cells with Dic7 OE in Balb/c mice (n = 10 per group). Shown are H&E
images, quantitation of metastasis lesions, and animal survival. Scale bars: 100 um. B, bone; T, tumor; M, bone marrow or marrow with scattered
cancer cell. *P < 0.05, **P < 0.01.

to tumor microenvironment remodeling, a key aspect of cancer ~ Results

metastasis. In the present study, we found that the DLC1-Rho
pathway regulated the metastatic colonization of circulating
breast cancer cells in bone, but not lungs. Such an organ-specific
phenotype could not be explained by the roles of DLC1 and
Rho in cytoskeleton rearrangement, but rather was attributed
to their ability to regulate the response of cancer cells to TGF-f3
stimulation from bone and the remodeling of the osteolytic
microenvironment for metastatic colonization.
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DLCI suppresses bone metastasis of breast cancer cells. MDA-MB-231
(MDAZ231) derivative cell lines, obtained by in vivo selection and
single-cell subcloning from the parental breast cancer cell line, are
useful models for studying tissue tropism of breast cancer metas-
tasis. Upon direct inoculation into the circulation of immuno-
deficient mice, these syngeneic cells display distinct capabilities
to colonize to the bone and lungs (16, 17). In these cells, DLCI
expression was negatively correlated with bone metastasis at both
Volume 124~ Number 4
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Figure 2

The GTPase pathway mediates DLC1’s role in breast cancer metastasis. (A) Activation of Rho, CDC42, and their downstream effectors in cells
with DLC1 KD and OE. (B) Effect of DLC1 on stress fiber formation. (C) Stress fiber density (n = 6). (D) WT DLC1 and R718E mutant OE in SCP2
cells. (E) The R718E mutant failed to inactivate Rho and CDC42. (F-H) In vivo bone metastasis analysis of the R718E mutant (n = 10 per group).
Shown are representative BLI images and H&E staining (F), BLI quantitation (G), and animal survival (H). Scale bars: 10 um (B); 50 um (F).

*P < 0.05, **P < 0.01.

mRNA and protein levels (Figure 1A). Actually, DLCI was among
the bone metastasis signature genes (16) that could segregate
cancer cells with different bone metastasis traits via unsuper-
vised clustering of gene expression profiles (Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JCI71812DS1). However, there was no obvious dif-
ference in DLCI expression among cells with different lung metas-
tasis proclivities (Supplemental Figure 1B).

We then analyzed the role of DLCI in breast cancer organ-
specific metastasis by knockdown (KD) and overexpression (OE)
approaches. We first used 2 different shRNA constructs to stably
silence DLCI in SCP28 cells, a line with abundant DLCI expres-
sion (Figure 1B), and then intracardially injected the cells into
nude mice. Both shRNA constructs significantly enhanced bone
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metastasis, as revealed by bioluminescent imaging (BLI), X-ray
analysis, and histology examination (Figure 1C). The metastasis
burden became more than 10-fold higher in KD cells at the fifth
week after transplantation (Figure 1D). DLCI KD also mani-
festly aggravated bone damage and accelerated death (Figure
1, E and F). Notably, the first KD construct caused more pro-
nounced changes in metastasis than the second, which correlated
to their respective efficiencies in silencing DLCI (Figure 1B). We
then analyzed DLC1 function by inducing DLCI OE in bone-
tropic SCP2 cells (Figure 1B). Concordantly, we observed a stark
decrease of cancer cell colonization to the skeleton and signifi-
cantly longer life span after DLCI OE (Figure 1, G-I).

The function of DLC1 in bone metastasis was further studied
in immunocompetent mice by OE of murine DicI in 4T1 mouse
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Figure 3

DLC1-Rho signaling regulates osteoclast maturation in the bone microenvironment. (A) Osteoclastogenesis assays of primary bone marrow
cultured together with DLC7 KD or control cells treated with TGF-g, or in CM from SCP28 cells treated with TGF-f3, C3, and/or Y27632 (n = 3). (B)
Osteoclastogenesis assays of primary bone marrow culture in SCP2 CM (n = 3). Representative TRAP staining images are also shown. Arrows
denote TRAP-positive osteoclasts. (C) Osteoclastogenesis assays of CM from additional MDA231 derivative cell lines (n = 3). Green and red text
denotes cell lines with high and low DLC1 expression, respectively. (D) Osteoclastogenesis assays of CM from cancer cells treated with various
genes or chemical reagents (n = 3). (E) TRAP staining of bone metastasis tumors from animals injected with DLC7 KD or OE cancer cells. (F)
Osteoclast cells along the tumor-bone interface (n = 3). Scale bars: 100 um. *P < 0.05, **P < 0.01.

cells (Supplemental Figure 1C). Inoculation of 4T1 control and
Dlc1 OE cells into Balb/c mice revealed that DLC1 greatly dimin-
ished metastatic lesions in the limbs and improved animal sur-
vival as well (Figure 1J).

We also analyzed the role of DLC1 in breast cancer lung coloni-
zation via i.v. transplantation of SCP28 and 4T1 cells (Supplemen-
tal Figure 1, D-I). Concordant to the organ-specific correlation of
its expression with metastasis, DLC1 did not obviously alter the
lung colonization of these cancer cells in nude or immunocompe-
tent mice. Although the BLI intensity of one of the KD cell lines
was slightly higher than that of control SCP28 cells (Supplemental
Figure 1D), we did not observe evident differences in the number
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of lung metastasis foci, nor in animal survival time, by DLCI KD
or OE (Supplemental Figure 1, E-I). Together, these data demon-
strated that DLC1 specifically inhibits bone colonization of circu-
lating breast cancer cells.

Rbho-inhibiting activity is critical for DLCI in suppressing bone metasta-
sis. DLC1 is known to inhibit the small GTPases RHOA/B/C and
CDC42. In addition to the RhoGAP domain, which is immediately
involved in GTPase inhibition, DLC1 carries a N-terminal sterile
o motif (SAM), a focal adhesion targeting (FAT) domain, and a
C-terminal steroidogenic acute regulatory protein-related lipid
transfer (START) domain, all of which can be involved in cancer-
related signaling (18-20). Therefore, we investigated the role of
Volume 124~ Number 4
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Rho in inhibiting DLC1’s function in bone metastasis. In SCP28
cells, DLC1 KD activated GTPases (RHOA/B/C and CDC42), but
had no effects on total protein levels (Figure 2A). GTPase acti-
vation by DLCI KD also affected downstream signaling events,
including phosphorylation of vimentin, a substrate of the Rho
downstream kinase ROCK (21), and p21-activated protein kinase
4 (PAK4), the crucial effector of active CDC42 (22). Reciprocally,
DLCI OE in SCP2 cells led to GTPase inactivation and inhibition
of downstream effectors (Figure 2A). We further tested the in situ
regulation of GTPase activities by analyzing stress fiber formation
in cancer cells. DLC1 affected cytoskeleton rearrangement and
prevented stress fiber formation in these cells (Figure 2, B and C).

