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CHAPTER 1: INTRODUCTION

Cancer is the leading cause of death before the age of 65 years among men and women
combined. Colorectal cancer is the second most common cause of new cancer cases and
cancer deaths overall in the United States, with an estimated 145,290 new cases and
56,290 deaths in 2005 (1). When males and females are considered separately, colorectal
cancer ranks third in both these parameters. Annual age adjusted incidence rates have
been stable since the mid 1990s, though death rates have shown a slight decrease (2).
This has been attributed to improved screening and early detection of cancer, detection
and removal of precancerous polyps, better therapy

as

well as the increased use of

estrogen and progestin by women and the increased use of anti-inflammatory drugs by
the general population (3-6). Despite these advances, the rapid aging and increasing size
of the US population is expected to double the cancer burden in this country by 2050 and
a better understanding of this disease is needed (7).

Amino Acid Transporter ATB0•+ (SLC6A14)

Over-production of nitric oxide (NO) has been implicated in the pathogenesis of a variety
of cancers, including colorectal cancer (8-14). Ample evidence suggests that chronically
elevated levels of NO are associated with protumorigenic (8-14), proinflammatory (1517), and anti-apoptotic effects (18-21). Excess NO generates G:C to A:T transitions,
which are typical of inactivating p53 transition mutations that occur at CpG dinucleotides
containing 5-methylcytosine in colorectal cancer (12, 13, 22-24). NO is synthesized from
arginine by nitric oxide synthases (NOSs). Arginine is the only substrate for all three
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isoforms of NOS. The calcium-independent, cytokine-inducible NOS (iNOS) produces
much higher levels of NO than the other two NOS isoforms (25). iNOS is also the only
isomer capable of maintaining micromolar levels of NO for several days (26). Overactivity of iNOS has been associated with colorectal cancer development (9, 27).
Increased iNOS expression and NO levels in azoxymethane-induced rat colon cancer was
demonstrated by Takahashi et a! (28). Kojima and co-workers (27) demonstrated a
significant increase in iNOS mRNA expression in human colon cancer tissue compared
to matched normal colonic epithelium from the same subjects. The expression of iNOS in
cancer is almost twice that in normal colon. Further, immunohistochemical studies
demonstrate that iNOS protein and nitrotyrosine residues are markedly increased in colon
cancer, though it shows some variation from region to region in the ~cer.

Increased iNOS activity means increased demand for arginine. Recent studies have
shown that sustained availability of high levels of arginine· is required not only as the
substrate for iNOS but also for enhanced synthesis of iNOS protein at the level of mRNA
translation (29, 30). While there is convincing evidence in the literature for the increased
demands for arginine in cancer tissues, very little information is available on the
molecular mechanisms available in colon cancer tissue to meet the increased demands for
this amino acid.

Transport of arginine into mammalian cells is mediated by several amino acid transport
systems (31-33). These include y+, y""L, b0·+, and B0·+. Of these, only system B0·+ is
capable of mediating arginine entry into cells in a Na+/cr -coupled marmer (34) whereas

2

the other transporters facilitate arginine entry into cells only by a membrane potentialdependent mechanism. The transporter responsible for system B0·+ has been identified at
the molecular level (35). It is known as ATB0·+ (amino acid transporter B0•+). The gene
coding for this transporter is located on human chromosome Xq23-q24 (35).

ATB 0·+ has unique transport characteristics. Because of its energization by three different
driving forces (Na+ gradient, cr gradient, and membrane potential), ATB 0·+ has the
ability to concentrate arginine inside the cells several-fold higher than in the extracellular
medium. Recent studies in our laboratory have shown that the Na+:cr :amino acid
stoichiometry is 2: 1: 1 irrespective of whether the transported amino acid is a neutral
amino acid or a cationic amino acid (Hatanaka et al., unpublished data). With this
stoichiometry, the number of positive charge transferred into cells varies depending on
the transported amino acid substrate. If it is a zwitterionic neutral amino acid such as
glycine, the transport process is associated with the transfer of a single positive charge
into cells per transport cycle. In contrast, if it is a cationic amino acid such as arginine,
the transport process is associated with the transfer of two positive charges into cells per
transport cycle. This enhances the concentrative ability of ATB 0·+ for cationic amino
acids compared to neutral amino acids.

The mechanism by which the increased demand for arginine is met in malignant tissues
remains unknown. Previously published studies in this area of research were all done
with colon cancer cell lines rather than native colon cancer tissue specimens and focused
on transporters other than ATB 0·+ (36, 37). Since these Na+/cr -independent transporters
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are not highly concentrative, they may not be ideally suited to meet the extraordinary
demands of cancer cells for arginine to feed in the iNOS-mediated NO synthetic pathway.

Since cancer tissues express high levels of iNOS and generate markedly high levels of
arginine, ATB 0·+ with its unique properties in terms of its ability to mediate the influx of
arginine into cells may be ideally suited to meet the increased demands for arginine in
cancer cells. Therefore, we hypothesized that the unique ability of ATB0·+ to concentrate
arginine inside the cells would make this transporter ideal to be associated with cancer for
delivering arginine to iNOS and hence for generating markedly high levels of NO in
cancer cells.

In addition, this lab has previously shown that ATB0·+ is versatile in terms of its ability to
serve as a delivery system for a variety of drugs and prodrugs (38, 39). Of importance to
cancer chemotherapy are the findings that ATB0·+ is highly suitable for the delivery of
NOS inhibitors into cells (40). This class of compounds may have use in cancer
chemotherapy (41-44). NOS inhibitors are substrates for ATB 0·+ and therefore are
expected to block the entry of arginine into cells via ATB 0·+. Instead of arginine entering
the cells via the transporter, NOS inhibitors would gain access into cells via the same
transporter. Once inside the cells, these compounds can block the function of iNOS and
suppress the generation of NO. Thus, the expression pattern of ATB0·+ in colorectal
cancer assumes a potential therapeutic importance as well.
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BREAST CANCER RESISTANCE PROTEIN (BCRP)
Much of the improvement in survival rates in colorectal cancer has been attributed to the
effectiveness of chemotherapy in Stage III colorectal cancers, where it has improved
survival upto 30% (45, 46). Recently, however, multidrug resistance genes have been
blamed with the inability to continue these impressive gains. Breast Cancer Resistance
Protein (BCRP, ABCG2, MXR, ABCP) is the newest member of the ATP-binding
cassette (ABC) transporter superfamily, subfamily G (a.k.a. Drosophila white subfamily)
(47) and is associated with multidrug resistance to chemotherapeutic agents like
mitoxantrone, indolocarbazole and camptothecin-derived DNA topoisomerase I inhibitors
(topotecan, SN-38), methotrexate, flavopiridol, doxorubicin, quinazoline ErbB 1
inhibitors, and possibly tyrosine kinase inhibitors (Gleevec; imatinib mesylate) (48, 49).
BCRP has recently also been implicated in development of resistance to sulfasalazine,
which is a disease modifYing antirheumatic drug (50), and zidovudine, which is a
nucleoside reverse transcriptase inhibitor used to treat HIV infection (51). Camptothecins
are effective agents used in several protocols (IFL (52}, FOLFIRI (53)) for therapy of
metastatic colorectal cancer (54, 55), yet normal colonic epithelium expresses BCRP
(56). Recently, BCRP has been found to provide protection against phototoxicity by
eftluxing dietary and endogenous phototoxins (57). Despite the fact that normal colonic
epithelium expresses BCRP, colorectal cancer selectively concentrates systemically
administered phototoxins as protoporphyrins and as a result is susceptible to
photodynamic therapy (58). Thus, we hypothesized that colorectal cancer downregulated
BCRP expression compared to normal colorectal tissue. BCRP over-expression by
several cancers decreases response to chemotherapy and overall survival (59) and initial
5

results using BCRP inhibitors like GF120918 to improve the oral bioavailability of
chemotherapeutic drugs like . topotecan look promising (60). Therefore, expression
patterns of BCRP in colorectal cancer assume a unique importance for therapy.

A possible mechanism for BCRP downregulation in colorectal cancer may involve folate
homeostasis. BCRP expression is downregulated in folate-deprived cell lines in vitro in
an effort to maintain cellular folate levels (61). Bcrpl, the mouse homolog of the human
BCRP, protects mice from the dietary carcinogen 2-amino-lmethyl-6-phenylimidazo[4,5b ]pyridine (PhlP), which is the most abundant heterocyclic amine in protein rich diets
(62). Studies have shown that human BCRP also transports PhlP (63). Thus, folate,
which is a dietary methyl-group donor that confers direct protection against cancer by
decreasing cellular S-adenosylhomocysteine (SAH) levels (64, 65), may also increase
cancer risk when it is deficient in the diet by downregulating colonic expression of
BCRP, which in turn would increase colonic exposure to dietary carcinogens like PhiP, a
substrate ofBCRP.

Downregulation of BCRP in colon caricer

~auses

an accumulation of protoporphyrins in

cancer cells. Protoporphyrin metabolism involves the release of heme, which is a cofactor for iNOS (66). Thus, iNOS overactivity in cancer could be elegantly supported by
an increase in delivery of the iNOS substrate arginine by upregulated ATB 0·+ and
increased availability of the iNOS co-factor, heme, as a result ofBCRP downregulation.
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SLCSAS (SMCTl)

Diet is the most important environmental etiological factor in colorectal cancer. Up to
70% of colorectal cancers may be prevented by dietary changes alone (67). Recently, a
large observational study showed that high dietary fiber intake protected against
colorectal cancer (68). Dietary fibers are non-digestible carbohydrates and lignins that are
fermented by bacteria in the colon into short chain fatty acids (SCFA) like butyrate and
gasses like C02, H2 and methane. Butyrate levels in the colonic lumen and faeces are 1020 mM. SCFAs are beneficial for colonic cell health and protective against cancer by
inducing differentiation in normal cells and apoptosis in malignant cells. SCFAs are the
primary fuel for colonocytes, responsible for meeting 80% of their energy reqnirements.

In the normal colon, SCFAs modulate sodium absorption, induce epithelial cell
proliferation, enhance mucosal blood flow, promote mucus secretion, and have a trophic
effect on mucosa (69). Of the SCFA's, butyrate may have the most marked effects on
colonocyte health. Butyrate causes cell cycle arrest in normal cells, and apoptosis in
tumor cells. Depletion of butyrate causes rapid apoptosis of normal colonocytes in vitro
paralleled by increased expression of Bax proteins (70). This mass apoptosis occurs in
GO/Gl (69).

Butyrate is a histone deacetylase inhibitor (HDD that transcriptionally induces the
expression of the cyclin-dependent kinase inhibitor p21 WAFI/CIPI in vitro (71).
p21 WAFI/CIPI inhibits CDK2 activity in Gl!S-phase, reducing and hypophosphorylating
the retinoblastoma protein, suppressing c-myc expression and causing a G1 cell cycle
arrest (72). HDis may also induce cell cycle arrest through p21 WAFIICIPI independent
7

molecular pathways, possibly involving members of the INK4 family of CDK inhibitors
(73) or by stabilization of p27KIP1 protein in normal cell lines (74).

Tumor cell lines respond to high dose HDI by undergoing apoptosis rather than
proliferative arrest. In these cell lines, p21 WAFIICIPI levels do not rise. These cell lines lack
an HDI sensitive G2 phase cell cycle arrest checkpoint, resulting in the cells undergoing
aberrant mitosis and subsequent apoptosis when treated with high dose HDI. This may be
the mechanism protecting normal cells from undergoing HOI-induced apoptosis seen in
tumor cells (7 5).

In human adenoma cells, exposure to butyrate increases apoptosis via increased PKC-8,

p38 MAPK, and caspase 3 mediated proteolysis of PKC-o (76). Butyrate can also
activate caspase 3 through mitochondrial release of cytochrome c in addition to activation
of cytochrome c through p38 MAPK and NF-KB. Butyrate-induced apoptosis in cancer
cells was thought to be p53-independent (77), and independent of induction of Fas
expression, though butyrate enhances e-Re! complex formation by TNF-a and provides
an overall enhancement of NF-KB activation by Fas (78). However, recent evidence
suggests that at least some HDis cause apoptosis by acetylation oflysine residues on p53
itself and upregulation of the p53 targets PIG3 and NOXA (79). Sodium butyrate also
induces tumor cell sensitization to the apoptotic effect of the combination of TNF-alpha
and IFN-gamma, but does not modifY the level of the FADD/Mort! adaptor molecule, at
the connection between Fas- and TNF-dependent apoptosis pathways (80). Butyrate may
also upregulate Death Receptor 5 (DRS) specifically in malignant cells, sensitizing them
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to apoptosis by the new and promising chemotherapeutic agent, tumor necrosis factorrelated apoptosis-inducing ligand (IRAIL), while not enhancing its effect on normal ceiis
(81).

TGF-P resistance is acquired early by colorectal cancer (82). HDis restore TGF-P
responsiveness in tumor ceiis by reversing the transcriptional repression of TGF-P
receptor type I (83). Butyrate also causes morphological changes in several ceil lines (84)
and acts as a radiosensitizer.

Our lab has identified a putative tumor suppressor gene, SLC5A8, that. is reportedly
down-regulated in colorectal cancer (85) as a Na+-coupled butyrate transporter in the gut
(86). SLC5A8 expression may in turn be suppressed by aberrant methylation of CpG
islands and deacetylation of Histone H-3 in the 5' region of the gene (87). Thus,
colorectal cancer ceiis with downregulated SLC5A8 may not be able to take up butyrate,
thereby decreasing apoptosis in cancer ceiis. The identification of SLC5A8 as a tumor
suppressor gene in colorectal cancer marks, for the first time, the association of a plasma
membrane transporter with tumor suppressive properties. The subsequent establishment
of the functional identity of SLC5A8 as a Na+-coupled transporter for short-chain
monocarboxylates offers an important clue regarding the mechanism of the tumor
suppressive function of the transporter. Butyrate, a short-chain monocarboxylate and a
substrate for the transporter, is a histone deacetylase inhibitor and has been shown to be
protective against colorectal cancer. This short-chain fatty acid is produced at high
concentrations in the colonic lumen by bacterial fermentation of dietary fiber and thus
9

represents an endogenous inhibitor of histone deacetylases. SLCSA8 is expressed on the
luminal membrane of colonic epithelial cells and mediates the concentrative entry of
butyrate from the lumen into the cells. Consequently, the transport function of SLCSA8
has the ability to influence the acetylation status ofhistones and hence gene expression in
colonocytes. Since histone deacetylase inhibitors, including butyrate, are currently
considered as potential therapeutic agents for the treatment of cancer, the ability of
· SLCSA8 to deliver butyrate into colonic epithelial cells most likely underlies the tumor
suppressive role of this transporter. This may also provide a molecular basis for the
known beneficial effects of commensal bacteria and dietary fiber in the maintenance of
colonic health. Since the expression of SLCSA8 is silenced not only in colorectal cancer
but also in cancers of other tissues, it is tempting to speculate that there may be additional
endogenous histone deacetylase inhibitors whose delivery into cells is mediated by the
transporter.

Studies from our laboratory have shown that ATB 0·+ is a versatile transporter capable of
transporting a variety of prodrugs in the form of amino acid derivatives (38). It can
transport drugs coupled to the side chain carboxylic group in anionic amino acids (e.g., yGlutiunyl ester of acyclovir). It can also transport drugs coupled to the a.-carboxyl group
of neutral amino acids (e.g., valganciclovir) (39). Based on these findings, we
hypothesized that if butyrate can be coupled to the side chain hydroxyl group of the
amino acid serine, we may be able to utilize ATB0·+ as a delivery system for such butyrate
prodrugs. Serine is a neutral amino acid which is an excellent substrate for ATB 0·+ (88). If
ATB0·+ is upregulated in colorectal cancer as we hypothesize, we can potentially target
10

colon cancer cells for delivery of butyrate using this approach. Thus, we hypothesize that
SCFA esters ofL-serine are trausportable by ATB 0·+. The ability of ATB0·+ to effectively
transport prodrug forms of SCFAs like butyrate, combined with its differential increased
expression in cancer, may allow us a therapeutic mechanism to treat cancer cells with
directed HDAC inhibitors, and overcome the effects of their decreased transport by a
down-regulated SLCSA8. Thus the differential expression of apical membrane
transporters in colorectal cancer can be taken advantage of in the therapy of colorectal
cancers in humaus.

This work outlines the differential expression of these transporters in the apical, or lumen
facing, membrane of normal and malignant colorectal epithelium in an effort to better
elucidate the role that transporters play both in the pathogenesis and possible
pharmacotherapy of colorectal cancer in humaus.
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CHAPTER 2: UPREGULATION OF THE AMINO ACID TRANSPORTER ATB0•+
(SLC6A14) IN COLORECTAL CANCER AND METASTASIS IN HUMANS.

ABSTRACT

ATB 0·+ (SLC6A14) is a Na+tcr -coupled arginine transporter expressed at low levels in
normal colon. Arginine is an essential amino acid for tumor cells. Arginine is also the
substrate for nitric oxide synthases (NOSs). Since arginine and arginine-derived nitric
oxide (NO) plays a critical role in cancer, we examined the expression of ATB0•+ in
colorectal cancer. Paired normal and cancer tissues from colectomy specimens of 10
patients with colorectal cancer and from the liver tissue of one patient with hepatic
metastasis from a colonic primary were used for the analysis of the levels of ATB0•+
mRNA, inducible NOS (iN OS) mRNA and the corresponding proteins. Tissues samples
from the colon, liver and lymph nodes of an additional patient with metastatic colon
cancer were analyzed for ATB0·+ protein alone. We also examined the levels of
nitrotyrosylated proteins. The ATB 0·+ mRNA increased 22.9 ± 3.0 -fold in co1orectal
cancer compared to normal tissue and the increase was evident in each of the 10 cases
examined. iNOS mRNA increased 5.2+/-1.1 fold in cancer specimens. The changes in
mRNA levels were associated with an increase in ATB 0·+, iNOS and nitrotyrosylated
proteins. The increased expression of ATB 0·+ and iNOS was also demonstrated in liver
and lymph node specimens with metastases from colonic primaries. This study strongly
suggests that the upregulation of ATB0'+ may have a pathogenic role in colorectal cancer.

12

Since ATB 0·+ is a versatile transporter not only for arginine but also for several drugs
including NOS inhibitors, these findings have significant clinical and therapeutic
relevance.
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INTRODUCTION

Ample evidence suggests that chronically elevated levels of nitric oxide (NO) are
associated with protumorigenic (8, 14) and anti-apoptotic effects (18). NO is produced
from arginine by nitric oxide synthases (NOSs). Inducible NOS (iNOS or NOS2)
generates high levels of NO and is capable of maintaining micromolar levels of NO for
several days (25). Expression and activity of iNOS is increased in various cancers
including colorectal malignancies (27, 89-92). Increased iNOS activity means an
increased demand for arginine. Sustained availability of high levels of arginine are
required not only as the substrate for iNOS but also for enhanced synthesis of iNOS
protein at the level of mRNA translation (29). The mechanism by which this increased
demand for arginine is met in malignant tissues remains unknown. Transport of arginine ·
into mammalian cells is mediated by several amino acid transport systems, including y+,
y+L, b0·+, and B0'+ (32). Of these, only system B0·+ is capable of mediating arginine entry
into cells in a Na+/Cl' -coupled manner. Because of the three different driving forces (Na+
gradient, Cl' gradient, and membrane potential) driving ATB 0·+, this transporter has the
ability to concentrate arginine inside the cells several-fold higher than in the extracellnlar
medium. Other transporters facilitate arginine entry into cells by a membrane potentialdependent mechanism alone. The transporter responsible for system B0·+ is known as
ATB 0·+ (amino acid transporter B0'l (35, 93).

