Figure 2 CHIP suppresses tumaur growth in a mouse xanograft model. (a)
Expression level of CHIP in the MCF-7 or MDA-MB-231 cells, Protein levels
of CHIF in the cells were determined by immunobietting. (b) Knockdown

of CHIP using shRNA (shCHIP). Retravirus was used ta infect MCF-7

cells, which were selected with G418 (1 mgmi+), CHIP protein levels

were assessed by immunablotting. (e Tumaour growth curves in nude mice
inoculated with control or shCHIP MCF-7 cells. Ten nude mice received
bilateral subcutaneous injections of control or shCHIP cells. Tumour volume
Is presented as the mean = s.d. (n=20) from 10 mice in each group. (d)
Increased turmour size in mice injected with shCHIP cells. Photographs of
representative nude mice (left, upper panels) and tumours (left, lowsr panels)
are shown. The scale bars represent 10 mm. Tumour weights after 77 days
are shown on the right. Bars represent mean + s.d. (n = 20). (e, f) CHIP
knockdown leads to & higher nuclear grade and increased vascularization of
tumour cells. Sections of tumaurs from mice injected with control ar shCHIP

the CHIP expression level was inversely correlated with the malignant
phenotype of breast cancer cells, which was characterized by increased
anchorage-independent cell growth and metastatic potential.

In human breast cancer tissues, we did not observe an inverse cor-
relation hetween CHIP expression and ERa positivity. In addition, in
ERa-negative MDA-MB-231 cells, anchorage-independent cell growth
and metastatic potential were influenced by the CHIP expression level.
These results suggest that CHIP is able to suppress tumour progression
in the absence of ERa, raising the possibility that besides ERa, other
CHIP target proteins may participate in tumour progression,

We then investigated the molecular mechanism by which CHIP pro-
tein suppresses the malignant phenotype. Given that CHIP is a U-box
E3 ubiquitin ligase', it mayact by degrading several proteins that con-
tribute to tumour progression. To test this hypothesis, we compared
the levels of oncogenic proteins in control and shCHIP MCEF-7 cells
by immunoblotting (Fig. 3i). The levels of the breast cancer-related
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cells were stained with hasmataxylin and sosin (H&E, e) or labelled with anti-
SMA antibodies (SMA, 1). Mitotic index (M. |.) values are shown below the
H&E images. Arrowheads (f) indicate SMA-positive vessels. (g) Expression
of Flag-CHIP in MDA-MB-231 cells. Plasmid vectar containing Flag-CHIP
(CHIP) or empty vector (control) was transfected into MDA-MB-231 calls,
which were selected with G418 (1 mgmi-'). CHIP protein levels in the cells
were analysed by immunablotting. (h) Tumour growth curves in nude mice
Incculated with contral ar CHIP™ calls. Nude mice raceived subcutansous
injections of control or CHIP® cells. Tumour volume s presented as the
mean £ 5.d. (n=10), (1) Thirty days after the injections, the mice were
killed and tumour tissues ware collected. The photographs in the left

panel show representative nude mice (upper) and tumours (iower). The
scale bars represent 10 mm. The graph in right panel shows the weight of
the 10 tumours after 30 days. Bars represent mean + s.d. (n=10). Ses
Supplementary Information, Fig. S7 for full scans of blots ina, band g.

protein SRC-3 (steroid receptor co-activator 3, ref. 13), which is also
known as AIBI (ref. 14), ACTR", TRAM-1 (ref. 16), p/CIP" and RAC3
(ref. 18), was upregulated in shCHIP cells. The levels of anti-apoptatic
proteins, such as Bel2 (refs 20, 21) and Akt1 (rel 22), were higher in the
shCHIP cells (Fig. 3i), which is related to enhancement of anchorage-
independent cell growth in shCHIP cells (Fig. 3b). Expression levels
of Smad2, a signal transducer in the TGF-§ signalling pathway™*, as
well as Twist, fi-catenin and vimentin, which are marker proteins of the
epithelial-mesenchymal transition (EMT)™, were also upregulated.
TGF-f signalling pathways are known to be related to aggressive phe-
notypes in tumours, including invasion and migration®™*, and the EMT
allows benign tumour cells to metastasize™. Thus, this regulation may
account for the enhanced migration (Fig. 3c) and invasion (Fig. 3d) of
shCHIP MCF-7 cells.

