
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/290183411

Peritoneal Dissemination Requires an Sp1-Dependent CXCR4/CXCL12

Signaling Axis and Extracellular Matrix-Directed Spheroid Formation

Article  in  Cancer Research · January 2016

DOI: 10.1158/0008-5472.CAN-15-1563

CITATIONS

29
READS

309

13 authors, including:

Some of the authors of this publication are also working on these related projects:

GI cancer genetic instability View project

Regulation of smooth muscle contraction View project

Yuta Kasagi

Kyushu University

29 PUBLICATIONS   457 CITATIONS   

SEE PROFILE

Yui Harada

Kyushu University

36 PUBLICATIONS   337 CITATIONS   

SEE PROFILE

Yosuke Morodomi

The Scripps Research Institute

100 PUBLICATIONS   1,525 CITATIONS   

SEE PROFILE

Kumi Yoshida

Kyushu University

14 PUBLICATIONS   193 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Yoshikazu Yonemitsu on 10 March 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/290183411_Peritoneal_Dissemination_Requires_an_Sp1-Dependent_CXCR4CXCL12_Signaling_Axis_and_Extracellular_Matrix-Directed_Spheroid_Formation?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/290183411_Peritoneal_Dissemination_Requires_an_Sp1-Dependent_CXCR4CXCL12_Signaling_Axis_and_Extracellular_Matrix-Directed_Spheroid_Formation?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/GI-cancer-genetic-instability?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Regulation-of-smooth-muscle-contraction?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuta-Kasagi?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuta-Kasagi?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kyushu_University?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yuta-Kasagi?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yui-Harada?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yui-Harada?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kyushu_University?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yui-Harada?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yosuke-Morodomi-2?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yosuke-Morodomi-2?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_Scripps_Research_Institute?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yosuke-Morodomi-2?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kumi-Yoshida?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kumi-Yoshida?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Kyushu_University?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kumi-Yoshida?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yoshikazu-Yonemitsu?enrichId=rgreq-b2dacfbc59c1f8588f262a0cf4a316bb-XXX&enrichSource=Y292ZXJQYWdlOzI5MDE4MzQxMTtBUzozMzc5NTA0NDIzMTE2ODBAMTQ1NzU4NTA3MjY0OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Molecular and Cellular Pathobiology

Peritoneal Dissemination Requires an
Sp1-Dependent CXCR4/CXCL12 Signaling Axis
and Extracellular Matrix–Directed Spheroid
Formation
Yuta Kasagi1,2, Yui Harada1, Yosuke Morodomi1,2, Toshiki Iwai1,2,3, Satoru Saito1,
Kumi Yoshida1, Eiji Oki2, Hiroshi Saeki2, Kippei Ohgaki2, Masahiko Sugiyama2,
Mitsuho Onimaru4, Yoshihiko Maehara2, and Yoshikazu Yonemitsu1

Abstract

Peritonitis carcinomatosa is an advanced and intractable
state of gastrointestinal and ovarian cancer, where mechanistic
elucidation might enable the development of more effective
therapies. Peritoneal dissemination of this type of malignancy
has been generally thought to initiate from "milky spots" of
primitive lymphoid tissues in the peritoneal cavity. In this
study, we offer evidence challenging this idea, based on the
finding that tumor implantation and directional dissemination
was not required for the presence of milky spots, but rather
SCF/CXCL12–expressing niche-like cells located at the border
regions of perivascular adipose tissue. Interestingly, we found
that peritoneal cavity lavage fluid, which specifically contains

peritoneal collagen type IV and plasma fibronectin, dramati-
cally facilitated spheroid formation of murine and human
colon cancer cells. Spheroid formation strongly induced the
expression of CXCR4 in an Sp1-dependent manner to promote
niche-directed metastasis. Notably, disrupting sphere forma-
tion or inhibiting Sp1 activity was sufficient to suppress tumor
dissemination and potentiated chemosensitivity to 5-fluoro-
uracil. Our findings illuminate mechanisms of peritoneal can-
cer dissemination and highlight the Sp1/CXCR4/CXCL12 sig-
naling axis as a rational target for the development of thera-
peutics to manage this intractable form of malignancy. Cancer
Res; 76(2); 347–57. �2016 AACR.

Introduction
Peritonitis carcinomatosis is an advanced and intractable state

of gastrointestinal andovarian cancers (1). Because this pathology
remains highly resistant to the current standard therapeutics,
including chemotherapeutic agents, and shows a high mortality
ratio, its underlying mechanism requires elucidation.

Once the cancer cells have detached from the primary tumor,
they are thought to float in the ascites as single cells or as clusters.
At the initial stage of the peritoneal dissemination, cancer cells
and their clusters have been shown to attach and adhere to the
mesothelial layer, and then to form disseminated colonies via

proteolytic activity, (1) and it has generally been thought that the
peritoneal tumor dissemination occurs randomly in the perito-
neal cavity (2) In support of this idea, an analysis of 102 involved
regions in human subjects revealed random peritoneal dissemi-
nation to the mesentery/small bowel (21.7%), pelvis (20.6%),
omemtum/transverse colon (19.6%), ileocecal area (17.6%), and
so on (3). On the other hand, some recent studies have indicated
that the microdistribution of peritoneally disseminated cancer
cells may not be completely random: so-called "milky spots," i.e.,
primitive lymphoid tissues in the peritoneal cavity of humans and
animals, detected mainly in the greater omentum and the pelvic
floor, have been suggested as the predominant sites for cancer
dissemination (4–6). However, questions have arisen in regard to
thismilky spots hypothesis, asmilky spots have been shown to be
rare in the mesentery (5, 7), even though mesenteric dissemina-
tion is not rare in clinical and experimental settings. To consider
an alternativemechanism, therefore, knowledge of theunderlying
tumor dissemination in the peritoneal cavity irrespective of the
location of milky spots is needed.

