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The short chain fatty acid (SCFA) buyrate is a product of
colonic fermentation of dietary fibers. It is the main source
of energy for normal colonocytes, but cannot be metabo-
lized by most tumor cells. Butyrate also functions as a his-
tone deacetylase (HDAC) inhibitor to control cell prolifera-
tion and apoptosis. In consequence, butyrate and its derived
drugs are used in cancer therapy. Here we show that aggres-
sive tumor cells that retain the capacity of metabolizing bu-
tyrate are positively selected in their microenvironment. In
the mouse xenograft model, butyrate-preselected human
colon cancer cells gave rise to subcutaneous tumors that
grew faster and were more angiogenic than those derived
from untreated cells. Similarly, butyrate-preselected cells
demonstrated a significant increase in rates of homing to
the lung after intravenous injection. Our data showed that
butyrate regulates the expression of VEGF and its receptor
KDR at the transcriptional level potentially through FoxM1,
resulting in the generation of a functional VEGF:KDR auto-
crine growth loop. Cells selected by chronic exposure to bu-
tyrate express higher levels of MMP2, MMP9, a2 and a3
integrins, and lower levels of E-cadherin, a marker for epi-
thelial to mesenchymal transition. The orthotopic model of
colon cancer showed that cells preselected by butyrate are
able to colonize the animals locally and at distant organs,
whereas control cells can only generate a local tumor in the
cecum. Together our data shows that a butyrate-rich micro-
environment may select for tumor cells that are able to me-
tabolize butyrate, which are also phenotypically more
aggressive.

Short chain fatty acids are the final product of bacterial
fermentation of dietary fibers (1). Butyrate, a 4-carbon
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fatty acid, is the main energy source for normal colono-
cytes (2, 3), which are found in high concentrations in the
colonic lumen. It is also thought to be responsible for colo-
rectal cancer prevention, as butyrate can also function as a
histone deacetylase (HDAC)* inhibitor to inhibit cell pro-
liferation and induce apoptosis of cancer cells (4 —6); prob-
ably because of this, cancer cells are normally unable to
metabolize butyrate.

The anti-tumor effects of butyrate were described in stud-
ies using colorectal cancer cell lines, in which butyrate inhib-
its growth, and induces differentiation and apoptosis (7). In
other studies butyrate was able to inhibit tumor growth in
vivo in murine models (8, 9). Despite these findings, there is
an unresolved paradox concerning the putative protective role
of butyrate in colon cancer, colorectal cancers still develop
and grow despite the high concentrations of butyrate in the
colon. Furthermore, several studies have now shown that bu-
tyrate-resistant cells may be selected and give rise to more
aggressive cancers (8, 10, 11). The mechanisms by which can-
cer cells develop resistance to butyrate and progress remain
unknown.

Here, we demonstrate that chronic exposure of colon
cancer cells to butyrate may result in the selection of more
aggressive clones. Our data provides evidence showing that
butyrate-resistant colon cancer cells acquire the ability to
metabolize butyrate, resembling normal colonocytes. In
butyrate-preselected cells we also found genes involved in
EMT, cell proliferation, tumor angiogenesis, and metasta-
sis to be up-regulated compared with the unselected cells.

EXPERIMENTAL PROCEDURES

Cell Culture—Human colon cancer cell lines (HCT15-CCL-
225 and SW480-CCL-228, ATCC) were maintained in
DMEM (Invitrogen 41965 with glucose 4.5 g/liter and L-gluta-
mine) at 37 °C in a humidified 5% CO, incubator. For butyric
acid chronic exposure, cells were cultured in DMEM supple-
mented with 1 mm butyric acid (Sigma) for 5 days. For meta-
bolic assays using NMR, cells grew in DMEM with 1 mm

*The abbreviations used are: HDAC, histone deacetylase; PEPCK, phos-
phoenolpyruvate carboxykinase; PKLR, pyruvate kinase; MCT1, monocar-
boxylates transporter 1; EMT, epithelial to mesenchymal transition; RQ, rela-
tive quantifying; MMP, matrix metalloproteinases; HEXII, hexokinase Il.

JOURNAL OF BIOLOGICAL CHEMISTRY 39211


http://www.jbc.org/cgi/content/full/M110.156026/DC1

Butyrate-rich Colonic Microenvironment for Tumor Cells

TABLE 1
Primary antibodies used in immunofluorescense and Western blotting
Antigen Antibody Dilution Commercial Technique”
a2 Integrin 611016 1:50 BD Biosciences IF
a3 Integrin sc-7019 1:50 Santa Cruz Biotechnology, Inc. IF
o5 Integrin sc-1354 1:50 Santa Cruz Biotechnology, Inc. IF
a6 Integrin 1378 1:50 Chemicon IF
aV Integrin 9969 1:50 Santa Cruz Biotechnology, Inc. IF
B3 Integrin sc-20058 1:50 Santa Cruz Biotechnology, Inc. IF
KDR V3003 1:25 Sigma IF
Cytochrome oxidase-2 sc-65239 1:50 Santa Cruz Biotechnology, Inc. IF
E-Cadherin 4A2C7 1:50 Zymed IF
CK-19 RCK108 1:100 DakoCytomation IH
FoxO1 C29H4 1:50 Santa Cruz Biotechnology, Inc. IF
FoxM1 263C2a 1:50 Santa Cruz Biotechnology, Inc. IF
CD31 553370 1:100 BD Pharmigen IF
pH3 06-570 1:100 Cell Signaling Solutions IF
SCAD ABVAP696Y 1:1000 Abnova WB
MCAD 100-1121 1:1000 Novus Biologicals WB
B-Actin A5441 1:1000 Sigma WB

“IF, immunofluorescense; IH, immunohistochemistry; WB, Western blotting.