Next, we examined whether the altered protein levels correlated with
changes in the corresponding transcript levels using real-time RT-PCRs
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Figure 3 Downregulation of CHIP expression results in the malignant
transformation of MCF-7 cells. (a) Proliferation of shCHIF MCF-7 cells. Growth
rates of control or shCHIP cells were measured by MTT assay. (b) Increased
anchorage-independent cell growth in shCHIF cells. Cells were plated in soft-
agar dishes. After incubation for 3 weeks, colonies were examined under 2
rﬂ|:rnscop= and cnlunm with a diamater of more than 100 pm were counted.
(e, d) E | tion and i by shCHIP. Control o shCHIP MCF-7
cells were seeded anto filters with an 8-pm pore size in uncoated (c, migration
2szay) or Matrigel matrix-coated (d, invasion assay) upper chambers. Both
assays were allowed to proceed for 24 h. The average numbers of cells that
migrated or invaded per mm? are shown. (e) Expression level of CHIP In contral,
shCHIF, or CHIP™ MDA-MB-231 cells, Protein levels of CHIF were determined
by tmmuncblotting. (f) Proliferation of the MDA-MB-231 cell lines, Growth

(Fig. 3j). The transcript levels of most of the genes, which encode the
proteins shown in Fig. 3i, fluctuated in paralle] with their protein lev-
els, demonstrating that this regulation occurred at the mRNA level,
These results raise the possibility that CHIP regulates transcription
factor(s), which in turn regulate the transcription of other oncogenes.
Amaong the candidate CHIP target proteins shown in Fig. 3i, SRC-3 is
a strong possibility, because accumulation of SRC-3 protein following
CHIP knockdown was nat due to the accumulation of mRNA (Fig. 3j).
In MDIA-MB-231 cells, we also observed that the CHIP level affected
the level of SRC-3 protein (Fig. 3k), but not its mRNA level (Fig. 31).
Furthermore, SRC-3 is known to be a co-activator of several transcrip-
tion factors that show elevated expression levels and copy numbers in

rates were measured by MTT assay. (g) Inverse cor anch
independent cell growth and CHIP expression. (h) Inverse comelation between
invasive activity and CHIP expression. (i) Proteins potantially involved in the
malignant transtormation of shCHIP cells. Total protein levels in shCHIP or
control MCF-7 cells were analysed by immuncblotting. (j) Genes potentially
involved in the malignant transformation of shCHIP cells. Total RNA was
isolated from shCHIP or contral cells, and gene expression profiles were
analysed using real-time RT-PCRs. (k) Expression level of SRC-3 in shCHIP
or CHIP™ MDA-MB-231 cells. The level of SRC-3 protein was determined

by immunablotting. (1) SRC-3 mRNA expression in the cells. Total RNA was
prepared from the cells and the SRC-ImRNA |evel was quantified using
real-time RT-PCRs. Data represent mean + s.d,, n=3 (a—d, f-h, |, ). See
Supplementary Information, Fig. S7 for full scans of blots in e, c and k.

human breast and ovarian cancers'*" ", It has also been reported that
levels of SRC-3 are correlated with tumour malignancy™,
Immunoprecipitation and immunoblot analysis showed that SRC-3
and CHIP interact with each other in cells (Fig, 4a, b), CHIP expression
resulted in e decrease in the steady-state levels of SRC-3 protein, an effect
that was abalished in the presence of the proteasome inhibitor MG132
(Fig. 4c). Pulse-chase experiments showed that the turnover rate of SRC-3
decreased in shCHIP cells {t,, >>12h) and increased in CHIP™ cells
(t,, <4 h), compared with that in the control cells (t,, = 8 h) (Fig. 4d;
Supplementary Information, Fig. $5). A ubiquitylation assay revealed that
CHIP enhanced the ubiquitylation of SRC-3 (Fig. 4e). Taken together,
these results indicate that CHIP mediates the ubiquitylation-dependent
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Figure 4 CHIP targats SRC-3 for ubliquitylation and degradation,
(a, b) CHIP interacts with SRC-3. Cell lysates from MCF-7 cells were
immunoprecipitated using control (1gG) or anti-CHIP antibodies, and
immunoblotted using the indicated antibodies {a). Flag-tagged CHIP and
Bx Myc-tegged SRC-3 were expressed in 293 cells with MG132 (10 M).
Cell lysates were immunoprecipitated usitg anti-Flag (left) or anti-Myc
(right) and imr using the indicated antibodies
{b). (e) Reduction of the steady-state SRC-3 protein level due to CHIP
expression. A plasmid encoding 6x Myc-tagged SRC-3 (150 ng) was co-
transfected into 293 cells with various amounts of plasmid encoding Flag-
tagged CHIF (0, 15 or 30 ng). The cells were cultured in the absence or
prmm:: of MG132 (1 uM). The level of SRC-3 protein was examined by
(d) CHIP facilitates the t of SRC-3, Control, shCHIP,
or CHIP™ MDA-MB-231 cells were incubated in medium containing ¥S-
Met, replaced with label-free medium, and collected at the indicated time-
points. SRC-3 was Immunoprecipitated, subjected to SDS-PAGE, detected
on an autoradiograph (upper panel) and the label intensity was quantified