A possible clue to such an alternative mechanism was first
provided by Yasumoto and colleagues (2), showing the essential
role of the CXCR4/CXCL12 axis during peritoneal dissemination
using human gastric cancer cells; their results indicated that the
CXCR4 antagonist AMD3100 (8) was effective to prevent perito-
neal carcinomatosis and accumulation of ascites. However, their
findings raised a number of further questions, including (i) the
role of the alternative receptor, CXCR7, for CXCL12; (ii) whether
the CXCR4/CXCL12 axis is truly not required for CXCR4-negative
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tumor dissemination; (iii) how to explain the paradox between
the milky spot hypothesis and the abundant expression of
CXCL12 in the peritoneal mesothelial cells observed in their
study.

In the current study, therefore, we extensively address the
precise molecular and cellular mechanisms of peritoneal dis-
semination to understand the intractable nature of peritonitis
carcinomatosa.

Materials and Methods
Mice

Male 7- to 8-week-old Balb/c and C57BL/6mice were obtained
from KBT Oriental Co., Ltd. (Charles River Grade). Male 8-week-
old C57BL/6-Tg (CAG-EGFP) mice were obtained from the Shi-
zuoka Laboratory Animal Center. The mice were kept under
specific pathogen-free and humane conditions. The animal
experiments were reviewed and approved by the Institutional
Animal Care andUseCommittee and by the Biosafety Committee
for Recombinant DNA Experiments of Kyushu University. These
experiments were also done in accordance with the recommenda-
tions for the proper care and use of laboratory animals and
according to The Law (No. 105) and Notification (No. 6) of the
Japanese Government, and theNIHGuide for the Care andUse of
Laboratory Animals.

Flow cytometric analysis
Cells were stained with the following FITC-, PE-, PE-Cy5-, or

APC-conjugated monoclonal antibodies (mAb): CXCR4 and
CXCR7 (Biolegend). The appropriate conjugated isotype-
matched IgGs were used as controls. Cells were analyzed using
a FACSCalibur with CellQuest software (Becton Dickinson) and
FlowJo 7.6 software (Tree Star Inc.).

Immunohistochemistry
En face. The mesentery was cut on poly-L-lysine–coated slides
(VWR) and rinsed with PBS. Samples were immunolabeled with
the following antibodies after incubation with Blocking One
Histo (Nakalai Tesque) to eliminate nonspecific binding: SCF
(polyclonal rabbit anti-mouse SCF; Sigma-Aldrich Japan; 1:400)
or CXCL12 (polyclonal goat anti-mouse SDF-1; Santa Cruz Bio-
technology, Inc.; 1:100). Slides were stained for at least 30
minutes with primary antibodies specific for the antigens.
The slides were then washed thoroughly with PBS and incubated
with the following secondary antibodies for 30 minutes: DyLight
549-labeled donkey anti-rabbit IgG (Biolegend; 1:500) or
CF488A-labeled donkey anti-goat IgG (Biotium Inc.; 1:250). After
thoroughly washing with PBS, the slides were mounted in DAPI-
containing Vectashield (Vector Laboratories Inc.) and examined
using a BZ-9000 microscope (Keyence Corp.).

Fresh-frozen cross-section. SCF and CXCL12 protein expressions
within the mesentery were immunohistochemically determined
using the same antibodies as used for the en face method. CT26
spheres were immunolabeled with the following antibodies after
incubation with Blocking One Histo (Nakalai Tesque) to elimi-
nate nonspecific binding: CXCR4 (polyclonal rabbit anti-mouse
CXCR4; Santa Cruz Biotechnology, Inc.; 1:100) or SP1 (polyclon-
al rabbit anti-mouse SP1; Santa Cruz Biotechnology; 1:100). In
brief, OCT compound–mounted frozen sections of the peritone-
um and CT26 spheres were incubated with Blocking OneHisto to

eliminate nonspecific binding. Tissue sections were reacted over-
night with primary antibody at 4�C. After washing, sections were
reacted with the appropriate DyLight-549 or CF488A-labeled
secondary antibody at 4�C for 30 minutes. After thoroughly
washing with PBS, the slides were mounted in DAPI-containing
Vectashield and examined using a BZ-9000 microscope (Keyence
Corp.). Non-immune rabbit IgG or goat IgG (isotype-matched)
was also used instead of the respective primary antibody as a
negative control.

Cell lines and culture conditions
Themurine (CT26) andhuman (Lovo,HCT116,Colo-201, and

SW602) colon cancers were purchased from the ATCC. The HRA
cells were provided by the Cell Resource Center for Biomedical
Research at Tohoku University (Sendai, Japan; ref. 9). These cell
lines weremaintained in RPMI1640medium supplemented with
10% FBS, penicillin, and streptomycin in a humidified atmo-
sphere containing 5% CO2 at 37�C. The growth and morphology
of the lines were found to be consistent with the original descrip-
tions of the lines, and PCR confirmed there was no mycoplasma
contamination. Parental CT26 cells were transfected with the
enhanced GFP expression simian lentiviral vector-GFP (10) and
selected by single-cell cloning.

Mouse model of tumor dissemination
For the murine peritoneal metastasis model, CT26GFP cells

(2 � 106) were injected intraperitoneally with or without
AMD3100 (0.25 mg/head; Sigma-Aldrich Japan), neutralizing
anti-mouse CXCR4 (clone 2B11, rat IgG2bk, 2 mg/head; Biole-
gend), anti-mouse CXCR7 (clone 8F11-M16, mouse IgG2bk, 2
mg/head; Biolegend), anti-mouse CXCL12/SDF-1 antibody
(Clone #79014, mouse IgG1, R&D Systems) or the appropriate
isotype-matched IgGs in 200 mL PBS. CT26 cells were treated with
or without mitomycin-C (MMC; 10 mg/mL for 1 hour) or aphi-
dicolin (0.1 mg/mL for 24 hours) and rinsed with PBS before
injection. Twenty-four hours after the injection, the peritoneae
were cut on poly-L-lysine–coated slides and rinsed with PBS. The
slides were mounted on DAPI-containing Vectashield (Vector
Laboratories) and examined using a BZ-9000 microscope.

