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one Morphogenetic Protein 4 Induces Differentiation of Colorectal Cancer
tem Cells and Increases Their Response to Chemotherapy in Mice
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ACKGROUND & AIMS: The limited clinical response
bserved in many patients with colorectal cancer may be
elated to the presence of chemoresistant colorectal can-
er stem cells (CRC-SCs). Bone morphogenetic protein 4
BMP4) promotes the differentiation of normal colonic
tem cells. We investigated whether BMP4 might be used
o induce differentiation of CRC-SCs and for therapeutic
urposes. METHODS: CRC-SCs were isolated from 25
umor samples based on expression of CD133 or using a
election culture medium. BMP4 expression and activity
n CRC-SCs were evaluated in vitro; progeny of the stem
ells were evaluated by immunofluorescence, immuno-
lot, and flow cytometry analyses. The potential thera-
eutic effect of BMP4 was assessed in immunocompro-
ised mice after injection of CRC-SCs that responded to

hemotherapy (n � 4) or that did not (n � 2). RESULTS:
RC-SCs did not express BMP4 whereas differentiated

ells did. Recombinant BMP4 promoted differentiation
nd apoptosis of CRC-SCs in 12 of 15 independent
xperiments; this effect did not depend on Small Mothers
gainst decapentaplegic (Smad)4 expression level or mi-
rosatellite stability. BMP4 activated the canonical and
oncanonical BMP signaling pathways, including phos-
hoInositide 3-kinase (PI3K) and PKB (protein kinase
)/AKT. Mutations in PI3K or loss of Phosphatase and
ensin homolog (PTEN) in Smad4-defective tumors
ade CRC-SCs unresponsive to BMP4. Administration

f BMP4 to immunocompromised mice with tumors
hat arose from CRC-SCs increased the antitumor effects
f 5-fluorouracil and oxaliplatin. CONCLUSIONS:
MP4 promotes terminal differentiation, apoptosis,
nd chemosensitization of CRC-SCs in tumors that
o not have simultaneous mutations in Smad4 and
onstitutive activation of PI3K. BMP4 might be de-
eloped as a therapeutic agent against cancer stem
ells in advanced colorectal tumors.

eywords: Neoplasia; Colon Cancer; Drug Resistance; Tu-
or Resistance to Chemotherapy.

ancer stem cells (CSCs), as a subpopulation of tu-
mor cells, are able to reproduce the original human
umor in experimental animal models.1–3 Colorectal (CR)
SCs initially were identified through the selection of
D133� cells.1,4 Later, additional markers were proposed

o enrich for CSCs in colorectal cancer, such as aldehyde
ehydrogenase (ALDH), Leucine-rich repeat-containing
-protein coupled receptor 5, CD166, CD44, and nuclear
-catenin.5–7 CRC-SCs can be expanded as tumor spheres

n vitro using a serum-free medium containing epidermal
rowth factor and basic fibroblast growth factor. Such
umor spheres contain CSCs, cancer progenitors, and
arly precursors, representing the best characterized
ethod to expand an enriched population of tumori-

enic cells. In the presence of serum, these sphere cells
isplay a gradual acquisition of colon epithelial markers,
hile losing the tumorigenic potential.1,2 The relative

nsensitivity of CRC-SCs to chemotherapeutic drugs may
xplain the frequent failure of conventional treatments in
dvanced tumors.2,8 Therefore, the availability of cell cul-
ures enriched in CSCs appears to be a powerful tool for
he development of more effective therapies.

Colonic epithelium undergoes continual regeneration
ustained by colon stem cells located at the very base of
he crypt.9 Several signaling pathways regulate colon
tem cell self-renewal and differentiation. Bone morpho-
enetic proteins (BMPs) are important players in the
ifferentiation program of the normal gut. These cyto-
ines act by defining a decreasing gradient from the

ntestine lumen toward the crypt, counteracting stem cell
xpansion outside the crypt, and promoting intestinal
pithelial cell differentiation.10 –12 BMPs are a subgroup

Abbreviations used in this paper: AKT/PKB, AKT/protein kinase B;
LDH, aldehyde dehydrogenase; APC, adenomatous polyposis coli;
MP, bone morphogenetic protein; BMPR, bone morphogenetic pro-

ein receptor; CR, colorectal; CRC-SC, colorectal cancer stem cell; CSC,
ancer stem cell; FBS, fetal bovine serum; 5-FU, 5-fluorouracil; GSK,
lycogen synthase kinase; KREMEN1, kringle containing transmem-
rane protein 1; MSI, micro satellite instable; MSS, micro satellite
table; PI3K, phosphoInositide 3-kinase; PTEN, Phosphatase and Ten-
in homolog; RT-PCR, reverse-transcription polymerase chain reaction;
DAC, sphere-derived adherent cells; SFRP4, secreted frizzled-related
rotein 4; Smad, Small Mothers against decapentaplegic; wt, wild
ype.

© 2011 by the AGA Institute
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f the transforming growth factor-� superfamily mem-
ers whose signaling modulates the transcription of tar-
et genes. Different combinations of type II receptors
BMPR2) with any one of the type I receptors (anaplastic
ymphoma kinase [Alk]2, Alk3/BMPR1A, and Alk6/
MPR1B) determine the specificity for the ligands elicit-

ng different biological processes.13 The canonical BMP
athway occurs through type I receptor–mediated phos-
horylation of Smad1, Smad5, and Smad8/R-Smad.14

wo phosphorylated R-Smads form a heterotrimeric
omplex with a common Smad4 (co-Smad), which trans-
ocates to the nucleus and cooperates with other tran-
cription factors to modulate target gene expression.15

The most convincing evidence for the involvement of
MPs in CRCs is the recent finding that up to 50% of

ndividuals with juvenile polyposis carry germline muta-
ions in either BMPR1A or Smad4 genes.16,17 Moreover,
ecent data indicate that the BMP pathway is inactivated
n the majority of sporadic CRCs.18 This is supported
urther by a transgenic mouse model in which the inac-
ivation of the BMP pathways leads to polyp formation
nd up-regulation of Wnt signaling.19

The BMP-BMPR signaling promotes the differentia-
ion of normal and cancer stem cells in the neural sys-
em.20,21 Thus, BMPs have been proposed for the therapy
f glioblastoma.20,21 Here, we show that BMP4 displays
otent therapeutic activity against CRC-SCs, which can
e targeted effectively with the combined use of chemo-
herapy.

Materials and Methods
Tissue Collection, Isolation, and Culture of
Cancer Cells
Human CRC specimens were obtained from 25

atients (age range, 50 – 88 y) undergoing CR resection, in
ccordance with the ethical standards of the institutional
ommittee. Histologic diagnosis was based on the mor-
hologic microscopic features of tumor cells.
Tumor tissue was mechanically and enzymatically di-

ested as previously described.2,22 After magnetic CD45�

ell depletion, the tumor digest was cultured in collagen-
oated flasks in the presence of Dulbecco’s modified
agle medium supplemented with 10% fetal bovine se-
um (FBS) to obtain primary tumor cells, and in ultra-
ow adhesion flasks (Corning, Lowell, MA) in the pres-
nce of serum-free medium supplemented with
pidermal growth factor (20 ng/mL) and basic fibroblast
rowth factor (10 ng/mL, both from Sigma-Aldrich, St.
ouis, MO 63103, USA) to promote the growth of CSCs
s spheres in 1–2 months.