Ribont

degradation of SRC-3. We then created two constructs: CHIP*-box,
in which the U-box domain (required for ubiquitylation) was deleted,
and CHIP™, in which the Hsp-binding TPR d was deleted*.

1234586
GA = + # = & ++

(lower graph). () Ubiquitylation of SRC-3 is induced by CHIP. HA-tagged

ubiguitin was co-axpressed In 293 cells with 6x Myc-SRC-3 {lane 2) or 6x

Myc-SRC-3 and Flag-CHIP (lane 3) with MG132 (10" M), 6x Myc-tagged

SRC-3 was immunoprecipitated using anti-Myc antibodies, Ubiguitylation

was detected using anti-HA antibodies, or ubiquitylated proteins were

immunoprecipitated using anti-HA antibodies and ubiguitylated SRC-3

was detected with anti-Myc antibodies (upper panels). SRC-3 or CHIF

was detected in whole-cell lysates using anti-Myc or anti-CHIP antibodies,

respectively (lower panels). (f) The TPR and U-box domains are both required

for SRC-3 degradation. Various amounts of plasmid encoding CHIP, CHIP*<-

box, or CHIPA™ (0, 15 or 30 ng} were transfected into 293 cells expressing

Gx Mye- ttu!d SRC-3. The levels of SRC-3 protein were examined by
blotting. (g) Geldanamyein (GA) enhanced CHIP-dependent SRC-3

degradation. Conlml or shCHIP MDA-MB-231 cells were unmeﬂ {lanes

1, &) or treated with GA (1 M, lanes 2, 5; 3uM, lanes 3, ) for 24 h.

SRC-3 protain levels were examinad by immunoblotting. Ses Supplemantary

Information, Fig. 7 for full scans of blots in b-g.

Our results raise the possibility that upregulation of SRC-3 protein
expression following CHIP knockdown may in turn lead to the altered
gene expression shown in Fig. 3i. To test this possibility, we generated

Cells expressing either of the constructs were unable to degrade SRC-3
(Fig. 41, suggesting that CHIP binds to Hsps to pramote the ubiquityla-
tion of their substrate protein, SRC-3, Moreover, SRC-3 protein became
unstable when the protein re-folding activity of Hsp90 was inhibited
using geldanamycin, consistent with a contribution of Hsps to the CHIP-
dependent degradation of SRC-3 (Fig. 4g). SRC-3 is also known to bea
target protein of the ubiquitin ligase Fow7 (ref.27). We found that Fow7
was not affected by CHIP knockdown in MCF-7 cells (Supplementary
Information, Fig. 51a).

MCF.7 cell lines in which expression of SRC-3, CHIP or both CHIP and
SRC-3 was suppressed using shRNAs (shSRC-3, shCHIP or shCHIP/
shSRC-3). In shCHIP/shSRC-3 cells, the levels of Smad2 and Twist pro-
teins, which were elevated in the shCHIP cells, were reduced to control
levels, whereas the level of Akt] protein was unchanged and that of Bel2
protein was slightly reduced (Fig. 5a). Similar results were obtained when
the expression profiles of these genes were examined (Fig. 5b). IGF-1
has been previously reported to be a target of SRC-3 and to contrib-
ute to tumorigenic phenotypes induced by SRC-3 (ref.28). However,
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Figure 5 SRC-3 is the downstream regulator of CHIP during cancer metastasis
(a, b) Effect of downregulating SRC-3 on protein or transeription levels.