CFSE assay
CT26GFP cells were treated with or without MMC (10 mg/mL

for 1 hour) or aphidicolin (0.1 mg/mL for 24 hours) and rinsed
with RPMI medium. The cells were CFSE-labeled and cultured at
37�C in a humidified 5% CO2 incubator for 24, 48, or 72 hours
before analysis. These cells were analyzed using a FACSCalibur
with CellQuest and FlowJo 7.6 software.

Cell adhesion and clustering assay
CT26GFP cells were cultured on a 24-well culture plate with or

without PBS (control), AMD3100 (1.25 mg/mL), or anti-CXCR4
for 24 hours to determine the frequencies of cell adhesion. To
assess the effects of AMD3100 and anti-CXCR4 for the clustering
of CT26GFP cells, the cells were cultured on an MPC treatment
plate (MD6 with Lid Low-Cell Binding; Nalge Nunc Internation-
al) with or without each reagent for 24, 48, or 72 hours.

Quantitative reverse transcription-PCR
Total RNA was extracted and cDNA was synthesized using a

SuperscriptIII cells direct cDNA synthesis system (Invitrogen)
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according to the manufacturer's protocol. Real-time PCR was
performed in a Step One Plus Real Time PCR System
(Life Technologies) using TaqMan Fast Universal PCRMaster Mix
(Life Technologies) according to the manufacturer's protocol.
The specific primer and probe set used in this study was as
follows: NRF1 (Mm01135606_m1), YY1 (Mm00456392_m1),
HIF1a (Mm00468869_m1), NF-kb (Mm01310378_m1),
FoxC1 (Mm01962704_s1), FoxC2 (Mm00546194_s1),
SP1 (Mm00489039_m1), Foxo1 (Mm00490672_m1), Bcl2
(Mm00477631_m1), PAX3 (Mm00435491_m1), b-actin
(Mm00607939_s1), a-tubulin (Mm02528102_g1). All experi-
ments were carried out in triplicate, and the data were analyzed
using Step One Software ver. 2.1 (Life Technologies). The
messenger RNA expression levels were standardized using
b-actin messenger RNA expression levels in each sample.

ELISA
The culture medium and cell lysate were used as samples. The

protein amounts of type IV collagen, cFN, and FN were deter-
mined using a mouse specific ELISA kit (type IV collagen,
E90149Mu: Uscn Life Science Inc.; cFN, BG-MUS10681: Blue-
gene, Shanghai, China; FN, ab108849: Abcam) according to the
manufacturer's protocol. Three independent experiments were
performed.

Sp1 gene silencing by siRNA
Transfection of CT26 cells with siRNA was done using Lipo-

fectamine RNAiMAX Transfection Reagent (Life Technologies)
according to the manufacturer's protocol. Briefly, siRNAs, includ-
ing an siRNA targeting Sp1 (Mm_Sp1_5223_s/_as; Sigma-
Aldrich) and a scrambled control (sc-37007; Santa Cruz Biotech-
nology), were used at a final concentration of 10 nmol/L, and
transfection reagent was used at the dilution of 1:500 (v/v).

Chemotherapeutic sensitization against CT26 malignant
ascites

Coll-L (75 U/mL) administered twice, at the time of tumor cell
injection and 6 hours later, significantly inhibited the spheroidal
formation as well as mesenteric metastasis in vivo (see Fig. 5A). All
mice that received higher doses (i.e., 150 and 300 U/mL) died
within 24 hours due to lysis of the mesentery associated with
massive intestinal necrosis, and therefore, 75 U/mL was selected
as the optimal dose. The sensitivity of CT26 tumor cells to 5-
fluorouracil (5-FU) and L-OHP under monolayer or sphere for-
mation was examined in vitro. The design of the in vivo experiment
is shown in Fig. 5B. Briefly, at the time of intraperitoneal inoc-
ulation of CT26 tumor cells, each chemical at each concentration
or buffer was administered simultaneously. Six hours later, 5-FU
(50 mg/kg) or buffer was administered in all groups except for
Group C, and thereafter, 5-FU or buffer was administered weekly.
Animal death was monitored daily and body weight was mea-
sured at 3-day intervals.

Sampling of the human mesentery
The experiments using human surgical sections were reviewed

and approved by the Institutional Review Board of Kyushu
University Graduate School of Medicine (Approval No. 25-
341). Human mesentery samples from seven patients who pro-
vided written informed consent and who underwent surgical
resection for primary cancers (2 females and 5 males; age range:

45–72 years; one case of gastrointestinal stromal tumor and six
cases of colon cancer) were subjected to the organ culture study
and to the identification of CAR niche-like cells.

Tissue processing of human mesentery and spheroid adhesion
assay

Goat anti-human CXCL12 (sc-6193; Santa Cruz Biotechnology
Inc.) and rabbit anti-human SCF (SAB3500292; Sigma-Aldrich
Japan) were used to identify CAR cells on the human mesentery
samples. LoVo-GFP (positive for CXCR4) and HCT116-CSFE
(negative for CXCR4 in monolayer) at 104 cells were maintained
for 24 hours to form spheroids on a 96-well plate that had been
pretreated with MPC. Forty to fifty spheroids were added onto
eachmediumof slicedhumanmesentery as organ culture thatwas
placed on the 6-well plate. Two days later, each mesentery was
placed onto the slide grass, and en face immunohistochemical
analysis for human SCF was performed.