[U-">C]butyrate sodium salt (Sigma). For assaying if butyrate
is directly incorporated into membranes or first transformed
to acetate, HCT15 cells were grown in a total butyrate con-
centration of 1 mm: 20% [U-'*C]butyrate and 80% butyric
acid. For *C NMR analysis of ethanol extracts HCT15 cells
were grown overnight in DMEM with 10 mm [U-'*C]butyrate
sodium salt (Sigma).

Cell Extracts and NMR Spectroscopy—Control and butyr-
ate-preselected HCT15 cells were collected and the lipidic
fractions were extracted with 15 ml of chloroform/methanol/
HCI 12 M (2:1:0.01, v/v/v) and 3.8 ml of KCI (66 mm). After
centrifugation, the organic phase was evaporated under nitro-
gen, and lipids were suspended in chloroform d (deuterium)
for NMR analysis. For analysis of the intracellular content, the
cells were extracted with ice-cold ethanol (80%) and the su-
pernatants were freeze-dried and suspended in D,O for NMR
analyses.

Proton-decoupled "*C NMR spectra of cellular extracts
were acquired in a Bruker AVANCE III 500 (Bruker, Rhein-
stetten, Germany) at 125.77 MHz, using a 5-mm '?C selective
probe head. Proton decoupling was applied during the acqui-
sition time only. Spectra were recorded at a temperature of
300 K. The chemical shifts in aqueous sample were referred to
(trimethylsilyl) propanesulfonic acid, whereas the samples in
chloroform d (deuterium) were referred to the solvent signal
designated at 77.0 ppm. Assignments were made by compari-
son with chemical shifts found in the literature for metabolic
intermediates. The '*C/*>C-correlation spectrum (COSY) was
acquired with a standard Bruker Pulse sequence using a *>C
90° flip angle under continuous *H decoupling.

Glucose Quantification—The amount of glucose in culture
supernatants was determined by using D_Glucose UV-
method (Roche Applied Science/R-Biopharm).

Mice Models—Xenografted subcutaneous tumors were
induced by inoculation of 5 X 10° HCT15 cells, butyric
acid preselected and controls, into the subcutaneous region
of 6-week-old male Balb/SCID mice. Animals were sacri-
ficed at day 20. For the VEGF-KDR autocrine loop assay,
the animals were injected intra-peritoneally every 3 days
with 500 ng of IMC-11C1 (ImClone Systems, New York) or
PBS. Tumors were fixed in 2% paraformaldehyde and em-
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bedded in gelatin. The antibodies used were anti-CD31 and
anti-phospho-Histone3 (Table 1). Secondary antibodies
were, respectively, anti-rat and rabbit FITC/phycoerythrin-
coupled IgG (Alexa Fluor 488/594, Molecular Probes).
Cells were examined in microscopy (Axioplan Microscope,
Zeiss, Germany). Microvessel density was evaluated
through CD31 immunoreactivity of the five most vascular
areas (X200 field). Proliferation was evaluated through
phospho-Histone3 immunoreactivity of the five most pro-
liferative areas (X200 field).

“Metastasis” was induced by tail vein injection of 1 X 10°
HCT15 cells, butyric acid-preselected and controls, in
6-week-old male Balb/SCID mice. Animals were sacrificed
4 weeks after injection and lung, liver, and spleen were col-
lected, fixed in 10% formalin, and embedded in paraffin.
Tissues were serially sectioned (3 wm), deparaffinized, and
stained with hematoxylin and eosin (H&E).

Xenografted orthotopic tumors were induced by inocula-
tion of 1 X 10° HCT15 cells, butyric acid selected and con-
trols, into the visceral cecal wall of 6-week-old male Balb/
SCID mice. Animals were sacrificed at day 60 and cecum,
lung, liver, kidney, and spleen were collected, fixed in 10%
formalin, and embedded in paraffin. Tissues were serially sec-
tioned (3 wm), deparaffinized, and stained with hematoxylin
and eosin (H&E), as well as used in immunohistochemistry
for CK-19 detection and in immunofluorescense for CK-19
and E-cadherin detection. Antibodies used are presented in
Table 1.

Immunofluorescence—Cells were fixed in 2% paraformalde-
hyde for 15 min at 4 °C. Antibodies used are presented in Ta-
ble 1. Secondary antibodies used were anti-rat/goat/rabbit
FITC/phycoerythrin-coupled IgG (Alexa Fluor 488/594, Mo-
lecular Probes). Cells were examined using Axioplan micro-
scope (Zeiss) and confocal microscopy using a LSM510
META microscope (Zeiss).