To achieve the in vitro differentiation of CSCs, disso-
iated sphere cells were cultured in Dulbecco’s modified
agle medium supplemented with 10% FBS in adherent
onditions. These cells were conventionally indicated as

phere-derived adherent cells (SDACs). u
Magnetic Sorting and Flow Cytometry
See the Supplementary Materials and Methods

ection for more detail.

Immunohistochemistry
See the Supplementary Materials and Methods

ection for more detail.

Western Blotting
See the Supplementary Materials and Methods

ection for more detail.

Cell Viability
See the Supplementary Materials and Methods

ection for more detail.

Animals and Tumor Model
Five- to 6-week-old female (nu�/nu�) mice were

btained from Charles River Laboratories (Milan, Italy)
nd maintained according to institutional guidelines of
he University of Palermo Animal Care committee. Dis-
ociated sphere cells (5 � 105) were injected subcutane-
usly with Matrigel GF reduced (BD Biosciences, Erem-
odegem, Belgium) at a 1:2 ratio in a total volume of 100
L. Tumor size was calculated once a week up for to 18
eeks according to the following formula: (�/6) � larger
iameter � (smaller diameter).2

For tumor xenografts treatments see the Supplemen-
ary Materials and Methods section.

Statistical Analysis
See the Supplementary Materials and Methods

ection for more detail.

Mutation Analysis and Quantitative Reverse-
Transcription Polymerase Chain Reaction
See the Supplementary Materials and Methods

ection for more detail.

Results
BMP4 Is Widely Expressed in Colorectal
Cancer Tissue but Not in CRC-SCs
We first phenotypically characterized CRC speci-

ens by H&E, alcian blue staining, and by immunohis-
ochemistry for the epithelial markers CK20 and CK7,
he intestine-specific transcription factors CDX2 and
-catenin (Figure 1A). We also evaluated the microsatel-

ite status and the presence of mutations in adenomatous
olyposis coli (APC) and Smad4 genes (Supplementary
able 1). All CRC epithelial cells examined widely ex-
ressed BMP4, except for a few cells at the very base of
he disrupted colon crypt (Figure 1B), where stem cells
re known to be located.9,23 Regardless of microsatellite
tatus, BMP4 was undetectable in the CD133� cell pop-

lation, whereas it was expressed clearly in the CD133�
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January 2011 ROLE OF BMP4 IN COLORECTAL CANCER STEM CELLS 299
ell fraction (Figure 1C–E). These data show the absence
f BMP4 expression in the CRC-SC fraction, suggesting a
unctional divergence with the differentiated cell com-
artment.
CRC-SCs can be isolated and successfully propagated

n vitro as sphere cultures, allowing them to overcome
he limit of the small amount of CD133�cells in human
umor tissues.2,7,22 We obtained sphere cultures from 25
RC samples (Supplementary Table 1). Such CD133�CRC

pheres were analyzed for ALDH activity (Supplementary
igure 1A), which recently was shown to be a marker of
umorigenic CRC cells.6,8 Irrespective of micro satellite in-
table (MSI) status, primary and SDACs displayed high
evels of BMP4 expression, which conversely was undetect-
ble in undifferentiated cells (Figure 2A–D). This confirmed
hat the expansion of CRC-SCs as spheres did not induce
MP4 expression, which instead was gradually gained dur-

igure 1. CD133� CRC-SCs do
ot express BMP4. (A) H&E and Al-
ian Blue staining (upper panels),

mmunohistochemical analysis for
K7 CK20 (middle panels), and
DX2 and �-catenin (lower panels)

evealed by 3-amino-9-ethylcarba-
ol (red color) on paraffin-embed-
edsections.Nucleiare revealedby
ematoxylin staining (blue color).
ne representative of 25 different

umors is shown. (B) Confocal mi-
roscopy analysis of BMP4 (green
olor) on optimal cutting tempera-
ure compound–embedded cryo-
ections of CRC tissue. Nuclei were
ounterstained by Toto-3 (blue
olor). One representative of 25 dif-
erent tumors isshown. (C)Percent-
ge of BMP4�cells evaluated by
ow cytometry on CD133� and
D133� epithelial CRC cells. Data
re expressed as mean � SD of 11
SS (patient numbers 10, 11, 13–
5, 18, 19, and 22–25) and 5 MSI
umors (patient numbers 12, 16,
7, 20, and 21). (D) Representative
ow cytometry profile of CD133
nd BMP4 expression in CRC tu-
or cells as in panel C. (E) Repre-

entative immunofluorescence
nalysis of BMP4 (green color) on
oth CD133� and CD133- freshly
urified cells from the sample as in
anel C. Nuclei were counter-
tained by Toto-3 (blue color).
ng in vitro differentiation (Figure 2E). Comparable results n
ere obtained inducing differentiation of CD133� freshly
urified tumor cells (data not shown). Overall, these results
uggest a potential role of this cytokine in the differentia-
ion process.

BMP4 Signaling Pathway Can Be Switched
On in CRC-SCs
All cancer specimens analyzed expressed of

MPR1A, BMPR1B, and BMPR2. A significant reduction of
MPR2 at both messenger RNA (mRNA) and protein levels
as observed in spheres obtained from MSI samples (Figure
A and B, and Supplementary Figure 1B). In line with BMP4
xpression, differentiated CRC cells showed a constitutive
ctive BMP canonical signaling, as revealed by the high
evels of both p-Smad1-5-8 and Smad4 intermediate mole-
ules in both micro satellite stable (MSS) and MSI tumors
Figure 3C and D). Exposure of sphere cells to BMP4 sig-

ificantly increased the expression of Smad4, whereas
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-Smad1-5-8 was lower in MSI than in MSS CRC-SCs, as a
ossible consequence of the different levels of BMPR2 ex-
ression (Figure 3C and D). The activation of the BMP4
anonical pathway was confirmed by the prevalent
-Smad1,5,8 nuclear localization observed after BMP4 treat-
ent in sphere cells from Smad4 wild-type tumors. This effect

igure 2. Expression of BMP4 in CRC primary cells, CSCs, and the
ytometry in primary tumor cells (Primary), sphere cells (Spheres), and S

patient numbers 2–4, 10, 13–15, 11, 22, and 25) and 10 MSI tumors (pa
nalysis of BMP4 on samples as in panel A. (C) Representative immu
ssessed by �-actin. (D) BMP4 mRNA expression levels on primary tumo
ean of 4 independent experiments � standard deviation per group d

red color) or BMP4 (green color) on sphere cells exposed to 10% FBS
epresentative of 20 experiments, each performed with spheres derive

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 3. BMP4 administration activates the canonical signaling pathw
n primary tumor cells (Primary), sphere cells (Spheres), and SDAC. (B) R

evels on samples as in panel A. Data in panels A and B are the mean �
rom 5 MSS (patient numbers 2, 4, 11, 13, and 22) and 5 MSI (patient n
f pSmad1,5,8 and Smad4 on primary tumor cells (Primary), sphere cells
hown are derived from 1 MSS (patient number 2) and 1 MSI (patient n
f pSmad1,5,8� cells evaluated by flow cytometry in spheres untreat
tandard deviation of 5 MSS (patient numbers 2, 4, 11, 13, and 22) an
ower panel shows a representative flow cytometry profile for pSma
icroscopy analyses for pSmad1,5,8 (green color) on sphere cells deriv
SI (patient numbers 3, 5, 8, 12, and 21), and 2 Smad4-null MSS tumor

oto-3 (blue color). *P � .05; **P � .01.
as not seen in Smad4 defective tumor samples (see Supple-
entary Table 1; indicated as Smad4-null) (Figure 3E).