Statistical analysis
All data were expressed as the means � SEM. The data were

examined statistically by Dunnett test or one-way ANOVA with
Scheffe adjustment. Aprobability value ofP<0.05was considered
statistically significant. Statistical analyses were determined using
StatView software (SAS Institute).

Results
Milky spots are not necessary for tumor dissemination

To confirm the localization of so-called milky spots and their
potential role in the peritoneal dissemination of cancers, we first
identified milky spots in the omentum and mesentery of Balb/c
(Fig. 1A) and C57BL6j (data not shown) mice. As in the previous
reports (4–6), we observed toluidine blue–stained cell aggregates
mainly on the surface of narrow fat tissue stripes of the omentum
(Fig. 1A, arrowheads), but not in the mesentery (Fig. 1B, top) in
both animal strains. In addition, unlike in a previous study, (7)
despite extensive observations we failed to identify fat-associated
lymphoid clusters (FALC), which have been considered to be
different from milky spots in the mesenteries of these animal
strains under developed specific pathogen-free conditions. In
contrast, intraperitoneal injection of OK-432, a streptococcal
preparation, could induce FALC-like structures (Fig. 1B, bottom),
suggesting that a proinflammatory reaction may be a cause of
FALC formation.

Next, we assessed the distribution of disseminated tumor
nodules in the omentum andmesentery by using stably enhanced
GFP-labeled CT26murine colon cancer cells that were established
using a simian lentiviral vector (10) after single-cell selection
(CT26GFP; Supplementary Fig. S1). Twenty-four hours after
intraperitoneal administration of CT26GFP (2� 106 cells/head),
the omentum and mesentery were examined under a dissecting
fluorescentmicroscope (Fig. 1C andD).We also included a group
simultaneously administered AMD3100, a specific inhibitor for
CXCR4 (8), in these experiments. As expected, multiple GFP-
positive tumor nodules were frequently observed in narrow fat
tissue stripes of the omentum (5), but not in not other fat tissues
(Fig. 1C, top), and their occurrence was diminished by AMD3100
(Fig. 1C, bottom), suggesting that milky spots may be the pre-
dominant sites for tumor dissemination mediated by CXCR4.
However, even though there were no milky spots, frequent GFP-
positive nodules that were sensitive to AMD3100 were also
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observed in the mesentery (Fig. 1D). These findings were also
confirmed bymeasurements of thewet weight of narrow fat tissue
stripes and mesenteries at 1 weeks after CT26GFP tumor cell
inoculation (Fig. 1E and F).

Together, these results indicate that narrow fat tissue stripes in
the omentum and mesentery are the predominant sites for
CXCR4-dependent tumor dissemination; however, milky spots
are not always necessary for peritoneal dissemination.

CXCR4-dependent tumor metastasis to the mesentery is
directional to CXCL12-expressing niche-like cells

A previous study suggested that peritoneal cells abundantly
express CXCL12 and that tumor dissemination might occur at
random (2); however, our experiments shown in Fig. 1 unexpect-
edly revealed early tumor nodules at the border area of perivas-
cular adipose tissue (Fig. 2A, arrowheads). In fact, subsequent
quantitative examination revealed that more than 90% of these

nodules were located at the border area of perivascular adipose
tissue (Fig. 2A, graph) when nodules larger than 30 mm in
diameter were counted. Unlike in the previous report (2), the
expression of CXCL12 in parietal peritoneum samples obtained
from the abdominal wall was much lower than those in the
retroperitoneal fat, mesentery, and omentum narrow fat tissue
stripes (Fig. 2B), suggesting that the parietal peritoneummay not
be important for tumor dissemination.

Next, we determined the localization of CXCL12-expressing
cells by en face observation using mesenteric tissue, and here we
also examined the expression and localization of stem cell factor
(SCF) simultaneously, because the CXCL12/CXCR4 axis is largely
known for its niche-related proteins, which play roles in hema-
topoiesis and cancer metastasis (11–15). Cells in the mesentery,
possibly mesothelium cells and perivascular adipocytes, abun-
dantly expressed SCF, but in some cases, these cells also coex-
pressed CXCL12 (Fig. 2C). Importantly, the SCFþ/CXCL12þ cells
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Figure 1.
Milky spots are not necessary for tumor dissemination. Each experiment was done more than three times and showed similar results. A, representative en face
findings of the toluidine blue-stained mouse omentum for detecting milky spot–like structures by a dissecting microscope. Note the cell aggregation on the
narrow fat tissue stripe (right, arrowheads). B, representative en face findings of the toluidine blue-stained mouse mesentery for detecting milky spot–like and/or
FALC structures by dissecting microscopy. No blue-stained cell aggregate can be seen in the mesentery from na€�ve mice (top). Bottom, a FALC-like structure in the
mesentery from mice intraperitoneally treated with OK-432 (0.01K.E/head). Note the islands of cell aggregates (arrows). H&E, hematoxylin and eosin. C,
representative en face findings of metastatic lesions on the mouse narrow fat tissue stripe 24 hours after intraperitoneal inoculation of CT26GFP (top).
These disseminated lesions were completely diminished by simultaneous injection with AMD3100, a specific inhibitor for CXCR4. D, representative en face
findings ofmetastatic lesions on themousemesentery 24 hours after intraperitoneal inoculation of CT26GFP (top). These disseminated lesionswere also completely
diminished by simultaneous injection with AMD3100. E, representative findings of the mouse omentum (top) and mesentery (bottom) 7 days after CT26GFP
inoculation with or without AMD3100. F, graphs indicate the net weight of mouse narrow fat tissue stripes of the omentum (left graph) andmesentery (right graph).
Note that AMD3100 almost abolished the weight gain due to the tumor dissemination.
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were frequently located at the border regions of perivascular
adipose tissue (Fig. 2D, inset C, arrows) but rather rarely seen in
membranous regions (Fig. 2D, insets A and B, arrow), although
single SCFþ cells were abundant. We considered that these SCFþ/
CXCL12þ cells might be so-called "CXCL12-abundant reticular
(CAR) cells," (16) and indeed, these cells were confirmed to have
the reticular morphology typical of CAR cells (Fig. 2E, arrows).