SDS-PAGE and Western Blotting—Cell extracts were per-
formed with RIPA buffer + 1 mm Na,VO, + 1X proteinase
inhibitors (Roche Applied Science), on ice for 30 min. Mito-
chondria extracts were performed according to the Mito-
chondria Isolation Kit (MITOISO1, Sigma).
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TABLE 2 TABLE 3
Primers used in relative quantifying PCR Primers used for SCAD, MCAD, VEGF, and KDR promoters constructs
Gene Primer Sequence (5'-3") Promoter gene  Primer Sequence” (5'-3")
GLUTI1 FOR CACGGCCTTCACTGTCGTG SCAD FOR1 ATGACGCGTCCTGGCCGCG AGCGCACCTC
REV GGACATCCAGGGTAGCTGC SCAD FOR2 ATGACGCGTGGCCCTGATAGACAAGGCAGG
SGLTI1 FOR CACGGGTCTCTGGTCTGC SCAD REV ATGAAGCTTCCAGGCTTCGCGACCTCCCG
REV CATGATGAACATGGGCATCAG MCAD FOR1 ATGACGCGTGTTGGCTACCCGGCGCCGGG
MCTI1 FOR GGACTCTTTGCACCTTTGGTGT MCAD FOR2 ATGACGCGTGGGCCAGAGGTGGAAACGCAG
REV CAACAAGGTCCATCAATGTTTCAA MCAD FOR3 ATGACGCGTCCCCACCGTTCAGCGCAACC
HEXII FOR GCATGAGTTTGACCAGGAG MCAD REV ATGAAGCTTGTTGGCTCCCGTTCCGGCCAC
REV CAAAGAGCAGCTCCTCCTTG VEGF FORI1 ATGACGCGTGGGTGCTAGAGGCGCAC
G6PD FOR GGCAACAGATACAAGAACGTGA VEGF FOR2 ATGACGCGTCCAGATGAGGGCTCCAGTGG
REV GCAGAAGACGTCCAGGATGAG VEGF FOR3 ATGACGCGTCCCCGCGGGCGCGTGTTC
PKLR FOR AGGCGTGAAGAGGTTTGATGAG VEGF FOR4 ATGACGCGTCCCGGCGGGGCGGAGCCA
REV CCCCCGTGCCACCAT VEGF REV ATGAAGCTTCCCCCAGCGCCACGACC
PEPCK FOR GCGGATCATGACGCGGATG KDR FOR1 ATGACGCGTGGAGATCGCCGCCGGGTACC
REV GAGCGTCAGCTCCGGGTTG KDR FOR2 ATGACGCGTCCAGCTTGCACCCGGCATAC
SNAIL FOR CTCTTTCCTCGTCAGGAAGC KDR REV ATGAAGCTTCGGGCGAAATGCCAGAACTCG
REV GGCTGCTGGAAGGTAAACTC

Primary antibodies used are shown in Table 1. Secondary
antibodies were conjugated with HRP (horseradish peroxi-
dase) and reactivity was developed using ECL Western blot-
ting detection kit (Amersham Biosciences). Bands were quan-
tified using Image J software (rsb.info.nih.gov/ij).

Zymography—Media supernatants of HCT15 cells treated
with 1 mM butyric acid were loaded in a 12% polyacryl-
amide gel (30% acryamide/bis solution, 29:1 (3.3% C), Bio-
Rad) with 0.1% gelatin and electrophoresis was performed
in 1X TGS buffer (Bio-Rad) during 6 h at 150 V. The gel
was incubated in renaturating buffer (25% Triton X-100,
v/v) in agitation at room temperature, after which the gel
was incubated overnight at 37 °C in developing buffer (50
mM Tris base, 200 mm NaCl, 5 mm CaCl,, 0.02% Brij 35).
Staining was performed with 0.5% (w/v) Coomassie Blue
R-250 for 30 min and destaining with methanol/acetic
acid/water (50:10:40). Bands were quantified using Image]
software.

Transwell Migration Assay—HCT15 cells (1 X 10°) were
seeded in the upper well (p 5 wm) in 100 ul of DMEM, 10%
FBS and in the lower well in 500 ul of DMEM, 10% FBS, cells
were added in the presence or absence of EGF (20 ng/ul)
and/or 1 mMm butyric acid. Each condition was performed in
triplicate and after 12 h the number of cells in the lower well
was counted.

Enzyme-linked Immunosorbent Assay (ELISA)—Expression
of VEGF was measured in medium from cultures of HCT15
control cells and HCT15 cells were treated with 1 mm butyric
acid, using VEGF ELISA kit Human (Calbiochem) according
to the manufacturer’s instructions.

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR) and mRNA Arrays—RNA extraction (RNeasy mini kit,
Qiagen), RT-PCR, and mRNA arrays (Oligo GEArray, Super-
Array Bioscience corporation) were performed following
standard protocols.

Relative Quantifying PCR—RNA extraction (RNeasy mini
kit, Qiagen) using RT-PCR was performed using SuperScript®
IT Reverse Transcriptase (Invitrogen) and RQ-PCR with
SYBR® Green PCR Master Mix (Applied Biosystems) in a ABI
PRISM® 7900HT (Applied Biosystems). The primers used to
detect glucose transporters GLUT1 and SGLT1, monocar-
boxylates transporter 1 (MCT1), hexokinase II (HEXII), glu-
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“ Mlul and HindIII restriction sites (in bold) were included, respectively, in for-
ward and reverse primers.

cose-6-phosphate dehydrogenase, pyruvate kinase (PKLR),
phosphoenolpyruvate carboxykinase (PEPCK), and SNAIL are
presented in Table 2.