BMP4 Induces Differentiation of CRC-SCs
Because BMP4 expression is restricted to differen-

iated cancer cells, we tested whether sphere cells can be

rentiated progeny. (A) Percentage of BMP4� cells evaluated by flow
. Data are expressed as mean � standard deviation of 10 MSS tumors
numbers 3, 5–9, 12, 17, 20, and 21). (B) Representative flow cytometry
ot analysis of BMP4 on samples as in panel A. Loading control was
ls (Primary), sphere cells (Spheres), and SDACs. Columns represent the

from 5 different patients. (E) Confocal microscopy analysis of CD133
3, and 7 days. Nuclei were counterstained by Toto-3 (blue color). One
a different patient, is shown. **P � .01.

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™3
CRC-SCs. (A) mRNA expression of BMPR1A, BMPR1B, and BMPR2
e quantification of BMPR1A, BMPR1B, and BMPR2 protein expression
ard deviation of 5 independent experiments, each performed with cells
rs 3, 5, 8, 12, and 21) tumors. (C) Representative immunoblot analysis
eres), SDACs, and spheres treated with BMP4 for 90 minutes. Samples
er 5) tumor. Loading control was assessed by �-actin. (D) Percentage
treated with BMP4 for 90 minutes. Data are expressed as mean �
SI (patient numbers 3, 5, 8, 12, and 21) tumor samples (upper panel).
8 of a MSS sample (patient number 4). (E) Representative confocal
om 4 Smad4-wt MSS (patient numbers 2, 4, 11, and 13), 5 Smad4-wt
ient numbers 14 and 22) treated as in panel D. Nuclei were stained with
ir diffe
DACs
tient
nobl
r cel

erived
for 0,
™™™
ay in
elativ
stand
umbe
(Sph
umb
ed or
d 5 M
d1,5,
ed fr
s (pat



B
A

SI
C
–

A
LI

M
EN

TA
R
Y

TR
A

C
T

January 2011 ROLE OF BMP4 IN COLORECTAL CANCER STEM CELLS 301



f
n
e
t
w
a
m
o
P
B
c
l
a
fl
w
C
f
C
B
t
I
A
a
u
s
w
h
t
c
p
S
f
s
w

i
t
W
b
a
g
c
(
c
t
s
S
(
i
w
d
5

i
n
t
p
n
t
i
d
r
(
E
l
m
c
e
t
c
d
i
a
o
d
t

s
m
g
p
b
(
l
t
z
B
d
W
e

n
1
c
w
i
m
m
h
t
c
v
n
P
1

B
A

SIC
–

A
LIM

EN
TA

R
Y

TR
A

C
T

302 LOMBARDO ET AL GASTROENTEROLOGY Vol. 140, No. 1
orced to differentiate upon exposure to the morphoge-
etic factor. CRC sphere cells were cultured in the pres-
nce of BMP4 or 10% FBS, which promotes the forma-
ion of differentiated cells expressing CK20 in about 2
eeks.2 BMP4 administration induced a rapid differenti-
tion of Smad4-wild type (wt) tumor CRC-SCs, as deter-
ined by plastic adherence and CK20 expression, which

ccurred considerably earlier than in FBS-treated cells.
hase-contrast microscopic analysis confirmed that
MP4 treatment was able to induce morphologic
hanges of CRC-SCs characterized by differentiation into
arge, polygonal colon cells, whereas noggin pretreatment
brogated BMP4 effects as revealed by the presence of
oating CK20� sphere cells (Figure 4A and B). Although
ith slower kinetics, 4 of 7 Smad4-null tumor– derived
RC-SCs responded to the BMP4 pro-differentiation ef-

ect (Figure 4A and data not shown). The Smad4-null
RC-SCs (patient numbers 23–25) unresponsive to
MP4 maintained undifferentiated phenotype when

reatment was protracted for 30 days (Figure 4A and B).
n BMP4-responsive tumors, the presence of CD133�,
LDHhigh, and ALDH1� cells was reduced significantly
fter the treatment (Figure 4C, and Supplementary Fig-
re 2A). Furthermore, BMP4 induced cell death in a
ignificant portion of CRC-SCs (Figure 4D). Consistent
ith the concept that BMP4 induces differentiation, 48
ours exposure to BMP4 elicited a significant increase in
he percentage of cells in the G0/G1 phase and a con-
omitant decrease in the percentage of cells in the G2/M
hase as compared with untreated cells (Figure 4E, and
upplementary Figure 2B). The ability of BMP4 to dif-
erentiate CRC-SCs from 4 of 7 Smad4-defective tumors
uggests the involvement of a noncanonical BMP path-
ay in the differentiation process.

BMP4 Inhibits the PI3K/AKT Signaling
Pathway and Antagonizes Proliferative Effects
of Wnt
BMP4 can trigger a noncanonical pathway that

nvolves phosphoInositide 3-kinase (PI3K)/AKT activa-
ion and cross-talk between BMP4 and Wnt signaling.11

e found that PTEN was scarcely expressed in CRC-SCs,
ut considerably increased during differentiation and
fter BMP4 treatment in all samples with a wild-type
ene (Figure 5A–C, and Supplementary Figure 2C). By
onsequence, p-AKT and p-glycogen synthase kinase
GSK3)� levels were significantly higher in sphere cells as
ompared with primary tumor cells and SDAC. Activa-
ion of the PI3K/AKT signaling pathway was reduced
ignificantly by BMP4 treatment in Smad4-wt and
mad4-null samples (patient numbers 14, 15, 19, and 22)
Figure 5A and B, and Supplementary Figure 2C). Intrigu-
ngly, BMP4 treatment did not affect the PI3K/AKT path-
ay of Smad4-null CRC-SCs unresponsive to BMP4-in-
uced differentiation (patient numbers 23–25) (Figure

A). The constitutive activation of this pathway was ow- m
ng to an additional genetic alteration in PI3KCA (patient
umbers 23 and 24) or the complete loss of PTEN (pa-
ient number 25) (Figure 5C). In BMP4-responsive sam-
les including those harboring APC mutations (patient
umbers 2, 4, 13, 15, and 17), BMP4 treatment reduced
he expression levels of �-catenin and most importantly
nhibited its nuclear translocation (Figure 5D). In accor-
ance with previous data,7 the PI3K inhibitor LY-294002
educed the levels of nuclear �-catenin in sphere cells
Figure 5D). BMP4 induced an increased expression of
-cadherin, which binds to �-catenin and mediates epithe-

ial cells adhesion and differentiation. Moreover, the treat-
ent reduced cyclin D1 expression, which is required for

ell-cycle G1/S transition (Figure 5B). Subsequently, we
xamined the levels of both canonical and stem cell Wnt
argets by quantitative reverse-transcription polymerase
hain reaction (RT-PCR). BMP4 treatment strongly re-
uced the expression levels of the direct Wnt targets axis

nhibition protein 1, transcription factor Sp5, LGR5, and
chaete-scute complex homolog 2, whereas the reduction
f the robust marker for Lgr5-type stem cells olfactome-
in 424 constituted additional evidence that BMP4 could
arget CSCs (Figure 5E).