We then examined the 10 mesenteric samples with CT26GFP
tumor metastasis that were immunohistochemically determined
to contain CAR-like cells, and approximately 85% of the nodules
larger than 30 mm in diameter were located on the SCFþ cells (Fig.
2F). These results indicated that CXCR4-dependent tumor metas-
tasis to the mesentery is directional to CXCL12-expressing niche-
like cells, but not random.

However, this raised two additional questions: (i) how was the
visible size ofmesenteric metastasis realized within 24 hours after
tumor cell inoculation, and (ii) whywas AMD3100 so effective, as
shown in Fig. 1F, even though CT26GFP and its parent cells
express very low levels of CXCR4?

Dramatic facilitation of spheroid formation in PCLF is
mediated by the cooperative action of collagen type IV and
plasma fibronectin

We first assessed the detailed process of mesenteric dissem-
ination. To do this, we determined the time courses of the
recovery of PCLF and mesenteric metastasis after intraperito-
neal inoculation of CT26GFP cells; representative time courses
are shown in Fig. 3A. Single cells as well as scattered cell
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Figure 2.
Site-directed peritoneal dissemination targeting SCFþ/CXCL12þ niche-like cells. Experiments were each done more than three times and showed similar results.
CT26GFP cells (2 � 106) were injected intraperitoneally. A, grossly visible GFPþ peritoneal dissemination arises within 24 hours after intraperitoneal tumor
cell injection. Note that amajority of disseminated tumor nodules were seen at the border regions of perivascular adipose tissue (inset A). Among the GFPþ nodules
that were more than approximately 30 mm in diameter, 90.7% (mean) were located at the border area of perivascular adipose tissue (graph). B, protein
expression level of CXCL12 at each site of the intraperitoneal tissue. The previously identified parietal peritoneum showed a lower level of CXCL12 than the
mesentery or the narrow fat tissue of the omentum. C, representative en face findings of the mouse mesentery immunohistochemically stained for SCF (red) with
CXCL12 (green), suggesting that some SCFþ cells would be CAR–like cells (white arrows). D, representative findings of the mouse mesentery on cross sections
identifying the localization of CAR cells (CXCL12þ/SCFþ). The two top left panels show the tissue processing for perivascular adipose tissue (bracket, a branch of the
mesenteric artery is indicated by elastica van Gieson staining) associated with the membranous region. The left bottom panel is a low powered view of the merged
fluorescence (SCF, red; CXCL12, green; and nuclei, DAPI) and the hatched areas of A and B (in the membranous region), and that of C (at the border area of
perivascular adipose tissue) correspond to the respective inset panels. Membranous regionswere generally composedof SCFþ/CXCL12� (inset B) and rarely showed
SCFþ/CXCL12þCAR cells (inset A, arrow). In contrast, such doubly positive CAR cellswere frequently seen at the border area of perivascular adipose tissue, as shown
in inset C (white arrows). E, representative en face findings of the mouse mesentery immunohistochemically stained for SCF (red) as examined by a fluorescent
microscope. Nuclear staining was done using DAPI (blue). Note the scattered solitary SCFþ cells showing typical reticular figures (white arrows). F, among the
GFPþ nodules that were more than approximately 30 mm in diameter, 85.3% (mean) were on SCFþ cell sheets.
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clusters were recovered without apparent mesenteric metasta-
sis within 1 and 3 hours after tumor inoculation. Importantly,
apparent and grossly visible spheroids (Fig. 3A, arrowheads) as
well as tumor nodules on the mesentery began to be observed
from 6 hours after inoculation, and at 12 hours, the size of
spheroids was dramatically increased (Fig. 3A, arrows) and
single cell recovery was very rare. The time course of the
process of the spheroid formation in vivo seemed to be much
earlier than that seen in vitro, suggesting that the peritoneal
cavity might contain substances that facilitated sphere forma-
tion of the CT26 cells. To confirm this, a floating cultivation of
CT26 cells was performed in fresh medium (fresh RPMI) as
well as in the medium that was used after intraperitoneal
irrigation (PCLF-RPMI). Surprisingly, the spheroid formation
was dramatically facilitated in the PCLF-RPMI (Fig. 3B, red

square) compared with that seen in fresh RPMI (Fig. 3B, blue
square), indicating that soluble substances in the peritoneal
cavity may be involved in the accelerated formation of
spheroids.