To determine whether Rho inhibition mediates the suppressive
role of DLC1 in bone colonization, we stably overexpressed the
R718E DLCI mutant (point substitution in the RhoGAP domain
to abolish its catalytic activity on GTPases; ref. 23) and compared
its function with OE of WT DLCI in SCP2 cells. Both forms of
DLCI were overexpressed to comparable levels in SCP2 cells, while
the mutant failed to inactivate GTPase proteins (Figure 2, D and E).
Concordantly, the RhoGAP mutation completely abolished the
suppressive function of DLC1 in bone metastasis when cancer
cells were inoculated into nude mice. Metastasis burden caused by
R718E DLCI OE cancer cells was similar to that caused by control
cells, but more than 40-fold higher than that by WT DLCI OE cells
(Figure 2, F and G). Animal survival time was also similar between
the mutant and control groups (Figure 2H), which corroborates
the notion that RhoGAP activity is critical for DLCI in regulating
breast cancer bone metastasis.

DLC1-Rho signaling regulates both intrinsic malignant traits of cancer cells
and osteoclast maturation in the metastatic microenvironment. Next we
sought to understand how DLC1 specifically inhibits bone metas-
tasis of breast cancer. Rho signaling is important for cancer cell
cytoskeleton rearrangement, which is crucial in cell proliferation
and motility. Concordantly, we found that DLCI KD in SCP28 cells
significantly facilitated anchorage-independent colony formation,
wound-healing migration, and transwell invasion, whereas DLCI
OE suppressed such malignant traits of SCP2 cells (Supplemental
Figure 2, A-D). Similar results were also observed in 2 other breast
cancer cell lines, MCF10CA1lh and MCF10CA1la (Supplemental
Figure 2, B-D). The effect of DLC1 on cancer cell invasiveness was
dependent on regulation of its target GTPases, as treatment of can-
cer cells with a Rho inhibitor (C3 transferase) or a peptide inhibi-
tor of CDC42 (24) completely abolished the changes conferred by
DLC1 KD and OE. R718E DLCI OE, as well as RhoA(63L), a consti-
tutively active form of RHOA (25), also disabled DLC1 in suppress-
ing cancer cell invasiveness (Supplemental Figure 2, E-G). DLC1
also suppressed tumor growth at the orthotopic site, but did not
obviously affect tumor cell proliferation in the bone metastases, as
revealed by Ki67 staining (Supplemental Figure 2, H and I).

Although these assays confirmed the roles of DLC1-Rho signal-
ing in regulating cancer cell tumorigenicity, migration, and inva-
sion, we reasoned that these could not explain the organ-specific
function of DLC1 in breast cancer metastasis, because such auton-
omous features of cancer cells would affect metastasis to all dis-
tant organs. In addition, the experimental metastasis assay used
in our studies bypassed the early steps of cancer cell spreading,
which heavily rely on intrinsic features of cancer cells. Therefore,
we investigated whether DLC1 specifically regulates the biological
events for the circulating cancer cells to colonize in the bone. First,
we analyzed the ability of SCP2 and SCP28 cells to interact with
1650
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bone endothelium that are important during endothelium arrest
and extravasation at target organs. DLC1 suppressed cancer cell
adherence to and invasion through the monolayer of human bone
marrow endothelial cell line HBMEC-60. However, similar pheno-
types were also observed with lung endothelial cells (Supplemental
Figure 2J). Therefore, the altered tcumor-endothelium interaction
was also not likely to account for the specific function of DLC1 in
bone colonization.

Next, we investigated whether DLC1 regulates the capability of
cancer cells to reshape the metastatic microenvironment in the
bone. Bone-tropic breast cancer cells are usually characterized by
an enhanced ability to drive maturation of osteoclasts, the bone
host cells responsible for osteolysis during breast cancer metasta-
sis (2, 26). Therefore, we performed osteoclastogenesis assays with
mouse primary bone marrow cultured together with SCP28 cells.
Although DLCI1 KD in SCP28 cells did not directly promote osteo-
clastogenesis of cocultured bone marrow, treatment with TGF-p,
the cytokine abundantly present in bone, significantly enhanced
the ability of DLCI KD cells, but not of control cells, to drive osteo-
clast differentiation. DLCI KD activated the response of SCP28
cells to TGF-P for driving osteoclastogenesis (Figure 3A). The
same phenomenon was observed when bone marrow was cultured
in conditioned media (CM) from SCP28 cells (Figure 3A), which
indicated that DLC1 altered SCP28 secretome to affect osteoclast
maturation. In addition, DLCI OE had the opposite effect in the
highly metastatic SCP2 cells (Figure 3B). In a broader range of
MDAZ231 derivative cells, we further observed a reverse correlation
of DLCI expression, along with the ability to induce osteoclast dif-
ferentiation when cells were treated with TGF-p (Figure 1A and
Figure 3C). Expressing the DLC1-resistant RhoA(63L) in SCP2
cells antagonized the effect of DLCI1 OE, while treatment of cancer
cells with the Rho inhibitor C3 transferase or the ROCK inhibitor
Y27632 phenocopied DLCI expression in both SCP2 and SCP28
cells (Figure 3, A and D), which suggests that DLC1 acts through
Rho-ROCK signaling to regulate TGF-B-enhanced osteoclasto-
genesis. Meanwhile, adding these inhibitors directly to the primary
bone marrow culture did not produce any differences in osteoclast
maturation (Figure 3D). Therefore, it was Rho-ROCK signaling in
cancer cells, not that in bone stromal cells, that mediated the role
of DLC1 in osteoclastogenesis.