A deeper analysis of the transcriptional profile of Wnt
ignaling in sphere cells after 48 hours of BMP4 treat-

ent showed the down-regulation of 2 other Wnt tar-
ets, the transcription factor WNT1 inducible signaling
athway protein 1 and the regulator of growth Forkhead
ox N1, together with 13 Wnt-positive modulator ligands
Supplementary Figure 2D). In contrast, 2 negative regu-
ators of Wnt-receptor signaling, kringle containing
ransmembrane protein 1 (KREMEN1) and secreted friz-
led-related protein 4 (SFRP4), were clearly induced by
MP4 treatment (Figure 5F). Thus, our data suggest that
ifferent mechanisms converging in the shutdown of the
nt pathway can be adopted by BMP4 to induce differ-

ntiation of CRC-SCs.

BMP4 Inhibits Tumorigenic Capacity of
CRC-SCs
Sphere cells obtained from Smad4-wt (patient

umbers 2 and 3), Smad4-null (patient numbers 14 and
5), and Smad4-null tumors with the PI3K/AKT pathway
onstitutively activated (patient numbers 24 and 25),
ere treated in vitro for 48 hours with BMP4 and then

njected subcutaneously into immunocompromised
ice. Injection of sphere cells gave rise to palpable tu-
ors in about 3– 4 weeks, which reproduced the same

istopathology of the original human CRC. BMP4 pre-
reatment resulted in a considerable reduction in the
apability of the majority of CRC-SC samples to grow in
ivo, whereas this treatment was ineffective on Smad4-
ull CRC-SCs harboring PI3KCA mutation or loss of
TEN (Figure 6A). Consistent results were observed when
00 BMP4-saturated polyacrylic beads, at the site of engraft-

ent, were injected weekly for 3 weeks after the injection of
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igure 4. BMP4 promotes in vitro differentiation of CRC-SCs. (A) Percentage of CK20� dissociated sphere cells untreated or treated with BMP4,
0% FBS, or noggin plus BMP4. Left panel represents the mean � standard deviation of 7 independent experiments performed on sphere cells from
ifferent Smad4-wt patients (patient numbers 2–4, 11–13, and 17). Middle and right panels show the mean � standard deviation of 4 and 3

ndependent experiments, respectively, assessed on sphere cells derived from different Smad4-null patients (patient numbers 14, 15, 19, and
2–25). (B) Representative confocal microscopy analysis of CK20 (green color, upper panels) and phase-contrast microscopy (lower panels) of
issociated sphere cells derived from Smad4-wt tumors (patient number 4), treated with BMP4 alone or in combination with noggin for up to 12 days
nd from Smad4-null samples (patient number 24) treated with BMP4 for up to 30 days. Nuclei are stained in blue. (C) Percentage of CD133� and
LDHhigh cells assessed by flow cytometry, on dissociated sphere cells untreated or treated with BMP4 for 6 days. (D) Cell death percentage of
issociated sphere cells untreated or treated with BMP4 for 48 hours. (E) Cell-cycle distribution of sphere cells treated as in panel D. (C–E) Data are

ean � SD of 10 independent experiments performed with cells from different samples (patient numbers 2–4, 11–15, 17, and 19). **P � .01.
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RC-SCs harboring Smad4-wt and Smad4-null responsive
o the BMP4 pretreatment. The therapeutic effect of BMP4
as abrogated by the concomitant administration of nog-
in. On the contrary, CRC-SCs treated with noggin alone
enerated tumors that grew even faster than tumors gener-
ted by control cells (Figure 6B and C).

We obtained similar results by injecting freshly sorted
D133� cells (patient numbers 13–16) pretreated in vitro
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ith BMP4 or post-treated in vivo using BMP4-saturated
olyacrylic beads (data not shown).
Histologic examination showed that residual tumor

enografts generated by BMP4-treated CRC-SCs con-
ained mainly dying cells and areas of fibrosis, high-
ighted by terminal deoxynucleotidyl transferase–medi-
ted deoxyuridine triphosphate nick-end labeling and
zan Mallory staining, respectively (Figure 6D). The sig-
ificant rate of cell death detected on BMP4-treated
enografts was consistent with the in vitro observations
howing that BMP4-differentiated CSCs died because of
heir lifespan exhaustion. Moreover, BMP4-treated tu-

ors contained a lower number of CD133� and Ki67�

ells, confirming the in vivo prodifferentiation and anti-
roliferative effects of BMP4 (Figure 6E and F). Tumor
enografts obtained from the concomitant treatment of
oggin and BMP4 showed histologic and antigenic pro-
les comparable with control tumors (Figure 6D–F). In
ontrast, a clear reduction of CK20 expression and sig-
ificant increase of CD133� and Ki67� cells were ob-
erved in tumor xenografts generated by noggin-treated
RC-SCs (Figure 6D–F). Thus, BMP4 administration re-
uces growth and viability of colon cancer xenografts,
uggesting that the strong inhibitory activity of BMP4 on
RC-SCs could be exploited for the therapy of CRC.

BMP4 Enhances the Cytotoxic Effects of
Chemotherapy
Subcutaneously, tumors generated by sphere cell

njection were exposed to oxaliplatin plus 5-fluorouracil
5-FU) alone or in combination with intratumoral injec-
ion of phosphate-buffered saline (PBS) or BMP4-loaded
eads. Tumor response to chemotherapeutic drugs was
nhanced by BMP4, whereas PBS or noggin pretreatment
id not prevent tumor outgrowth. Specifically, the con-
omitant administration of BMP4 with oxaliplatin and
-FU resulted in a marked antitumor effect, whereas
xaliplatin plus 5-FU alone only delayed tumor growth
Figure 7A). Furthermore, after the treatments were in-
errupted, tumor growth was abrogated only in the xeno-
rafts treated with BMP4 in combination with chemo-

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 5. BMP4 regulates the WNT pathway via PI3K/AKT signaling.
anel), p-AKT, and p-GSK3� (lower panel) on sphere cells untreated o

ndependent experiments performed with cells derived from 7 Smad4-w
patient numbers 14, 15, 19, 22–25). (B) Western blot analysis of PTEN
rimary tumor cells (Primary), sphere cells (Spheres), SDACs, and sphe
epresentative of 7 immunoblots for Smad4-wt tumors is shown. (C) PI3
valuated by Western blot and RT-PCR. (D) Confocal microscopy an