Next, since such dissemination has been foundonly at 24hours
or later after inoculation of tumor cells, we examined whether or
not cell divisionmight be involved in this process. CT26 cells were
pretreated with a cell-cycle inhibitor, either aphidicolin or mito-
mycin-C (MMC), and confirmed to be near cell-cycle arrest by
FACS analyses for CFSE using parent CT26 cells (5- or 6-(N-
Succinimidyloxy-carbonyl)-fluorescein 3',6'-diacetate; data not
shown), then intraperitoneally inoculated. However, the results
showed that therewere no significant differences among groups in
the frequency of sphere formation (Fig. 3C), indicating that cell
division was not important in this process.
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Figure 3.
Facilitated spheroid formation of cancer cells in the peritoneal cavity is mediated by preexisting collagen type IV (Coll-IV) and plasma fibronectin (pFN).
Each experiment was done more than three times and showed similar results. A, the representative time courses of the recovery of PCLF and mesenteric
metastasis after intraperitoneal inoculation of CT26GFP cells. Single cells as well as scattered cell clusters were recovered without apparent metastasis within 1 and
3 hours after tumor inoculation. Grossly visible spheroids (arrowheads) as well as tumor nodules on the mesentery began to be observed from 6 hours after
inoculation, and at 12 hours after inoculation, the size of spheroids was increased (arrows) and single cell recovery was very rare. B, PCLF facilitated sphere
formation in vitro. Floating cultivation of CT26 was done in the fresh medium (fresh RPMI) as well as the medium that was used after intraperitoneal
irrigation (PCLF-RPMI). C, cell cycle inhibitionby aphidicolin ormitomycinCdid not affect the formation of disseminated nodules. D, spontaneous spheroid formation
and PCLF-mediated facilitation of spheroid formation were sensitive to collagenase. In both cases, CT26 cells could not form spheroids. E, Coll-IV and pFN
cooperatively facilitated spheroid formation in vitro. Coll-IV, but neither Coll-I nor plasma/cellular fibronectins (pFN and cFN), facilitated the sphere formation
(green squares), compared with baseline (blue squares). Importantly, the combination of Coll-IV and pFN showed the optimal effect (red squares). F, involvement
of Coll-IV and pFN in the spheroid formation. E and F, measurement of Coll-IV and pFN in murine PCLF by ELISA (E), and immunohistochemical detection of Coll-IV
and pFN in the CT26 spheroids (F) recovered from the peritoneal cavity.
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To identify the protein(s) essential to the accelerated sphere
formation, an in vitro spheroid formation assay was performed
using two major ECM-sensitive proteases, collagenase and
hyaluronidase (CT26 cells expressed hyaluronan receptor
CD44 and collagen/laminin/RGD receptors integrin b1/a5;
Supplementary Fig. S2A). Importantly, the sphere formation
was completely abolished by collagenase (Fig. 3D), but was not
sensitive to hyaluronidase or anti-integrin–neutralizing anti-
bodies (Supplementary Fig. S2B and C), and these findings
were common to all four human colon cancer cell lines tested
(Supplementary Fig. S2D). An extensive spheroid formation
assay also revealed that collagen type IV (Coll-IV), but neither
Coll-I nor plasma/cellular fibronectins (pFN and cFN), facili-
tated the sphere formation (Fig. 3E, green squares). Important-
ly, the combination of Coll-IV and pFN showed the optimal
effect (Fig. 3D, red squares), indicating that Coll-IV is essential
and pFN supports the formation of spheroids. In fact, consid-
erable amounts of Coll-IV and pFN were found in murine PCLF
(Fig. 3F), and these ECM proteins were certainly involved in
the spheroids that were recovered from the peritoneal cavity

(Fig. 3F), results that explain very well the clinical findings
previously reported by our laboratory (17).

Role of spheroid formation onCXCR4 expression, involvement
of Sp1

Next, we investigated the role of the CXCR4/CXCL12 axis
during mesenteric tumor dissemination. For this purpose, we
first assessed the expressions of CXCR4 andCXCR7, an alternative
receptor for CXCL12, in response to inoculation with CT26GFP.
The results showed that the expression of CXCR4 was very low
(Supplementary Fig. S1b); however, administration ofaCXCR4, a
neutralizing antibody for CXCR4, either alone or together with
aCXCR7 or AMD3100 or aCXCL12 antibody significantly inhib-
ited the mesenteric microdissemination, while neither aCXCR7
alone nor control IgG showed a significant inhibition of mesen-
teric dissemination of tumor cells (Fig. 4A), indicating that the
expression of CXCR4 in tumor cells, but not that of CXCR7,
significantly contributed to peritoneal dissemination.

These paradoxical data raise a question, namely, if CXCR4plays
an essential role in niche-directed tumor dissemination, why was
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Figure 4.
Spheroid formation-induced CXCR4 expression is Sp1 transcription factor-dependent. Each experiment was done more than three times and showed similar
results. A, CXCR4 played a significant role during disseminated nodule formation. Just before intraperitoneal injection of tumor cells, 1 � 106 CT26GFP cells
were treated with neutralizing aCXCR4, aCXCR7, both, or aCXCL12 antibody. Pretreatment with AMD3100 was also included. B, method and detection of the
upregulation of CXCR4 expression via spheroid formation in vitro. Twenty-four hours after floating culture, the spheroids were subjected to FACS analysis
after propagation with EDTA (5 mol/L) or to immunohistochemistry. C, neither AMD3100 nor aCXCR4 abrogated CT26GFP sphere formation. The right graph
indicates the diameters of the sphere. D and E, Sp1 was essential for the sphere formation–induced CXCR4 expression. Spheroid-induced upregulation of
CXCR4 was abrogated by pretreatment with the Sp1-specific inhibitor mithramycin A in a dose-dependent manner (D) and with Sp1-specific siRNA (E). F, Sp1 was
essential for the mesenteric metastasis of GFPþCT26 cells. Mesenteric metastasis of GFPþCT26 cells was significantly inhibited by the pretreatment with
mithramycin A without any effect on spheroid formation in vivo.
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the basal expression of CXCR4 on the CT26 monolayer so low?
We hypothesized that sphere formation might accelerate the
expression of CXCR4, and as shown in Fig. 4B, this was indeed
confirmed by FACS and immunocytochemistry. Neither
AMD3100 nor aCXCR4 affected the formation of the spheres
themselves (Fig. 3c), indicating that spheroid formation itselfmay
be a key event in the upregulation of CXCR4.