pGL3basic Constructs and Luciferase Reporter Gene
Assay—SCAD, MCAD, VEGF, and KDR promoters were ana-
lyzed for transcription factor binding site prediction using
the TFBlast data base. Detection fragments corresponding
to promoter regions were amplified by PCR using primers
described in Table 3. For transient transfection assays,

2.5 X 10° HCT15 cells/well were seeded overnight in 24-
well plates. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen), according to the standard
protocol, with 0.5 ug of the Renilla luciferase expressing
vector (transfection control) and 0.5 ug of the pGL3 con-
struct of interest. After transfection, some cells were main-
tained in DMEM, 10% FBS and others in DMEM, 10% FBS,
and 1 mM butyric acid, and all conditions were tested in
triplicate. Total cell extracts were prepared after 48 h ac-
cording to the Dual Luciferase reporter gene assay system
protocol (Promega). The luciferase activity of test plasmids
was expressed as -fold of induction compared with the ac-
tivity of the corresponding empty vector (pGL3 basic, Pro-
mega), after correction for transfection efficiency with the
levels of R. luciferase activity.

Statistical Analysis—Results are expressed as mean * S.D.
Data were analyzed using the unpaired two-tailed Student’s ¢
test or the Tukeys test one-way analysis of variance. p values
of <0.05 were considered significant.

RESULTS

HCT1S5 Colon Cancer Cells Are Able to Fully Metabolize
Butyrate—Under the culture conditions defined under “Ex-
perimental Procedures” (in the presence of 1 mm butyrate, for
up to 5 days), the HCT15 colon cell line thrives and shows
growth patterns similar to untreated cells, whereas SW480
grew much slower when exposed to butyrate (supplemental
Fig. 1A4) and the levels of cell death were 2-fold higher in the
SW480 cell line compared with HCT15 after 5 days of expo-
sure to butyrate (supplemental Fig. 1B). Therefore, we used
these culture conditions to study the effects of butyrate in
metabolic profiling and the acquisition of phenotypic changes
by HCT15 cells.

JOURNAL OF BIOLOGICAL CHEMISTRY 39213


http://www.jbc.org/cgi/content/full/M110.156026/DC1
http://www.jbc.org/cgi/content/full/M110.156026/DC1
http://www.jbc.org/cgi/content/full/M110.156026/DC1

Butyrate-rich Colonic Microenvironment for Tumor Cells

A

Lipidic extracts

HCT15

-3 ‘ L
-2
4] | = ' l\ U =
—pr, .....AIJ LL......._ !WJ L—J Mo oenimnnd “C-butyrate

W N iy th-w WJWI “UL-J\WMA butyrate

1
e Amits sy Whrngs W&wj \J‘WWAA J* nob

175 170 130 40 35 30 25 20 Is ppm

SW480 l

|
WMM "3C-butyrate

nobutyrate
180 170 160 150 140 120 120 no 100 0 80 70 60 so 40 30 20 ppm
Ethanolic extracts
Glu4 But4
HCT15 LA

ot
ot MLt i,

0 ppm

¢ I

TR 0 | i

ot I
i !” """" ' F1s
i N Ny S—zo
G, e un 6 :
[0
S ! |

f F30

‘ . . 40
175 170 40 35 30 25 20 15 ppm

39214 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 285-NUMBER 50+ DECEMBER 10, 2010



Butyrate-rich Colonic Microenvironment for Tumor Cells

The *C NMR spectra of lipid extracts of butyrate-treated
HCT15 cells showed no substantial alterations in lipid con-
tents, compared with untreated cells (Fig. 14). The major dif-
ference observed was an intensity increase of the resonances
in the spectral region characteristic of the olephinic carbons
(127 to 131 ppm), indicating an increase in lipid unsaturation.
In the *C NMR spectra of HCT15 cells treated with
[U-'3C]butyrate extracts, it was possible to observe the incor-
poration of the labeled carbons from [U-">C]butyrate in the
lipid fraction (Fig. 1A4). The peaks assigned to w-1 (14 ppm), »-2
(22 ppm), -3 (32 ppm), C1 (174 ppm), C2 (34 ppm), C3 (24-25
ppm), and the elongation carbons (27-30 ppm) of long chain
fatty acids indicated the existence of carbons originating from
the [U-'*C]butyrate and from other sources. The incorporation
of labeled carbons in glycerol was not detected (data not shown),
indicating that in triacylglycerol molecules, carbons from buty-
rate were only incorporated in the fatty acid chain. For the
SW480 cell line, there was no alteration in the spectra from the
lipidic fraction with and without [U-">C]butyrate, suggesting
that butyrate is not metabolized by these cells.

In the *C-'3C COSY spectra of lipid extracts from HCT15
cells grown in 20% [U-'*C]butyrate and 80% of butyric acid,
each signal shows a single COSY correlation, i.e. w-2 correlated
only with w-1 and not with w-3, which in turn presented a corre-
lation with an elongation carbon (Fig. 1C), meaning that carbon
is incorporated in two atom blocks. Hence, >C-**C COSY spec-
tra showed that butyrate enters in B-oxidation and is catabolized
to acetate prior to incorporation into fatty acids.