Previons studies of arginine delivery into cancer cells have focused on transporters other
than ATB 0·+ which are not highly concentrative (36, 37). We hypothesized that the
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unique ability of ATB0·+ to concentrate arginine inside the cells would make it an ideal
mechanism for arginine delivery in cancer cells. To test this hypothesis, we compared the
expression of ATB0·+ mRNA and protein between paired normal and cancer tissues
harvested from surgical specimens of patients with colorectal cancer. In each of the
patients examined, the expression of ATB0·+ is upregulated in colon cancer and in liver
and lymph node metastases from colonic primaries.

IS

MATERIALS AND METHODS

Patients

This study received the Medical College of Georgia institutional review board's approval.
Ten adult patients with colorectal adenocarcinoma, without polyposis or a history of prior
chemoradiation, and two adult patients with hepatic metastasis from colonic primaries
were included in this study after obtaining their informed consent. One of the patients
with hepatic metastasis also had lymph node involvement.

Tissue collection and processing

A pathologist harvested normal colorectal epithelium and tissue from the luminal surface
of the colorectal cancer from the freshly resected surgical specimens. Portions of the
tissues (0.3 to 0.5 gm from each site) from eleven patients were processed for total RNA
extraction using TRizol® reagent (Invitrogen Life Technologies, Carlsbad, CA, USA)
according to the manufacturer's instructions. Tissues from each site were also fixed by
immersion in neutral buffered formalin for immunohistochemical studies. Tissue from
the single patient with hepatic and lymph node metastasis was collected in neutral
buffered formalin for immunohistochemistry alone.
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Semi-quantitative RT-PCR
Total RNA was denatured at 70"C for 10 min and at 4"C for 5 min in a GeneAmp PCR
System 9700 therrnocycler (PerkinE!mer Life and Analytical Sciences, Shelton, CT,
USA) in the presence of oligo-dT and random hexamers (Promega Corporation, Madison,
WI, USA). Reverse transcription was done using the Maloney murine leukemia virusreverse transcriptase (Promega) at 42"C for 60 min, followed by 10 cycles of 65"C for 50
sec and 42"C for 5 min. Incubating at 95"C for 5 min inactivated the reverse transcriptase.
The PCR primers for human ATB 0·+ and iNOS were designed based on published
sequences (GenBank accession numbers: AF_151978 and NM_153292, respectively).
The primers for ATB 0·+ were: 5'-GAAGGAGAAAGTGTCGGCTTCA-3' (sense) and
5'-TACCAC CTTGCCAGACGATTTG-3' (antisense). The expected size of the
amplicon

ts

754

bp.

The

CTGGCCAGGGTGGAAGCGGTAACA-3'

iNOS

primers

(sense)

were:
and

5'-

5'-

CACCACCAACAGCAGCCGTTCCTC-3' (antisense). The expected size of the
amplicon is 1281 bp. The PCR cycle number was determined such that the PCR
amplification occurred within the linear range. As an internal control, 18S rRNA was
amplified with a primer-competimer combination from QuantumRNA™ Universal 18S
rRNA Internal Standards Kit (Ambion Inc, Austin, TX, USA) according to the
manufacturer's instructions for semi-quantitative RT-pCR. This kit supplies both 18S
primers and competimers, the latter are modified to block extension by DNA polymerase
and thus reduce the efficiency of PCR amplification of the 18S eDNA. The optimum
primer-competimer ratio was deterntined by serial dilutions such that 18S eDNA was
amplified at a level similar to that of the target of interest. By thus equalizing the
17

amplification efficiency of ISS and the target gene, multiplex PCR could be performed
without competitive interference for primers limiting the quantification process. PCR
with each pair of normal and cancer template eDNA was done using a cocktail of ISS
rRNA primer-competimer (in the ratio 1:9), lOx PCR buffer with Mlf, dNTP, forward
and reverse primers, and TaKaRa Taq (Takara Bio Inc, Shiga, Otsu, Japan). Aliquots
from the master mixture were added to eDNA from normal tissue and the corresponding
cancer tissue. Negative controls were processed under identical conditions but without
the addition of reverse transcriptase. The PCR protocol consisted of 3 min at 94°C,
followed by 30 cycles of denaturing at 94 oc for 60 sec, annealing at 5S°C for 60 sec for
ATB 0·+ and 62.5"C for 60 sec for iNOS, and extension at 72°C for 60 sec, followed by a
single run of

n·c for

10 min. The resultant multiplex PCR products (ISS and either

ATB 0·+ or iNOS) were run in agarose gels, stained with ethidium bromide and the
intensities of the bands measured by densitometry using a Spectralmager 5000 Imaging
system and AlphaEase 32-bit software (Alpha Innotech, San Leandro, CA, USA). The
expression levels of ATB 0·+ and iNOS were normalized to the corresponding ISS rRNA,
and the relative expression of the target genes in colon cancer compared to normal tissue
from the same patient was determined. The RT-PCR products for ATB 0·+ and iNOS were
sequenced to confirm their molecular identity. These RT-PCR products were then used as
probes for Northern blot analysis.

Northern blot analysis

Total RNA was usced to prepare poly(At RNA using oligo(dT)-microbeads (Miltenyi
Biotec Inc, Auburn, CA, USA). 5 )lg of poly(At RNA from each specimen was then
lS

size-fractionated and transferred to Hybond

N'

nylon membrane (Amersham

Biosciences, Piscataway, NJ, USA) according to the manufacturer's instructions. The
nylon membrane was pre-hybridized for 3 h at 42°C with ULTRA-hyb hybridization
solution (Ambion Inc, Austin, TX, USA) and hybridized for 18 h with eDNA probes
specific for human ATB0·+ or iNOS. The eDNA probes were labeled with 32P by random
priming using the Ready-to-go Oligo labeling beads (Amersham Biosciences) and

a.e P]2

dCTP (3000 culmM, Amersham Biosciences). The membrane was washed twice at 60°C
for 30 min apiece in a low stringency buffer [2 x saline-sodium citrate (SSC), 0.5 % w/v
sodium dodecylsulfate (SDS)] and then twice in a high stringency buffer (0.2

X

sse, 0.5

% SDS). The membrane was exposed to Biomax-MS film (Eastman Kodak Company,
Rochester, NY, USA) for 48 h (ATB 0•+) or 24 h (iNOS) a! -80°C. After quantifying the
hybridization signal by densitometrY, the membrane was stripped and re-probed with a
32

P-labeled eDNA probe specific for 13-actin. The hybridization signals were expressed as

a ratio of the target mRNA signal to the 13-actin mRNA signal.

Immunohistochemistry

Tissue samples obtained for immunohistochemistrY were fixed in 10% neutral-buffered
formalin and embedded in paraffin. Sections (5 J.lm) cut from the paraffin block were
deparaffinized in xylene and rehydrated through graded alcohols. Normal and cancer
tissue from the same patient was mounted on the same slide to ensure identical
conditions.

Endogenous peroxide activity was

quenched with methanol!H20 2 •

lmmunostaining was performed using rabbit polyclonal antibodies specific for ATB 0·+
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(94), mouse monoclonal lgG1 anti-iNOS antibody (Santa Cruz Bioteclmology Inc, Santa
Cruz, CA, USA), and rabbit lgG anti-nitrotyrosine antibody (Upstate Cell Signaling
Solutions, Lake Placid, NY, USA). Immunohistochemistry was performed using the
Labeled Streptavidin-Biotin 2 (LSAB2) detection system (DAKO Corp., Carpenteria,
CA, USA). 3,3-Diaminobenzidine tetrahydrochloride was used as the chromogen.
Negative controls unexposed to primary antibodies were processed in the same manner.

Statistical analysis

RT-PCR was repeated at least 4 times under identical conditions with each of the 11 pair
of specimens. The log of the ratio of relative expression by RT-PCR and Northern
blotting was analyzed using a linear mixed model that included subject and gel dates as
random effects. Means and standard errors were calculated, and t-tests used as
appropriate.
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RESULTS

Patient information

Ten adult patients with colorectal cancer, one patient (GM12) with a hepatic metastasis
from a previously resected colon cancer, and one patient with liver and lymph node
metastasis (GM38) were enrolled in the study (Table 1). There were 8 African-Americans
and 4 Caucasians, 7 females and 5 males. The average age was 62 years (range 37-82
years). Final pathology reports demonstrated that a range of poor, moderate and welldifferentiated adenocarcinomas involving all areas of the colon were included in the
study. All four stages of colorectal cancer, according to the TNM (Tumor, Node,
Metastasis)

classification

developed

by the American

Joint

Committee

for

Cancer/International Union Against Cancer, were present. The patient with a hepatic
metastasis from a previously resected colonic primary (GM12) had had the colonic
resection done in another institute, and colonic tissue was not available to us. In this case,
we harvested and compared normal and malignant hepatic tissue from the resected
hepatic specimen. Histopathology confirmed normal hepatic tissue and hepatic metastasis
from a primary mucinous colonic adenocarcinoma. The patient with lymph nodal and
hepatic metastases (GM38) yielded specimens from the normal colon, the primary tumor
as well as both the metastatic sites for immunohistochemistry alone.
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Expression of ATB0•+ and iN OS mRNA in normal and cancer tissue

Semi-quantitative RT-PCR for the analysis of mRNA levels for ATB 0·+ (Fig. lA} and
iNOS (Fig. !B) was performed and expression in normal colorectal epithelium and
normal hepatic tissue was compared to that of tissue from the luminal surface of
colorectal cancer or the metastasis, respectively, from the same patient. Normal colon and
liver had minimal, but detectable, ATB0·+ mRNA expression. The expression in cancer
consistently showed a several-fold increase over the expression in the corresponding
normal tissue in all II patients (colonic tissues from 10 patients and liver tissue from one
patient). Overall, the 10 patients with colorectal cancer showed a 22.9 ± 3.0 -fold increase
in ATB0·+ mRNA expression over normal tissue (p < 0.0001). Hepatic metastasis from a
colonic primary (GMI2) showed a 28.6 -fold increase in ATB 0·+ mRNA expression
compared to normal hepatic tissue. The expression of iNOS mRNA in cancer consistently
showed an increase over the expression in the corresponding normal tissue in all 11
patients. Overall, the 10 patients with colorectal cancer showed a 5.2 ± 1.1 -fold increase
in the expression of iN OS mRNA over normal tissue (p < 0.002). Hepatic metastasis
from a colonic primary (GM12) showed a 9.7 -fold increase in iNOS mRNA expression
compared to normal hepatic tissue.

Semi-quantitative RT-PCR results were confirmed by Northern blot analysis, using
paired samples from three patients (Fig. 2). As reported by Sloan and Mager [12], ATB 0·+
had two different transcripts (2 kb and 4.5 kb in size) arising from alternative splicing.
The steady-state levels of both transcripts increased in cancer. After normalization with
13-actin mRNA levels, the larger transcript showed an increase of 19.8 ± 5-fold in cancer
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compared to normal. The corresponding value for the shorter transcript was a 5.8 ± 1.9fold increase. Similarly, the semi-quantitative RT-PCR results for iNOS expression were
also confirmed by Northern blot analysis. The increase in iNOS mRNA expression was
5.2 ± 2-fold in cancer compared to normal.

There was no statistically significant correlation between the steady-state levels of
ATB 0·+ mRNA and iNOS mRNA in cancer tissue or in normal tissue. There was no
statistical correlation between the increases in the levels of ATB 0·+ mRNA and iNOS
mRNA and the location, stage or grade of the cancer or with the age, sex, or race of the
patient.

Expression of ATB0'+ protein
Representative immunohistochemical stains for ATB0·+ protein in normal and cancer
colon tissues from three patients are shown [Fig. 3]. Normal colonic epithelium from all
three patients showed low, but detectable, expression of ATB0·+ at the apical membrane
and in the cytoplasm. The cancer tissue from the corresponding patients showed
markedly elevated levels of ATB 0·+ protein, especially in the apical and basolateral
membranes of the epithelial elements. Similarly, normal liver tissue far removed from the
metastasis expressed very low levels of ATB 0·+ (Fig. 4A), but the expression of the
transporter protein was robust in the liver metastasis itself. The distribution pattern of
ATB 0·+ in the liver metastasis was similar to that seen in the primary colon cancer with
increased prominence in the apical membrane and in the basolateral membranes. The
increased expression of ATB0·+ protein was seen not only in the liver metastasis but also
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in the immediately adjoining perimetastatic hepatic tissue that was microscopically free
of cancer (Fig. 4B). This metastasis-free, histologically normal, perimetastatic hepatic
tissue expressed much higher levels of ATB 0·+ protein than normal hepatic tissue from a
site far removed from the metastasis. The boundary of compressed tissue between the
metastasis and the perimetastatic liver did not show expression of ATB 0·+ protein.
Elevated levels of ATB 0·+ protein were also demonstrated in liver and lymph node
metastases (Fig. 4C) in another patient (GM38), and the distribution pattern of ATB0·+
protein was similar to that seen in the primary cancer.

Expression ofiNOS protein

Normal colonic epithelium from all patients expressed detectable levels of iNOS, staining
with a diffuse, blush-like pattern. The cancer tissue from each subject showed increased,
focally intense iNOS staining with an uneven distribution in the cytoplasm of the tumor
cells. Representative immunohistochemical stains from one patient (GMt) are shown
(Fig. SA). Normal liver showed very little iN OS protein expression (Fig. SB), _but the
hepatic metastasis demonstrated intense staining for iNOS protein with an intracellular
distribution similar to the pattern seen in the primary cancer.

NO levels in cancer compared to normal tissue

Immunohistochemical analysis with an anti-nitrotyrosine antibody demonstrated
increased staining in cancer tissue compared to normal in all patients. A representative
immunostain from one patient (GMl) is shown (Figure 6). The nitrosylated tyrosine
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residues were present throughout the cytoplasm in a diffuse pattern in nearly all of the
malignant epithelial cells.

25

DISCUSSION

Colorectal cancer is the second most common cause of new cancer cases and cancer
death in the United States (1). Over-production of NO has been implicated in the
pathogenesis of colorectal cancer (8). Of the three NOS isoforms, over-activity of the
iNOS isoform has been associated with colorectal cancer development. Kojima et a!
demonstrated a significant increase in iNOS mRNA expression in humim colon cancer
tissue compared to matched normal colonic epithelium from the same subjects (27).
Immunohistochemical studies demonstrated that iNOS protein and nitrotyrosine residues
were markedly increased in colon cancer, though it showed some variation from region to
region in the cancer (95). Our data confirm these previous findings with regard to
increased expression of iNOS and increased levels of cellular proteins containing
nitrotyrosine. Since NO is unstable, the levels of proteins containing nitrotyrosine
represent a reliable indicator of in vivo exposure of the cellular proteins to NO and its
metabolites. Our data also provide evidence for the increased expression of iNOS in liver
metastasis from colonic primaries.

The most significant aspects of this study relate to the expression of the amino acid
transporter ATB0·+. While there is convincing evidence in the literature for the increased
demands for the arginine in cancer tissues, very little information is available on the
molecular mechanisms in colon cancer tissue that meet these demands. Previous studies
of arginine uptake were all done with colon cancer cell lines rather than native colon
cancer tissue specimens. Cendan et a! studied arginine transport before and after a
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mitogenic stimulus in SW480, a primary human colon adenocarcinoma cell line
characterized by high levels of constitutive expression of iNOS and NO production (36).
Arginine transport in unstimulated cells occurred via Na+-independent and Na+dependent transport systems, the former contributing to a majority of total transport
(70%). However, when stimulated with TGF-a and EGF, Na+-dependent arginine
transport increas~ by 100% and 66%, respectively, while Na+-independent transport
showed ·no change. Since a majority of arginine transport was mediated by Na+independent systems even in stimulated cells, the emphasis of the study was not directed
to the Na+-dependent arginine transport systems. In a follow-up study, these investigators
used the SW620 cells, a metastatic NO producing colon cancer cell line derived from the
same patient that provided the SW480 cell line (37). When the transport of arginine via
Na+-independent and Na+-dependent processes were compared between the two cell
lines, the authors noted that tran~port via Na+-independent systems was much higher in
the more proliferative, metastatic SW620 cells than in the primary colon cancer cell line
SW480. Based on these findings, the authors concluded that Na+-independent transport
systems are more relevant than Na+-dependent transport systems for the delivery of
arginine into colon cancer cells.

In the present study, we focused on the Na+-dependent amino acid transport system

ATB0·+ and used paired native normal colon and colorectal cancer tissue specimens
instead of colon cancer cell lines. ATB0·+ is expressed in the brush border of normal
colonocytes (88). The transport of arginine via ATB 0·+ is coupled to transmembrane
gradients of Na+ and

cr

and to membrane potential. Studies in our laboratory have
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shown that the Na+:cr:amino acid stoichiometry is 2:1:1 irrespective of whether the
transported amino acid is a neutral amino acid or a cationic amino acid (Hatanaka et al,
unpublished data). With this stoichiometry, transport of a zwitterionic neutral amino acid
such as glycine will be associated with the transfer of a single positive charge into cells
per cycle whereas the transport process of a cationic amino acid such as arginine will be
associated with the transfer of two positive charges into the cell per cycle. This increases
the contribution of the membrane potential as a driving force for the cellular uptake of
cationic amino acids and thus enhances the concentrative ability of ATB 0•+ for arginine
compared to neutral amino acids. Thus, ATB 0·+ with its unique ability to mediate the
influx of arginine into cells, may be ideally suited to meet the increased demands for
arginine in cancer cells.

The present studies have shown unequivocally that, in each and every colorectal cancer
specimen examined, the expression of ATB 0·+ is increased several-fold compared to
corresponding control specimens from the same patients. The increase in expression is
about 20-fold in terms of steady-state levels of ATB0·+ mRNA. The increase in mRNA
levels is accompanied by a parallel increase in ATB 0·+ protein in every colorectal cancer
specimen. These findings are remarkable for their consistency and reproducibility in all
of the patients in the study. The data from liver and lymph node metastases are also
compelling. The increased expression of ATB0·+ protein is clearly evident in the
metastases. The detection of enhanced ATB 0·+ in the histologically normal perimetastatic
region of the liver tissue suggests that cancer cells may elaborate certain factors that
might act on the adjacent liver cells to induce the expression of the transporter.
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Extracellular arginine supports NO production in a variety of cell

typ~s.