To further analyze the effect of DLC1 on osteoclastogenesis in
vivo, we performed tartrate-resistant acid phosphatase (TRAP)
staining of bone metastasis lesions from mice with intracardiac
injection of DLCI KD and OE cancer cells. DLCI KD in SCP28 cells
markedly enhanced mature osteoclast density along the tumor-
bone interface, with the more efficient shRNA construct produc-
ing a more profound difference. In addition, OE of WT DLCI, but
not of R718E DLC1, annihilated the ability of SCP2 cells to induce
osteoclast maturation in the bone (Figure 3, E and F). Therefore,
our results demonstrated that the DLC1-Rho-ROCK signaling
pathway regulates the response of tumor cells to TGF-f for osteo-
lytic microenvironment remodeling.

DLC1-Rbho signaling regulates osteoclastogenesis by blocking TGF-f—
induced PTHLH secretion. To identify the mechanism by which
DLCI1 regulates TGF-B-induced osteoclast maturation, we per-
formed microarray analyses of SCP2 cells to find genes that were
responsive to TGF-f, but affected by DLC1. The results showed
that DLC1 was not able to interfere with the overall response of
cancer cells to TGF-B, but only affected a small subset of TGF-f3
downstream genes. Gene Set Enrichment Analysis (GSEA) revealed
Volume 124

Number4  April 2014



A TGFp - + - +

pLci - - + + 1.5

-

Expression Ratio
(DLC1 / Control)

research article

SCP2
ocCtrl ODLCT

O Group A
0O Group B

M B 3

0.0 Mock

D SCP28

Group A

SLITRK6
RHOB
SLITRK6
NRP2
SLITRK6
RASGRP3
EHLHE40
TCF4
TPM1

9

OT %=~~~ B
0.5
' " TGF-p

O Mock O TGF-p

PTHLH mRNA (AU)

L[]

TGFp - +
RhoA(63L) - - + - -

1.1
+ -+

+

C3 - + - + - + - +
TGFp -~ - - - + + + +
Ctrl DLC?1 Ctrl DLC1

- ---“

PTHLH
_Ponc. S
"PTHLH
 GAPDH

CM

PTHLH mRNA (AU)

BF801735

[ MAL2

ITGB8

ENPP2

FPION

CRISPLD2 F
FAK6E

Ctrl KD1

ald

SCP28

[PTHLH
LPonc. S

S -

4T1 SCP2 SCP2

CM Lysate

EVI2B
IL24
PION
ANXA10

C3
TGF-p -

Group B

EE T .
S+ o+ o+ o+ o+
Ctrl KD1 KD2 _Ctrl KD1KD2

SCP2

R718E

- -

AIT61207 [ PTHLH =

SDPR
Ponc. S

Log(expression)

- NDP
GAPDH

=
sprRY1  ©
= [ PTHLH
w
>
-
2 0 -2

Figure 4

DLC1 blocks TGF-p—induced PTHLH expression and secretion. (A) Expression heatmap of genes regulated by TGF-f, but reversed by DLC1, in
SCP2 cells. (B) Expression ratios of the 2 gene groups in DLC7 OE and control cells when cells were untreated or treated with TGF-f3 (n = 3). Data
represent ratio median + median absolute deviation (MAD). (C) PTHLH mRNA levels in SCP2 cells with DLC1 OE (n = 3). (D) PTHLH mRNA levels
in SCP28 cells with DLC7 KD (n = 3). (E) Intracellular and extracellular PTHLH protein levels in SCP2 and 4T1 cells with DLC7 OE. (F) Intracellular
and extracellular PTHLH protein levels in SCP28 cells with DLC7 KD. (G) PTHLH IHC analyses in bone metastases from animals inoculated by
control SCP2 cells or the cells with WT and mutant DLC7 OE. Scale bar: 50 um.

that the previously identified TGF-f signature genes (27) were reg-
ulated similarly in both control and DLCI OE cells (Supplemental
Figure 3A). Moreover, among the 285 transcripts (392 probes) that
were up- or downregulated by TGF-f in SCP2 cells, only 29 (10.2%)
were reversed by DLCI OE (Figure 4A and Supplemental Figure
3B). These 29 genes (Supplemental Table 1) consisted of those that
were upregulated by TGF-f but blocked by DLC1 (group A), and
those that were downregulated by TGF-f but reversed by DLC1
(group B). Interestingly, the influence of DLC1 seemed fundamen-
tally different in these 2 groups, as DLC1 altered the expression of
group A genes after TGF-f treatment, while its effect on group B
was significant only in the absence of TGF-f} (Figure 4B).

Thus, we primarily focused on the genes in group A, as DLC1
only had a marked effect on osteoclastogenesis with TGF-f treat-
ment. Among these, PTHLH (which encodes a secretory protein)
became our candidate for further investigation, because it ranked
at the top when these genes were sorted by TGF-f3 response ratios in
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DLC1 OE and control cells (Figure 4A and Supplemental Table 1).
More importantly, PTHLH has been previously reported to be
an important regulator of osteoclastogenesis (9, 28, 29). We first
validated that PTHLH expression was promoted by TGF-f in
SCP2 cells, and this effect was neutralized by DLC1. Reciprocally,
DLCI KD activated the response of PTHLH to TGF-f3 in SCP28
cells (Figure 4, C and D). Regulation of PTHLH protein expression
and secretion by DLC1 were also observed in multiple cell lines,
including SCP2, SCP28, SCP4, MCF10Cala, and 4T1 (Figure 4,
E and F, and Supplemental Figure 4). Furthermore, constitutive
activation of RHOA or treatment with C3 or Y27632 masked the
effects of DLC1 on PTHLH production by these cancer cells after
TGF-p treatment (Figure 4, C, E, and F, and Supplemental Figure
4). In the bone metastasis tumors of nude mice inoculated with
SCP2 cells, OE of WT DLCI, but not that of R718E DLC1, mark-
edly reduced PTHLH protein levels (Figure 4G). These results indi-
cated that DLC1-Rho signaling regulates the response of PTHLH
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to TGF-f in tumor cells. In contrast, other known TGF-f target
genes, including JAGI, IL11, CTGF, and CDKNI1A, were not affected
by DLC1 (Supplemental Figure 5A). In particular, whereas JAG1
was previously found to mediate the response of stromal Notch
pathway to tumor cell TGF-f3 signaling for osteoclast maturation
and bone metastasis (7), we found that DLC1 did not alter basal or
TGF-p-induced JAGI expression, nor could JAGI OE change DLCI
expression (Supplemental Figure 5, A and B). In addition, JAGI
OE in SCP28 cells promoted bone colonization to the same extent
as DLCI KD, while simultaneous JAG1 OE and DLCI KD further
enhanced the metastatic capability of SCP28 cells (Supplemental
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Figure 5C). Therefore, the molecular route regulated by DLCI1 is
likely to be independent of stromal JAG1/Notch signaling.
Previous reports showed that PTHLH binds to its receptor
on the osteoblast cell surface to enhance RANKL secretion and
suppress osteoprotegerin (OPG) secretion by osteoblasts (30).
RANKL, which acts upon the RANK receptor on osteoclasts, is
the primary cytokine for osteoclast maturation, whereas OPG is a
decoy receptor and RANKL inhibitor. We found that when DLCI-
deficient cancer cells were treated with TGF-f3, their CM signifi-
cantly enhanced Rankl expression and suppressed Opg expression
by murine preosteoblast C2C12 cells. Such effects were augmented
Number 4