Total proteins in the control, shSRC-3, shCHIP, or shCHIPishSRC-3 MCF-7
cells were analysed by immunoblotting (a). Total RNA was isclated from the
indicated cells, and gene expression profiles were analysed using real-time RT-
PCR (b). (c) A slight decrease in anchorage-independent cell growth following
SRC-3 knockdown. Colony-formation assays were performed as described in
Fig. 3b. (d} Reduced invasiveness following SRC-3 knockdown. Invasion assays
were parformed as described in Fig. 3d. shCHIP cells were treated with the
TGF-f inhibitor SB431542 (10 uM; lane 5). The numbers of invasive cells

per mm? are shown. (e, ) Effect of SRC-3 on protein or transcription levels

in MDA-MB-231 cells. Total protein in contral, SRC-3%, CHIP™, or CHIP%/
SRC-3% MDA-MB-231 cells were examined by immuncblotting (e). Total RNA

altering SRC-3 expression did not affect the IGF-1 signalling pathway
(Supplementary Information, Fig. Slc, d).

We next investigated whether Smad2 and Twist are direct targets
of SRC-3, Chromatin immunoprecipitation and transcription assays
revealed that Smad2 is a direct target of SRC-3 (Supplementary
Information, Fig. $2). We also showed that Smad2 bound ta the pro-
moter region of Twist, in agreement with previous reports™. These obser-
vations demonstrate that SRC-3 increases the level of Tiwist expression
by enhancing Smad2 expression.

We then examined the anchorage-independent cell growth and
invasiveness of the shCHIP/shSRC-3 MCF-7 cells. Consistent with

was prepared from the indicated celis and expression of Smad2 or SRC-3Jwas
analysed using real-time RT-PCR (f). (g} SRC-3 rescues the CHIP™-induced
reduction in invasive activity. Invasive activities of the indicated cell lines were
assayed as described in Fig. 3d. (h) Effect of SRC-3 on tumour metastasis

in vive. EGFP-labelled control: shSRC-3, shCHIP or shCHIPShSRC-3 MCF-7
cells were injected into the tail veins of nude mice (n = 5). Altemnatively, EGFP-
|abelled control, SRC-3%, CHIP, or CHIPY/SRC-3% MDA-MB-231 cells were
injected into the tail veins of nude mice (n = 5), Six wasks after the injections,
the mice were killed and |lung metastasis was detected by fiucrescence
micrescopy (left panel) and quantified by real-time RT-PCR (right graph).
Specific primers for human HPRT were used. Scale bars represant 5 mm (left)
Data are mean + 5.d., n= 3 (b-d, 1, g) and mean + 5.d., n=15 (h, right). See
Supplementary Information, Fig. $7 for full scans of blots inaand e

the expression profiles of Bel2 and Aktl, anchorage-independent cell
growth was similar in shCHIP/shSRC-3 and shCHIP MCF-7 cells
(Fig. 5¢). In contrast, the invasiveness of shCHIP MCF-7 cells was sig-
nificantly reduced by SRC-3 knockdown (shCHIP/shSRC-3; Fig. 5d).
Given that the TGF-p/Smad pathway is known to regulate Twist tran-
scription and enhance cancer invasion™*, our results suggest that
the enhanced metastatic activity in shCHIP MCF-7 cells was a result
of the enhanced Smad2 and Twist expression mediated by SRC-3.
This idea was supported by the inhibition of shCHIP cell invasive-
ness after treatment with the TGF-p inhibitor SB431542 (Fig. 5d).
Moreover, in MDA-MB-231 cells, CHIP®® reduced levels of Smad2
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and Twist mRNA and SRC-3 protein. Smad2 and Twist mRNA levels
were restored by co-overexpression of SRC-3 with CHIP (CHIP®Y
SRC-39) (Fig. 5¢, ). As expected, the repression of invasive activity
by CHIP™ was restored in CHIP®/SRC-39 cells (Fig. 5g).