Untreated), BMP4, or LY-294002 for 48 hours. Nuclei are stained by To
rom different patients (patient numbers 2–4, 11, 13–17, and 19). (E) Rela
evels in BMP4-treated vs untreated sphere cells. Data are expressed as

ith cells from samples as in panel D. (F) Relative fold of SFRP4 and K
left panel). Representative immunoblot analysis of SFRP4 and KREMEN
oading control was assessed by �-actin (right panel). Data are expre
erformed with cells from samples as in panel D. One representative o

umbers 2, 3, 13, 14, and 15) is shown. *P � .05; **P � .01.
herapy, resulting in a small fibrotic mass with a scarce
ellularity, whereas a marked growth rate was observed in
ll the other tumors (Figure 7B). These data suggest that
he combined treatment with chemotherapy and BMP4
esults in a considerable therapeutic response that ap-
ears sustained after treatment interruption because
SCs are driven into differentiation and thereby elimi-
ated.

Discussion
The failure to produce long-term clinical remis-

ion in CRC patients could reflect the inability to target
SCs efficiently, which are known to be resistant to

onventional therapies.2,8,25–27 Differentiation therapy,
hich results in a loss of self-renewal ability in CSCs and

nduction of terminal differentiation or apoptosis, may
e a valid option for the treatment of CRC. Although this
pproach does not directly kill the cancer cells, it could
ake the conventional therapies more effective in the

radication of the tumor.
A well-established example of differentiation therapy is

he use of all-trans retinoic acid in combination with
hemotherapy in acute premyelocytic leukemia.28 More
ecently, the prodifferentiation activity of BMPs has been
roposed as a therapeutic option for human glioblas-
oma.20,21

In normal gut, BMP4 is not expressed at the base of the
rypt owing to production of BMP antagonists by the
yofibroblasts present in the stem cell niche, which al-

ow the maintenance of Wnt activity and self-renewal of
tem cells. Loss of these homeostatic mechanisms may
ontribute to tumor initiation.12

Our data show that BMP4 expression is limited to the
ifferentiated progeny of CRC epithelial cells, which consti-
ute the major population of the tumor mass. By contrast,
MP4 is undetectable in the CRC-SC fraction, which ex-
resses the receptors BMPR1A, BMPR1B, and BMPR2.
MP canonical signaling can be activated by exogenous
dministration of BMP4 as revealed by the nuclear localiza-
ion of pSmad1,5,8. This occurs even in MSI tumor-derived

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
ensitometric analyses of the protein expression level of PTEN (upper
osed to BMP4 for 48 hours. Data are mean � standard deviation of
ients (patient numbers 2–4, 11, 13, 16, 17) and 7 Smad4-null patients
T, p-AKT, GSK3�, p-GSK3�, �-catenin, E-cadherin, and cyclin D1 in
ls treated as in panel A. Loading control was assessed by �-actin. One
nd PTEN status in Smad4-null samples. Loss of PTEN expression was
of �-catenin (green color) on sphere cells treated with vehicle alone

blue color). One representative of 10 experiments performed using cells
old of AXIN-2, SP5, CD44, LGR5, ASCL2, and OLFM4 gene expression
� standard deviation of 10 independent experiments, each performed
N1 gene expression levels in BMP4-treated vs untreated sphere cells

sphere cells untreated and treated with BMP4 up to 7 days and SDACs.
as mean � standard deviation of 10 independent experiments, each
munoblots, each performed with cells from different patients (patient
™™™
(A) D
r exp
t pat
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SCs with reduced BMPR2 protein expression, suggesting
hat BMP4 may act through alternative type 2 receptors (ie,
CVR2 or transforming growth factor-�R2), and that the

mpaired function of a single receptor is not sufficient for
omplete pathway disruption.29
Substantiating the morphogenetic activity of this
ytokine in intestinal cells, exposure to BMP4 leads to

rapid and massive CSC differentiation. Although
revious reports showed that BMP administration in-
uced apoptotic death in several systems,10,30 we ob-
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™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 6. BMP4 reduces the tumorigenic potential of CRC-SCs. (A) Size of subcutaneous tumor growth after injection of dissociated sphere
ells derived from 2 Smad4-wt (patient numbers 2 and 3), 2 Smad4-null (patient numbers 14 and 15), 1 Smad4-null/PI3KCA-mut (patient
umber 23), and 1 Smad4-null/PTEN-null (patient number 25) pretreated in vitro for 48 hours with vehicle (Control) or BMP4 (BMP4
retreatment). Data are mean tumor size � standard deviation of 2 independent sets of 5 tumors per group. (B) Tumor size after intratumoral

njection of polyacrylic beads, preadsorbed with vehicle alone (Control) or BMP4 (BMP4 Post-treatment). Red arrow indicates the starting point
f treatments (left panel). Size of tumor growth after injection of dissociated sphere cells in vitro pretreated for 48 hours with vehicle (Control),
MP4 (BMP4 Pretreatment), noggin, or noggin � BMP4 (right panel). Data are mean tumor size � standard deviation of 4 independent sets
f 5 tumors per group. Each set of tumors was obtained using cells from different donors (Smad4-wt from patient numbers 2 and 3, and
mad4-null from patient numbers 14 and 15). (C) Representative set of xenografts derived from injection of dissociated sphere cells

Smad4-wt, patient number 3) pretreated in vitro with vehicle alone (Control), noggin, or BMP4 (BMP4 Pretreatment). (D) Representative H&E,
zan-Mallory, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling (Tunel) (dark blue color) staining
nd immunohistochemical analyses for CK20, CD133, and Ki67 revealed by 3-amino-9-ethylcarbazol (red color) on paraffin-embedded
ection of xenografts, generated by sphere cells (Smad4-null, patient number 14), after treatment with vehicle alone, BMP4, noggin � BMP4,
r BMP4 at 8 weeks (5 weeks of BMP4 post-treatment). Nuclei are revealed by hematoxylin staining (blue color). Green arrowheads indicate
D133� cells, fibrotic areas, dead cells, and Ki67� cells. (E) Percentage of CD133� cells evaluated on paraffin-embedded sections of tumors
btained after different treatments. (F) Mitotic index was calculated by nuclear expression of Ki67 reactivity as in panel E. (E and F) Mean � SD of all 20
enografts per group obtained at 8 weeks. Xenografts were generated by sphere cells derived from 2 Smad4-wt patients (patient numbers 2 and 3) and
igure 7. BMP4 enhances the
ytotoxic effects of chemother-
py. (A) Size of subcutaneous
enografts derived from injection
f untreated or noggin pre-
reated sphere cells, after intra-
eritoneal treatment with PBS or
xaliplatin plus 5-FU alone or
ombination with intratumoral

njection of PBS- or BMP4-
oaded beads. Red arrow indi-
ates the starting point of treat-
ent. Data are mean tumor

ize � standard deviation of 4
ndependent sets of 5 tumors
er group. Each set of tumors
as obtained using cells from
ifferent donors (patient num-
ers 2, 3, 14, and 15). (B) Rep-

esentative H&E staining of 20
enografts after 6 weeks of treat-
ent with oxaliplatin plus 5-FU in

ombination with BMP4-loaded
eads. Green and black arrow-
eads, respectively, indicate the
esidual tumoral tissue and ne-
rotic areas (magnification, 2.5�,
Smad4-null patients (patient numbers 14 and 15). **P � .01.
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erve that the prevalent effect of BMP4 on CRC-SCs is
0/G1 accumulation followed by differentiation, with
nly a moderate induction of cell death. These results
uggest that BMP4 exerts a prodifferentiative effect
hat prevents CSC expansion and triggers a differenti-
tion program that may result in CSC depletion,
hereby hampering tumor development.