The '*C NMR spectra of ethanol extracts of HCT15 cells
treated overnight with 10 mm [U-'>C]butyrate showed that
the labeled carbons were incorporated in position 5 of proline
and in position 4 of glutamate (Fig. 1B). The Jisc_13- coupling
constant present in carbon 4 of glutamate indicated that car-
bon 5 is also labeled. These results suggest that carbons from
butyrate enter the oxidative pathway of the Kreb’s cycle as
acetyl-CoA, being converted to glutamate through oxaloace-
tate. These data are in agreement with increased expression of
SCAD and MCAD (Fig. 24), acyldehydrogenases that can cat-
alyze the first step of butyrate B-oxidation. Luciferase re-
porter gene assays showed that the SCAD and MCAD pro-
moters were activated in HCT15 cells previously exposed to
butyrate (Fig. 2B). We also found that butyrate-preselected
cells express more resistin (RETN) (Fig. 3), which is a hor-
mone that represses the uptake of glucose. This indicates that
like normal colonocytes, these cells preferred to metabolize
butyrate rather than glucose. Taken together, these data
showed that at least a subset of HCT15 cells can fully metabo-
lize butyrate.

RQ-PCR showed decreased mRNA expression of glucose
transporters GLUTI and SGLT1, whereas MCT1 was in-
creased in the butyrate-preselected HCT15 cells, indicating
that HCT15 cells uptake butyrate rather than glucose, be-

cause MCT1 is a transporter for butyrate (Fig. 2C). Despite
the fact that HEXII is not the unique hexokinase encoding
gene, its decreased expression is in agreement with the lower
rates of glucose uptake observed in HCT15 cells cultured in
butyrate-supplemented medium, which is about 20% less than
control cells (Fig. 2D). The expression of PKLR was increased,
indicative of glycolysis. The decreased expression of glucose-
6-phosphate dehydrogenase indicates that the pentose-phos-
phate pathway was partially affected by the lack of glucose,
however, the increased expression of PEPCK indicates that
gluconeogenesis was activated (Fig. 2C). In SW480, the ex-
pression of GLUT1 was slightly increased in butyrate-prese-
lected cells, whereas SGLT1 was expressed at the same levels
as in control cells. MCT1 expression was also increased in
SW480 butyrate-preselected cells, indicating the uptake of
butyrate. The expression levels of HEXII, PKLR, and PEPCK
were similar expression levels in SW480 control and butyrate-
preselected cells, whereas glucose-6-phosphate dehydrogen-
ase is up-regulated in butyrate-preselected cells. In addition,
butyrate-preselected cells formed mitochondria aggregates in
their cytoplasm, whereas the mitochondria were dispersed in
the controls as well as the SW480 control and butyrate-ex-
posed cells (Fig. 2E).

Butyrate-preselected Cells Are More Effective in Tumor
Growth, Angiogenesis, and Metastasis in Vivo—Having shown
that HCT15 butyrate-preselected cells fully metabolize butyr-
ate, we reasoned that these cells might exhibit different cell
phenotypes and behavior i vivo and in vitro compared with
control HCT15 cells. Accordingly, butyrate pre-treatment of
HCT15 cells prior to subcutaneous inoculation into Balb/
SCID mice generated tumors that were significantly more
aggressive than those established from control cells. In partic-
ular, the tumor sizes (Fig. 4A4) and proliferation rates (Fig. 4B)
of butyrate-preselected tumors were significantly higher than
those established from control cells. Moreover, the mi-
crovessel density of butyrate-preselected tumors was also
increased (Fig. 4C). In addition to the significant effects in
primary tumor growth, butyrate treatment also promoted
the formation of lung homing spots. Butyrate-preselected
HCT15 cells formed a significant number of lung metasta-
ses shortly after inoculation, whereas control cells formed
significantly fewer metastases (Fig. 4D). In both groups of
animals the liver demonstrated no alterations or metastasis
(data not shown). Taken together, these data show that
butyrate-preselected cells have increased tumorigenic and
metastatic potential.

These cancer cells were also implanted orthotopically into
the cecal wall. Sixty days after implantation, mice injected
with control HCT15 cells showed gross lesions only in the
cecum, whereas those injected with butyrate-preselected
HCT15 cells showed gross lesions in the peritoneum, liver,
pancreas, kidney, lung, and mediastinum (Fig. 54). Histo-

FIGURE 1. HCT15 colon cancer cells are able to fully metabolize butyrate. A, >*C NMR spectra of the lipid fraction of HCT15 and SW480 control cells,
treated with butyric acid, and sodium [U-'3C]butyrate showed that in HCT15 the presence of butyrate induces a slight change in lipid profile and its carbons
are incorporated in all positions of triacylglycerides; B, ">*C NMR spectra of ethanolic extracts of HCT15 control cells and treated with sodium [U-'>Clbutyrate
showed that carbons from butyrate are incorporated in carbons 4 and 5 of glutamate and carbon 5 of praline; and C, '*C-">C NMR COSY spectra of the lipid
extract of HCT15 cells treated with 20% [U-">C]butyrate and 80% of butyric acid, showed only cross-peaks between two '>C indicating that butyrate is me-

tabolized into acetate prior to incorporation.
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from the pentose-phosphate pathway are decreased, whereas pyruvate kinase (PKLR) from glycolysis and phosphoenolpyruvate carboxykinase

(PEPCK) from gluconeogenesis are increased; in SW480, mRNA related to
chrome oxidase 2 showed mitochondria aggregation in butyrate-presele
SW480 control and butyrate-selected cells. D, HCT15 cells preselected by

logical examination showed that tumors derived from the
control HCT15 cells were multifocal to diffuse, with severe
infiltration of the muscle layer, submucosa, and lamina
propria. The tumor patterns were mainly nested, with ar-
eas of solid growth and moderate lymphatic invasion (Fig.
5B). Primary tumors from butyrate-preselected HCT15
cells were multifocal, with much smaller foci confined to
the submucosa. These tumors were rarely detected in the
muscle layer, with no infiltration of the lamina propria;
but lymphatic invasion was severe for these tumors (Fig.