However, the inhibitor for FAK, a major signal molecule
downstream of integrin signaling, did not affect the sphere-
induced CXCR4 expression (Supplementary Fig. S3A), and FNs
(Supplementary Fig. S3B, left) or Coll-I and/or Coll-IV (data not
shown) also did not alter the expression of CXCR4. In addition,
CXCR4 expression on the monolayer was not upregulated by
either cultivation under a hypoxic condition, the addition of an
inhibitor for hypoxia-inducible factor (HIF; Supplementary Fig.
S3B, right), or the addition of an inhibitor for NF-kB (data not
shown), unlike in previous reports (18, 19). Only two stress
conditions, i.e., the presence of CoCl2 (20) and serum starvation
(21), were identified as inducers of CXCR4 on the CT26 mono-
layer (Supplementary Fig. S3C and D). However, the antioxidant
N-acetyl cysteine did not have any effect on spheroid-induced
CXCR4 expression (Supplementary Fig. S3C, right). The latter had
been coexpressed with insulin-like growth factor-1 receptor

(IGFIR; Supplementary Fig. S3D), an inducer and transactivator
of CXCR4 (21); however, picropodophyllin, an inhibitor of
IGFIR, did not affect the expression level of CXCR4 (data not
shown).

Therefore, we returned to a review of the transcriptional reg-
ulation of CXCR4, based on the structure of its promoter region
(22). As no gene encoding a transcriptional factor that regulates
CXCR4 exhibited a change in expression (Supplementary Fig. S3E
and F), we focused on the Sp1 transcription factor, which targets
GC boxes irrespective of its own transcriptional levels (23). As
shown in Fig. 4DandE, spheroid-induced upregulation ofCXCR4
was abrogated by the Sp1-specific inhibitor mithramycin A in a
dose-dependent manner and by Sp1-specific siRNA. Importantly,
mesenteric metastasis of GFPþCT26 cells was significantly inhib-
itedby thepretreatmentwithmithramycinAwithout any effect on
spheroid formation in vivo (Fig. 4F), indicating that Sp1-mediated
overexpression of CXCR4 plays an essential role in directional
metastasis during tumor dissemination.

Chemotherapeutic sensitization against tumor dissemination
via inhibition of Sp1, CXCR4, or spheroid formation

To assess the effect of inhibiting the CXCR4 axis as well as
spheroid formation itself on the therapeutic effect of chemotherapy
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Modulation of the CXCR4 axis achieves chemotherapeutic sensitization against a murine malignant ascites model. A, Coll-L inhibited spheroid formation of GFPþCT26
cells in vivo. Coll-L (75 U/mL) administered twice, at the time of tumor cell injection and 6 hours later, significantly inhibited the spheroidal formation as
well as mesenteric metastasis in vivo. All mice that received higher doses (i.e., 150 and 300 U/mL) died due to lysis of the mesenteric tissue associated with
massive intestinal necrosiswithin 24 hours. Each experiment was performed three to five timeswith similar results. B, experimental design. At the time of intraperitoneal
inoculation of CT26 tumor cells, each chemical at each concentration or buffer was administered simultaneously. Six hours later, 5-FU (50 mg/kg) or buffer was
administered, except inGroupC, and thereafter 5-FUorbufferwasadministeredweekly. C, sensitivity ofCT26 tumor cells in amonolayer or sphere formation to5-FUand
L-OHP in vitro. Sphere formation made the cells more resistant to both antitumor agents compared with the cells in a monolayer. Each group contained three animals.
D, time course of body weight (B.W.) and survival (þ, dead animals over the 100 days after tumor inoculation; *, surviving animals over the same period).
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in vivo, we first optimized the concentration of collagenase-L
(Coll-L) as 75 U/mL required to inhibit spheroid formation of
GFPþCT26 cells in vivo (Fig. 5A).

Before determining the experimental design (Fig. 5B), the
sensitivity of two independent chemotherapeutic agents that are
the commonly used agents for colon cancers, namely 5-FU and L-
OHP, was determined. Sphere formation made the cells signifi-
cantlymore resistant to both antitumor agents compared with the
cells remaining in a monolayer (Fig. 5C, P < 0.05). As 5-FU was
more effective than L-OHP when the drugs were used at lower
concentrations, we selected 5-FU for use in the subsequent in vivo
experiments (Fig. 5D).

All animals administered buffer as a control (Group A) were
dead within 32 days, and 5-FU treatment (Group B) could not
prolong their survival time significantly (P ¼ 0.12). In contrast,
early inhibition of sphere formation by Coll-L (Group C) as well
as use of AMD3100 (Group D) or of mithramycin A (Group E)
resulted in over 100 days of long-term survival in 3 (Groups C and
D) and 4 (Group E) of the 8 animals in each group.

These results indicated that the inhibition of sphere formation
in the peritoneal cavity and of directional sphere seedingmight be
a potential strategy to sensitize the disseminated tumor cells
against chemotherapeutic agents.

Identification of CAR-like cell aggregates, accelerated sphere
formation, and directional tumor metastasis in human tissue
and cells

Finally, we addressed the question of the relevance of these
findings to human tissue and cells.

A portion of the surgically resected human mesentery (Sup-
plementary Fig. S4A, left) was subjected to en bloc immunohis-
tochemistry for SCF, and en face observation under a dissecting
fluorescent microscope demonstrated scattered SCFþ cells (Sup-
plementary Fig. S4A, right, red staining, white arrows) on and
around the perivascular adipose tissue (Supplementary Fig. S4A,
right, yellow bipolar arrow). Double immunohistochemistry
(Supplementary Fig. S4B) for SCF (red) and CXCL12 (green) was
performed to identify CAR-like cells (white arrows) using cryosec-
tions, and doubly positive cells were frequently seen at the border
area of perivascular adipose tissue (white arrows).