Finally, to investigate whether CHIP knockdown in MCF-7 cells
enhanced in vive metastatic activity, we injected control and shCHIP
MCF-7 cells into the tail veins of nude mice. Lung metastasis was
enhanced in mice given the shCHIP MCF.7 cells (Fig. 5h; Supplementary
Information, Fig. $3) but SRC-3 knockdown (shCHIP/shSRC-3) sup-
pressed this effect. In contrast, CHIP™ in MDA-MB-231 cells reduced
lung metastasis, which was restored by co-overexpression of SRC-3
(CHIPH/SRC-3).

Our observations indicate that when CHIP expression is reduced,
SRC-3accumulates, leading to enhanced tumour mig and invasion
through increased Smmﬂau:ﬂ Tiwict gene transcription (Supplementary
Information, Fig. 54). In agreement with this model, we observed a
parallel correlation between tumour grade and the SRC-3 protein level
(Supplementary Information, Fig. 56). A recent report showed that when
CHIP was exogenously expressed, it induced the degradation of Smad
proteins®. In our experiment, however, accumulation of Smad following
CHIP knockdown was due to enhancement of transcription rather than
inhibition of degradation. Previous reports indicate that Smad proteins
are ubiquitylated by other E3 ubiquitin ligases, such as Smurf and SCF/
Rocl (ref. 3). Therefore, CHIP may make a minor contribution to Smad
protein degradation, at least in breast cancer cells.

ERa is one of the targets of ubiquitylation and degradation by CHIP*.
However, we did not observe an inverse correlation between CHIP
expression and ERa positivity in human breast cancer tissues. ERa
protein levels in breast cancers are determined by both transcription
and protein degradation, which may explain why ERa protein levels
do not correlate with CHIP expression levels. Moreover, CHIP pref-
erentially ubiquitylates misfolded forms of ERa, and functional FRa
protein is not a CHIP target®, which may also account for lack of the
inverse correlation between CHIP expression and ERa positivity. Given
that SRC-3 is a co-activator of ERa, however, the CHIP/SRC-3/ERa
signalling pathway may also participate in ERa-positive breast cancer
progression.

Our results also indicate that CHIP suppresses the expression of
other oncogenic proteins that enhance anchorage-independent tumour
growth (Supplementary Information, Fig. S4). CHIP is known to be
involved in degrading misfolded forms of several oncogenic proteins,
including p53 and ErbB2. In breast cancer cell lines, the levels of these
proteins were not markedly affected by the CHIP level, although we
cannot rule out the possibility that CHIP functions in tumour growth
suppression by maintaining the overall quality of these proteins.

METHODS

Expression vectors. DNA fragments encoding full-length and various truncated
forms of CHIP were amplified by PCR and subcloned into the pcDNA3 vector
containing sequences coding for Flag. Similarly, the SRC-3-full -length cDNA was
cloned into the pcDNAJ vector containing 6 Myc sequence.

Cell culture and transfection. MCF-7, MDA-MB-231 and 293 cells were main-
tairied in Dulbecco’s modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The proliferation of cultured cells was measured by
MTT assay using an MTT cell count kit (Nakaral Tesque). Transfection was per-
formed with PerFectin transfection reagent (Gene Therapy Systema) or Transfast
reagen| (Promega).

LETTERS

Co-i ipitation and i lotting. Cells were tysed in TNE buffer
(10 mM Tris-HCI (pH 7.8), 1% NP-40, 0.15 M NaCL | mM EDTA. 1 i phe-
nyir:wthvhllphmyl fluoride (PMSF) and | Bm! ! aprotinin). Extracted pro-
teins were ipitated with the appropriate antibodies. Bound proteins
were scparated by SDS-PAGE. l:ml:l':rmd onto PVDF membranes (Millipore)
and immuncblotted with the appopriate antibodies. The antibodies used in
this study were: mouse monoclonal antibodies specific for Flag (1:1000; M2
Sigmal, c-Myc (1:2000; Nakarai Tesque), f-catenin (1:1000; BD Biosciences),
Bel2 (1:1000; BD Biosciences), Vimentin (1:1000; Sigma), Hspo0 (1:5000; BD
Biosciences), pS3 (1:5000; Senta cruz), rat monocional antibodies against HA
{1:500; Roche} and human CHIP (1:1000; Green Space Blomed, Japan), rabbit
monoclonal antibody sgainst Smad3 (1:1000; Cell Signaling), rabbit polyclonal
antibodies against Twist (1:1000; Sigma), Aktl (1:1000; Cell Signaling), Hs<70
(1:3000; Streegen), ErbB2 (1:1000; Cell Signaling), IGF-1 (1:250; Abcam), Fow7
(1:1000; Invitrogen). IGF-1R (1:500; Cell signaling), phospho-IGF-1R {1:30; Cell
Signaling) and goat polyclonal antibodies sgainst SRC-3 (1:500; Santa Cruz) and
Smad2 (1:1000; Santa Cruz),