39216 JOURNAL OF BIOLOGICAL CHEMISTRY

GLUT1, MCT1, and G6PD are increased; and E, immunoreactivity for cyto-
cted HCT15 cells, whereas in control cells they are disperse as well as in
butyrate consume 20% less glucose titan control cells.

5B). Notably, metastasis to the liver and lung occurred
through vascular dissemination but not by diffusion/infil-
tration from the serosal surfaces, as observed in the spleen,
kidney, and pancreas (Fig. 5C).

Butyrate-preselected Cells Showed Increased MMPs and
Migration—Next, we explored the molecular basis for the
phenotypic features seen in tumors from butyrate-preselected
HCT15 cells. First, as determined by zymography, butyrate-
preselected HCT15 cells secreted significantly higher levels of
active MMP9 and MMP2 (Fig. 6A) compared with control
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cells, suggestive of increased invasive behavior. Moreover,
butyrate-preselected HCT15 cells showed increased migra-
tory capacity to EGF gradient (Fig. 6B), and increased VEGF
production into the culture supernatants (Fig. 7A), consistent
with the increased angiogenesis seen in vivo (Fig. 4C), and the
increased KDR expression (Fig. 7B).

Butyrate-preselected Cells Showed Higher VEGF and
KDR Transcriptional Levels—We exploited further the reg-
ulation of VEGF and KDR expression in butyrate-prese-
lected HCT15 cells. As shown using luciferase reporter
gene assays, both VEGF and KDR promoters exhibited
higher activities in butyrate-preselected cells (Fig. 7, C and
D). The regulatory elements responsible for the induction
of promoter activity in the butyrate-preselected cells ap-
peared to locate between —131 and —66 upstream of the
ATG translational start site, whereas for the KDR promoter
the responsive region was mapped between —446 and the
ATG. We next analyzed the involvement of the forkhead
Fox transcription factors (previously shown to regulate
VEGF expression (12, 13)) in the establishment of butyrate-
preselected HCT15 cells. As shown in Fig. 7E, there were
no detectable differences in FoxO1 expression between the
control and butyrate-preselected cells, whereas FoxM1 ex-
pression was increased in the butyrate-preselected cells
compared with the controls. Taken together, these data
strongly suggest that butyrate-preselected cells have higher
levels of activated VEGF and KDR, and this induction is
mediated at the transcriptional level; in the case of VEGF,
it may involve the transcription factor FoxM1 (14, 15).

Butyrate-preselected Tumors Showed VEGF:KDR Auto-
crine Loop—Because butyrate-selected HCT15 cells
showed increased expression of VEGF and KDR, we rea-

DECEMBER 10, 2010+VOLUME 285+NUMBER 50

soned it might result in the generation of a functional
VEGF:KDR autocrine loop, as shown in other tumor mod-
els (16-19), including colon cancer cells (20). Indeed, as
shown in Fig. 44, treatment of mice harboring butyrate-
preselected HCT15 tumors with a human KDR neutraliz-
ing antibody, IMC-1C11, inhibited the increment in tumor
growth induced by butyrate. Accordingly, the proliferation
rate (Fig. 4B), and the tumor microvessel densities (Fig.
4C), of preselected butyrate tumors that received IMC-
1C11 were identical to the control tumors; possibly due to
decreased tumor growth. These data strongly suggests that
preselected butyrate cells exhibit a functional VEGF:KDR
autocrine loop that promotes tumor growth.

Butyrate-preselected HCT15 Cells Showed Lower Expres-
sion of Membrane Proteins, Namely E-cadherin, Suggestive
of Selection of EMT Positive Cells—The expression of inte-
grins by HCT15 was altered in cells preselected by butyrate
(Fig. 6E). HCT15 cells preselected with butyrate expressed
higher levels of a2, a3, av, and 83 integrins and lower lev-
els of a5 and a6 integrins compared with control cells. Bu-
tyrate exposure also resulted in the selection of E-cadherin
negative cells (Fig. 6C), which has been reported to be evi-
dence for EMT (21, 22). The repression of E-cadherin ex-
pression is mediated through Snail whose expression is
also increased in butyrate-preselected cells (Fig. 6D).