However,

intracellular concentrations of arginine are around 100 J.LM and all three isofonns of NOS
have a Km for arginine in the range of 3 - 30 J.LM (97). NOS should be saturated with
arginine and function at maximal levels at these concentrations. Therefore, extracellular
arginine should have no effect on NO production via NOS. However, exposure of the
cells to extracellular arginine does lead to increased production of NO. These apparently
contradicting findings, originally observed in eNOS-expressing endothelial cells, are
known as the "arginine paradox' (98). It is believed that compartmentalization of eNOS
and cytosolic arginine limits eNOS's access to cytosolic arginine in endothelial cells. Colocalization of eNOS with the Na+-independent arginine transporter CAT-1 (one of the
three isofonns of arginine transporters responsible for system y+ transport activity) is
believed to underlie the observation that extracellular arginine increases NO production
via eNOS (99). The levels of NO generated by eNOS are several orders of magnitude
lower than those generated by iNOS. Therefore, NO production via iNOS could be
expected to depend on extracellular arginine to a greater extent than that seen with eNOS.
CAT-1 with its limited ability to concentrate arginine in cells is not suited to meet the
demands for arginine in cancer cells over-expressing iNOS. ATB0'+ is likely to be the
transporter that is responsible for delivering arginine to iNOS for production of NO in
cancer cells. Arginine is also an essential amino acid for cancer cells to sustain cancer
cell growth (100). It is likely that cancer cells upregulate the expression of ATB 0·+ to
obtain this amino acid from the extracellular medium to support growth as well as excess
NO production.
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The upregulation of ATB 0·+ in cancer makes this transporter a potential tool for the
delivery of chemotherapeutic agents. We have shown previously that ATB 0·+ is a
versatile delivery system for a variety of drugs and prodrugs (38, 39). ATB 0·+ is also
highly suitable for the delivery of NOS inhibitors into cells (40). This class of compounds
may have use in cancer chemotherapy (44). NOS inhibitors are substrates for ATB 0·+ and
therefore instead of arginine entering the cancer cells via this transporter, NOS inhibitors
would gain access. into cells. Once inside the cells, NOS inhibitors block the function of
iNOS and suppress the generation of NO. As the expression of ATB 0·+ is markedly and
specifically elevated in cancer cells, the actions of NOS inhibitors can be expected to be
directed primarily to cancer cells. These data may also be relevant to the treatment of
patients· with lymphatic spread or hepatic metastasis from colonjc primaries. Normal
lymph nodes and liver expresses very little ATB0·+ (94),. but the expression of the
transporter is markedly enhanced in colorectal cancer metastases in the lymph nodes and
liver. Perimetastatic regions of the liver, free of metastasis, also express high levels of
ATB 0·+ thus ensuring a 'kill zone' around the metastasis where chemotherapy agents
could be delivered in a manner similar to establishing negative margins after surgical
resection. Using this transporter for pharmacotherapy may therefore be beneficial in
patients with colon cancer with and without lymphatic spread and hepatic metastasis.
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FIGURES AND LEGENDS
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Semi-quantitative RT-PCR of paired normal and cancer tissue from

colorectal cancer and metastasis. ATB 0·+ (A) and iNOS (B) mRNA expression is
increased in colorectal cancer and metastasis as assessed by semi-quantitative RT-PCR.
Representative gels from normal (N) and cancer (C) tissue from each patient are shown in
these composites. The patient's serial numbers ( GM 1, GM2, etc.) are given above the
gels. The size of the ATB0·+-specific RT-PCR product is 754 bp and the size ofthe iNOSspecific RT-PCR product is 1281 bp. 18S rRNA is the internal control and the size of its
specific RT-PCR product is 315 bp. The DNA size ladder is in the first lane of each
composite. The mean ratio of mRNA expression in cancer compared to normal tissue
(Mean C/N ratio), after normalization with 18S rRNA levels, is shown below each pair.
The lower limit of the 95% confidence interval (95% Cl) is shown below the mean ratio
for each patient's pair of samples. (C) Overall, colorectal cancer showed a 22.9 ± 3.0 31

fold increase in ATB0·+ mRNA expression (p < 0.0001) and a 5.2 ± 1.1 -fold increase in
iNOS mRNA expression (p < 0.002) compared to patient matched normal colorectal
tissue. Each test was repeated at least 4 times under identical conditions. N : Normal, C:
Cancer.

32

Figure 2
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Fig. 2. Northern Blot analysis of A TB0'+ and iN OS m.RNA expression in normal
colon (N) and colorectal cancer (C) tissue. The blot was hybridized sequentially under

high stringency conditions with

eP]-labeled eDNA probes specific for ATB ·+, iNOS,
2

0

and P-actin, generated using random hexamers. ATB 0·+ has two transcripts, 4.5 kb and 2
kb in size, arising from alternative splicing. The 4.5 kb transcript shows an overall 19.8 ±
5.1 -fold increase in cancer. The 2 kb ATB 0·+ transcript shows a corresponding 5.8 ± 1.9fold increase in colorectal cancer. iNOS shows an overall 5.2 ± 2-fold increase in
colorectal cancer. The patient's serial numbers are listed above the blots. N: Normal
colorectal epithelium, C: colorectal cancer
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Figure 3
Normal Colon

Colon Cancer

GM1
40x
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40x

Fig. 3. Immunohistochemical analysis of ATB0'+ protein expression in normal colon
and colon cancer using rabbit polyclonal antibodies specific for ATB 0'+. ATB 0·+
protein expression is increased in cancer by immunohistochemistry, as shown here in
these representative slides from 3 patients. For each patient, negative controls unexposed
to primary antibody are shown in the first column. Normal colonic epithelium, shown in
the middle column, demonstrates minimal A TB0·+ protein in the brush border (bold
arrow). In the third column, cancer tissue from each patient shows a marked increase in
A TB0·+ protein expression in the glandular elements, specifically in the apical (bold
arrow) and basal regions (light arrow) of the epithelial component.
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Figure 4
A
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B

GM12
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Fig. 4. Immunohistochemical analysis of ATB0•+ protein expression in hepatic and
lymph node metastases. (A) ATB0·+ protein is not detected in normal liver tissue
harvested from an area non-adjacent to the metastasis. The epithelial element of the
metastasis shows intense staining for ATB0·+, while the stromal element shows none. The
cellular distribution of ATB0·+ in hepatic metastasis is similar to that in primary colon
cancer cells, with localization to the apical (bold arrow) and basolateral regions (light
arrow) of the cell membrane. (B) Histologically normal perimetastatic liver showed
increased expression of ATB0·+. (C) Increased ATB0·+ protein expression is also shown in
the liver and lymph node metastases from another patient.
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Figure 5
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Fig. 5. Immunohistochemical analysis of iNOS protein expression in colon cancer
and hepatic metastasis using a mouse monoclonal IgG1 anti-iNOS antibody. iNOS
protein expression is increased in colon cancer and hepatic metastasis and its distribution
mimics that of ATB0·+, with expression localized near the apical (bold arrow) and
basolateral (light arrow) membranes.
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Figure 6
Normal Colon
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Fig. 6. Immunohistochemical analysis of nitrotyrosylated proteins in colon cancer.
Nitric oxide (NO) levels in situ are increased in colon cancer, as shown by
immunohistochemistry using a rabbit IgG anti-nitrotyrosine antibody. Though the normal
colon has detectable positive signals specific for nitrotyrosylated proteins, there is a clear
increase in the intensity of the signals in cancer ti ssues. Since NO is a diffusible gas,
nitrotyrosylated proteins residues can be detected throughout the cell in the epithelial
elements of the cancer, and localization to membranes is not seen.
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Table I

PATIENT INFORMATION
Patient

Age

Race

Sex Histopathologic grading

TNM

Stage

T4NOMx

II

T3NOMx

II

T3N1Ml

IV

TlNOMx

I

TxNxMl

IV

T3NOMx

II

T3NOMx

II

(yrs)
GMl

78

B

M

Well differentiated sigmoid
adenocarcinoma

GM2

54

B

F

Moderately to well differentiated
sigmoid adenocarcinoma

GM6

53

w

F

Moderately to well differentiated
rectal adenocarcinoma

GM9

50

B

F

Moderately to well differentiated
ascending colon adenocarcinoma

GM12

54

w

F

Hepatic metastasis from mucinous
adenocarcinoma colon primary

GM25

73

w

F

Moderately to well differentiated
sigmoid colon adenocarcinoma

GM27

37

w

M

Poor to moderately differentiated
ascending colon adenocarcinoma
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GM28

73

B

M

Moderately differentiated

T3N1Mx

liTh

T2N2Mx

Illc

T2NOMx

I

TlNOMx

I

T4N1Ml

IV

descending colon adenocarcinoma
GM29

56

B

M

Moderately to well differentiated
ascending colon adenocarcinoma

GM30

77

B

F

Moderately differentiated ascending
colon adenocarcinoma

GM36

82

B

M

Moderately differentiated transverse
colon adenocarcinoma

GM38

60

B

F

Moderately differentiated ascending
colon adenocarcinoma

TNM, Tumor, Node, Metastasis classification of cancer stage, developed by tbe
American Joint Committee for Cancer Staging and End Results Reporting and approved
by tbe International Union Against Cancer.
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CHAPTER 3: UPREGULATION OF THE AMINO ACID TRANSPORTER ATB0•+
(SLC6Al4) IN CARCINOMA OF THE CERVIX.

ABSTRACT

ATB 0·+ is an energy-coupled transporter for arginine and amino acid-based prodrugs. The
objective of the study was to examine the expression of this transporter in cervical
cancer. Specimens of normal ectocervical mucosa and cervical squamous cell carcinoma
of. ATB 0·+ mRNA levels by RT-PCR A commercial dot blot
were used for determination
.
of paired normal cervix and cervical cancer eDNA was also used to quantify ATB 0·+
mRNA. ATB0·+ mRNA and protein in tissue sections were analyzed by in situ
hybridization and immunohistochemistry. ATB 0·+ mRNA increased 5.6-fold (p<0.0004)

in cervical cancer compared to normal cervix. This was associated with a parallel
increase in ATB0·+ protein. Expression of ATB0·+ is minimal in normal cervix and is upregulated in cervical cancer. The up-regulation of this highly concentrative transporter for
arginine and prodrugs in cervical cancer has significant clinical and therapeutic
relevance.
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INTRODUCTION

ATB 0·+ is an amino acid transporter that can transport arginine into cells by a process
energized by three different driving forces: aNa+ gradient,

cr gradient,

and membrane

potential (35, 93). Arginine is the substrate for nitric oxide synthases (NOSs) to generate
nitric oxide (NO). Chronically elevated levels of NO have been implicated in
tumorigenesis (8). Inducible NOS (iNOS) is the only isoform of NOS that can generate
high levels of NO in a sustained manner (25). Expression and activity of iNOS are
increased in gynecological malignancies and iNOS up-regulation has been correlated
with a poor prognosis (8, 91, 101). Increased NO production in cancer implies an
increased demand for arginine; however, the mechanism by which this demand is met is
unknown. ATB0·+ is uniquely capable of meeting this demand, since it can transport
arginine into cells very effectively due to the combined effect of the three driving forces
which energize the transport process (33). ATB 0·+ is also uniquely versatile, transporting
a broad range of NOS inhibitors and amino acid-based antiviral drugs (38-40). There is
evidence indicating that inhibition of iN OS may have potential in cancer chemotherapy
(44). If ATB 0·+ is up-regulated in cancer, the transporter may have potential to deliver
therapeutic drugs preferentially into cancer cells with little or no exposure of adjacent
normal cells to drugs. If such selective delivery of chemotherapeutic agents into cancer
cells can be achieved, the dosing of the drugs can be reduced and unwanted side effects
minimized without compromising therapeutic efficacy. We have recently shown that
ATB 0•+ is indeed up-regulated several fold in colorectal cancer and its metastases, in
parallel with iNOS up-regulation (102). In the present study, we investigated the
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expression of this transporter in cervical cancer. The data show that the expression of
ATB 0·+ is up-re~lated almost six-fold in squamous cell carcinoma of the cervix and in its
metastasis to peri-aortic lymph nodes.
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MATERIALS AND METHODS

Tissue collection
Specimens of normal cervix, cervical cancer, and peri-aortic lymph node metastasis were
obtained from 18 adult patients treated surgically at the Medical College of Georgia.
Informed consent was obtained from each of these patients. Four specimens of normal
cervical mucosa and six specimens from the luminal surface of malignant cervical tissue
(0.3 to 0.5 g from each site) were harvested from fresh surgical specimens of eight
patients and processed for total RNA extraction using TRizol® reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. We
were able to harvest both normal and cancer tissue frOm two cases (GPl and GP2),
cervical cancer tissue alone from four cases (GP3, GP 5, GP6, and GP7) and normal
cervical tissue alone from two cases (GP4 and GP8). The integrity of the isolated RNA
was confirmed by size fractionation on a denaturing agarose gel.

Paired sections (4 1-1m thick) of normal and cancer cervix were obtained from formalinfixed, paraffin-embedded tissue specimens from ten patients; three pairs for in situ
hybridization and seven pairs for immunohistochemistry. Core biopsies from lymph node
metastasis were obtained from three patients for immunohistochemistry. A commercial
I

array of standardized eDNA blots isolated from paired human normal and cancer tissue
that included 10 pairs of normal cervix and cervical cancer (Cancer Profiling Array II,
BD Biosciences Clontech, Palo Alto, CA, USA) was obtained for analysis of ATB0·+
rnRNA by Southern blot.
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Semi-quantitative RT-PCR

Total RNA was reverse transcribed with oligo-dT (Promega, Madison, WI, USA) and
random hexamer primers (Promega) using the Maloney murine leukemia virus reverse
transcriptase (Promega). The PCR primers specific for human ATB0·+ were designed
based on the published sequence (GenBank accession number: AF_151978) using
OLIGO Primer Analysis Software (Molecular Biology Insights Inc, Cascade, CO,· USA):
5'-GAAGGAGAAAGTGTCGGCTTCA-3'

(sense)

and

5'-TACCAC

CTTGCCAGACGATTTG-3' (antisense). The expected size of.the amplicon is 754 bp.
As an internal control, 18S rRNA was amplified with a prirner-competimer combination
from QuantumRNA™ Universal 18S rRNA Internal Standards Kit (Ambion Inc, Austin,
TX, USA) according to the manufacturer's instructions· for semi-quantitative RT-PCR.
The PCR cycles and prirner-competimer ratio were optimized by pilot experiments to
ensure that the PCR amplification occurred within the linear range. PCR of the eDNA
was done using a cocktail of 18S rRNA prirner-competimer (in the ratio 1:9), lOx PCR
buffer with Mi+ (Takara Bio, Inc., Shiga, Otsu, Japan), dNTP mixture (Takara Bio, Inc.),
and forward and reverse primers with TaKaRa Taq DNA polymerase (Takara Bio, Inc.).
The experiment was also run in the absence of reverse transcriptase (negative control) to
screen for genomic DNA contamination. The PCR protocol consisted of 3 min at 94° C,
followed by 30 cycles of denaturing at 94° C for 60 sec, annealing at 58° C for 60 sec,
and extension at

no c for 60 sec, followed by a single run of no c for 10 min in a

GeneAmp PCR System 9700 thermocycler (PerkinElmer). The resultant PCR products of
18S rRNA and ATB 0·+ mRNA were run on a 2% agarose gel and stained with ethidium

44

bromide. The intensities of ATB0·+ mRNA- and 18S rRNA-specific bands were
quantified using a Spectralmager 5000 Imaging system (Alpha Innotech, San Leandro,
CA, USA) and AlphaEase 32-bit software (Alpha Innotech). The levels of ATB0·+ mRNA
were normalized against the corresponding 18S rRNA for each sample. Each experiment
was repeated four times under identical conditions.

The ATB 0·+-specific RT-PCR product was subcloned into pGEM-Teasy vector
(Promega) and its molecular identity confirmed by sequencing. The RT-PCR product was
used as a probe for hybridization with the commercial cancer array and for generation of
riboprobes for in situ hybridization.

Cancer profiling array hybridization

The eDNA probe specific for ATB 0·+ was labeled by random priming using the Ready-togo oligo-labeling beads (Amersham Biosciences, Piscataway, NJ, USA) and

ae P]-dCTP
2

(Amersham Biosciences). The differential expression of ATB0·+ mRNA in normal and
cancer cervix was determined using a commercial array of eDNA from paired diseased
and normal human tissues (Cancer Profiling Array II, BD Biosciences Clontech, Palo
Alto, CA, USA) (103). This array includes 10 eDNA blots prepared from full thickness
specimens of cervical cancer, each paired with eDNA from full thickness normal cervical
tissue from the same patient. Pre-hybridization, hybridization and post-hybridization
washings were performed according to the manufacturer's instructions. Briefly, the array
was pre-hybridized with 10 m1 of BD ExpressHyb Hybridization solution containing 1
mg of sheared salmon testis DNA. For hybridization, 20 ng of labeled ATB0·+ eDNA
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probe (specific activity 5 x 105 cprnlng) and 15 J.ll of sheared salmon testes DNA were

.

.

added to 5 ml of the pre-hybridization mixture and hybridized overnight with continuous
rotation at 68° C. Post-hybridization washes included four 30-min washes in solution I
(2x SSC and 0.5% SDS) and one 30-min wash in solution 2 (0.2x SSC and 0.5% SDS),
all at 68° C. A final 5-min wash was done at room temperature in 2x SSC. The array was
then exposed to a storage phosphor screen (Molecular Dynamics, Amersham
Biosciences) for 48 h at room temperature. A Storm 840 phosphorimager system
(Molecular Dynamics, Amersham Biosciences) and ImageQuant Software Version 4.1
(Molecular Dynamics, Amersham Biosciences) were used to quantify the hybridization
signals.

In situ hybridization

The ATB 0·+-specific RT-PCR product cloned into the pGEM-Teasy vector was linearized
with suitable restriction enzymes (Sacll for antisense probe and Ndel for sense probe). In
vitro transcription and digoxigenin labeling were performed with appropriate RNA
polymerases using a DIG RNA labeling kit (SP6m) (Roche Applied Science, Penzberg,
Germany).

Paired paraffin-embedded sections of normal cervix and cervical cancer (3 patients) on
siliconized, RNase-free glass slides were heated at 60° C for 10 min, washed in xylene
for 15 min and air-dried. They were then autoclaved in Vector Ag unmasking solution
(Vector Laboratories, Burlingame, CA, USA) and fixed in 4% paraformaldehyde on ice
for 20 min. Permeabilization with proteinase K, equilibration, pre-hybridization and
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hybridization were carried out as described previously (1 04). Briefly, sections of normal
and cancer cervix were hybridized with the antisense probe (1 J.tg/rnl) at 58°

c overnight

and duplicate sections were hybridized with the sense probe (1 J.tg/ml) (negative control).
The slides were incubated overnight at 4 o C with anti-digoxigenin antibody conjugated to
alkaline phosphatase (dilution, 1:5000). After washing in levamisole-containing buffer,
the color reaction was developed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl
phosphate at room temperature overnight. Slides were washed and coverslips applied
without counterstaining. Purple-red color precipitates were indicative of a positive
reaction. Slides were visualized using a Ziess AxioPlan 2 Imaging MOT microscope
(Carl Zeiss Microlmaging, Inc., Thornwood, NY, USA) and AxioVision 4.3 software
(Carl Zeiss Microimaging, Inc.).