We provide evidence that a non–Smad-dependent
ignaling pathway contributes to BMP4-mediated ef-
ects. In fact, BMP4 treatment increases PTEN levels
nd consequently inhibits the PI3K/AKT pathway in
RC-SCs. The simultaneous functional inactivation of
mad and the PI3K/AKT pathways makes CRC-SCs
nresponsive to BMP4 treatment. Many studies have

ndicated that BMP stabilizes PTEN, thereby leading to
educed Akt activity.31,32 These results are supported
y the phenotype of PTEN mutant mice, which show
imilar tumors to those of noggin-transgenic mice,
haracterized by aberrant crypt fission and increased
e novo crypt formation.19,33 It has been reported that
MP signaling can inhibit Wnt activity, suppressing
rypt formation in mouse models.11,19 The connection
etween AKT and Wnt pathways is supported by the
bserved overactivation of �-catenin, which depends
n the increased activity of AKT and 14-3-3� in the

ntestine stem cells of BMP-receptor type 1A knockout
ice.34 More recently, it was reported that BMP sig-

aling can inhibit Wnt activity in mouse models re-
ulting in suppressed crypt formation and reduced
olyp growth,11,19,35 and that high Wnt activity func-
ionally designates the CRC-SCs.36 We find that SFRP4
nd KREMEN1, 2 negative regulators of Wnt signal-
ng, are strongly up-regulated after BMP4 treatment. It
as been shown that SFRPs, which we find to be
egulated by BMP4, can potentially inhibit the entire
anonical Wnt pathway even in colon cancers harbor-
ng mutations in CTNNB1 and APC.37 Our results
stablish a roadmap of the signaling pathways (BMP4,
I3K/AKT, and Wnt) that control CSC tumorigenicity,
hose investigation could allow the identification of

pecific molecular targets for future therapy.
The clinical benefit obtained by the combination of a

rodifferentiation agent with chemotherapy in leukemia
ed us to propose the combination of BMP4 administra-
ion with current standard chemotherapy regimens for
RC. Our data show that the combined use of BMP4
ith oxaliplatin and 5-FU is able to obtain complete

ong-term regression of CRC-SC tumor xenografts. Al-
hough the clinical use of such a combination would
equire the improvement of BMP4 delivery and optimi-
ation of the treatment schedule, the considerable en-
ancement of the therapeutic response obtained in
ouse xenografts, even in long-term experiments, sup-

orts further investigations toward the use of differenti-

tion therapy in CRC.
Supplementary Material

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2010.10.005.
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Supplementary Materials and Methods

Magnetic Sorting and Flow Cytometry
Magnetic cell separation was performed on tumor

igest using microbeads conjugated with CD45 or
D133/1 (AC133, mouse immunoglobulin [Ig]G1; Milte-
yi, Bergisch Gladbach, Germany). Quality of sorting of
oth CD133� and CD133- fractions was verified by flow
ytometry with an antibody against CD133/2 (293C3-PE,
ouse IgG1; Miltenyi).
Flow cytometry was performed using antibodies

gainst CD133/2 (293C3-PE, mouse IgG2b; Miltenyi),
D133/1 (AC133, mouse IgG2b; Miltenyi), BMP4 (3H2,
ouse IgG2b; Novocastra, Newcastle upon Tyne, UK),

Smad1,5,8 (rabbit polyclonal; CST, Pero-Milano, Italy),
r isotype-matched controls. Sphere cells were treated
ith BMP4 (100 ng/mL; R&D Systems, Milano, Italy) for
0 minutes to evaluate pSmad1,5,8 expression. Reduc-
ion of CD133 expression was assessed after 6 days of
MP4 treatment.
ALDH enzymatic activity was evaluated on sphere cells

ntreated or treated with BMP4 for 6 days using the
ldefluor kit (Stem Cell Technologies) according to the
anufacturer’s instructions.
Cell-cycle analysis was performed on dissociated sphere

ells untreated and treated with BMP4 for 48 hours, fixed
n ice-cold 70% ethanol at 4°C overnight, and then incu-
ated with PBS containing propidium iodide (50 �g/mL;
igma), sodium citrate (3.8 M; Sigma), and RNase (10
g/mL; Sigma) at 37°C for 30 minutes. Samples were
nalyzed using a flow cytometer (BD Biosciences).

Immunohistochemistry
Immunohistochemistry and/or immunofluores-

ence were performed on paraffin-embedded sections
r cytospins as described.1,2 The following antibodies
ere used: cytokeratin 7 (OVTL 12/30, mouse IgG1;
AKO Cytomation, Milano, Italy), cytokeratin 20

Ks20.8, mouse IgG2a; DAKO Cytomation), CDX2
CDX2-88 mouse IgG1; Biocare, Concord, CA), �-cate-
in (H102, rabbit polyclonal; Santa Cruz Biotechnol-
gy, Santa Cruz, CA), BMP4 (3H2, mouse IgG1; Novo-
astra), CD133 (AC133, mouse IgG2b; Miltenyi),
Smad1,5,8 (rabbit polyclonal; CST), ALDH1 (44,
ouse IgG1; BD Biosciences), Ki67 (MIB-1, mouse

gG1; Dako Cytomation), or isotype-matched controls.
mmunofluorescence analysis of pSmad1,5,8 localiza-
ion was performed on sphere cells untreated or
reated with BMP4 for 48 hours.

To detect the proportion of differentiated and undif-
erentiated cells, dissociated spheres were cultured in
tem cell medium in adherent conditions in the presence
f BMP4 alone or in combination with noggin (300
g/mL; R&D Systems) for up to 12 or 30 days. At differ-
nt time points, the adherent cells were trypsinized and

ixed with floating cells, cytospun, and stained for c
K20. ALDH1 expression was evaluated after 6 days of
MP4 treatment.
Analysis of �-catenin localization was performed on

phere cells untreated or treated with BMP4 or LY-
94002 (5 �mol/L, Calbiochem, Gibbstown, NJ) for 48
ours. A Nikon C1-Si confocal microscope (Nikon, To-
yo, Japan) was used to analyze fluorescence stainings.