Ubiquitylation assay. 293 cells expressing Myc-tagged SRC-3 and/or Flag- tagged
CHIP were lysed with radioimmunoprecipitation buffer (50 mM Tris-HCl (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deaxycholate, and 0.1% 5DS)

I d with compl inhibi {Roche) and placed on
Ir.e Eur 20 min, mummdenredbycmmfnpﬂnn and immunoprecipita-
tion reactions were carried out with anti-Myc agarose beads for 3 hat 4°C. After
washing the resin with dicimmunoprecipitation buffer, the bound proteins were
immunoblotted with the appropriate antibodies.

Pulse-chase experiments. MCF-7 or MDA-MB-231 cells were incubated with
Met- and Cys-free medium (Gibco) for 2 b, replaced with medium containing
"8-Met and incubated for 2 h. Cells were then washed three times with phos-
phate-buffered sall d incubated with medi ! ted with 1 mM non-
radioactive Met and Cys for 0,4, 8 or 12 h. Cells wcr! colleciad at the indicated
times and SRC-3 was immunoprecipitated from cell lysates using anti-SRC-3
antibody. The precipitated SRC-3 was subjected to SDS-PAGE and detected with
an autoradiograph.

RNA Interference. For stable RNA interference, we used a retroviral expression
system. GP2-293 cells (Clontech) were co-trunsfected with the pl0A] vector and
either pSINsi-hU6 (Takara) or pRETRO-SUPER (OligoEngine) vector contain-
ing either the CHIP, SRC-3 or luciferase (control) target sequence. MCF-7 or
MDA-MB-23] cells were incubated with the retroviral supernatant in the pres-
ence of 6 pgml"' polybrene. Twenty-four hours after infection, the viral superna-
tanl was replaced with fresh DMEM containing 10% FBS. The infected cells were
selected with | mg ml™ G418 or | pgml™' puromycin. The target sequences were
57-geacgacaagtacalggegga-3 ' for CHIP, 57 ggletaccigeagiggtgaa-3 for SRC-3
and 5°.gaagcigegeggiggtpligt-3” for hucifernse

Soft agar colony-formation assay. For soft agar assays, 10,000 cells were sus-
pended in DMEM containing 0.35% agar and layered on top of 1 ml of DMEM
solidified with 0.6% agar in cach well of & 6-well plate. After growing at 37 *C
for 2-3 weeks, colonies with a diameter of more than 100 pom were eounted. The
ported results rep the averages of three independent experiments.

In vitro assays of cell migration and invasion. The | F ial of the MCF-7
or MDA-MB-231 cells was tested with Matrigel invasion chambers (24-well for-
mat, B-pum pore size; BD Biosciences). Briefly, 150,000 cells suspended in DMEM
containing | % FBS were transferred into an insert chamber. In the lower chamber,
DMEM containing 10% FBS served as the source of the chemoattractants. After
incubation for 24 h, the cells on the upper surface of the filter were wiped away with
# cotton swab. The cells on the Jower surface of the filters were fixed with methanol
for 10 min, stained with Giemsa for 3 h and counted. For each replicate, cellsin five
randomly selected fislds were countad. Migration assays were performed using the
same procedure, except that the insert chambers were not coated with Matrigel
and DMEM containing 10% FBS was used for the cell suspensions.