Immunohistochemistry
Tissue samples from seven patients were used to prepare paired 4 J.lm sections of normal
and cancer cervix for immunohistochemistry. These sections were deparaffinized in
xylene and rehydrated through graded alcohols. Endogenous peroxidase activity was
quenched with methanol/H2 0z. Immunostaining was performed using a polyclonal
antibody specific for ATB 0·+ (94, 102). The experiment was run in parallel in the absence
of the primary antibody to serve as a negative control. Immunopositive signals were
detected using the Labeled Streptavidin-Biotin 2 (LSAB2) detection system (DAKO
Corp., Carpenteria, CA, USA). 3,3-Diaminobenzidine was used as the chromogen. Slides
were visualized using a Zeiss AxioPlan 2 Imaging MOT microscope and AxioVision 4.3
software (Carl Zeiss Microimaging, Inc.).
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Immunofluorescence

Immunofluorescent methods were used to colocalize ATBo,+ and iNOS (NOS2) protein in
human cervical cancer. Sections of cancer cervix were deparaffanized, rehydrated, and
treated with Vector Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA)
to expose antigenic sites. Sections were washed with PBS-T (0.01M PBS plus 0.1%
Tween 20) blocked with lX Power Block (Biogenex, San Ramon, CA) for 10 min at
room temperature followed by incubation overnight at 4°C with the primary polyclonal
rabbit antibody against human ATB0·+ at a concentration of 1:100 and monoclonal mouse
antibody against human iNOS (Santa CruZ Biotechnology, Santa Cruz, CA) at a dilution
of 1:25.

Negative control sections were treated identically except that PBS was

substituted in plac~- of primary antibodies for overnight incubations. Sections were rinsed
and incubated for 30 min with goat anti-rabbit Alexa Fluor 568 and goat anti-mouse
Alexa Fluor 488 (Invitrogen-Molecular Probes, Carlsbad, CA), both at a dilution of
1:1000 each. Coverslips were mounted with Vectashield Hardset mounting media with
DAPI (Vector Laboratories) and sections were examined by epifluorescence using the
Zeiss Axioplan 2 microscope and photographed with a Spot Camera using Spot Software
Version 2.2.

Statistical analysis

RT-PCR was repeated four times under identical conditions with each RNA sample. The
log of the ratio of relative expression was analyzed using a linear mixed model that
included subject and gel dates as random effects. Means and standard errors were
calculated, and t-tests used as appropriate.
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RESULTS

Specimens from 18 adult females with histologically proven invasive squamous cell
carcinoma of the ectocervix, of all stages and ranging from poorly differentiated to well
differentiated, were included in this study. There were 7 Caucasian and 11 AfricanAmerican females, with an average age of 51 years (range 44 - 58 years). The
commercial array of paired eDNA from cervical cancer included 6 squamous cell
carcinomas and 4 adenocarcinomas.

Differential expression of ATB0•+ mRNA in normal and cancer cervix
Semi-quantitative RT-PCR for the analysis of ATB 0·+ mRNA levels was performed and
expression in normal ectocervical epithelium was compared to that in tissue specimens
from the luminal surface of cervical cancer, standardizing each mRNA with 18S rRNA
(Fig. lA}. Normal epithelium had minimal, but detectable, ATB 0·+ mRNA expression
(arbitrary units of standardized expression, 0.46 ± 0.06) (Fig. lB}. The expression in
cancer consistently showed a several-fold increase over the expression in the normal
tissue in all patients (arbitrary units of standardized expression, 2.61 ± 0.13). Overall,
there was a 5.6-fold increase in ATB 0·+ mRNA levels in cervical cancer compared to
normal tissue (p < 0.0004).

Semi-quantitative RT-PCR results were confirmed by hybridization with a commercial
eDNA array, which had paired blots of eDNA processed from full thickness sections of
normal and cancer cervix from 10 patients (Fig. 2A). The steady-state levels of ATB 0·+
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mRNA increased in all 6 cases of squamous cell carcinoma and 2 of the 4 cases of

adeno~arcinoma. ATB0·+ mRNA levels were unchanged or decreased in two patients with
adenocarcinoma. The overall expression of ATB 0•+ mRNA in alllO patients increased by
2.4 ± 0.5-fold (p = 0.01) (Fig. 2B).

In situ hybridization of 3 pairs of normal ectocervix and cervical squamous cell
carcinoma demonstrated minimal expression of ATB 0·+ mRNA in all sections of the
normal cervix and markedly increased expression in the epithelial elements of all three
cases of malignant tissue (Fig. 3). Parallel experiments with the sense probe revealed no
signals.

There was no statistical correlation between the increases in the levels of ATB 0·+ mRNA
and the stage or grade of the cervical cancer. There was also no significant correlation of
A TB 0·+ mRNA expression with age or race of the patient.

Expression of ATBo,+ protein

Inununostaining for ATB 0·+ protein in normal and cervical cancer tissues from all seven
cases examined showed minimal expression of ATB 0·+ protein in the normal epithelium
(Fig. 4). Each of the cancer sections showed markedly elevated levels of ATB 0·+ protein
in the epithelial components. Similarly, core biopsies obtained from lymph node
metastases from three patients also demonstrated an over-expression of A TB 0·+ protein in
the metastatic foci whereas the uninvolved lymphatic tissue does not express this
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transporter. Negative controls, run in parallel in the absence of the primary antibody, did
not reveal any signals.

Co-localization of ATB0•+ and iNOS
Immunofluorescence demonstrated that ATB 0·+ and iNOS co-localized in the same cell
populations in the epithelial components of cervical cancer (Fig. 5).
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DISCUSSION

iNOS activity in an epithelial malignancy was reported first in a cervical cancer cell line
(105). Increased iNOS activity and over-production of NO have since been demonstrated
in cervical cancer, and expression levels of iNOS have been shown to correlate inversely
with prognosis in other gynecological malignancies (8, 91, 101). However, there have
been no studies to date describing the mechanism by which arginine, the substrate for
iNOS, is transported into cervical cancer or normal cel-vical epithelium.

The present study demonstrates that the Na+/cr -coupled amino acid transporter ATB 0'+
is minimally expressed in normal ectocervical epithelium and is over-expressed (5.6-fold
increase) in squamous cell carcinoma of the cervix as assessed by semi-quantitative RTPCR. The commercial array of paired eDNA blots from full thickness normal and cancer
tissue also demonstrated a 2.4-fold increase in the expression of this transporter. The
expression pattern of ATB 0·+ in normal ectocervix has not been reported previously,
though the uterine tissue is known to contain ATB0·+ mRNA (35). The relatively smaller
increase in ATB 0'+ mRNA levels in cervical cancer observed in the commercial dot blot
compared to the increase seen in cervical cancer specimens collected by us is most likely
due to differences in diagnosis and in the method of tissue collection. In our previous
studies with specimens from colorectal cancer, we noticed that the expression of ATB o,+
is limited to the epithelial elements with no evidence of expression in stroma (1 02).
Therefore, we were careful to limit the tissue that we harvested for RNA preparation to
the ectocervical mucosa or the luminal surface of the squamous cell cervical carcinoma,
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In situ hybridization confirmed that the mRNA signal was indeed increased in squamous

cell carcinoma compared to nonnal cervix and that this increase was limited to the
epithelial elements. Protein expression as detennined by immunohistochemistry
corroborated these findings, with minimal ATB 0·+ protein present in nonnal epithelium
and a marked increase in every squamous cell carcinoma. In the commercial array,
however, full thickness sections of both nonnal and diseased tissue were obtained for
RNA extraction (personal communication from the manufacturer). Thus, the increase in
expression in cancer tissue is likely to be underestimated in the commercial array.
Furthermore, while the tissue specimens collected by us were all from squamous cell
carcinoma, the commercial array had 4 specimens of adenocarcinoma. The increase in
ATB 0·+ expression was seen in all cases of squamous cell carcinoma present in the
commercial array as well as in tissues collected by us. In contrast, the changes in ATB 0·+
expression were not unifonn in adenocarcinoma. There was an increase in expression
only in two cases. The expression did not change in one case and decreased in another.
There are two possible explanations for the observed differences. The differences in
expression observed among the cases of adenocarcinoma might have resulted from the
manner in which the

specimen~

were collected in each case for the preparation of the

commercial array. Alternatively, while the up-regnlation of expression occurs in all cases
of squamons cell carcinoma, this may not be the case in adenocarcinoma.

Since ATB0·+ is the only transporter described in manunals that can transport arginine
into cells against high concentrations using three different driving forces (33), it is ideally
suited to meet the increased demand for arginine in tumor cells to support the activity of
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up-regulated iNOS. We hypothesize that the up-regulation of ATB0·+ and co-localization
with iNOS in cervical cancer may play an important pathogenic role in delivering
arginine into tumor cells to support growth and to sustain NO production. ATB 0·+ has
significant therapeutic potentia! as well. The up-regulation of ATB 0·+ in cancer makes it a
potential' target for the delivery of chemotherapeutic agents. ATB 0·+ is highly suitable for
the delivery ofNOS inhibitors into cells (40). This class of compounds may have use in
cancer chemotherapy (44). NOS inhibitors are substrates for ATB0·+ and therefore instead
of arginine entering the cancer cells via this transporter, NOS inhibitors would gain
access into cells. Once inside the cells, NOS inhibitors would block the function of iNOS
and suppress the generation of NO. As the expression of ATB 0·+ is markedly and
specifically elevated in tumor tissues the delivery of NOS inhibitors can be expected to
be directed primarily to cancer cells. ATB 0·+ is indeed expressed in some normal tissues
like the lung and trachea. However, by virtue of the cervix's accessibility to local therapy
and the transporter's expression on the apical surface of the cervical cancer cells,
systemic side effects of prodrug delivery can be minimized.

These findings may also be relevant to the treatment of patients with lymphatic spread
from cervical primaries. Normal lymph nodes express very little ATB 0·+, but the
expression of the transporter is markedly enhanced in cervical cancer metastases in the
peri-aortic lymph nodes. Thus, ATB0·+ holds potential as a drug delivery system for the
treatment of patients with cervical cancer with or without lymphatic spread.
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Fig. 1. Semi-quantitative RT~PCR of ATB0•+ mRNA in normal ectocervical mucosa
and invasive squamous cell carcinoma of the cervix. (A) Representative gels from
each sample are shown (n=10; 4 normal and 6 cancer specimens). The patients' serial
numbers are given below each lane. The size of the ATB0·+-specific RT-PCR product is
754 bp. 18S rRNA is the internal control and the size of its specific RT-PCR product is
315 bp. The DNA size ladder Is in the first lane of the composite. The mean ratio of
mRNA expression in each sample was normalized with the 18S rRNA level from that
sample, and the standardized expression is represented as a box plot below the
corresponding lane. RT-PCR was repeated 4 times for each RNA sample under identical
conditions and the data were pooled for quantitative analysis of expression. (B)
Combined data from all samples. Squamous cell carcinoma of the cervix showed a 5.6fold increase in ATB 0·+ rnRNA expression (p<0.0004) compared to normal ectocervical
mucosa. N: Normal, C: Cancer.
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Figure 2
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Fig. 2. ATB0•+ mRNA expression in a commercial eDNA array of paired normal
cervical tissue and invasive squamous cell carcinoma or adenocarcinoma of the
cervix (n=lO). (A) A commercial array of paired eDNA dot blots of normal cervix and
cervical cancer from ten patients was hybridized with a

eP]-labelled ATB
2

0

•+

eDNA

probe. Hybridization signals were quantified using a phosphorimager and are shown on
the right as the ratio of expression in cancer compared to the corresponding normal tissue
(C/N ratio). Six of these 10 cases were squamous cell carcinomas (from the top: 1, 2, 3, 5,
6, 9) and 4 were adenocarcinomas (from the top: 4, 7, 8, 10). (B) Combined data from all
10 sampleS. Carcino~a of the cervix showed a 2.4 ± 0.5~fold increase

mATB0•+ mRNA

expression compared to normal cervical tissue (p = 0.01). N: Normal, C: Cancer.
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Figure 3
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Fig. 3. In situ hybridization of ATB0'+ mRNA in paired normal ectocervix and
invasive squamous cell carcinoma of the cervix (n=3). A set of representative sections
of in situ hybridization with a digoxigenin-labelled ATB 0·+ riboprobe in normal cervix
and cancer cervix from one patient is shown under light-field (lOOx). An alkaline
phosphatase-conjugated anti-digoxigenin antibody was used and the color reaction was
developed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate without
counterstaining. The purplish red color was indicative of a positive reaction. The
antisense riboprobe detected strong expression of ATB0·+ mRNA in the epithelial
elements of all 3 cancer specimens probed, but not in the stroma. Normal ectocervix
showed very faint signals for ATB 0·+ mRNA in all cases. No positive signals were
observed with sense riboprobe (negative control).
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Figure 4
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Fig. 4. Immunohistochemical analysis of ATB0•+ protein in paired normal ectocervix
and invasive squamous ceU carcinoma of the cervix (n=7), and in core biopsies from
their lymph node metastasis (n=3). Immunostaining of paraffin sections was done with
a polyclonal antibody specific for ATB0·+. Slides unexposed to primary antibody were
used as negative controls. The Labeled Streptavidin-Biotin 2 (LSAB2) detection system
was used and 3,3-diaminobenzidine was the chromogen. Representative slides from two
patients (GP14 and GP16) are shown under light field (200x). Negative control showed
no positive signals. Each of the normal ectocervix sections showed only trace expression
of ATB0·+ and every squamous cell carcinoma showed intense staining for ATB 0·+ in the
epithelial elements. Core biopsies obtained from paraaortic lymph nodes with metastases
from the cervical primaries also demonstrated increased expression of ATB 0·+ (25x).
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Figure 5
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Fig. 5. Immunofluorescent co-localization of A TB0'+ and iNOS protein in squamous
cell carcinoma of the cervix (GP14). Immunostaining of paraffin sections was done

with polyclonal rabbit anti-ATB0·+ and monoclonal murine anti-iNOS. Slides unexposed
to primary antibody were used as negative controls (Data not shown).

Secondary

antibodies were goat anti-rabbit Alexa Fluor 568 (red) and goat anti-mouse Alexa Fluor
488 (green). Nuclei were stained with DAPI. The merged figure shows co-localization of
ATB 0·+ and iNOS in the epithelial components, though iNOS is expressed alone in the
stromal elements.
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CHAPTER

4:

DOWN-REGULATION

OF

BCRP/ABCG2

DURING

TUMORIGENESIS IN VIVO.

ABSTRACT

Expression of Breast Cancer Resistance Protein (BCRP) in cancer is associated with
resistance to multiple chemotherapeutic agents. BCRP has also recently been shown to
protect against phototoxicity by effluxing protoporphyrins from cells. However,
chemotherapy and photodynamic therapy are effective treatment options for cancer, and
porphyrin metabolism yields co-factors important for nitric oxide production. We
hypothesized that in vivo tumorigenesis was associated with a decrease in BCRP
expression, contrary to reports of overexpression in vitro in drug-selected cancer cell
lines.

Paired normal and cancer tissues from colectomy specimens of 13 patients with
colorectal cancer and 1 patient with hepatic metastasis from a colonic primary were used
for the analysis ofBCRP mRNA by semi-quantitative RT-PCR and Northern Blot. BCRP
protein expression was determined by immunohistochemistry (IHC). A commercial dot
blot was probed to quantify the differential expression of BCRP in paired normal and
cancer eDNA from 154 patients with tumors in 19 different tissues. Protein expression in
tissues that demonstrated a significant downregulation of BCRP mRNA with malignant
change was determined by IHC.
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BCRP mRNA was present in normal colorectal and hepatic tissue and showed a mean
decrease in cancer of6.6 ± 0.6-fold by RT-PcR (p<O.OOOI) and a mean decrease of4.9 ±
0.5-fold by Northern blot (p<O.OOS). There was a statistically significant decrease in
BCRP mRNA levels in 12 of the 19 different cancer sites, which included pairs of eDNA
from 119 patients on the commercial blot. BCRP protein expression was abundant in the
normal colon on IHC, and showed a decrease in colon cancer, as well as in each of the
organ sites that demonstrated downregulation on the commercial array.

BCRP is significantly downregulated with malignant change in vivo in several human
tissues. Decreased expression ofBCRP may have a role in tumorigenesis by allowing an
accumulation of genotoxins as well as cofactors essential for nitric oxide overproduction.
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INTRODUCTION

Breast Cancer Resistance Protein (BCRP, ABCG2, MXR, ABCP) is the newest member
of the ATP binding cassette (ABC) transporter superfamily. Its overexpression in vitro in
drug-selected cell lines is associated with resistance to commonly used chemotherapeutic
agents like mitoxantrone, indolocarbazole and camptothecin-derived DNA topoisomerase

I inhibitors, methotrexate, flavopiridol, and quinazoline ErbB I inhibitors (47, 48).
Clinically, BCRP expression by more than 10% of cells in human lung cancer in vivo is
associated with a decreased response to chemotherapy and shorter overall survival (59).
Though the role of this transporter in multidrug resistance is the subject of considerable
study, the pattern of differential expression of BCRP in normal and cancer tissue in vivo
and a possible role for BCRP in the pathophysiology of tumorigenesis has not been
elucidated.

Recent reports suggested to us that in contrast to the in vitro evidence of over-expression
of BCRP in cancer cell lines, BCRP may actually be downregulated with malignant
change in human tissues in vivo. BCRP has been demonstrated to be abundantly present
in the brush border of normal colonic epithelium in vivo. However, the camptothecin
irinotecan, which is a BCRP substrate, is an effective agent used in several clinical
protocols (IFL, FOLFIRI) for the therapy of advanced colorectal cancer (52-54, 56),
suggesting to us that colon cancer did not express the camptothecin-resistance conferring
BCRP protein to the same extent as the normal colon does.
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A recent report in a BCRP knockout mouse drew our attention to the ability of BCRP to
efflux protoporphyrins and protect cells from phototoxicity (57). One form of therapy for
some forms of cancer is based on the selective accumulation of protoporphyrins in cancer
cells by a hitherto unexplained mechanism. The selective accumulation of these
phototoxins in cancer cells renders them susceptible to apoptosis on subsequent exposure
to red light. This therapy is called photodynamic therapy (PDT} and colorectal cancer is
one of the gastrointestinal malignancies that is uniquely susceptible to it (58). The
apparent contradiction of the efficacy of protoporphyrin-based PDT in colorectal cancer
tissue when normal colon abundantly expresses the protoporphyrin-effluxing BCRP
further led us to hypothesize that this transporter was downregulated with malignant
change in the colon.