Volume 124 April 2014



by constitutively active RhoA(63L), but blocked by DLCI OE as
well as by C3 treatment (Figure 5A). In addition, when C2C12
was cocultured with the preosteoclast cell line RAW264.7 in 4T1
CM, the results were similar to those of the primary bone marrow
osteoclastogenesis assays. However, DLCI OE caused no difference
when C2C12 was absent from the coculture system (Figure 5B).
These data suggested that DLC1 signaling of tumor cells regulates
osteoclastogenesis through osteoblast-derived cytokines, consis-
tent with the notion that PTHLH regulation mediates DLC1’s role
in osteolytic microenvironment remodeling.

To determine whether tumor-derived PTHLH is critical for
osteoclast maturation regulated by DLC1, we treated cancer cells
with 3 types of PTHLH inhibitors — the chemical inhibitor 6-thio-
guanine (6-TG; ref. 31), the peptide antagonist PTHLH7 34 (32, 33),
and a neutralizing antibody — followed by osteoclastogenesis anal-
yses. All inhibitors efficiently blunted the osteoclast-promoting
effects of CM from cancer cells. Importantly, PTHLH inhibition
completely abolished the effects of DLCI OE and KD on osteoclast
differentiation (Figure 5, C and D).

We further investigated the role of PTHLH in DLC1-Rho sig-
naling in vivo. Murine Pthlh was overexpressed together with Dlc1
in 4T1 cells, which were then tested for bone metastasis (Figure
SE). Pthlh OE markedly increased protein secretion and led to overt
bone damage, regardless of Dlcl expression. Most importantly,
DLC1 was no longer able to reduce osteolysis when PTHLH was
abundantly expressed (Figure SF).

We also intracardially injected SCP2 cells with DLCI OE into nude
mice and treated them with PTHLH7. 34, which starkly suppressed
the bone metastasis signals. Furthermore, there was no additional
benefit from DLCI OE when PTHLH was inhibited (Figure 5, G and
H), which suggests that PTHLH acts downstream of DLC1. Notably,
DLCI OE, as well as PTHLHj.34 treatment, not only reduced PTHLH
levels in bone lesions, but also attenuated TGF-f3 activity, as assessed
by C-tail phosphorylation of SMAD3 in the lesions (Figure 5I). To
rule out the possibility of PTHLH-independent side effects of the
inhibitor in the bone microenvironment, we repeated the experiment
with 6-TG and observed similar trends in bone metastasis intensity
and survival time (Supplemental Figure 6, A-C). Taken together,
these data suggested that DLC1 inhibits bone destruction caused by
tumor-derived PTHLH secretion and also reduces TGF-f activity in
bone, which is crucial for the osteolytic vicious cycle in metastasis.

DLC1 suppresses TGF-B—induced PTHLH expression by regulating
SMAD3 linker region phosphorylation. We further investigated how
the DLC1-Rho pathway regulates TGF-f signaling to alter PTHLH
expression. TGF-f exerts its biological effects mainly through
SMAD transcription factors. However, SMAD-independent path-
ways, including PI3K, p38, JNK, and ERK, have also been reported
to mediate TGF-f signaling (34). Therefore, we first tested whether
these pathways play a role in DLC1 regulation of PTHLH. Treat-
ment of SCP2 cells with specific inhibitors of these pathways, as
well as CDC42 and RAC1 GTPase inhibitors, did not influence
the effects of DLC1 and TGF-ff on PTHLH expression. In contrast,
the ROCK inhibitor Y27632 efficiently suppressed PTHLH expres-
sion driven by TGF-f} treatment (Figure 6A). Therefore, only Rho
proteins, not other small GTPases, mediate the role of DLC1 to
regulate PTHLH production, and the downstream signaling of
Rho-ROCK was not the reported SMAD-independent pathway.

We subsequently tested the role of SMADs in regulation of
PTHLH expression by the DLC1-Rho-ROCK pathway. We used a
shRNA construct to achieve SMAD4 KD in SCP2 cells, which abol-
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ished the PTHLH response to TGF-f and DLC1 (Figure 6, B and
C). TGF- treatment noticeably enhanced RHOA activation, which
was suppressed by DLCI OE, but not by SMAD4 shRNA (Figure
6D). These data indicated that Rho signaling acts between TGF-f3
and SMADs to promote PTHLH expression.

We further investigated how Rho signaling regulates SMAD
activities. TGF-f} activates the SMAD complex by phosphorylating
the C-tail of R-SMADs. However, we found that DLC1, as well as the
RHOA inhibitor, did not alter SMAD3 expression or its C-tail phos-
phorylation (Figure 6E). Previously, Liu and colleagues reported
that phosphorylation of Ser204 and Ser208 in the linker region of
SMAD3 could also contribute to SMAD activation (35). We found
that TGF-B-induced SMAD3 phosphorylation in this region was
dependent on Rho-ROCK activity, as DLCI OE or C3 treatment
sufficiently blocked this modification. We also noted that prior
to TGF-f activation, Rho was not able to stimulate SMAD3 phos-
phorylation, even without interruption by DLCI OE or C3 treat-
ment (Figure 6E), consistent with the notion that SMAD3 C-tail
phosphorylation is necessary for the linker modification (35).