In vivo tumour formation assay, BALB/cAjd-nu/nu female mice at 5 weeks of
lgemmrdmedfrum(:u‘.ahm MDA-MB-231 or MCF-7 cells were cul-
tured as , Irypsinized and led in an equal volume of Matrigel
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at 5.0 = 10" or 1.0 x 10" cells per ml, respectively. Female nude mice were given
bilateral subcutaneous injections of 5.0 x 10%or 1.0 x 107 (0.1 ml) MDA-MB-231
or MCF-7 cells. The mice were kept in a pathogen-free environment Tumour
growth was monitored twice each week by measuring the tumour size using
calipers; tumour volume was determined using the formula V = 1/2 x larger
di » (smaller di r)’. The mice were killed and the tumour tissues were
collected, weighed and fixed with 20% formalin. All animal experiments were in
accordance with institutional guidelines.,

In vivo tumour metastasis assay, BALB/cAJcl-nu/nu female mice at 5 weeks of
age were purchased from CLEA Japan. The mice were injected with 1.5 » 10°
MDA-MB-231 or MCF-7 cells which stably d EGFP, admini d
through the tail vein. Lungs were collected on day 42 and analysed by fluorescence
microscopy. After analysis, the lungs were snap-frozen for RNA extraction. For
metastasis quantification, total mRNA from the lung was extracted and reverse
transcribed. Complementary DNA was quantitatively analysed by real-time PCR.
Specific primers for human HPRT that do not cross-react with its mouse counter-
part were designed. 185 ribosomal RNA was used for normalization.

P and tissue samples. Twenty-seven breast tumour samples were sur-
gically obtained at the Saitama Cancer Center Hospital (Saitama, Japan) after
informed consent was obtained from the patients. The Saitama Cancer Center
Ethics Committee approved this study. For RNA extraction, tissues were immedi-
ately snap-frozen in liquid nitrogen and stored at -80 *C. The dlinico-pathological
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Figure S1 Effect of CHIP KD on the indicated protein and mRNA expression factors in control, SRC-3 KD, CHIP KD and CHIP/SRC-3 KD MCF-7 cells

The leve! of Fbw? protein in the CHIP KD or control MCF-7 cells was Total protein fevels in the cells were analyzed by immunoblotting using the
anaiyzed by immunoblotting with anti-Fbw7 antibodies, (b) Protein indicated antibodies, (d) IGF-1 mRNA expression in the cells, Total RNA
level of Smad3 in the CHIP KD or control MCF-7 cells was analyzed by was prepared from the calls and the IGF-1 mRNA leve! was quantified using
immunoblotting using anti-Smad3 antibodies. (¢) Level of IGF-1 signaling real-time RT-PCRs. Bars represent mean + 5.d. (n=3)
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Figure 52 (a) Direct binding of SRC-3 to the upstream region of the transcription from the Smad2 gene promoter by SRC-3. MCF-7 cells
Smad2 gene. Chromatin immunoprecipitation enalysis was performed were co-transfected with various amounts of SRC-3 expression plasmid
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Figure 54 A model for the functions of CHIP in suppression of breast cancer progression
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Table S1. Clinicopathological parameters of the breast tumors

Total No.

Age (yr) =50 6
>50 21

Menopausal status Pre 11
Post 16

Tumor diameter =2em 15
>2cm 12

ER“ Positive 19
Negative T

Unknown 1

PgRA Positive 22
Negative -

Unknown 1

Stage? I 2
Il 14

I 1

Histology Invasive ductal 23
Special 4

Histological grade 1 2
2 8

3 13

Unknown 4

Nodal status® Negative 16
Positive 11

4 Cases were considered positive for ER or PgR expression when nuclear staining was
observed in at least 10% of the examined tumor cells tested.

PStage and nodal status were determined according to the TMN classifications. Nodal
status was interpreted as positive when n score was one or more.
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Supplementary Information Methods

Chromatin immunoprecipitation and real-time PCR detection.