Next, we assessed the representative accelerated sphere forma-
tion and AMD3100- and mithramycin A–sensitive mesenteric
tumor dissemination of two independent human colon cancer
cell lines, LoVo and HCT116, in the peritoneal cavity of nude
mice. As shown in Supplementary Fig. S4C, spontaneous expres-
sion of CXCR4 was seen in the monolayer of LoVo cells, but not
that of HCT116 cells, while CXCR4 expression was seen after
spheroid formation (arrow). Murine PCLF facilitated the sphere
formation of these human colon cell lines in vitro (Supplementary
Fig. S4d, red squares), but the formations were abolished when
Coll-L was used (Supplementary Fig. S4d, green squares). These
cells were intraperitoneally inoculated into the nude mice. Seven
days after inoculation of GFP-labeled LoVo cells (LoVo-GFP) or
CFSE-labeled HCT116 cells (HCT116-CFSE), the dissemination
was mainly seen at the margin of the perivascular adipose tissue
(Supplementary Fig. S4e, left, inset A and B), which was similar to
the findings obtained by using CT26GFP cells. These dissemina-
tionswere significantly abrogated byAMG3100ormithramycin A
(Supplementary Fig. S4e, right).

Surgically obtained mesenteric tissues were placed on a 6-well
plate, and medium containing spheres of HCT116-CFSE was

added. Two days layer, these tissues were placed on a glass plate,
and en bloc immunohistochemistry for SCF was done. En face
findings demonstrated that LoVo-GFP (Supplementary Fig. S4F,
top bottom) as well as HCT116-CFSE (Supplementary Fig. S4F,
left bottom) spheres (green) were frequently present on the SCFþ

cell sheet (red). Among the 39 and 35 green nodules counted, 26
(66.7%) and 23 tumors (65.7%) were located on the SCFþ cell
sheet, respectively.

Subsequently, we askedwhether themajorfindings obtained in
this study using colon cancer cells were also representative to a
HRA human ovarian cancer, an alternative malignant neoplasm
that frequently induces peritoneal dissemination. As expected,
sphere formation–induced spontaneous expression of CXCR4
(Supplementary Fig. S5a), PCLF-mediated acceleration of the
sphere-forming process (Supplementary Fig. S5b), and inhibition
of peritoneal dissemination of HRA cells in nude mice by
AMD3100 as well as mythramycin (Supplementary Fig. S5C)
were also representative.

Together with these findings, intraperitoneal acceleration of
sphere formation of cancer cells and CAR-like cell-directed dis-
semination of spheres could be common mechanisms in human
tissue and cancers, at least in case of gastrointestinal and ovarian
cancers.

Discussion
Mainly using CT26 murine colon cancer, that has been shown

to share molecular features with aggressive, undifferentiated,
refractory human colorectal carcinoma cells (24), we here
demonstrated the whole molecular and cellular mechanisms
of peritoneal dissemination. The key findings of the current
study were as follows: (i) intraperitoneally inoculated tumor
cells can be implanted to narrow fat tissue stripes of the
omentum with milky spots as well as to border regions of
perivascular adipose tissue of the mesentery without milky
spots, and both are sensitive to a CXCR4 inhibitor, AMD3100,
suggesting that milky spots are not required to form dissemi-
nated cancer metastasis in the peritoneal cavity; (ii) SCFþ/
CXCL12þ CAR-like cells located at the border area of perivas-
cular adipose tissue of the mesentery are a predominant dis-
semination site of tumor cells; (iii) peritoneal Coll-IV and pFN
cooperatively facilitated the sphere formation of cancer cells
within 3 to 6 hours; (iv) spheroid formation strongly promoted
the expression of CXCR4 in an Sp1 transcription factor-depen-
dent fashion (a schematic representation of a possible mecha-
nism of tumor dissemination is provided in Supplementary Fig.
S6). Also, (v) CAR-niche–directed and CXCR4/CXCL12 axis–
dependent metastasis were representative in human cancer cells
and mesentery.

Although a previous study simply demonstrated the essential
role of the CXCR4/CXCL12 axis during tumor dissemination
(2, 11–15), the current study made a related but apparently
distinct contribution, i.e., the first demonstration of the global
molecular and cellular mechanism of tumor dissemination. Spe-
cifically, this study was the first to demonstrate that Coll-IV and
pFN-dependent facilitation of spheroid formation within the
initial hours after dissemination was essential to induce
CXCR4/CXCL12-dependent tumor dissemination, irrespective of
the basal expression of CXCR4. First, it has been demonstrated
that spheroids form tight junctions containing both E-cadherin
and ZO-1 to protect themselves against anticancer agents (25). In
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fact, cancer spheroids are much more resistant to irinotecan than
cancer cells in a monolayer (26). Second, spheroid formation
promptly induces antiapoptotic genes that might be involved in
the mechanism of drug resistance (25). Other metabolic changes
via the formation of spheroids, including hypoxia (27), starvation
(28), anaerobic metabolism (27), proinflammatory potential
(29, 30), as well as cancer stem cell–like potency (31, 32) may
also contribute to the intractable potentials of disseminated
cancer foci (Supplementary Fig. S7).

One importantfinding obtained in this studywas that early and
transient inhibition of sphere formation as well as of the CXCR4
axis rendered tumor cells in the peritoneal cavity significantly
more sensitive to chemotherapeutic agents. In any case, these data
indicated that the inhibition of the process of sphere formation as
well as CXCR4-dependent directed dissemination might be effec-
tive to render tumor cells more sensitive to chemotherapeutic
agents, and therefore these strategies need to be addressed in
future clinical studies.

In conclusion, we here demonstrated the globalmechanisms of
peritoneal cancer dissemination at the molecular and cellular
levels. Our results showed that the CXCR4-dependent interaction
of tumor cells with the mesenteric CAR cell–like niche as well as
the spheroid formation occurring before tumor dissemination is
the critical mechanism underlying peritoneal carcinomatosis. The
development of technologies that disrupt this process would be
highly desirable for the treatment of patients with peritoneal
carcinomatosis.
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