The possible downregulation of BCRP in human colorectal cancer was of particular
interest to us since porphyrin metabolism yields heme, which is an essential co-factor for
nitric oxide synthase (NOS) (66). iNOS is one of the three isomers of NOS that produces
nitric oxide (NO) from arginine, and its over-expression and increased activity is
associated with cancer. We have recently shown that the arginine transporter ATB0·+ is
upregulated in colorectal cancer thus providing a mechanism to deliver increased
amounts of substrate to iNOS for nitric oxide production (102). Down-regulation of
BCRP and the resultant accumulation of protoporphyrins intracellularly could provide the
increased amounts of the iNOS cofactor heme that, along with the substrate arginine, is
required to sustain iNOS overactivity in cancer.
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Finally, BCRP's presence in the normal colon lends credence to a proposed physiologic
role in protecting normal cells from malignant change by effluxing a variety of
compounds like the meat-protein derived dietary carcinogenic genotoxin 2-arnino-1methyl-6-phenylimidazo[4,5-b]pyridine (PhlP) that would be protumorigenic if allowed
to accumulate intracellulary (63).

1n this study, using native colorectal cancer tissue, we demonstrate that malignant
transformation of the colonic epithelium in vivo is accompanied by a significant
downregulation of BCRP mRNA and protein expression. Using paired normal and
squamous cancer ectocervical tissue that we had harvested and processed in a similar
manner, we demonstrate that the downregulation of BCRP mRNA and protein occurred
with malignant change in the uterine cervix as well. We then used a commercial array of
paired normal and cancer eDNA to demonstrate the downregulation of BCRP with
malignant change occurred in 12 different organs. We further confirmed that the
downregulation of mRNA was paralleled by protein downregulation in organs identified
by the array by performing immunohistochemistry. 1n light of BCRP's function as an
efflux transporter with its unique variety of endogenous and exogenous substrates, its
downregulation with malignant change in a variety of chemotherapy naive tissues
suggests that it may have a broader role in the pathophysiology of malignant
transformation than merely . conferring multidrug resistance to

a subset of

chemosensitized cancers.

64

MATERIALS AND METHODS

Patients

This study received the Medical College of Georgia institutional review board's approval.
Thirteen adult patients with colorectal adenocarcinoma and one patient with a hepatic
metastasis from a previously resected colon cancer were included in this study after
obtaining their informed consent. Details of some of these patients have been published
earlier (1 02).
Paired normal and cancer tissue from two enrolled patients with biopsy proven squamous
cell cancer of the ectocervix was harvested and processed in a similar manner to the
colon tissue. These tissues have been used earlier (manuscript in press).

Tissue collection and processing

A pathologist harvested normal epithelium and tumor tissue from the luminal surface of
the colorectal cancer and ectocervical cancer in freshly resected surgical specimens, as

has been described by us previously (102). Portions of the tissues (0.3 to 0.5 gm from
each site) from each patient were processed for total RNA extraction using TRizol®
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the
manufacturer's instructions. The integrity of the isolated RNA was confirmed by size
fractionation on a denaturing agarose gel. Tissues from each site were fixed by
immersion in neutral buffered formalin for immunohistochemical studies and also snapfrozen in liquid nitrogen for immunofluorescent studies. A commercial array of
standardized eDNA blots isolated from paired human normal and cancer tissue from 19
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different organs in 154 patients (Cancer Profiling Array II, BD Biosciences Clontech,
Palo Alto, CA, USA) was obtained for analysis ofBCRP rnRNA by Southern blot.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as previously described (102). Briefly, reverse
transcription was done using the Maloney murine leukemia virus-reverse transcriptase
(Promega Corporation, Madison, Wisconsin, USA). The PCR primers for human BCRP
were designed based on its published sequence (Gene accession number: AF098951)
using OLIGO Primer Analysis Software (Molecular Biology Insights Inc, Cascade,
Colorado, USA) and purchased from Integrated DNA Technologies (Coralville, Indiana,
USA). The primers for BCRP were: sense 5'-CACAGGTGGAGGCAAATCTT-3' and
antisense 5'-CAGCTCTGTTCTGGATTCCA-3', which amplified a 1039-bp product.
The PCR cycle number was determined such that the PCR amplification occurred within
the linear range. As an internal control, 18S rRNA was amplified with a ·primercompetimer combination from QuanturnRNA™ Universal 18S rRNA Internal Standards
Kit (Ambion Inc, Austin, TX, USA) according to the manufacturer's instructions for
semi-quantitative RT-PCR. The optimum 18S primer-competimer ratio was determined
by serial dilutions such that 18S eDNA was amplified at a level similar to that of the
target of interest. PCR with each pair of normal and cancer template eDNA was done
using a cocktail of 18S rRNA primer-competimer (in the ratio 1:9), lOx PCR buffer with

Mi, dNTP, forward and reverse primers, and TaKaRa Taq (Takara Bio Inc, Shiga, Otsu,
Japan). Aliquots from the master mixture were added to eDNA from normal tissue and
the corresponding cancer tissue. The PCR protocol consisted of 3 min at 94°C, followed
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by 30 cycles of denaturing at 94°C for 60 sec, annealing at 58°C for 60 sec, and extension
at n•c for 60 sec, followed by a single run of 72'C for 10 min. The resultant multiplex
PCR products (18S and either ATB 0·+ or iNOS) were run in agarose gels, stained' with
etbidium bromide and the intensities of the bands quantified using a Spectralmager 5000
Imaging system and AlphaEase 32-bit software (Alpha Innotech, San Leandro, CA,
USA). The levels ofBCRP mRNA were normalized to the corresponding 18S rRNA, and
the relative expression in cancer compared to normal tissue from the same patient was
determined. The RT-PCR product was sequenced to confirm its molecular identity and
then used as a probe for Northern blot analysis and hybridization with the commercial
cancer array.

Northern blot analysis

Total RNA was used to prepare poly(At RNA using oligo(dT)-microbeads (Miltenyi
Biotec Inc, Auburn, CA, USA). 5 11g of poly(At RNA from each specimen was then
size-fractionated and transferred to Hybond W nylon membrane (Amersham
Biosciences, Piscataway, NJ, USA) according to the manufacturer's instructions. The
nylon membrane was pre-hybridized for 3 h at 42•c with ULTRA-hyb hybridization
solution (Ambion Inc, Austin, TX, USA) and hybridized for 18 h with eDNA probes
specific for human BCRP. The eDNA probes were labeled with

32

P by random priming

using the Ready-to-go Oligo labeiing beads (Amersham Biosciences) and

ae P]-dCTP
2

(3000 Ci/mmol, Amersham Biosciences). The membrane was washed twice at 6o•c for
30 min apiece in a low stringency buffer [2 x saline-sodium citrate (SSC), 0.5 % w/v
sodium dodecylsulfate (SDS)] and then twice in a high stringency buffer (0.2 X

sse, 0.5
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% SDS). The membrane was exposed to Biomax-MS film (Eastman Kodak Company,
Rochester, NY, USA) for 90 hours at -SO"C. After quantifying the hybridization signal by
densitometry, the membrane was stripped and re-probed with a 32P-labeled eDNA probe
specific for

~-actin.-

The hybridization signals were expresse<;l as a ratio of the target

mRNA signal to the ~-actin mRNA signal.

Immunohistochemistry
Tissue samples obtained for immunohistochemistry were fixed in 10% neutral-buffered
formalin and embedded in paraffin. Sections (5 J.Lm) cut from the paraffin block were
deparaffinized in xylene and rehydrated through graded alcohols. Normal and cancer
tissue from the same patient was mounted on the same slide to ensure identical
conditions.

Endogenous peroxide activity was

quenched with methanol/H202.

Immunostaining was performed using mouse monoclonal anti-human BCRP (Kamiya
Biomedical Company, Seattle WA). Immunohistochemistry was performed using the
Labeled Streptavidin-Biotin 2 (LSAB2) detection system (DAKO Corp., Carpenteria,
CA, USA). 3,3-Diaminobenzidine tetrahydrochloride was used as the chromogen.
Negative controls unexposed to primary antibodies were processed in the same manner.

Immunofluorescent studies
Tissue samples from normal and cancer tissue was harvested in approximately 8 mm x 10
mm pieces from the luminal surface of each patient's resected colon. The specimens were
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fixed in 7% paraformaldehyde in phosphate buffered saline (PBS) for one hour, then
washed in PBS three times at 4"C. They were then kept in 30% sucrose overnight at 4"C,
and morinted in Tissue-Tek® Optimal Cutting Temperature (O.C.T.) compound (Sakura
Finetek U.S.A. Inc, California, USA) and stored at -so•c.

Sections were cut at 10 ).lm thickness, and treated in 0.2% Triton X-100 in PBS for 10
minutes. Normal and cancer tissue from the same patient was mounted on the same slide
to ensure identical·conditions. Blocking was done with 4% normal goat serum for one
hour at room temperature. Monoclonal Anti-BCRP antibody (Kamiya Biomedical) was
applied at a dilution of 1:20 overnight at 4T. Sections were then immersed in PBSTween and incubated with the secondary antibody, Goat anti-mouse Alexafluor 568
(Molecular Probes}, at a dilution of 1:1000. Sections were washed again in PBS-Tween
and coverslips mounted with Vectashie1d Antifade Mounting Medium+ Dapi (Vector
Labs) and viewed using a Zeiss Axioplan 2 fluorescent microscope equipped with a Spot
Camera and Spot Software. Appropriate negative controls were obtained.

Cancer profiling array hybridization

The differential expression of BCRP mRNA in normal and cancer tissues from 19
different organs was determined using a commercial array of eDNA from paired diseased
and normal human tissues (Cancer Profiling Array II, BD Biosciences Clontech, Palo
Alto, CA, USA). This array includes 154 pairs of eDNA blots prepared from full
thickness specimens of cancer from 19 different sites, each paired with eDNA from full
thickness normal tissue from the same patient. Pre-hybridization, hybridization and post69

hybridization washings were performed according to the manufacturer's instructions.
Briefly, the array was pre-hybridized with 10 rn1 of BD ExpressHyb Hybridization
solution containing 1 mg of sheared salmon testis DNA. Overnight hybridization with a

a[32 P]-dCTP labeled BCRP eDNA probe was done with continuous rotation at 68° C.
Post-hybridization washes included four 30-min washes in solution 1 (2x SSC and 0.5%
SDS) and one 30-min wash in solution 2 (0.2x

sse and 0.5% SDS), all at 68° C. A final

5-min wash was done at room temperature in 2x SSC. The array was then exposed to a
storage phosphor screen (Molecular' Dynamics, Amersham Biosciences) for 36 hat room
temperature. A Storm 840 phosphorimager system (Molecular Dynamics, Amersham
Biosciences) and ImageQuant Software Version 4.1 (Molecular Dynamics, Amersham
Biosciences) were used to quantify the hybridization signals.

Statistical Analysis
RT-PCR was repeated at least 4 times under identical conditions with each pair of
specimens from each patient. The log of the ratio of relative expression by RT-PCR and
Northern blotting was analyzed using a linear mixed model that included subject and gel
dates as random effects. Means and standard deviations were calculated, and t-tests used
as appropriate. Results from GM12 (hepatic metastasis from a colome primary) were not
included in the statistical calculation of differential expression of BCRP in colorectal
cancer. The commercial array hybridization signals were analyzed using paired t-tests.
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RESULTS

Patient Information

Thirteen adult patients with colorectal cancer and one patient (GM12) with a hepatic
metastasis from a previously resected colon cancer were enrolled in the study (Table 1).
Details of some of these patients have been published earlier (1 02). In the current study,
there were 8 African-Americans and 6 Caucasian-Americans with colorectal cancer, 8
males and 6 females. The average age was 61.8 years (range 37-82 years). Two patients
(GM14 and 31) had received and responded to prior chemoradiation. In both of these, the
histopathology reported only microscopic foci of rectal adenocarcinoma. Two adult
Caucasian-American females with biopsy proven squamous cell carcinoma of the
ectocervix were also included.

Expression ofBCRP mRNA in normal and cancer colon (primary or metastatic)

Semi-quantitative RT-PCR for the analysis of mRNA levels for BCRP was performed
and expression in normal colorectal epithelium and normal hepatic tissue was compared
to that of tissue from the luminal surface of colorectal cancer or the metastasis,
respectively, from the same patient (Fig lA). The BCRP product was 1039 basepairs, and
sequencing confirmed its identity. Normal colonic and hepatic tissue expressed BCRP
mRNA. The expression in cancer consistently showed a several-fold decrease compared
to the expression in the corresponding normal tissue in all 14 patients with colorectal
cancer. Normal hepatic tissue showed an average of 2.4-fold greater expression than the
hepatic metastasis from a colonic primary (GM12). Overall; the 13 patients with
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colorectal cancer showed a 6.6 ± 0.6 -fold greater expression ofBCRP mRNA in normal
tissue compared to their matched cancers (p<O.OOOI) (Fig IB).

Semi-quantitative RT-PCR results were confirmed by Northern blot analysis, using
paired samples from three patients (Fig IC). The overall expression ofBCRP mRNA in
normal tissue by Northern Blot was 4.9 ± 0.5 fold more than that in cancer (p<0.005) (Fig
ID). There was no significant correlation of BCRP- mRNA expression with age, sex, or
race of the patient, or grade, stage, location or treatment of colorectal cancer with
chemotherapy.

BCRP protein expression in normal colon and colorectal cancer
Representative immunohistochemistry slides stained for BCRP (Fig 2A) from a pair of
normal and cancer tissues is shown. Normal colonic epithelium from all patients showed
expression of BCRP at the brush border. The cancer tissue from each subject showed
markedly diminished staining. No BCRP protein was detected elsewhere. Labeling with
fluorescent antibodies demonstrated a similar pattern of staining (Fig 2B).

BCRP mRNA and protein expression in normal and squamous cell ectocervical
cancer tissue
BCRP mRNA expression levels in normal ectocervical mucosa were 5.25-fold higher
(p=O.Ol) than levels in squamous cell carcinoma of the uterine cervix in two patients
(Figure 3 A) and this was reflected in decreased protein levels as well (Figure 3 B).
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BCRP mRNA expression in multiple cancer sites

The commercial array of standardized eDNA from human cancer and normal tissues from
19 different organ sites demonstrated a significant decrease in BCRP mRNA in cancer in
12 organs (Figure 4 A and B): breast (4.8 ± 1.4-fold decrease, p=O.OOl), ovary (2.8 ± 0.1fold decrease, p<O.OOOl), colon (3.3 ± 0.4-fold decrease, p=0.005), lung (2.3 ± 0.3-fold
decrease, p=0.0003), kidney (1.5 ± 0.1-fold decrease, p<0.003), liver (3.5 ± 0.8-fold
decrease, p<0.02), uterus (2.3 ± 0.3-fold decrease, p=0.004), cervix (3.8 ± 0.6-fold
decrease, p=0.007), rectum (2.6 ± 0.4-fold decrease, p=0.005), thyroid (2.3 ± 0.4-fold
decrease, p<0.002), testis (1.8 ± 0.3-fold decrease, p=0.03), and small intestine (2.3 ±
0.2-fold decrease, p=0.004).

BCRP protein expression in multiple cancer sites

Subsequently, we determined the differential protein expression pattern of BCRP in the
organs identified by the array as having a significant decrease in BCRP mRNA
expression. In these 12 organ sites, we also saw a .decrease in protein expression with
malignant change in each organ. Furthermore, we determined by mRNA and protein
expression that BCRP was more widely expressed in normal tissues in humans than
previously detected (Figure 5).
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Discussion

Colorectal cancer is the second most common cause of cancer death in the US, with an
estimated 56,290 deaths and 145,290 new cases in 2005 (1). Adjuvant chemotherapy with
agents like iridotecan is an important component of curative treatment for node-positive
or transmural disease, as well as palliation for metastatic cancer that is not amenable to
surgical cure. Photodynamic therapy, while more experimental, also plays a role in
treatment of colorectal cancer in a selected population of patients who may not withstand
surgery (58).

BCRP is an effiux transporter capable of conferring cancer cells with resistance to
multiple chemotherapeutic agents, including iridotecan. First cloned in 1998 from a
multidrug resistant human breast cancer cell line, and it has also been characterized in
human placenta and in mitoxantrone resistant human colon cancer cells (47, 106, 107).
BCRP is the most recent addition to the ATP Binding Cassette transporter (ABC
transporter) superfamily. In the gastrointestinal tract, BCRP is expressed on the apical
membrane of colorectal epithelium, in biliary canaliculi, duodenum, and jejunum (108).
BCRP is also expressed on the apical membranes of kidney epithelial cells, on the
luminal surface of microvessel endothelium in the blood-brain barrier, in the placenta,
and in hematopoietic stem cells.

BCRP's proposed physiologic role is as a component of the organism's defense against
toXicity by direct inhibition of uptake at the level of the gut or by rapid elimination of
metabolites in the bile and urine. ·The major dietary genotoxin in this regard is the meat
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derived heterocyclic amine 2-amino-1methyl-6-phenylimidazo[4,5-b ]pyridine (PhlP),
which is rich in the intestinal lumen of meat eating populations. BCRP may contribute to
the blood brain barrier as well as the exclusionary zone enjoyed by the fetus. At a cellular
level, BCRP prevents the accumulation· of a wide variety of endo and xenobiotics.
Recently, a BCRP knockout model revealed an increased cutaneous sensitivity to dietary
precursors ofphototoxins (57). The knockout mice also demonstrated a unique porphyria
due to the accumulation of protoporphyrin IX in erythrocytes. This knockout model has
helped elucidate BCRP's physiologic role as a modality of endo- and xenobiotic defense,
and as a result of knockout work in mice, BCRP deficiencies have been implicated in
idiosyncratic drug phototoxicities sometimes seen clinically.

In the context of malignancy, however, an understanding of BCRP's role is limited to its

ability to confer multidrug resistance in drug-selected tumor cell lines. There is some
clinical evidence that patients with BCRP expressing lung cancers have a poorer response
to chemotherapy than those whose tumors do not express BCRP (59). Clinical drug
resistance and poorer prognosis has also been associated with BCRP expression in acute
leukemia (1 09). However, there are few studies of BCRPs overall expression pattern in
human tumor tissue and thus its clinical significance in the pathophysiology of cancer is
still unknown.