We also characterized a more global gene expression
profile of butyrate-preselected versus control cells, focus-
ing on differentiation, cell cycle, and metastasis-related
genes. As shown in Fig. 3, the expression of poorly differ-
entiation markers dipeptidyl phosphatase 4 (DPP4) and
cytokeratin (KRT17) were increased in the butyrate-prese-
lected cells. Similarly, genes related to increased prolifera-
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FIGURE 4. HCT15 cells preselected with butyrate, in vivo (Balb/SCID mice), induce more vascularized and proliferative tumors, generating of a func-
tional VEGF:KDR autocrine loop, and exhibited a higher capacity of homing in lungs. A, subcutaneous inoculation of HCT15 cells treated with butyric
acid gave rise to significantly bigger tumors (p = 0.0097) than non-treated HCT15 cells, treatment of mice, inoculated with butyrate-preselected HCT15
cells, with IMC-1C11 blocks the augmented tumor growth; B, immunoreactivity for phospho-Histone3 showed that tumors developed from HCT15
cells treated with butyric acid are significantly more proliferative (p = 0.02) than tumors from non-treated HCT15 cells, treatment with IMC-1C11 also
decreases proliferation; C, immunoreactivity for CD31 in subcutaneous tumors showed that tumors developed from HCT15 cells preselected with
butyric acid are significantly more vascularized (p < 0.0001) than tumors from non-treated HCT15 cells, treatment with IMC-1C11 also decreases vas-
cularization; D, H&E from lung sections (quantified in the plot) showed that mice injected with HCT15 cells preselected with butyric acid developed
significantly more lung homing spots than control cells. These data were obtained from three independent experiments (6 mice/experiment/experi-
mental condition), with consistent results. ¥, statistical significance.

tion, namely cytokeratin (KRT18), myosin 9 (MYH9), and GTPase KRas (KRAS), o2 and o3 integrins (/TGA2 and -3),
cyclin-dependent kinase 4 (CDK#4) were also induced in the and Rho-related GTP-binding protein RhoC (RHOC),

butyrate-preselected cells. Moreover, several genes indica-  among others. Collectively, these data show that butyrate
tive of invasive and metastatic behavior were increased treatment results in the selection of HCT15 cells that have
upon butyrate selection, including dysadherin (FXYD5), a more metastatic phenotype, including EMT.
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DISCUSSION

In this study, we describe in detail the role of colonic
butyrate in the selection of aggressive colon cancer cells
that retain the capacity of normal cells to metabolize bu-
tyrate. Our data shows biochemical indicators of metabolic
adaptation by HCT15 colon cancer cells preselected by
butyrate.

As shown by NMR spectroscopy, HCT15 butyrate-resis-
tant cells, like normal colonocytes, are able to fully metab-
olize butyrate. We show that butyrate is degraded into 2
carbon molecules (acetyl-ACP), which is in agreement with
the increased expression of SCAD and MCAD, the only
acyldehydrogenases that can catalyze the first step of bu-
tyrate B-oxidation. The '>C atoms from butyrate were in-
corporated in long carbon chains that probably constitute
long chain fatty acids, because the acetyl-CoA formed from
acetyl groups resulting from butyrate degradation are used
as blocks in the synthesis of long chains fatty acids. It
was also observed that glutamate was synthesized from bu-
tyrate '>C atoms, indicating that acetyl-CoA from butyrate
degradation is also entering Kreb’s cycle. RETN is a hor-
mone that represses the uptake of glucose by cells and has
been implicated in insulin resistance (23), and its overex-
pression (as shown here) indicates that butyrate-prese-
lected HCT15 cells prefer to metabolize butyrate rather
than glucose. RETN has also been described in thropho-
blastic cells as being responsible for GLUTI down-regula-
tion (24) as we saw in HCT15 butyrate-preselected cells. A
gut-derived resistin-like protein has recently been pointed
out as a down-regulator of SGLT1 (25). The low rate of
glucose uptake corroborates with the down-regulation of
HEXII and glucose-6-phosphate dehydrogenase genes that
encode hexokinase type 2 from glycolysis and glucose-6-
phosphate dehydrogenase from the pentose-phosphate
pathway, respectively. Nevertheless, there are other genes
encoding for hexokinases whose expression was not evalu-
ated. The expression of the PEPCK gene is up-regulated in
HCT15 butyrate-preselected cells, indicating that glucone-
ogenesis is activated. On the other hand the increased ex-
pression of PKLR can be due to the fact that cells are pro-
ducing glucose to be degraded in glycolysis. The SW480
cells import glucose and butyrate, as the expression of
GLUTI and MCTI are increased in butyrate-preselected
cells. The butyrate uptake by SW480 cells is in agreement
with the apoptotic levels observed in SW480 following ex-
posure to butyrate, because these cells are not able to me-
tabolize butyrate, which can function as an HDAC
inhibitor.

The mitochondria aggregation observed in butyrate-pre-
selected HCT15 cells is a phenomenon that has previously
been described during embryonic development (26, 27), in

which mitochondria tend to group when cell energy de-
mand increases, to support nucleus activity. In our study
this aggregation can be related to an increased rate of
B-oxidation. Taken together, the evidence for metabolic
adaptation (selection) of HCT15 colon cancer cells exposed
to butyrate strongly suggested that this might occur to the
selection for cells with a more aggressive phenotype. In
agreement, we show in vivo that HCT15 cells preselected
by butyrate generated more proliferative, more angiogenic,
and more metastatic tumors than control cells.