To determine whether and how SMAD?3 linker phosphorylation
regulates PTHLH transcription, we used luciferase reporter assays
to test the effects of TGF-f treatment, DLCI OE, SMAD4 KD, and
OE of WT SMAD3 and the SMAD3 mutant EPSM (linker phos-
phorylation sites mutated; ref. 36) on PTHLH promoter activities.
Whereas TGF-f and WT SMAD3 activated the PTHLH promoter
in a synergistic manner, DLCI OE, SMAD4 KD, and EPSM SMAD3
OE inhibited TGF-B-induced promoter activity (Figure 6F). Inter-
estingly, EPSM SMAD3 OE and DLCI OE could not repress the
general SMAD activity induced by TGF-f, as revealed by luciferase
reporter analyses of a consensus SMAD binding element (SBE)
construct (Supplemental Figure 7A). These results were concor-
dant with our microarray analysis and indicated that although
TGF-B-induced SMAD3 C-tail phosphorylation was sufficient
to regulate most target genes, activation of the PTHLH promoter
required additional linker phosphorylation of SMAD3, which was
mediated by Rho-ROCK signaling.

The SMAD complex could activate the PTHLH promoter directly
or through other transcription factors. Previous studies reported
that GLI2, a SMAD target gene, could enhance PTHLH transcrip-
tion in some cancer cell lines (37), suggestive of a possible indirect
mechanism for SMAD regulation of PTHLH. However, we found
that although GLI2 was induced by TGF-f in SCP2 and SCP28
cells, it was not affected by DLCI (Supplemental Figure 7B). In
addition, GLI2 OE could not rescue the suppression of PTHLH by
DLC1 (Supplemental Figure 7C), thus excluding the possibility of
GLI2 involvement in DLC1-mediated PTHLH regulation. Instead,
mutating the SMAD binding site in the PTHLH promoter (Supple-
mental Figure 7D) totally erased its response to TGF-f treatment,
DLC1 OE, SMAD4 KD, and WT and EPSM SMAD3 OE (Figure
6F). Furthermore, ChIP coupled with quantitative PCR (qPCR)
analysis revealed direct binding of SMAD3 to the PTHLH pro-
moter. EPSM SMAD3 OE and DLCI OE expelled SMAD3 from the
PTHLH promoter, but not from that of other TGF-f target genes,
such as IL11 (Figure 6, G and H).

Inhibition of Rho-ROCK signaling reduces osteolytic metastasis of breast
cancer. Thus far, our data suggested that Rho-ROCK signaling could
be a potential therapeutic target to treat breast cancer bone metas-
tasis that is enhanced by TGF-B-driven osteolysis. To test this, we
injected SCP2 cells into nude mice intracardially, followed by treat-
ment with 2 different Rho-ROCK inhibitors, Y27632 and fasudil
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(38). Both inhibitors effectively prevented the bone metastasis of
SCP2 cells. By the fourth week, the bone metastasis burden of drug-
treated mice was reduced 100-fold compared with control mice (Fig-
ure 7A). The reduced bone metastasis was associated with decreased
PTHLH expression and osteoclast activities in the bone (Figure 7A
and Supplemental Figure 8). Interestingly, although Rho inhibition
did not directly affect SMAD3 C-tail phosphorylation in the in vitro
system (Figure 6E), this region was much less phosphorylated in the
bone lesions when animals were treated with the inhibitors (Figure
7A). This was consistent with our observations with PTHLH inhibi-
tor treatment (Figure 5I), suggestive of a possible secondary effect:
less TGF-f3 release caused by reduced bone breakdown.

We also assessed the efficacy of ROCK inhibition for treating bone
metastasis in the immunocompetent setting. 4T1 cells were inocu-
lated into Balb/c mice, followed by daily fasudil treatment. The drug
rescued the mice from massive bone damage caused by the cancer
cells, as demonstrated by the 3-fold decrease of osteolytic areas in
the limbs after treatment (Figure 7B). These results thus confirmed
the pivotal role of Rho-ROCK signaling in bone metastasis and sup-
ported the application of Rho inhibitors in breast cancer therapy.
1654
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DLCI expression is negatively associated with PTHLH and bone metas-
tasis in clinical samples. Finally, we assessed the clinical significance
of DLCI in breast cancer. We first analyzed a publicly available
NKI microarray dataset (17, 39, 40). In these clinical samples,
lower DLCI expression was linked to obviously higher risk of over-
all metastasis and bone relapse, but not relapse in lungs (Figure
7C and Supplemental Figure 9, A and B), indicative of an organ-
specific correlation of DLCI with clinical metastases of breast can-
cer. Notably, DLCI expression was not associated with molecular
subtypes of breast cancer (luminal, basal, HER2, or normal-like;
Supplemental Figure 9C), which was confirmed by additional
analyses of breast invasive carcinoma data available in the Cancer
Genome Atlas (TCGA,; ref. 41) database (Supplemental Figure 9D).