The present study demonstrates that BCRP mRNA and protein is decreased several fold
in each human colorectal cancer tissue as well as in its metastasis to the liver.
Furthermore, data from the commercial array indicates that at least 12 human organ sites
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may also demonstrate a decrease in BCRP expression with malignant change. The
decrease in mRNA expression is paralleled by a decrease in protein, as demonstrated by
immunohistochemistry from cancer specimens from all these sites. We propose that the
downregulation of BCRP, and consequent inability of cells to efflux toxic endo and
xenobiotics may play a role in the accumulation of genotoxins, PhiP being one ·such
example. Furthermore, since PDT of flat lesions in the gastrointestinal tract is dependent
on the hitherto unexplained selective accumulation of protoporphyrin IX in cancer cells,
we propose that the downregulation of BCRP in cancer may provide a molecular
mechanism for this phenomenon.
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Figures and Legends
Figure 1
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Fig. 1. Differential expression of BCRP mRNA in normal colon and colon cancer.
(A) Semi-quantitative RT-PCR for BCRP in paired normal [N] and cancer [C] tissues
from colorectal cancer and metastasis. Representative gels from paired samples of
colonic epithelium and colon cancer from 13 patients and one sample of normal liver and
colon cancer metastasis to the liver (GM 12) are shown. The patients' serial numbers are
given above the gels. A graphical representation of the BCRP expression in each pair of
normal and cancer tissues, standardized against the internal control (18S rRNA), is shown
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above the individual patient's serial numbers. The mean ratio of differential expression in
normal compared to cancer (N/C ratio) for each patient is given below the gels. (B) The
overall expression of BCRP mRNA by semi-quantitative RT-PCR in normal colon
compared to colon cancer from 13 patients. (C) Northern blot analysis of BCRP mRNA
expression in paired samples from 3 patients. The internal control is 8-actin. (D) The
overall expression of BCRP mRNA by Northern blot in normal colon compared to colon
cancer from 3 patients, standardized against the internal control.
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Figure 2
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Fig. 2. Analysis of BCRP protein expression in normal colon and colon cancer (A)
Immunohistochemistry: BCRP protein is expressed along the brush border epithelium
of normal colonocytes, however colon cancer cells show minimal expression. (B)
Immunofluorescence depicts the same loss of BCRP protein expression in cancer cells,
depicted by the red fluorescence.
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Figure 3
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Fig. 3. BCRP mRNA and protein expression in normal and cancer cervix. (A) Semiquantitative RT-PCR for BCRP in paired normal [N] and cancer [C] tissues from cervical
cancer. Representative gels from paired samples from 2 patients are shown. The patients'
serial numbers are given above the gels. The mean ratio of differential expression in
normal compared to cancer (N/C ratio) for each patient is given below the gels. The
overall change in expression of BCRP mRNA with malignant change in the cervix is
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graphically shown next to the gel image.

(B) Immunohistochemistry from

paired

sections from the same patients showed a corresponding decrease in BCRP protein
expression. The normal epithelium shows the presence of BCRP protein in the apical
membrane however, with malignant change, the expression ofBCRP protein is markedly
downregulated.
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Figure.4
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Fig. 4. BCRP mRNA expression by Southern Blot using a eDNA array of paired
normal and cancer tissues from 154 patients involving 19 different organs and
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standardized commercially against internal controls. (A) Cancer profiling array
hybridization gel image, with the paired normal [N] and cancer [C] eDNA blots from
each patient grouped according to the organ involved (n= 10 for breast, ovary, colon,
stomach, lung, kidney, uterus, cervix, rectum, thyroid, testis. n=7 for small intestine,
pancreas. n=5 for bladder, vulva. n=4 for prostate. n=3 for trachea, liver. (B) Graphic
representation of the mean expression ofBCRP mRNA in normal and cancer tissue from
each organ site, as quantified by phosphoimager. The asterixes indicate the organs in
which BCRP expression was significantly decreased with- malignant transformation
(p<0.05).

83

Figure 5
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Fig. 5. Expression of BCRP protein in different organs with malignant
transformation as detected by immunohistochemistry. Representative sections are
shown from 4 different organs identified by the Southern blot hybridization. The
expression of BCRP decreased in cancer compared to normal native tissue in each organ.
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CHAPTER 5: THE DIFFERENTIAL EXPRESSION OF APICAL MEMBRANE
TRANSPORTERS IN COLORECTAL CANCER CAN BE EXPLOITED FOR
THE TARGETED DELIVERY OF SHORT CHAIN FATTY ACID PRODRUGS.

ABSTRACT

The short chain fatty acid (SCFA) butyrate is essential for colonic health, providing most
of the colonocyte's energy requirement and preventing colon cancer by inducing cell
cycle arrest and apoptosis in cancer cells. Orally administered butyrate is limited as a
chemotherapeutic agent due to the large dosages required for its anti-neoplastic effect.
The colonic Na+-coupled SCFA transporter SLCSA8 is a tumor suppressor gene that is
dowmegulated in approximately 60% of colorectal cancers, thus potentially limiting the
exposure of colonocytes to butyrate from the colonic lumen. The Na+ and CJ"-coupled
amino acid transporter ATB 0·+ is upregulated several-fold on the luminal surface of
colorectal cancer. Here we demonstrate the inverse differential expression of these two
transporters in paired human normal and cancer colon tissue. We investigated the ability
of ATB 0·+ to ·transport acetate, propionate and butyrate as esters of the known ATB0·+
substrate L-serine. When rat ATB 0·+ was expressed in mammalian cells, each of the
SCFA-esters of serine competed with glycine for ATB 0·+-mediated transport.
Furthermore, ATB 0·+ heterologously expressed in Xenopus laevis oocytes transports all
three SCFA-esters of serine in aNa+ and CJ"-coupled manner. The ability to" transport a
prodrug form of butyrate in an ion gradient-driven manner from the colonic lumen into
colorectal cancer tissue has important implications for colon cancer therapy.
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INTRODUCTION

Colorectal cancer is the second most common cause of new cancer cases and cancer
deaths in the United States, with an estimated 145,290 new cases and 56,290 deaths in
2005, without preference for sex (1). Diet is thought to be the most important
environmental etiological factor in colorectal cancer. Upto 70% of colorectal cancers may
be prevented by dietary changes alone (67). Recently, a large observational study showed
that high dietary fiber intake protected against colorectal cancer (68). Dietary fibers are .
non-digestible carbohydrates and lignins that are fermented by bacteria in the colon to
produce short chain fatty acids (SCFAs). Of the SCFAs produced in the colon, butyrate is
the most important for colonic health. Butyrate is a histone deacetylase inhibitor (HDI),
and like other HDis, is protective against cancer by inducing differentiation in normal
cells and apoptosis in malignant cells (110, 111). Butyrate also meets most of the
colonocytes'· energy requirements (112).

SLC5A8 is a putative tumor suppressor gene that is silenced early in colorectal cancer
(85). SLC5A8 expression is suppressed by aberrant methylation of CpG islands and
deacetylation of histone H-3 in the 5' region of the gene (87). We have characterized
SLC5A8 as a Na+-coupled SCFA transporter with maximal affinity amongst the SCFAs
for butyrate (Ko.s 81 ± 17 11M) and a Na+:butyrate stoichiometry of 4:1 (86). Suppression
of SLC5A8 in malignant colonic epithelial cells may thus significantly decrease their
exposure to butyrate, protecting them from apoptosis and providing a mechanism for
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SLC5A8 's tumor suppressive properties.

Recently, we have demonstrated that an amino acid transporter, ATB 0·+, is upregulated in
colorectal cancer (113 ). Studies from our lab have shown that ATB 0'+ is a versatile
transporter capable of transporting a variety of prodrugs in the form of their amino acid
derivatives in a highly concentrative, Na+-,

cr-, and membrane gradient driven manner

(38, 39). Serine is an excellent substrate for ATB0·+ (88). We hypothesized that ifbutyrate
could be coupled to the side chain hydroxyl group of the amino acid serine, we may be
able to utilize the differential overexpression of ATB 0'+ in colorectal cancer to deliver
butyrate in its prodrug form specifically to cancer cells, causing their selective apoptosis.
Thus, the decrease in butyrate exposure due to downregulation of the SCFA transporter
SLC5A8 by the cancerous cells could be offset by the delivery of butyrate in its prodrug
form by the cancer specific overexpression of ATB 0·+.

Here we demonstrate for the first time the inverse differential expression of SLC5A8 and
ATB0·+ with malignant transformation in the same tissue using paired human normal
colon and colon cancer tissues. We also demonstrate that the serine esters of the SCFAs
acetate, butyrate and propionate were substrates for ATB0·+, though the SCFAs
themselves were not. We further demonstrate' that ATB 0·+, but not SLC5A8, transported
the SCFA-prodrugs by heterologously expressing the two proteins separately in Xenopus
laevis oocytes and measuring substrate~ induced currents unoer voltage-clamp conditions.
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MATERIALS AND METHODS

[2_3H]Glycine (specific radioactivity 30 Cilmmol) was purchased from NEN Life Science
Products (Boston, Massachusetts, USA). L-serine, 0-acetyl-L-serine and TLC plates
(Cat # T-6520) were purchased from Sigma (St. Louis, Missouri, USA). Ninhydrin was
purchased from Pierce (Rockford, Illinois, USA). 0-propionyl-L-serine and 0-butyryl-Lserine were synthesized from Peakdale Molecular Ltd (Peakdale Science Park, Sheffield
Road, Chapel-en-le-Frith, High Peak, UK). Synthesis details were as follows: L-serine
(5.25 g, 50 mmol) was added with stirring to trifluoroacetic acid (35 ml) and the resultant
solution was decanted from the insoluble material. Propionyl chloride (5.66 rnl, 64.0
mmol) or butyryl chloride (13.5 ml, 0.123 mol) was then added to the solution and the
mixture was stirred for lh at room temperature. Upon the addition of diethyl ether (6 rn1
or 20 rnl), a white solid precipitated which re-dissolved upon stirring. The reaction vessel
was sealed and left to stand overuight in a refrigerator. Further diethyl ether (30 ml or 60
ml) was added to the cold solution with stirring. The resultant fine white precipitate was
collected by filtration, washed with diethyl ether, and dried under vacuum to yield 0propionyl-L-serine and 0-butyryl-L-serine, respectively. All other chemicals used were
of analytical grade.

Patients

This study received the Medical College of Georgia institutional review board's approval.
Patients were recruited from the adult general surgery services at the Medical College of
Georgia, after obtaiuing their informed consent. All the patients had been scheduled for
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elective surgical removal of their disease prior to being approached for participation in
this study. Ten patients with histopathologically confirmed colorectal adenocarcinoma,
without polyposis or a history of prior chemoradiation, were included in this study.

Tissue collection and processing

Normal colorectal epithelium, grossly free of cancer, and tissue from the luminal surface
of the colorectal cancers was harvested from the freshly resected surgical specimen of
each patient in the operating room. A pathologist confirmed the histopathology of each
specimen. Portions of the tissue (0.3 to 0.5 gm from each site) from each patient were
immediately processed for total RNA extraction using TRizol® reagent (Invitrogen Life
Technologies, Carlsbad, California, USA) according to the manufacturer's instructions.
The integrity of the isolated RNA was confirmed by size fractionation on a denaturing
agarose gel. Tissues from each site were fixed by immersion in neutral buffered formalin
for immunofluorescent studies.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as previously described (113). Briefly, reverse
transcription was done using the Maloney murine leukemia virus-reverse transcriptase
(Promega Corporation, Madison, Wisconsin, USA). The PCR primers for human
SLC5A8 were designed based on the published sequence (GenBank accession number:
NM_l45913) using OLIGO Primer Analysis Software (Molecular Biology Insights Inc,
Cascade, Colorado, USA) and purchased from Integrated DNA Technologies (Coralville,
Indiana, USA). The primers for SLC5A8 were: 5'-CATCTTTGCCTTCACCTACTT-3'
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(sense) and 5'-CGCAGCCATICCAATAC-3' (antisense). The expected size of the
amplicon was 946 bp. As an internal control, 1SS rRNA was amplified with a primercompetimer combination from QuantumRNA™ Universal1SS rRNA Internal Standards
Kit (Ambion Inc, Austin, Texas, USA) according to the manufacturer's instructions for
semi-quantitative RT-PCR. The optimum 1SS primer-competimer ratio was determined
by serial dilutions such that 1SS eDNA was amplified at a level similar to that of the
target of interest. PCR with each pair of normal and cancer template eDNA was done
using a cocktail of ISS rRNA primer-competimer (in the ratio 1:9), I Ox PCR buffer with
Mlf, dNTP, forward and reverse primers, and TaKaRa Taq (Takara Bio Inc, Shiga, Otsu,
Japan). Aliquots from the master mixture were added to eDNA from normal tissue and
the corresponding cancer tissue. The PCR cycles were optimized by pilot experiments to
ensure that the PCR amplification occurred within the linear range. The PCR protocol
consisted of 3 min at 94°C, followed by 35 cycles of denaturing at 94°C for 60 sec,
annealing at 5S°C for 60 sec, and extension at 72°C for 60 sec, followed by a single run
of 72°C for 10 min in a GeneAmp PCR System 9700 therrnocycler (PerkinElmer). The
resultant multiplex PCR products (ISS and SLC5AS) were run in agarose gels, stained
with ethidium bromide and the intensities of the bands quantified using a Spectralmager
5000 Imaging system and AlphaEase 32-bit software (Alpha Innotech, San Leandro, CA,
USA). The level of expression of SLC5AS mRNA was normalized against the
corresponding ISS rRNA for each sample, and then the relative expression of SLC5AS in
cancer compared to normal tissue from the same patient was determined. Thus, normal
tissue from each patient served as the control to determine the differential expression in
cancer tissue from the same patient. Each experiment was repeated at least three times
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under identical conditions. The RT"PCR product was sequenced to confirm its molecular
identity.

Immunofluorescent studies
Tissue samples obtained for IHC were fixed in 10% neutral-buffered formalin and
embedded in paraffin. 5 J.!M sections cut from the paraffin block were deparaffinized in
xylene and rehydrated through graded alcohols. Normal and cancer tissue from each
individual was mounted on the same slide to ensure identical conditions. Antigen
retrieval was performed by treating the slides with Vector Ag Unmasking_ Solution
(Vector Laboratories, Burlingame, California, USA). The slides were then blocked with
PowerBlock (Biogenex, San Ramon, California, USA), and incubated with rabbit
polyclonal antibody specific for ATB0·+ at a dilution of 1:1000 for 2h at 37°C (35). Slides
were then washed with phosphate buffered saline Tween-20 (PBST) and exposed to
Alexa Fluor® 488 goat anti-rabbit secondary antibody (Molecular Probes Inc, Eugene,
Oregon, USA), at a dilution of 1:2000 for 30 minutes at room temperature. Slides were
washed with PBST and blocked again with PowerBlock prior to incubating with rabbit
polyclonal antisera specific for SLC5A8 (Bio-Synthesis Inc., Lewisville, Texas, USA), at
a dilution of 1:25 for 2h at 37°C. Slides were washed with PBST and incubated with
Alexa Fluor® 568 goat anti-rabbit IgG for 30 minutes at room temperature at 1:2000
dilution.

Negative controls unexposed to primary antibodies were processed in an

otherwise identical manner. Coverslips were mounted using Vectashield Hardset
Mounting Medium for Fluorescence with Dapi (Vector Laboratories) and viewed with a
Zeiss Axioplan-2 fluorescent microscope (Carl Zeiss Vision GmbH, Zeppelinstraf3e4,
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Munchen-Hallbergmoos, G=any).

Functional expression of ATB0'+ in HRPE cells
The cloned rat ATB 0·+ was functionally expressed in the human retinal pigment epithelial
(HRPE) cell line using the vaccinia virus functional expression technique (114, 115).
Glycine was used as the substrate for ATB 0·+ because previous studies from our lab have
shown that glycine uptake in HRPE cells was induced more than 30-fold in HRPE cells
transfected with ATB 0·+ eDNA (40, 93). Uptake of eHJ-glycine (lO!lM: radiolabeled
glycine, 0.05 11M; unlabeled glycine, 9.95 11M) in ATB 0·+ cDNA-transfected cells was
measured at 37°C for 30 min. The uptake buffer was 25 mM Hepes/Tris (pH 7.5)
containing 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaClz, 0.8 mM MgS04 and 5 mM
glucose. Uptake measurements were always made in parallel in vector-transfected and
ATB0·+ cDNA-transfected HRPE cells to adjust for endogenous eHJ-glycine uptake
activity. The ATB 0·+-specific uptake of CHJ-glycine was determined by subtracting the
uptake values measured in vector-transfected cells from the uptake values measured in
ATB 0•+ cDNA-transfected HRPE cells. Interaction of 1-serine, 0-acetyl-L-serine, 0propionyl-L-serine as well as 0-butyryl-L-serine with the ATB 0·+ transporter was
det=ined by monitoring the ability of 5 mM solutions of these compounds to compete
with eHJ-glycine for ATB0·+-mediated uptake.

Dose response relationship was

determined for each compound and the nature of inhibition was analyzed by monitoring
the saturation kinetics of ATB0·+-mediated glycine transport in the absence and presence
of each substrate.
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Functional expression of ATB0•+ in Xenopus laevis oocytes
Capped cRNA from the cloned rat ATB 0·+ eDNA was synthesized using the MEGAscript
kit (Ambion) according to the manufacturer's protocol. The cRNA was dissolved in
sterile water and its integrity checked on a denaturing formaldehyde-agarose gel. Mature
oocytes from X laevis were isolated by treatment with collagenase A (1.6 mg/ml),
manually defolliculated, and maintained at l8°C in modified Barth's medium
supplemented with 10 mg/1 gentamicin (38). ATB 0·+ was functionally expressed as
described previously (38). In brief, oocytes were injected with 50 ng cRNA or water as a
control. Electrophysiological studies were done by the conventional two-microelectrode
voltage-clamp method 3-6 days after injection. Oocytes were perfused with a NaC1containing transport buffer (in mM:100 NaCl, 2 KCl, 1 MgCh, 1 CaCh, 3 HEPES, 3
MES, and 3 Tris, pH 7.5) followed by the same buffer containing the different test
substrates (L-serine, acetate, propionate, butyrate, 0-acetyl-L-serine, 0-propionyl-Lserine and 0-butyryl-L-serine). The membrane potential was clamped at -50 mV and
voltage pulses between -50 and -150 mV, in 20-mV increments, were applied for 100-ms
durations and steady-state currents measured. Each substrate-induced current was
determined by the difference between the steady-state currents measured in the presence
and absence of substrate. Kinetic parameters for the saturable transport of the substrates
were calculated using the Michaelis-Menten equation.

Functional expression of SLC5A8 in Xenopus laevis oocytes
Amplified human SLC5A8 eDNA was obtained and expressed heterologously in
Xenopus laevis oocytes by cRNA injection as described previously (86). Oocytes were
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perfused with a NaCl-containing transport buffer (in mM:lOO NaCl, 2 KCl, 1 MgCh, 1
CaCh, 3 HEPES, 3 MES, and 3 Tris, pH 7.5) followed by the same buffer containing
different test substrates (L-serine, acetate, propionate, butyrate, 0-acetyl-L-serine, 0propionyl-L-serine and 0-butyryl-L-serine) and the experiments were conducted as
descnbed above.

Analysis of purity using high pressure liquid chromatography (HPLC)

To eliminate the possibility of contamination by L-serine, the purity of the custom
synthesized SCFAs esters ofL-serine (0-propionyl-L-serine and 0-butyryl-L-serine) was
analyzed by HPLC using a Beckman 7300 series (Beckman Coulter Inc, Palo Alto, CA,
USA) post-column ion exchange amino acid analyzer following standard procedures
(116).