For H&E, dewaxed sections were stained in hematox-
lin (Sigma) for 5 minutes, washed in water, and then
xposed for 1 minute to eosin (Sigma). For Azan Mallory,
ections were stained with azocarmine G (Sigma) for 1
our and with 5% of phosphovolframic acid for an ad-
itional hour. Then, sections were stained with aniline
lue/orange G (Sigma) and mounted in synthetic resin.
lcian blue staining was performed with Alcian blue 8GX

Sigma) and counterstained with nuclear fast red (Lab
ision, Inc, Fremont, CA).
Apoptotic events were determined by terminal deoxy-

ucleotidyl transferase–mediated deoxyuridine triphos-
hate nick-end labeling using the In Situ Cell Death
etection, AP Kit (Boehringer Mannheim, Ingelheim am
hein, Germany). DNA strand breaks were detected by
-bromo-4-chloro-3-indolyl-phosphate (BCIP, Dako Cy-
omation) substrate.

Western Blotting
Cell pellets were resuspended in ice-cold NP40

ontaining lysis buffer. Western blotting was performed
s previously described.2 Membranes were incubated with
ntibodies against BMP4 (3H2, mouse IgG2b; Novocas-
ra), BMPR1A (87933, mouse IgG2b; R&D Systems),
MPR1B (88614, mouse IgG2a; R&D Systems), BMPR2

73805, mouse IgG2b; R&D Systems), pSmad1,5,8 (rabbit
olyclonal; CST), Smad4 (rabbit polyclonal; CST), PTEN

17A, mouse IgMk; Neomarkers, Fremont, CA), AKT
rabbit polyclonal; CST), pAKT (Ser 473, rabbit poly-
lonal; CST), GSK3� (rabbit polyclonal; CST), pGSK3�
Ser9, rabbit polyclonal; CST), cyclin D1 (DCS6, mouse
gG2a; CST), E-cadherin (rabbit polyclonal; CST), KRE-

EN1 (goat IgG; R&D Systems), SFRP4 (goat IgG; R&D
ystems), �-catenin (H102, rabbit polyclonal; Santa Cruz
iotechnology), and �-actin (JLA20, mouse IgM; Calbio-
hem). Sphere cells were treated with BMP4 for 90 min-
tes to evaluate pSmad1,5,8 expression, for 48 hours to
etermine the effects on the PI3K/AKT pathway, or for
p to 7 days for KREMEN1 and SFRP4 expression. Den-
itometry analyses were performed by Scion Image (Fred-
rick, MD). Results were expressed as protein/�-actin
ptical density ratio.

Cell Viability
Cell viability was evaluated using the CellTiter

queous Assay Kit (Promega, Milano, Italy) on sphere
ells untreated or treated with BMP4 for 48 hours, ac-

ording to the manufacturer’s instructions. Cell death
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as evaluated by orange acridine (50 �g/mL)/ethidium
romide (1 �g/mL) staining.

Statistical Analysis
Statistical significance was determined by analysis of

ariance (1-way or 2-way) with a Bonferroni post-test. Re-
ults were considered significant when P values were less
han .05. *Indicates P � .05 (Figure 3) whereas **indicates
� .01 (Figures 2–6).

Mutation Analysis
Genomic DNA was isolated from CRC tissue us-

ng the Wizard Genomic DNA Purification kit (Promega)
ccording to the manufacturer’s instructions. The DNA
as used for PCR amplification of APC and PI3KCA
enes. For the APC gene, the mutation cluster region was
mplified as 5 overlapping fragments in a nested PCR
trategy by using oligonucleotides and PCR condition
reviously published.3 Amplification of the PI3KCA gene
as performed using previously described primers.4 For

MAD4 mutation analysis, total RNA was subjected to re-
erse-transcription. The following overlapping SMAD4
omplementary DNA (cDNA) probes were used: SMAD41F-
TGATTTAAAAGGAAAAACTTGAACA, SMAD41R-TGC-
GTCCTACTTCCAGTCCA, SMAD42R-GCAGAATGGAT-
TACTGGTCA, and SMAD42F-GGCCCGGTAAGTGAATTT.
PCR products were purified by the Microcon Montage

CR (Millipore, Billerica, MA) and then analyzed for
equence alterations with the Big Dye Terminator Cycle
equencing kit (Applied Biosystems, Carlsbad, CA) using
n ABI 3100 Genetic Analyzer (Applied Biosystems).

RNA Isolation and Real-Time PCR
Total RNA from the cell pellet was obtained using

he RN easy Mini Kit (Qiagen GmbH; Valencia, CA), the
esidual amounts of DNA remaining were removed using
Nase-Free DNase (Qiagen) according to the manufac-

urer’s instructions. The yield of the extracted RNA was
etermined by measuring the optical density at 260 nm
y Nanodrop ND-1000 (Nanodrop, Wilmington, DE).
otal RNA (1 �g) was retrotranscribed using the High-
apacity cDNA Archive Kit (Applied Biosystems) accord-

ng to the manufacturer’s instructions. PCR amplifica-
ion and detection of the PCR amplified gene products
ere performed with the SYBR Green PCR master mix

SuperArray Bioscience, Frederick, MD) or Taq Man mas-
er mix (Applied Biosystems). Levels of mRNA expression
ere quantified after normalization with endogenous

ontrol, glyceraldehyde-3-phosphate dehydrogenase, us-
ng the �CT (difference between Cycle threshold)

ethod. Data processing and statistical analysis were
erformed using ABI PRISM SDS (software version 2.1;
pplied Biosystems). For SYBR green chemistry, the fol-

owing primers were purchased from MWG (Ebersberg,

ermany): BMP4 forward primer 5= CTG CCT GAT CTC w
GC GGC ACC CAC ATC 3=, BMP4 reverse primer 5=
CC GGA GGG CCA AGC GTA GCC CTA AG 3=,
MPR1A forward primer 5= GTC ATA CGA AGA TAT
CG TGA GGT TGT 3=, BMPR1A reverse primer 5= ATG
TG TGA GTC TGG AGG CTG GAT T 3, BMPR1B

orward primer 5= AAG GCT CAG ATT TTC AGT GTC
GG A 3=, BMPR1B reverse primer 5= GGA GGC AGT
TA GGG TGT AGG TCT TTA TT 3=, BMPR2 forward
rimer 5= GTG ACT GGG TAA GCT CTT GCC GTC T 3=,
MPR2 reverse primer 5= GCA GGT TTA TAA TGA TCT
CT CGT GGT 3=, glyceraldehyde-3-phosphate dehy-
rogenase forward primer 5= GCT TCG CTC TCT GCT
CT CCT GT 3=, and glyceraldehyde-3-phosphate de-
ydrogenase reverse primer 5= TAC GAC CAA ATC
GT TGA CTC CG 3=. For Taq Man Probe detection,

he following primers were purchased from Applied Bio-
ystems: transcription factor Sp5 (Hs01370227_mH),
xis inhibition protein 1 (Hs01063168_m1), CD44
Hs00153304_m1), Lgr5 (Hs00969428_m1), and achaete-
cute complex homolog 2 (Hs00270888_s1).