Formaldehyde was added to culture medium to a final concentration of 1% to
cross-linked nuclear proteins with genomic DNA.  After centrifugation, the cell pellets
were resuspended in lysis buffer [1% SDS, 10 mM EDTA, protease inhibitors and 50
mM Tris—HCI (pH 8.1)], and sonicated. The lysates were diluted 1:10 in ChIP dilution
buffer [0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM NaCl, protease
inhibitors and 16.7 mM Tris—HCI (pH 8.1)], and incubated with indicated antibodies
overnight at 4°C with rotation. The immuno-complexes were collected with 30 pl of
protein G agarose beads (Upstate Biotechnology) for 1 hours at 4°C with rotation. The
beads were washed with the following buffers: low salt wash buffer [0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 150 mM NaCl and 20 mM Tris-HCI (pH 8.1)], high salt
wash buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl and 20 mM
Tris—HClI (pH 8.1)] and LiCl wash buffer [0.25 mM LiCl, 1% Nonidet P-40, 1% sodium
deoxycholate, 1 mM EDTA and 10 mM Tris—HCI (pH 8.1)]. Finally, the beads were
washed twice with 1 ml TE buffer [1 mM EDTA and 10 mM Tris-HCI (pH 8.0)]. The
immuno-complexes were then eluted by adding 150 pl elution buffer (10mM DTT,
1%SDS, 100mM NaHCO3). The elute was collected and the cross-linking was reversed
by adding NaCl to final concentration of 200 mM and incubating overnight at 65°C.
The remaining proteins were digested by adding proteinase K. The DNA was phenol
precipitated, ethanol precipitated, and amplified by realtime PCR using the Thermal
Cycler Dice™ TP800 (Takara) and Platinum SYBR Green 9PCR SuperMix-UDG
(Invitrogen). The primers for real-time PCR are as follows:

5’-CCTCCTGTAGGGCAGATGTG-3" and 5'-tAatccatgtcccgaagggte-3” for Smad2

@ 2008 Macmillan Publishers Limited. All rights reserved.



gene upstream resion (-1040 bp to -937 bp), 5'-
GGTTTGGGAGGACGAATTGTTAG-3" and 5'-CGTGCAGGCGGAAAGTTTGG-3'

for Twist gene upstream resion (-130 bp to -20 bp).

Luciferase reporter assay.

DNA fragments encoding Smad2 gene upstream region (-1500 bp to +13 bp) was
amplified by PCR from MCF-7 genome and cloned into a pGL4 reporter plasmid
(Promega). For luciferase assays, MCF-7 cells were co-transfected with a pGL4
empty plasmid or a pGL4 containing the upstream region of Smad2 plasmid and
pcDNA3 SRC-3 expression plasmid. pRL-CMV, a reference plasmid used to
normalize transfection efficiency. Twenty-four hours later, the cells were harvested
and cell extracts were prepared. Luciferase assays were performed according to the
manufacturer’s protocol (Promega). Individual transfections, each of which was
performed in three wells, were repeated at least three times. The primers for Smad2
upstream region cloning are as follows: 5’-CTGAAGGCACCCTCCTCTGGGA-3" and

5-TGCTGGCTGGCGAGCTGCTTCT-3’

Primer sequences for real-time RT-PCR.
B-Actin fw primer: 5'-atcgtccaccgeaaatgcttcta -3'
f-Actin rv primer: 5'-agccatgccaatcteatcttgtt -3'
CHIP fw primer: 5'-aggccaagcacgacaagtacat-3'
CHIP rv primer: 5'-ctgatcttgccacacaggtagt-3'
SRC-3 fw primer: 5'-cagtgattcacgaaaacgca-3'

SRC-3 rv primer: 5'-cagctcagccaattcttcaat-3'
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Smad2 fw primer: 5'-accgaaggcagacggtaacaag-3'
Smad2 rv primer: 5'- atgacatgctigagcaacgeac-3'
f-catenin fw primer: 5'-gaaacggctttcagtigagetg-3'
f-catenin rv primer: 5'-taggatcatcctggegatatce-3'
Twist fw primer: 5'-tgcagctatgtggetcacgag-3'
Twist rv primer: 5'-aatgacatctaggtcteeggee-3'
Bcl2 fw primer: 5'-agcatggctcaaagtgcaget-3'
Bcl2 rv primer: 5'-cagatgtcectaccaaccaga-3'

Aktl fw primer: 5'-aagcaccgegtgaccatgaac-3'
Aktl rv primer: 5'-cttggccacgatgacttcctte-3'
Vimentin fw primer: 5'-ggaacgccagatgcgtgaaatg-3'
Vimentin rv primer; 5'-caggtcitggtaticacgaagg-3'.
IGF-1 fw primer: 5'-cctecctegeatctettctacetg-3'
IGF-1 rv primer: 5'- ctgetggagecataceetgtg-3'.
HPRT fw primer: 5'-ttccttggteaggeagtataatee-3'
HPRT rv primer: 5'-agtetggettatatecancactteg-3'.
18S fw primer: 5'-cgacgacccattcgaacgtct -3'

188 rv primer: 5'-ctctccggaatcgaaccetga -3,
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