Analysis of stability using Thin Layer Chromatography (TLC)

We performed TLC to further check the purity of the SCFA esters of serine. TLC was
performed using 8 em X 20 em silica, Jlolyester plates 0.1 mm thick (Cat # T-6520,
Sigma). The standard solutions of the L-serine and its esters (5 mM) were prepared in the
uptake buffer and applied with a micropipette. The separation was· carried out in a
saturated TLC chamber using n-butanol-acetic acid-water (4:1:1, v/v/v) mixture as the
mobile phase as described previously (117): The run was stopped when the solvent ·
reached the top of the TLC sheet and the plates were dried with hot air. Spraying the
plates with a 2% ninhydrin solution in acetone and drying at room temperature enabled
detection.
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To determine whether the esters were stable under the experimental conditions, TLC was
conducted with the SCFAs esters (5 mM) after incubating them in the uptake buffer for 8
hrs at room temperature. There was also the possibility that while incubating cells in the
SCFA-ester containing media during uptake studies, the cells produced and released
esterases into the medium with subsequent cleavage of the ester bond from the SCFAs.
Thus, uptake would reflect interaction of the product L-serine instead of SCFAs esters of
L-serine with ATB0·+. To determine if this occurred, HRPE cells were seeded into 96 well
plates for 24 hrs. The growth medium was then replaced with uptake buffer containing 5

mM of L-Serine and its esters (0-Acetyl-L-serine, 0-Propionyl-L-serine and 0-ButyrylL-serine) for 2 hrs. At the end of the time point, the uptake buffer was carefully removed
from the wells and analyzed by TLC.

Data Analysis
RT-PCR was repeated three times under identical conditions with each pair of colorectal
specimens processed for mRNA isolation. The ratio of relative expression of SLC5A8 by
RT-PCR was analyzed, and means and standard errors were calculated. Experiments with
HRPE cells were repeated three times with three independent transfections with ATB 0·+
or control eDNA and transport measurements were made in duplicate in each experiment.
Electrophysiological measurements of substrate-induced currents were repeated at least
three times for both ATB 0·+ and SLC5A8 with separate oocytes from different batches in
each instance. The data are presented as means ± S.E. of these replicates. The kinetic
parameters, Michaelis constant (K1) and maximal velocity (Vmax) were calculated by
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fitting the ATB 0·+ and SLC5A8-specific transport data separately to Michaelis-Menten
equations describing a single saturable transport system. Na+ and

cr -activation kinetics

were analyzed by fitting the ATB 0·+ and SLC5A8 -specific transport data to the Hill
equation for the determination of Ko.s values for Na+ and

cr (concentration ofNa+

and

cr necessary for half-maximal activation) and the Hill coefficient (nH; the number ofNa+
or

cr

ions involved in the activation process). The kinetic parameters were firSt

determined by ·non-linear regression methods and subsequently confirmed by linear
regression methods using SigmaPlot, version 8.0 (SPSS Inc., Chicago, Illinois, USA).
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RESULTS

Patient Information

Ten adult patients with colorectal cancer were emolled in this study. Details of these
patients have been published elsewhere (113). There were 7 African-Americans and 3
Caucasian-Americans, 5 females and 5 males, with an average age of 63.3 yrs (range 3782 yrs). Final pathology reports confirmed that a range of poor, moderate and welldifferentiated adenocarcinomas involving all areas of the colon from the ascending colon
to the rectum were included. All four stages of colorectal cancer, according to the TNM
(Tumor, Node, Metastasis) classification developed by the American Joint Committee for
Cancer Staging and End Results Reporting and endorsed by the International Union
Against Cancer, were present.

Expression of SLCSAS mRNA in normal and cancer tissue

Semi-quantitative RT-PCR for the analysis of mRNA levels for SLC5A8 (Figure 1A)
was performed and expression in normal colorectal epithelium was compared to that of
tissue from the luminal surface of colorectal cancer from the same patient. 1f!e size of the
SLC5A8-specific RT-PCR product was 946 bp. All specimens of normal colon expressed
SLC5A8 mRNA, though to varying degrees. The expression in cancer showed severalfold decrease over the expression in the corresponding normal tissue in 7 out of 10
patients. Overall, the ratio of SLC5A8 mRNA in cancer compared to normal tissue in
these 7 patients was 0.31 ± 0.03.
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There was no statistically significant correlation between the. steady-state levels of
SLC5A8 mRNA in cancer tissue or in nonnal tissue. Similarly, there was no statistical
correlation between the decreases in the levels of SLC5A8 mRNA and the stage or grade
of colorectal cancer. There was also no significant correlation of SLC5A8 mRNA
expression with age, sex, or race of the patient, or location of the cancer.

Expression of SLCSAS and ATB0•+ protein in normal and cancer tissue

Representative slides showing immunofluorescent stains for SLC5A8 and ATB 0·+
proteins in nonnal and cancer colon tissues from one patient (GM25) are shown (Figure
1B). Nonnal colonic epithelium shows expression of SLC5A8 along the apical membrane

whereas expression is dramatically decreased in the matching cancer tissue. As we have
shown earlier, the expression pattern of ATB 0·+ protein in nonnal and cancer tissue shows
the opposite pattern, with minimal expression in nonnal tissue and a marked increase in
expression in cancer (113).

Interaction of L-serine, 0-acetyl-L-serine, 0-propionyl-L-serine and 0-butyryl-Lserine with ATB0•+ transporter expressed in HRPE cells

Serine is a neutral amino acid which we have earlier shown to be an excellent substrate
for ATB 0·+ (88). The chemical structure of L-serine and its SCFA esters are shown
(Figure 2A). We assessed the interaction of L-serine as well as serine esters of SCFA's
(0-acetyl-L-serine, 0-propionyl-L-serine, and 0-butyryl-L-serine) with ATB 0·+ by
heterplogous expression in a mammalian cell line (HRPE) using the vaccinia virus
expression technique. Since in previous studies glycine uptake was induced more than
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30-fold in ATB 0·+ cDNA-transfected HRPE cells, we assessed the ability of the test
substrates to inhibit glycine uptake in this system (40, 93). As expected, 5 rnM serine
inhibited ATB 0·+ -mediated glycine uptake (>93%) in the ATB0·+ expressing HRPE cells
(Figure 2B). Subsequently, we used the commercially available a-carboxyl derivative of
serine 0-acetyl-L-serine under the same conditions to determine whether this molecule
was a substrate for ATB 0·+_ 0-acetyl-L-serine inhibited the glycine uptake to a similar
extent as serine did (-90%), indicating that it was in fact interacting with ATB0·+.
However, sodium acetate did not inhibit the glycine uptake indicating that acetate alone
was not a substrate for ATB 0·+_

We custom synthesized two other SCFAs esters ofL-serine namely 0-propionyl-L-serine
and 0-butyryl-L-serine keeping the ester bond at the a-carboxyl group with the serine as
in 0-acetyl-L-serine. These SCFAs esters also inhibited glycine uptake to an extent
comparable or greater than L-serine (Figure 2B). However, sodium propionate and
sodium butyrate did not inhibit the glycine uptake indicating that SCFAs are not
substrates for ATB 0·+.

Studies of the dose response relationship for the inhibition of ATB0·+-mediated glycine
uptake by L-serine and the serine esters of SCFAs demonstrated that the ICso
(concentration of test substrate required for 50% reduction of glycine uptake) was 148 ±
28 J.!M for L-serine, 423 ± 72 J.!M for 0-acetyl-L-serine, 332 ±59 J.!M for 0-propionyl-Lserine, and 118 ± 8 J.!M for 0-butyryl-L-serine (Figure 2C). Kinetic analysis revealed that
-the inhibition caused by L-serine and its SCFA esters was competitive (Figure 2D). The
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Michaelis-Menten constant (K1) and the maximal velocity (Vmax) for ATB0·+-mediated
eH]-glycine uptake in the absence or in the presence of 5 mM of these inhibitors is
shown (Table 1). These results indicate that L-serine and the SCFAs esters of L-serine
inhibited ATB 0·+-mediated glycine uptake primarily by reducing the substrate affinity.

Interaction of L-serine, 0-acetyl-L-serine, 0-propionyl-L-serine and 0-butyryl-Lserine with ATB0•+ in Xenopus laevis oocyte expression systemExposure of ATB 0•+ -expressing oocytes to L-serine or its SCFAs esters 0-acetyl-Lserine, 0-propionyl-L-serine and 0-butyryl-L-serine induced marked inw!l!d currents
(Figure 3A). Water injected oocytes did not show any detectable currents upon exposure
to L-serine or its ester derivatives (data not shown). These studies provide clear evidence
for the transport of SCFA-ester derivatives of L-serine via ATB 0·+. The magnitude of
inward currents induced by SCFAs-esters of L-serine was similar to that induced by Lserine itself. Acetate, propionate and· butyrate did not induce detectable current (data not
shown).

We then analyzed the kinetics of the transport of SCFA esters of L-serine via ATB 0·+.
Analysis of the activation of 2mM 0-butyryl-L-serine induced currents by increasing
concentrations of Na+ demonstrates a sigmoidal relationship, indicating involvement of
multiple Na+ ions in the activation process (Figure 3B). The Hill coefficient (nH) for Na+,
which is an estimate of the number of Na+ ions involved in the activation process, was
1.74 ± 0.23. The value for Ko.s for Na+ (i.e. concentration ofNa+ needed for induction of
half-maximal current) was 5.02 ± 0.25 mM. We carried out similar studies for the
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activation of2mM 0-butyryl-L-serine induced currents by

cr (Figure 3C). In contrast to

the kinetics of Na+ activation, the relationship between 0-butyryl-L-serine induced
currents and cr concentration was hyperbolic, indicating involvement of a single cr -ion
in the activation process. The Hill coefficient for

Ko.s value for

cr

cr activation was

1.33 ± 0.02. The

was 6.28 ± 0.33 mM. Thus, the Na+:Cl":O-butyryl-L-serine

stoichiometry for the transport of 0-butyryl-L-serine via ATB 0·+ appears to be 2 or 3:1:1.
The currents induced by L-serine, 0-acetyl-L-serine, 0-propionyl-L-serine and 0butyryl-L-serine in ATB 0·+-expressing oocytes were saturable with increasing
concentrations of the substrate (Figure 4 A-D). The values for Ko.s (i.e., concentration of
the substrate necessary for induction of half-maximal current) were 175 ± 6 J.1M for Lserine (Figure 4A), 369 ± 25 llM for 0-acetyl-L-serine (Figure 4B), 305 ± 31 J.1M for 0propionyl-L-serine (Figure 4C) and 119 ± 2 J.1M for 0-butyryl-L-serine (Figure 4D).

Interaction of L-serine, 0-acetyl-L-serine, 0-propionyl-L-serine and 0-butyryl-Lserine with SLCSAS in Xenopus Iaevis oocyte expression system
Cloned human SLC5A8 was heterologously expressed in the oocytes, and the transport of
these substrates (2.5mM) was monitored by inward currents as described above. While
exposure to acetate, propionate, and butyrate induced marked inward currents, as
expected, L-serine induced minimal current (Table 2). The current marginally increased
with the SCFA-esters of serine, with maximal current noted for butyryl-L-serine, which
was still around one-third the magnitude of butyrate alone, indicating that SLC5A8 did
transport butyrate as its ester of L-serine to a limited extent.
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Analysis of purity using HPLC and stability using Thin Layer Chromatography
(TLC)

The stated purity of the SCFAs esters of L-serine was confirmed to eliminate the
possibility of contamination by L-serine in the custom synthesized 0-propionyl-L-serine
and 0-butyryl-L-serine. We used a Beckman high performance amino acid analyzer to
check the purity. The retention time was 13.67 min for L-serine, 14.03 min for 0-.
propionyl-L-serine and 20.33 min for 0-butyryl-L-serine. TLC results also indicated that
all the compounds tested were not contaminated with serine. The results ofTLC after the
incubation period with and without cells demonstrated that these compounds are stable at
room temperature for several hours and were not subject to esterase activity from cellular
products in the media.
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DISCUSSION

In this study we demonstrate that the Na+,

cr, and membrane gradient-driven transporter

ATB 0·+ transports the short chain fatty acids acetate, propionate, and butyrate as esters of
L-serine. This has important therapeutic implications for colon cancer.

Short chain fatty acids are products of bacterial fermentation of dietary fibers in the
colon. SCFAs maintain colonic health by meeting most of the normal colonocytes'
energy requirements and inducing terminal differentiation or apoptosis in cancer cells.
Butyrate in particular induces the expression of several cell cycle regulators and proapoptotic proteins by virtue of its activity as a histone deacetylase inhibitor (118). Thus,
butyrate is at once beneficial for normal colonocytes and detrimental for malignant cells
(reviewed in Gupta, Martin, Ganapathy, submitted for review). A recent multi-country
European study of almost two million person-years demonstrated that the population
quintile that had the highest fiber intake in their diet had an adjusted relative risk for
colorectal cancer of 0.75 (95% CI 0.59-0.95) compared to the quintile with the lowest
intake (68). The production of butyrate by fermentation of fiber in the colon is thought to
be the

mechanis~

behind the chemopreventive affect of a diet rich in fiber (119-122).

However, in clinical trials as a chemotherapeutic agent butyrate has shown less benefit,
despite its good oral tolerability and low toxicity, due in large part to the high doses
required to maintain in vivo concentrations necessary for its biologic effect (123).
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SLC5A8 and MCTl are the two known transporters for short chain fatty acids expressed
in the apical membrane of the colonic epithelium (86, 124). The only other known short
chain fatty acid transporters identified in the colon (MCT4 and 5) are limited to the
basolateral membrane and therefore not in contact with luminal butyrate (124, 125).

The expression of both SLC5A8 and MCTl is decreased with malignant change in the
colon (85, 126). However, there are significant differences in the transport kinetics of
these two transporters. MCTl has a significantly lower affinity for butyrate (Ko.s of 1.5 ±
0.2mM) than SLC5A8 (Ko.s of 81 ± 17).1M) (86, 127). MCTI transports butyrate from the
colonic lumen into the colonocyte utilizing an anion exchange that depends on an outside
negative anion gradient and is maximally active at a luminal pH of 5.5 (128). Under
normal physiologic conditions, the intraluminal pH in the colon is rarely much less than
7.0. SLC5A8 is a Na+-coupled transporter, and is driven by Na+·gradients that are
normally extant across the colonic mucosa. Thus, SLC5A8 is several orders of magnitude
more concentrative than MCTI for butyrate in the colon. Indeed, re-expression of
SLC5A8 in colon cancer cell lines in which its expression had been previously silenced
led to suppression of colony forming ability by at least 75%, whereas siRNA-mediated
knockdown of MCTl expression in colon cancer cell lines had no effect on butyrate's
induction of apoptosis, suggesting a pre-eminent role for SLC5A8 as a butyrate
transporter and tumor suppressor in the colonic epithelium (85, 129).

The silencing of SLC5A8 in approximately 60% of primary colon cancers may protect
the cancer cells from the apoptotic effects of butyrate, regardless of how high
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intraluminal concentrations of butyrate rise as a result of a high fiber diet or oral
administration of large doses of butyrate (85). SLC5A8's early silencing in the pathway
of colon carcinogenesis is likely a contributing factor for the unimpressive results of oral
based butyrate therapy for colon cancer (130). We corroborated the decrease in SLC5A8
expression in cancer reported earlier by other authors by semi-quantitative RT-PCR in
pairs of normal colon and colon cancer tissue from ten patients. 7 of the 10 pairs showed
a decrease in SLC5A8 mRNA levels in cancer, the mean ratio of expression in cancer
tissue compared to normal tissue in these 7 patients was 0.31 ± 0.03 (Figure 1A). The
decrease in mRNA was mirrored by a decrease in protein as demonstrated by
immunofluorescence.

We therefore searched for alternative mechanisms to deliver high concentrations of
butyrate from the lumen into colon cancer cells. ATB 0·+ is an apical membrane
transporter expressed in the colon that lends itself to this task due to three unique
characteristics. Firstly, ATB 0·+ is driven by three gradients (Na+,

cr,

and membrane

potential) and thus is highly concentrative under physiologic conditions across the
colonic epithelium (35). Secondly, ATB 0·+ can transport a broad array of substrates
including neutral and cationic amino acids, drugs and amino acid linked derivatives of
drugs (38-40, 88). Finally, we recently demonstrated that ATB 0·+, which is minimally
expressed on normal colonic epithelium, is upregulated by approximately 20-fold
specifically on the luminal surface of colon cancer (113). The upregulation of ATB 0·+ in
cancer was demonstrated in every specimen tested.
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Here we demonstrate the inverse differential expression of ATB 0·+and SLC5A8 in the
same human tissue for the first time using paired normal and colon cancer tissue (Figure
lB). The overlay images clearly show that while SLC5A8 protein (green fluoresence)
decreases

in

colon cancer apical membranes, the expression of ATB0·+ protein (red

fluorescence) increases in the same cells. By virtue of being highly concentrative, having
a broad substrate specificity, demonstrating limited expression in normal tissue and being
specifically over-expressed by several-fold on the luminal surface of colon cancer,
ATB0·+ is an ideal mechanism for targeted delivery of an orally administered SCFAprodrug. Since the ·amino acid serine is a substrate for ATB 0·+, we investigated the
interaction of L-serine esters of the SCFAs acetate, propionate and butyrate with this
transporter. While 0-acetyl-L-serine was commercially available, we had to synthesize
0-propionyl-L-serine and 0-butyryl-L-serine as described above.

The transport function of cloned rat ATB 0·+ was studied by heterologous expression in a
manunalian cell line as well in Xenopus laevis oocytes. The SCFA esters of serine
inhibited ATB 0·+-mediated eHJ-glycine uptake, demonstrating that these SCFA esters of
L-serine interact with ATB 0·+. The ICso (concentration of test substrate required for 50%
reduction of glycine uptake) was 148 ± 28 mM for L-serine, 423 ± 72 mM for 0-acetylL-serine, 332 ± 59 mM for 0-propionyl-L-serine, and 118 ± 8 mM for 0-butyryl-Lserine. Since the test substrates reduced the Kt of ATB 0 '+-mediated eHJ-glycine uptake
and to a lesser extent its Vmax, the inhibition was competitive. Further, ATB 0•+ had a
greater affinity for butyryl-L-serine than for the other esters, or even serine alone.
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Additionally, as expected, the SCFA's in their native forms do not affect eH]-glycine
uptake, indicating that they are not substrates for ATB 0·+.

The results obtained with the mammalian cell expression system clearly demonstrated
that the a.-carboxyl SCFA esters of L-Serine interacted with ATB 0·+. However, these
studies do not prove that the amino acid derivatives are actually transported by ATB 0·+. It
is possible that these amino acid derivatives compete with the glycine for binding to the
substrate-binding site without actually being transported across the membrane. Therefore,
it was necessary to determine whether or not the a.-carboxyl esters of serine are
transportable substrates for ATB 0·+. For this purpose, we used the Xenopus laevis oocyte
expression system. Cloned rat ATB 0·+ was functionally expressed in the oocyte by
injection of its cRNA, and the transport of substrates via ATB 0·+ was monitored by
inward currents when the oocytes were exposed to SmM of the putative substrates under
voltage-clamp conditions.