PCR Array
The RT2 Profiler PCR array was used to simulta-

eously examine the mRNA levels of 89 genes closely
ssociated with Wnt pathway, including 5 housekeeping
enes in 96-well plates, following the manufacturer’s pro-
ocol (APHS-043C; SuperArray Bioscience). Briefly,
DNAs were synthesized from 1 �g of total RNA using
he PCR Array First Strand cDNA Synthesis Kit (Super-
rray Bioscience) according to the manufacturer’s in-

tructions.
Arrays were performed independently for each cell line

nd at least 3 technical replicates were run for each
reated sample and controls.

Reverse transcriptase was inactivated by heating at
5°C for 5 minutes, and the cDNA was diluted to 100 �L
y adding RNase-free water and stored at �20°C. cDNA
as used as a template for PCR array using a SYBR Green
CR master mix (SuperArray Bioscience). For each 96-
ell plate of the PCR Array, a 2450-�L PCR master mix

ontaining 1� PCR master mix and 98 �L of diluted
DNA was prepared, and an aliquot of 25 �L was added
o each well. For quality control, no reverse-transcription
ontrol and no template control were performed. Ampli-
cation was performed using the following conditions:
0 minutes at 95°C, 15 seconds at 95°C, and 1 minute at
0°C for 40 cycles.

PCR was performed using an ABI 7900 HT FAST
nstrument (Applied Biosystems). Cycle threshold val-
es were calculated for all the genes present on the
rray and normalized using the average of 5 house-
eeping genes on the same array (B2M, HPRT1,
PL13A, glyceraldehyde-3-phosphate dehydrogenase,
nd actin B). The comparative cycle threshold method

as used to calculate the relative quantification of
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ene expression (sphere cells treated with BMP4 vs
ntreated sphere cells).

Tumor Xenograft Treatments
Pretreatment of sphere cells was performed by

dding BMP4 (100 ng/mL), noggin (300 ng/mL), or nog-
in � BMP4 to growth medium for 48 hours before
ransplantation. Post-treatment of palpable tumors was
erformed by weekly intratumoral injection of 100
MP4-coated beads for 9 weeks. Heparin acrylic beads

Sigma) were incubated with PBS or BMP4 (0.65 �g/�L)
or 1 hour at 37°C.

Histologic examinations of xenografts were deter-
ined 8 weeks after cell injection on a minimum of 12

ections per tumor.
Chemotherapy sensitization was assessed on well-estab-

ished tumors generated by subcutaneous injection of
phere cells treated with vehicle or noggin (300 ng/mL). Six
ice per group were treated intraperitoneally with oxalipla-
in (0.25 mg/kg once a week for 4 weeks) and 5-FU (15

g/kg/day for 5 days a week for 2 weeks) alone or in
ombination with intratumoral injection of 100 BMP4-
oated beads (once a week for 6 weeks). Controls were
njected with beads loaded with PBS and intraperitoneal
BS.
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upplementary Table 1. Case Description and Tumor Featur

Case Age/Sex Site Dukes MSI APC s

P1 65/M Rectosigmoid B MSI 3927del, STOP
P2 66/F Rectosigmoid C MSS 4312del, STOP
P3 65/F Sigma D MSI WT
P4 57/F Left D MSS 4132C�T, Gl
P5 63/M Rectosigmoid B MSI 3955del, STOP
P6 68/M Rectosigmoid D MSI 4661ins, STO
P7 57/M Rectosigmoid C MSI 4261del, STOP
P8 56/F Sigma D MSI 4261del, STO
P9 68/M Rectosigmoid D MSI 3907C�T, Gl
P10 56/F Left D MSS 3925G�T, Gl
P11 67/F Rectosigmoid A MSS WT
P12 69/M Sigma C MSI 3907C�T, Gl
P13 57/M Rectosigmoid C MSS 3905ins, STOP
P14 67/M Rectum C MSS WT
P15 61/M Sigma C MSS 4479del, STOP
P16 52/M Rectum B MSI WT
P17 72/M Sigma C MSI 4381G�T, Gl
P18 55/F Left C MSS 4185ins, STOP
P19 68/M Rectosigmoid B MSS WT
P20 59/M Rectum C MSI WT
P21 66/F Right B MSI WT
P22 56/F Left D MSS 3925G�T, Gl
P23 67/F Sigma C MSS WT
P24 68/M Sigma C MSS WT
P25 88/F Rectum B MSS WT

Loss of Smad4 expression evaluated by Western blotting and RT-PC
es

tatus SMAD4 status

CD133� Spheres

In vitro In vivo In vitro In vivo

@1313 WT — — Yes —
@1453 WT — — Yes Yes

WT — — Yes Yes
n1378STOP WT — — Yes —
@1320 WT — — Yes —
P@1558 WT — — Yes —
@1472 WT — — Yes —
P@1472 WT — — Yes —
u1303STOP WT — — Yes —
u1309STOP WT Yes — Yes —

WT Yes — Yes —
u1303STOP WT Yes Yes —
@1304 WT Yes Yes Yes —

R361C Yes Yes Yes Yes
@1506 Loss of Smad4a Yes Yes Yes Yes

WT Yes Yes Yes —
u1461STOP WT Yes — Yes —
@1397 WT Yes — Yes —

Loss of Smad4a Yes — Yes —
WT Yes — Yes —
WT Yes — Yes Yes

u1309STOP Loss of Smad4a Yes — Yes Yes
R361C Yes — Yes Yes
R361C Yes — Yes Yes
R361C Yes — Yes Yes
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upplementary Figure 1. (A) ALDEFLUOR assay on CRC spheres. Dissociated sphere cells exposed to ALDEFLUOR substrate (BODIPY-
minoacetaldehyde diethyl aceta) and the specific ALDH inhibitor diethylaminobenzaldehyde were used to define the CD133-positive population with
igh ALDH activity (red region) and the population with low ALDH activity (blue region). One representative of 20 CRC sphere cultures derived from
ifferent tumors is shown. (B) Representative immunoblot analysis of BMPR1A, BMPR1B, and BMPR2 on primary tumor cells (Primary), sphere cells
Spheres), and SDACs derived from MSS (patient number 14) and MSI (patient number 3) tumors. Loading control was assessed by �-actin.
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upplementary Figure 2. (A) Confocal microscopy analysis of ALDH1 (green color) of sphere cells untreated or treated with BMP4 for 6 days.
uclei were counterstained by Toto-3 (blue color). (B) Representative cell-cycle profile of dissociated sphere cells after 48 hours exposure to vehicle
lone (Untreated) or BMP4. (C) Representative immunoblot analysis of PTEN, AKT, pAKT, GSK3�, and pGSK3� on sphere cells, derived from 3
ifferent Smad4-null patients (patient numbers 22, 24, and 25), untreated and treated with BMP4. Loading control was assessed by �-actin. (D)
elative fold of expression levels of Wnt-related gene in sphere cells treated for 48 hours with BMP4 vs untreated sphere cells. Glyceraldehyde-3-
hosphate dehydrogenase (GAPDH) was used as endogenous control. Data are expressed as mean � standard deviation of 10 independent

xperiments (patient numbers 2–4, 11, 13–17, and 19).
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