To further analyze the clinical relevance of DLCI expression, we
collected a set of 64 fresh-frozen breast tumors from Qilu Hospi-
tal and analyzed the correlation of DLCI expression with metasta-
sis. In this cohort, DLCI expression was also a prognostic factor of
metastasis independent of ER, PR, HER2, or triple-negative breast
tumor status (Figure 7D, Supplemental Figure 9E, and Supplemen-
tal Table 2). Closer examination revealed that DLCI expression was
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Y27632 prevented SCP2 cell bone metastasis in nude mice (n = 10 per group). Shown are BLI images of bone metastases, IHC analyses
of SMAD3 C-tail phosphorylation and PTHLH, osteoclast TRAP staining, and BLI quantitation. (B) Effect of fasudil on bone metastasis
in Balb/c mice injected with 4T1 cells (n = 4). Arrowhead denotes area of overt osteolysis. *P < 0.05. (C) Bone metastasis of NKI patients
stratified by DLC1 expression. (D) Metastasis-free survival analysis of Qilu patients. (E) DLC7 expression in paracancerous normal tis-
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DLC1-Rho-ROCK signaling in breast cancer bone metastasis. Dashed lines denote multistep processes of regulation. OB, osteoblast; Pre-
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profoundly lower in tumors prone to bone, but not lung, recurrence
(Figure 7E). In addition, DLCI expression was negatively correlated
with that of PTHLH in these tumors (r = -0.43; Figure 7F), a phe-
nomenon observed in the TCGA dataset as well (Supplemental Fig-
ure 9F). We further analyzed DLC1 protein levels in 33 carcinomas
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in situ (CIS), LN metastases, and bone metastases of mammary ori-
gin and found significantly weaker DLC1 expression in bone metas-
tases than in primary tumors and LN metastases (Figure 7G). Thus,
our data confirmed that DLCI silencing is clinically associated with
enhanced PTHLH expression and breast cancer bone metastasis.
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Discussion
Here, we reported the organ-specific role of DLC1-Rho signaling in
bone colonization of breast cancer. DLCI displayed lower expres-
sion in breast cancer cell lines and tumors with higher affinity for
the skeleton. DLCI silencing enhanced bone colonization of cir-
culating cancer cells, and its restoration significantly diminished
the metastatic capability of bone-tropic cells. Apparently, DLC1
plays its role in bone metastasis by inhibiting Rho GTPases, which
on the one hand work synergistically with CDC42 to regulate can-
cer cell cytoskeleton and motility, and on the other hand regulate
TGF-p-induced SMAD3 phosphorylation to activate PTHLH tran-
scription. Tumor-derived PTHLH acts on osteoblasts to change
the RANKL/OPG ratio in the bone stroma and thus instigate
osteoclast maturation, which causes metastatic bone destruction.
Interestingly, although DLC1 only regulated the linker phosphor-
ylation of SMAD3 in tumor cells in vitro (Figure 6E), it suppressed
SMAD?3 C-tail phosphorylation in bone metastases as well (Figure
5I), likely resulting from the altered bioavailability of TGF-f from
PTHLH-induced bone demolition. Therefore, DLC1 serves as a
“molecular brake” to the positive feedback of TGF-f signaling and
osteolysis. Taken together, our findings delineate a new pathway
regulating TGF-f-driven breast-to-bone metastasis (Figure 7H).
Distant metastasis of tumor cells is an organ-specific, multistep
process consisting of basement membrane infringe, migration
through nearby stroma, blood vessel entrance and extravasation,
and colonization at foreign sites. The metastasis events prior to
circulation entrance, relying on cancer cell migration and invasion,
are shared prerequisites for the tumors to spread to multiple dis-
tant organs. On the contrary, the late metastasis steps dictate the
organotropism of circulating tumor cells and are usually driven
by the ability of tumor cells to interact with the residential com-
ponents of target organs. Our present findings demonstrated
that DLC1-Rho signaling not only regulated the intrinsic motility
and invasiveness of cancer cells, but also influenced their ability
to respond to and affect the metastatic microenvironment. The
latter role seems to be specific in the context of bone, as DLC1
only regulated the thriving of circulating tumor cells in bone,
not in lungs. In addition, we observed an organ-specific correla-
tion of DLCI expression with bone metastasis. Interestingly, we
also found in the NKI dataset that DLC1 silencing was associated
with bone metastasis only for luminal-type breast tumors (Supple-
mental Figure 9G), which are known to be predisposed to bone
recurrence (42, 43), although such findings need to be validated in
additional datasets. Previous studies have shown the association of
DLCI silencing with poor prognosis in breast cancer (15). Our data
indicated that this association is more likely attributable to an
elevated risk for metastasis in bone compared with other organs.
Numerous studies have reported that DLCI inhibited the lung
metastasis of MDA-MB-435, a cancer cell line of debatable origin
(44, 45), and hepatocellular carcinoma cells (46, 47). These studies
seem to be at variance with our work, but likely reflect a role of
DLC1-Rho signaling in cell invasiveness that is critical for the dis-
semination of cancer cells into circulation, as in these studies, the
cancer cells were transplanted subcutaneously or into the mam-
mary fat pads of mice. In contrast, we inoculated the cells directly
into the circulation to assess the late phase of metastasis. Taken
together, these data are indicative of the different roles of DLC1 in
early and late stages of cancer spreading. In line with our present
findings regarding the organ-specific role of DLC1 is the compli-
cated association of PTHLH with breast cancer bone metastasis.
1656
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Although it is well established that PTHLH promotes skeleton
remodeling for cancer cell bone colonization and is upregulated
in bone metastases compared with primary tumors, a large clinical
study found that patients with PTHLH-positive primary tumors
were instead less likely to develop bone metastasis, suggesting that
PTHLH production by cancer cells might link to less malignancy
in general invasiveness, but a stronger ability to induce osteolysis
(48, 49). Therefore, as a PTHLH upstream regulator, DLC1’s func-
tion is supported by PTHLH suppression during metastasis to the
bone, but might be compromised by the downstream protein dur-
ing metastasis to other sites.

DLCI1 is a multidomain protein and can interact with small
GTPases and other molecules that might be involved in cancer
progression (18-20). We found here that the role of DLC1 in bone
metastasis was mediated by Rho-ROCK signaling. Rho GTPases are
important regulators of oncogenic transformation, migration, and
invasion (14). However, most of these functions have been account-
ed for by their widely accepted role in cytoskeleton conformation.
Here, we presented solid evidence for the role of cancer cell Rho
signaling in nonautonomous regulation of the tumor microenvi-
ronment. Our data showed that Rho was activated by TGF-f3 and
enhanced PTHLH induction to influence the osteoblast/osteoclast
balance, resulting in an osteolytic vicinity of tumor cells. Impor-
tantly, such function was independent of cytoskeleton reorganiza-
tion and was specific to Rho proteins, not to other small GTPases
(Figure 6A). Therefore, our results provided a new paradigm for the
Rho signaling pathway in cancer, in which it not only responds to
the environmental signal, but also maneuvers the efficacy of cancer
cells to reshape the surrounding stroma to enhance metastasis.