Subcutaneous tumors established from butyrate-prese-
lected HCT15 cells have a higher proliferation rate and are
more angiogenic than tumors established from untreated
cells. Although the increased proliferation may be a direct
consequence of the fact that they are metabolically
adapted, the increased angiogenesis observed in butyrate-
preselected HCT15 cells results from transcriptional mod-
ulation of VEGF, which may involve FoxM1 and FoxO1
transcription factors as previously suggested (13—-15). Very
recently, Behren et al. (26) published that FoxM1 is an es-
sential factor for migration and invasion, and it has been
identified as a key downstream target of Ras. In our study
we also observed an up-regulation of KRAS as mentioned
below. In addition, butyrate-preselected cells also express
higher levels of KDR, resulting in establishment of a func-
tional VEGF:KDR autocrine loop. Accordingly, in vivo
treatment of mice inoculated with butyrate-preselected
HCT15 cells and treated with IMC-1C11, a human KDR
blocking antibody, reverted tumor growth to control levels.
Our previous work showed the VEGF:KDR autocrine loops
are essential for the growth of subsets of hematologic ma-
lignancies (16 -19), whereas others have suggested their
involvement in solid tumor growth as well (16-20). In
prostate cancer the VEGF autocrine loop is involved in
EMT (27). Taken together, we demonstrate for the first
time a link between metabolic adaptation (to butyrate) and
the selection of tumor cells with increased tumorigenic
potential, which includes the generation of a functional
angiogenic growth factor autocrine loop.

The increased in vivo metastasis and tumor spread of
butyrate-preselected HCT15 cells is in agreement with the
in vitro reduced expression of a5 and a6 integrins, which
bind components of the basal lamina and adhesion mole-
cules such as E-cadherin (19, 22), and also with the re-
duced expression of E-cadherin, a strong indication of
EMT (21, 22). In turn, butyrate selection is accompanied by
an increase in a2, a3, av, and 3 integrins, whose expres-
sion may be associated with increased metastatic behavior
because they bind to extracellular matrix proteins and en-
dothelial selectins. Butyrate-preselected cells also produce
more active MMP2 and MMP9, well known for their role

FIGURE 5. Xenografted orthotopic models in Balb/SCID mice showed that butyrate-preselected HCT15 cells are more invasive and metastas-
tic than control cells. A, macroscopic observation showed that mice inoculated with control cells had only a tumor in the cecum, whereas mice in-
oculated with butyrate-preselected HCT15 cells had a local tumor and distant metastasis in the liver, kidney, and mediastinum; B, histological analy-
sis showed that mice inoculated with control cells had a bigger tumor mass in the point of injection, in lamina propria and forming gland-like
structures, whereas mice inoculated with butyrate-preselected HCT15 cells had a smaller tumor mass and an extended angio invasion; and C, mice
inoculated with butyrate-preselected HCT15 cells presented liver, lung, and kidney metastasis and serous invasion of the spleen.
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EGF (p < 0.04); C, butyrate-preselected HCT15 cells have reduced E-cadherin expression by immunofluorescense and Western blotting; D, RQ-PCR
showed increased levels of mMRNA from SNAIL in butyrate-preselected HCT15 cells; E, as shown by immunofluorescence butyrate-preselected

HCT15 cells have increased expression of integrins related to invasion and migration (a2, a3, av, and 33), and decreases the expression of integrins
related to the maintenance of epithelium architecture (a5 and a6). These data were obtained from three independent experiments, with consistent

results.

in metastasis formation in numerous models (28, 29).
Other known metastases regulators also modulated by bu-
tyrate include dysadherin (FXYD5), which down-regulates
E-cadherin (30) and reduces cell adhesion and promoting
metastasis; KRAS whose overactivity is related to the dis-

DECEMBER 10, 2010+VOLUME 285+NUMBER 50

ruption of B-catenin and E-cadherin binding and is impli-
cated in tumor metastases formation including colon can-
cer (31); RHOC, which regulates a signal transduction
pathway, promoting the assembly of focal adhesion mole-
cules and actin stress fibers formation and has been associ-
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cells. These data were obtained from three independent experiments, with consistent results; C, luciferase reporter gene assay showed that the VEGF pro-
moter sequence —131 to —1 is significantly more active (p < 0.02) than the other tested sequences in HCT15 cells, and deletion constructs pVEGF1,
pVEGF2, and pVEGF4 are significantly stimulated in cells preselected by butyric acid (p = 0.041 for pVEGF1, p = 0.0073 for pVEGF2 and p = 0.0098 for
pVEGF4); D, luciferase reporter gene assay showed that the KDR promoter sequence —446 to —1 is significantly more active (p = 0.046) than the sequence
—796 to —1in HCT15 cells, and both deletion constructs of KDR promoter are significantly stimulated in cells preselected by butyric acid (p = 0.0205 for
pKDR1 and p = 0.0477 for pKDR2; E, as shown by immunofluorescence, butyrate-preselected HCT15 cells show low levels of FoxO1 and increased expres-

sion of FoxM1 transcription factor.

ated with metastases formation in the lung (32); FSCN1, an
actin-binding protein that is involved in cell membrane
stabilization playing a role in stress fibers formation and
consequent cell migration, and is also associated with the
metastatic process (32, 33). Taken together, butyrate expo-
sure can result in the selection of colon cancer cells that
show evidence for EMT; and express genes related to in-
creased metastatic behavior.
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Cancer cells that are capable of metabolizing butyrate
are protected against its role as a HDACs inhibitor, be-
cause butyrate does not accumulate in cytoplasm and is not
transferred into the nucleous. Our data suggests that the
colonic, butyrate-rich, microenvironment may play a role
in the selection of more aggressive colon cancer cells that
maintain the ability to use butyrate as a carbon and energy
source.
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