TGF-f signaling is one of the most important molecular path-
ways in cancer metastasis. It is a potent inducer of epithelial-mes-
enchymal transition of cancer cells, an event thought to be criti-
cal for tumor dissemination, and also mediates communication
of cancer cells with other tumor components during metastasis
of cancer cells to various organs (4-6, 50). TGF-f is of particu-
lar importance in bone metastasis because of its abundance in
bone matrix and its pivotal role in the osteolytic vicious cycle (3,
51). The pathway has been reported to regulate other prominent
pathways, such as PI3K, MAPK, Rho/RAC1, NF-kB, Notch, and
TNF-a (52). However, how TGF-f is regulated by other pathways
in distant metastasis largely remains a mystery. Our data showed
that Rho-ROCK signaling regulated SMAD3 activity by phos-
phorylating its linker region. TGF-f stimulation appeared insuf-
ficient to spark a full response from cancer cells when Rho activ-
ity was repressed. Thus, obstacle clearance for Rho activation by
DLCI silencing may be necessary in order for cancer cells arriving
at the bone to adapt to the foreign environment and repopulate
to secondary tumors. This would explain why some tumor cells
keep indolent in the skeleton for a long time, while others erupt
quickly to macrometastases. Interestingly, Rho-mediated SMAD3
linker phosphorylation was required only for a small subset of
TGF-f target genes. A question raised by our present findings is
what underlies such specificity. One of the conceivable hypotheses
would be the sequence context of SMAD binding sites in the target
promoters. Nevertheless, these results enrich our understanding
of the TGF-f network in tumor metastasis and may lead to new
approaches to targeting TGF-f signaling.

Rho and ROCK inhibitors are highly desired for cancer thera-
peutics (53, 54). Our findings supplied additional grounds by
which to target these molecules for breast cancer treatment, as
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bone metastasis is a frequent symptom affecting the majority
of advanced-stage breast cancer patients. Previous reports have
showed that ROCK inhibition can suppress TGF-B-induced
PTHLH production by cancer cells cultured on the bone-like
rigid matrix (55) and hinder bone metastasis in a “human breast
cancer metastasis to human bone” mouse model (56). Here, we
extended these studies with preclinical experiments using 2 dif-
ferent ROCK inhibitors in both immunodeficient and immuno-
competent animals, and also revealed the underlying mechanism
of the efficacy of ROCK inhibition in stopping bone metastasis.
Therefore, Rho-ROCK inhibitors join TGF-f and PTHLH inhibi-
tors in the drug family targeting tumor-driven osteoclast activities.
Currently, effective chemical inhibitors of PTHLH have been lack-
ing, other than 6-TG and the closely related 6-thioguanosine, and
these guanine analogs inevitably have cytotoxic side effects (31,
57). Rho-ROCK inhibition might provide a valid alternative, with
the additional benefit of restraining cancer cell migration and
invasion. Moreover, targeting Rho-ROCK could be more specific
than directly inhibiting TGF-f, as it only affects PTHLH expres-
sion, without revoking the proliferation suppression mediated by
other TGF-} target genes, such as CDKN1A (Supplemental Figure
5A). Overall, our present data support the therapeutic application
of Rho-ROCK inhibitors and/or DLC1 surrogates against breast
cancer bone metastasis.

Methods

For cell line cultures, primers, colony formation assay, migration and inva-
sion assays, endothelia adhesion assay, trans-endothelial adhesion assay,
and luciferase reporter assay, see Supplemental Methods.

Plasmids and reagents. The plasmids of human DLCI and the R718E mis-
sense mutant within the RhoGAP catalytic domain (23) were gifts from
C.J. Der (University of North Carolina, Chapel Hill, North Carolina,
USA). The constitutively active RhoA mutant RhoA(63L) was provided by
L. Ma (Fudan University, Shanghai, People’s Republic of China). The GLI2
expression plasmid (58) was provided by A.-M. Frischauf (University of
Salzburg, Salzburg, Austria). The SBE luciferase reporter plasmid was pre-
viously described (59). Mouse DicI was expressed in pMSCV-puro. Human
JAGI and mouse Pthlh were expressed in pMSCV-hygro. The human
PTHLH isoform 3 promoter segment, covering -309 to +100 bp, and the
mutant were cloned into the pGL3-basic vector. shRNA target sequences
were as follows: DLCI KD1, 5'-CCTTGACTGGAATATGTAA-3'; DLC1
KD2, 5-CCCGATTGCAAATAGTGAT-3'; SMAD4 KD, 5'-GGATGAATAT-
GTGCATGAC-3". shRNA sequences were cloned into the pSuper-Retro-
Puro retrovirus vector (OligoEngine).

For Western blot and immunohistochemistry (IHC) analyses, the fol-
lowing antibodies were used: mouse anti-human DLC1 (BD); rabbit anti-
human RHOA, RHOB, RHOC, phospho-PAK4 (Ser474), and SMAD3 (Cell
Signaling Technology); rabbit anti-human PTHLH (Aogma), rabbit anti-
human phospho-SMAD3 (Ser423/425) (ab51177,ab9523S; Cell Signaling
Technology); Ki67 (ab86373; Abcam); rat anti-human phospho-vimentin
(Ser71) (MBL International Corp.); rabbit anti-human SMAD3 pSer204
and pSer208 (gifts from F. Liu, Rutgers University, Piscataway, New Jersey,
USA). C3 transferase (1 ug/ml; Cytoskeleton) was used as a Rho inhibitor. A
synthetic peptide (10 ug/ml) corresponding to aa 17-32 of CDC42 tagged
with a TAT internalization sequence (GRKKRRQRRRPPQC) on the C ter-
minus (24) was used as a CDC42 inhibitor. NSC23766 (50 uM; Santa Cruz)
was used as a RAC1 inhibitor. PTHLH inhibitors were PTHLH neutral-
izing antibody (T-4512; Bachem), 6-TG (Sigma-Aldrich), and PTHLH7 34
(LLHDKGKSIQDLRRRFFLHHLIAEIHTA; GL Biochem). Y27632 and
Fasudil (Selleck) were used as ROCK inhibitors. PD98059 (50 uM), P38
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MAPK inhibitor (10 uM), JNK inhibitor IT (10 uM), and LY294002 (4 uM)
were purchased from Calbiochem and used in cell culture to inhibit ERK,
P38,JNK, and PI3K, respectively.

Active Rho and Cdc42 assay. Cancer cells of 80% confluence were gently
rinsed once with ice-cold TBS and then lysed. Cell lysis was centrifuged at
16,000 g at 4°C for 15 minutes, and the supernatant was used for active
Rho and Cdc42 assays with Active Rho and Cdc42 Detection Kits (nos.
16116 and 16119; Pierce), according to the manufacturer’s protocols.

Stress fiber staining. When cells reached 40% confluence, they were starved
in DMEM containing 0.5% BSA. After 24 hours, cells were fixed with 10%
formalin for 15 minutes, permeated with 0.1% Triton X-100 for 10 min-
utes, and stained with 5 U/ml rhodamine phalloidin (Invitrogen) for 20
minutes. Stained cells were then imaged with a laser confocal microscope.
6 random fields of view per sample were assessed for stress fiber intensity
with Image-Pro Plus 5.1 software, as previously described (60, 61).

Osteoclastogenesis assays. Primary bone marrow osteoclastogenesis anal-
ysis was performed with bone marrow from 4- to 6-week-old Balb/c mice
essentially as previously described (7), except that 25 ng/ml M-CSF (Pep-
roTech) and no RANKL was used in coculturing media of bone marrow
with cancer cells or their CM. Cancer cells were treated with 5 ng/ml
TGF-B, 1.0 ug/ml C3, 10 uM Y27632, or 10 uM 6-TG for 72 hours,
or infected with RhoA(63L) virus for 48 hours, and the resultant CM
were mixed with o-MEM at a 1:9 ratio for bone marrow culturing.
10 ug/ml PTHLH neutralizing antibody (62) and 0.5 uM PTHLH; 34 (63)
were added into the bone marrow culture system for PTHLH inhibi-
tor analysis. TRAP staining was performed with a TRAP kit (387A;
Sigma-Aldrich). Osteoclasts were defined as TRAP-positive multinucle-
ated cells containing more than 3 nuclei.

For RAW264.7 osteoclastogenesis assay, 105 RAW264.7 cells were added
into 48-well plates alone or together with 105 C2C12 cells that were already
induced to mature with WNT3a (250 ng/ml; R&D). Osteoclasts were
counted on day 6 as described above.

Microarray hybridization and data analysis. Total RNA from 4 groups
of SCP2 cells — with or without DLCI OE, and treated with 10 ng/ml
TGF-f or vehicle for 24 hours — was subjected to hybridization with
Affymetrix U133 plus 2.0 arrays, performed by Shanghai Biotechnol-
ogy Corp. Microarray data were normalized according to the median
intensity of each sample.

Genes with untreated/TGF-B-treated cell expression ratios greater than
2 were defined as TGF-B-responsive genes in SCP2 cells. These genes
were further defined as those regulated by DLC1 if (a) they were no lon-
ger responsive to TGF-f treatment in DLCI OE cells, and (b) the response
difference (expression ratio of OE cells/expression ratio of control cells)
exceeded 2-fold. These genes were further divided to groups A and B
according to the direction of their response to TGF-f. Microarray data
were deposited in GEO (accession no. GSE46214).

ChIP. ChIP assays were performed using the fast ChIP method (64)
with some modifications. Briefly, SCP2 cells with or without DLCI OE
were transfected with WT SMAD3 or EPSM SMAD3 mutant expression
plasmids. 1 day later, tcumor cells were grown in DMEM with or without
TGEF-f (10 ng/ml) for 24 hours. Cells were crosslinked with 1% formalde-
hyde, and 125 mM glycine was used to quench the formaldehyde. Nuclear
extracts were sonicated and incubated with control IgG or anti-SMAD3
antibody for immunoprecipitation. Precipitated complexes were eluted
and reverse-crosslinked. Captured genomic DNA was purified with the
silica membrane purification kit (TTANGEN) and used for PCR analysis.
1% of the total genomic DNA from the nuclear extract was used as input.

Animal studies. Female Balb/c or Balb/c nude mice aged 4-8 weeks were
used in all studies. Orthotopic injection, i.v. injection, and intracardiac
injection to study primary tumor growth, lung metastasis, and bone
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metastasis were performed as previously described (65). Beginning the day
after cancer cell injection, mice were treated with i.p. injection of Y27632
(8 mg/kg in 100 ul PBS) every other day, or daily s.c. injection of fasudil
(50 mg/kg in 100 ul PBS), 6-TG (1.0 mg/kg in 100 wl PBS), or PTHLH7. 34
(200 ug/kg in 100 ul PBS) for 4 weeks in the pharmacological experiments.
Control mice received PBS injection. BLI was acquired with a NightOWL II
LB 983 Imaging System (Berthold). Bone damages were detected by X-ray
radiography with a Faxitron instrument (Faxitron Bioptics) as previously
described (65). Osteolytic areas were identified on radiographs as demar-
cated radiolucent lesions in bone and quantified using Image] (NIH).

Histological analysis. Forelimb and hindlimb long bones of mice were
excised, fixed in 10% neutral-buffered formalin for 24 hours, decalcified
(10% EDTA, 2 weeks), dehydrated through a graded alcohol series, embed-
ded in paraffin, and stained with H&E.

Clinical analysis. NKI microarray data and clinical information were
obtained from previous publications (17, 39, 40). There were 2 probes for
DLCI in the NKI dataset, and the average intensity of these probes was
used for DLCI expression in each sample. TCGA microarray data and clini-
cal information of breast invasive carcinomas (41) were accessed through
bulk download from TCGA (https://tcga-data.nci.nih.gov/tcga/). As
of October 2013, the complete data of 580 samples were obtained. The
patients in NKI and TCGA datasets were classified into 2 groups according
to median DLCI level for analyses of Cox survival and PTHLH expression.

Frozen primary breast tumor specimens were obtained from Qilu
Hospital of Shandong University, and paraffin-embedded specimens
of primary breast tumors and of lymph node and bone metastases were
from Shanghai Changzheng Hospital. RNA was extracted from the fro-
zen tumors and corresponding paratumor tissues. See Supplemental
Table 2 for detailed clinical information of frozen tumors. DLCI and
PTHLH mRNA levels were measured by qPCR. Patients were classified
according to DLCI median expression level for Cox survival analysis.
DLC1 protein levels were analyzed with IHC in the archived tissues,
and each sample was scored according to staining intensity, as follows:
0, negative; 1, low; 2, medium; 3, high.

Statistics. Unless otherwise indicated, data in the figures are presented
as mean + SD. 2-tailed Student’s ¢ test was performed to compare in vitro
data. 2-sided Wilcoxon rank test was used to compare BLI data at each time
point. Tumor growth and BLI curves were compared by ANOVA. Log-rank
test was performed to compare animal and patient survival. A P value less
than 0.05 was considered significant.

Study approval. Human subject studies were approved by the Institutional
Review Boards of Qilu Hospital and Changzheng Hospital with informed
patient consent. All animal experiments were performed according to the
guidelines for the care and use of laboratory animals and were approved by
the institutional biomedical research ethics committee of Shanghai Insti-
tutes for Biological Sciences.
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