0-acetyl-L-serine, 0-butyryl-L-serine, 0-propionyl-L-senne induced inward currents
comparable in magnitude to that ofL-serine alone. However, the SCFA's alone induced
no current, indicating that they were transported by ATB 0·+ only in their esterified forms.
These data corroborated the finding from the mammalian cell expression studies in which
acetate, propionate and butyrate .failed to inhibit ATB0·+-mediated eH]-glycine uptake
whereas the SCFAs esters of L-serine showed significant eH]-glycine uptake inhibition
in the mammalian system. Esterification of these SCFAs greatly diminished their
transport by SLC5A8 expressed in Xenopus laevis oocytes. Kinetic analysis of the
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transport of 0-butyryl-L-serine via ATB 0•+ revealed a Na+:

cr:

0-butyryl-L-serine

stoichiometry of 2 or 3:1:1, which is similar to earlier reports of ATB 0·+ transport kinetics
(39).

To rule out contamination of the synthesized 0-propionyl-L-serine and 0-butyryl-Lserine, we analyzed its composition by HPLC and demonstrated that it was indeed free of
L-serine contamination as stated. Further, to determine that the test substrates were all
stable under experimental conditions, we incubated them in media and in the presence of
the mammalian cells. TLC performed on the test substrates after such incubation
demonstrated that they continued to migrate homogenously and displayed not
contamination or breakdown into serine and SCFAs.

Thus, using complementary electrophysiological methods in two systems, we have
demonstrated that 0-acetyl-L-serine, 0-propionyl-L-serine and 0-butyryl-L-serine are all
transported by ATB 0·+. Though uptake inhibition and substrate-induced currents represent
a reliable indication for transport, this may not constitute the absolute proof. In this study
we address the transport of SCFA prodrugs in their ester forms, but do not elaborate the
future fate of these esters. Since esterases are abundantly expressed in normal and
abnormal colonic epithelia, we predict that these esters are hydrolyzed in the cell, thus
exposing the cell to the gene regulatory effects

ofbutyrat~

(131). This has been shown to

apply to esterified prodrug forms of ampicillin in Caco-2 cells (132). However, this
remains to·be demonstrated for the serine esters of SCFA's and is the focus of ongoing
work in our lab.
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In this work we demonstrate that serine esters of the short chain fatty acids acetate,
propionate, and butyrate are transported in aNa+-,

cr,

and membrane gradient driven

manner by the apically expressed amino acid transporter ATB0·+. In light of recent
evidence that the expression of SLCSA8, the Na+-coupled transporter of butyrate in the
apical membrane of the normal colonic epithelium, is lost in most colon cancers, the
specific upregulation of ATB 0·+ in the same cells represents a viable alternative for
delivery of butyrate in its prodrug form to these cancer cells with potential
chemotherapeutic and chemopreventive implications. Moreover, in the minority of
patients who do not lose SLCSA8 expression with malignant change, we can expect that
ATB 0·+-mediated transport of SCFA esters will still occur into cancers, since upregulation
of ATB 0·+ was demonstrated in every cancer tested, regardless of SLCSA8's differential
expression pattern.
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Fig. 1. SLCSAS expression decreases in 70% of colon cancers examined. (A) Semiquantitative RT-PCR demonstrating SLC5A8 mRNA expression in paired nonnal colonic
mucosa and colon cancer from 10 patients. Patient serial numbers are indicated above the
composite representative gel (GMt, 2, etc). ISS is the internal control. The mean ratio of
transcript expression in cancer compared to nonnal tissue (C/N ratio) and standard error
(S.E.) from 3 experiments, after nonnalization with 18S rRNA levels, is shown below
each pair. SLC5A8 expression decreased in cancer in 7 of 10 patients. The mean ratio of
differential expression in cancer compared to nonnal colon in those 7 patients was 0.31 ±
•

0.03. (B) Representative slides ofnonnal and colon cancer from one patient (GM25) are
shown stained for SLC5A8 and ATBO,+ proteins, and nuclear staining with DAPI. The
decrease in SLC5A8 protein expression with malignant change is the inverse of the
differential expression of ATB 0·+, which increases in cancer in the same cells, as is shown
in the overlay panel.
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Fig. 2. Inhibition of ATB0'+·mediated 3H-glycine uptake by serine esters of SCFA:
(A) Chemical structures ofL-serine, short chain fatty acids (SCFAs), and serine esters of
SCFA. (B) Rat ATB 0·+ was heterologously expressed in HRPE cells and inhibition of
ATB 0·+-mediated uptake of 3H-glycine (101-!M) by 5 mM ofSCFAs (acetate, propionate,
butyrate), L-serine, and serine esters of SCFAs (0-acetyl-L-serine, 0-propionyl-L-serine,
and 0-butyryl-L-serine) was assessed. Vector-transfected HRPE cells were used to
control for endogenous uptake activity. The uptake in cDNA-transfected cells is given as
a percent of uptake in the vector transfected cells. Values represent means± S.E. for three
experiments. (C)· Dose~response relationship for the inhibition of ATB0·+-mediated uptake
of 3H-glycine (10 1-1M) by L-serine (e), 0-acetyl-L-serine (0), 0-propionyl-L-serine (,;)
and 0-butyryl-L-serine (V). Transport in the absence of inhibitors was taken as 100%.
Values represent means± S.E. for three experiments. (D) Saturation kinetics for ATB0·+mediated glycine uptake in the absence (•) and presence of 5 mM L-serine (0), 0acetyl-L-serine (1:), 0-propionyl-L-serine (V) and 0-butyryl-L-serine (•). Data are given
as Eadie-Hofstee plots (V, glycine uptake in nmol/1 06 cells/30 min; S, glycine
concentration in mM).
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Fig. 3. Analysis of transport of L-serine esters of SCFAs via ATB0•+ as assessed by
the substrate-induced current in Xenopus oocytes. (A) Rat ATB 0·+ was heterologously
expressed in Xenopus oocytes and the currents induced by L-Serine and its derivatives (5
mM) in these oocytes were measured. (B) For Na+-activatiop kinetics of 0-butyryl-Lserine-induced currents, the currents induced by 2 mM 0-butyryl-L-serine was measured
in the presence of increasing concentrations ofNa+ with a fixed concentration ofCr (100
mM). Inset: Hill plot. (C) For cr activation kinetics, the currents induced by 2 mM 0butyryl-L-serine was measured in the presence of increasing concentration of cr with a
fixed concentration ofNa+ (100 mM).
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Fig. 4. Saturation kinetics of L-serine, 0-acetyl-L-serine, 0-propionyl-L-serine and
0-butyryl-L-serine via rat ATB0•+ in Xenopus oocytes. Rat ATB 0·+ was expressed in
Xenopus oocytes heterologously and the currents induced by increasing concentrations of
(A) L-serine (B) 0-acetyl-L-serine (C) 0-propionyl-L-serine and (D) 0-butyryl-L-serine
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were measured. Insets: Eadie-Hofstee plots (1, currents induced in nA; S, concentration of
substrates in mM).
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CHAPTER 6: CONCLUSION

We have examined the role that three apical membrane transporters may play in the
pathogenesis and possibly the therapy of cancer, using colorectal cancer as the model.
We chose the colon due to its clinical relevance in terms of worldwide cancer burden, the
well-mapped sequence of events in carcinogenesis in colon cancer, and because the role
of apical transporters in colon cancer using human tissue has not been elucidated.

We explored the expression pattern of the highly concentrative arginine transporter
ATB 0·+ in cancer and demonstrated that in the colon, this transporter was upregulated
significantly. We then showed that this phenomenon was not unique to the colon, but
extended to the cervix as well, and demonstrated co-localization of the transporter with
the NO synthesizing enzyme iNOS. In both these cancers, upregulation of iNOS with a
concomitant increase in NO production has long been implicated as causative in
carcinogenesis. However, an effective way to selectively target the over-expressed iNOS
in cancer cells, while leaving general iNOS function in the body intact, was lacking.
ATB 0·+ is uniquely suited to deliver effective and directed therapy by virtue of its
selective and specific over-expression in cancer cells, its highly concentrative abilities
and its expression on the luminal surface of both colon and cervical cancers. These two
sites should therefore be susceptible to local, directed therapy. Earlier work on this
transporter has demonstrated that it can indeed transport prodrug forms of NOS
inhibitors, as well as several other pharmacologic agents with tremendous efficiency.
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We then turned our attention to the efflux transporter BCRP that has been associated with
chemo-resistance. Our interest grew in this transporter because in addition to providing
resistance against the chemotherapeutic agents that are effective in treating advanced
colorectal cancer, it was demonstrated to pump heme derivatives out of the cell, thus
reducing the amount of this important iNOS co-factor in cancer cells. We were able to
demonstrate in this work that BCRP mRNA was actually lost with malignant
transformation in not only colorectal cancer but in several other human cancers.

Finally, we turned our attention to SLC5A8, which has been recently identified as a
candidate tumor suppressor gene that is silenced in approximately 60% of primary
colorectal cancers. Silencing occurs primarily by intense CpG island methylation in exon
1 of SLC5A8. When re-expressed in colon cancer cell lines in which it had been silenced,
SLCSA8 decreases colony formation by at least 75%. Silencing of SLC5A8 occurs as an
early and frequent event in the progression of colonic mucosa to neoplasia, detectable in
over 50% of colonic aberrant crypt foci and adenomas. Subsequent studies in other
laboratories have provided evidence for the silencing of SLC5A8 in cancers in other
tissues such as the breast,

sto~ach,

thyroid gland, and brain suggesting that the postulated

tumor suppressive role of SLCSA8 may not be restricted to the colon. SLC5A8 codes for
a transporter belonging to the solute-linked carrier gene family SLC5. This gene family
consists of several Na+-coupled co-transporters whose substrates include glucose, myoinosito!, iodide, choline, and B-complex vitamins. Even though the primary structure of
SLCS A8 indicated a transport function for the protein, the identity of the substrate that is
transported by the protein was not known. Furthermore, how the transport function is
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linked to the tumor suppressive role of the protein also remained unclear. It is important
to recognize that this is the first time a plasma membrane transporter has been suggested
to function as a tumor suppressor. Therefore, a clear understanding of the relationship
between the protein's transport function and tumor suppressive capability is of significant
clinical and therapeutic importance. Since the initial discovery of this putative tumor
suppressor, significant advances have been made in terms of its transport function.

The original studies by Li et a/, which described the identity of SLCSA8 as a potential
tumor suppressor, investigated the transport function of the protein. These studies did
show that the protein, when expressed heterologously in Xenopus oocytes, is capable of
Na+ transport. However, since the protein belongs to a gene family which mostly consists
of members which are N a+-dependent co-transporters, the ability of SLCSA8 to mediate
Na+ uptake was not surprising. But, the question is: what is the identity of the substrate
that is co-transported with Na+? Subsequently, studies from our laboratory showed that
SLCSA8 is in fact a Na+-coupled co-transporter for a variety of short-chain fatty acids.
The co-transported substrates include lactate, pyruvate, acetate, propionate, and butyrate.
The substrate specificity of SLCSA8 is very similar to that of the previously known
monocarboxylate transporters (MCTs), except that SLCSA8 is coupled to Na+ whereas
MCTs are coupled to H+. Based on this transport function, we named SLCSA8 as SMCT
ffiodium-coupled Mono Carboxylate Transporter). The functional identity of SLCSA8 has
been confirmed independently by Coady et a/. SMCTI is also capable of mediating the
Na+-coupled transport of the B-complex vitamin nicotinate. All of the substrates of
SMCTl, identified thus far, are monovalent carboxylate anions. The transport process is
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electrogenic, associated with the transfer of net positive charge into the cells, indicating
that more than one Na+ is involved in the transport process. Interestingly, the number of
Na+ ions that are co-transported seems to vary depending on the co-transported anionic
substrate. Since the transport process is electrogenic, the transport function is active,
energized by a transmembrane electrochemical Na+ gradient. Compared to the recently
identified SMCT2 (SLCSA12), SMCTl is relatively a high-affinity transporter with
affinities for the naturally occurring short-chain fatty acids, such as lactate, propionate,
butyrate, and nicotinate, in the sub-millimolar range. Iodide may be a weak substrate as
well, though the physiological significance of this finding remains unclear.

Relevance of SMCTl to colonic health

Short-chain fatty acids such as acetate, propionate, and butyrate are produced at high
concentrations in the colonic lumen by bacterial fermentation of dietary fiber. The
concentrations of these fatty acids in the lumen are in the range of 70-100 mM. Dietary
intake of fiber is known to be beneficial for colonic health. One of the mechanisms by
which high fiber intake promotes colonic health is by providing the substrates for
bacterial fermentation in the colonic lumen to generate short-chain fatty acids. These
bacterial metabolites are believed to be primary nutrients for colonocytes. Of these shortchain fatty acids, butyrate is unique in that it also functions as an inhibitor of histone
deacetylases. Butyrate induces differentiation of colonocytes and promotes Na+,

cr, and

water absorption in the colon. At the same time, butyrate is also able to induce apoptosis
in colonic tumor cells. The ability of butyrate to induce apoptosis in tumor cells is related
to its ability to inhibit histone deacetylases and thereby influence gene expression. High
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dietary intake of fiber is known to be protective not only against colon cancer but also
against inflammatory bowel disease. Recent studies have identified specific a-proteincoupled receptors (GPR41 and GPR43) on immune cells that interact with short-chain
fatty acids. Since the gastrointestinal system represents the largest immune system in the
body, the production of high concentrations of short-chain fatty acids in the lumen may
have relevance to the function of these gut-associated immune cells. Short-chain fatty
acids have also been shown to induce leptin production and secretion from adipocytes
through the G-protein-coupled receptor GPR41. Since leptin is an important hormone in
the regulation of energy homeostasis (appetite control and energy expenditure) and
angiogenesis, it is likely that bacteria-generated short-chain fatty acids in the colonic
lumen influence caloric intake via the modulation of appetite control and intestinal
perfusion via modulation of blood vessel formation in the intestinal tract. It is therefore
clear that there must be mechanisms for these short-chain fatty acids to enter and traverse
colonocytes to produce their biological effects. MCTs have been once thought to be the
principal transporters responsible for the entry of short-chain fatty acids into colonocytes.
Specific isoforms of MCTs are expressed in the luminal membrane of colonocytes and
these transporters recognize acetate, propionate, and butyrate as substrates. But, these
transporters are not highly active because the transport function of MCTs is coupled to
transmembrane

W

gradient rather than transmembrane Na+ gradient. Furthermore, the

W:substrate stoichiometry for MCTs is 1:1 and this makes the transport process
electroneutral. This means that the membrane potential has no relevance to the transport
function of MCTs. Since the magnitude of transmembrane

W gradient across the

colonocyte apical membrane is negligible, there is very little driving force for the uphill
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entry of butyrate from the lumen into colonocytes via MCTs. Therefore, the discovery of
SMCTl, which is also expressed at high levels in the luminal membrane of colonocytes,
provides an important mechanism for the entry of short-chain fatty acids into colonocytes
by an active process. An energy-coupled entry mechanism via SMCTl, coupled to a
transmembrane electrochemical N a+ gradient, may also be a critical component of the
transcellular transfer of these short-chain fatty acids from the lumen into the lamina
propria where they may function as ligands for G-protein-coupled receptors on immune
cells and adipocytes to influence the biology of these cells. Colonic bacteria are known to
influence the function of gut-associated immune system, modulate intestinal mucosal
barrier, regulate the proliferation and differentiation of various epithelial lineages in the
gut, promote angiogenesis and blood perfusion in the gut, and reduce caloric intake.
Short-chain fatty acids generated by the action of gut flora on dietary fiber seem to be the
principal mediators of these functions which are essential to the maintenance of optimal
colonic health. SMCTl, which mediates the entry of short-chain fatty acids from the
lumen into colonocytes, serves as an obligatory link between the colonic bacteria and the
host.

Tumor suppressive potential ofSMCTl: the butyrate connection

SMCTI is down-regulated in a variety of cancers including colorectal cancer, suggesting
that this transporter is likely to be associated with tumor suppressive function. How can
SMCTl, a plasma membrane transporter, be associated with tumor suppression? This is
the first time a plasma membrane transporter has been suggested to function as a tumor
suppressor. The ability of SMCTl to transport butyrate offers an important clue to the
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mechanism involved in the putative tumor suppressive function of this transporter.
Butyrate is an inhibitor of histone deacetylases. The acetylation status of histones in the
chromatin is a key determinant of gene expression and histone deacetylase inhibitors
have been shown to cause growth arrest and apoptosis in a variety of tumors. Therefore,
histone deacetylase inhibitors have potential for use as therapeutic agents in the treatment
of cancer. Since butyrate is produced at high concentrations in the colonic lumen by
bacterial fermentation, this fatty acid represents an important endogenous inhibitor of
histone deacetylases. SMCTl as an energy-coupled active transporter for butyrate offers
a critical link for the function of this fatty acid as an inhibitor of histone deacetylases.
There is ample evidence for an inverse relationship between levels of butyrate in the
colon and the incidence of colorectal cancer. The bacterial fermentation of undigested
dietary fiber that produces butyrate occurs primarily in the proximal colon, an area that
also has greater expression of SMCTl than the remainder of the colon. Thus, colonocytes
in the proximal colon are constantly subjected to butyrate-mediated inhibition of histone
deacetylation to a much greater extent than those of the distal colon. Interestingly, colon
cancer occurs more commonly in the distal colon. High fiber intake protects against
colorectal cancer. The beneficial effects of dietary fiber in terms of prevention of
colorectal cancer are thought to be due, in large part, to its butyrate-forming capabilities.
Prebiotics (the undigestible carbohydrates that constitute dietary fiber), probiotics
(nonpathogenic bacteria that promote fermentation of undigestible carbohydrates in the
colon) as well as synbiotics (a combination of both) have anticarcinogenic effects that are
also related to the increased production of butyrate in the colon. These findings suggest
that butyrate-dependent alterations in gene expression in colonocytes via modulation of
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the acetylation status ofhistones may underlie the tumor suppressive function of this fatty
acid. Butyrate may also influence the function of the gut-associated immune cells via its
interaction with GPR 41 and GPR 43. We speculate that short-chain fatty acids, including
butyrate, may be protective against inflammatory bowel disease because of their
influence on immune function. Since chronic inflammation of the gut is linked to
increased incidence of colorectal cancer, the modulation of the immune system by
butyrate and other short-chain fatty acids may contribute to the ability of these fatty acids
to protect against colorectal cancer.

Relevance of histone acetylation status to malignancy

Cancer cells are characterized by uncontrolled growth, lack of terminal differentiation
and loss of cell cycle checks and balances. Abnormalities in gene expression and
repression that occur in neoplasia are controlled, in part, by epigenetic changes such as
post-translational modification of histones. Histones are highly basic proteins with
positively charged,

lysine~rich

amino terminal tails that wrap around the anionic genomic

DNA, packaging them into nucleosomes. The lysine residues in histones can be modified
by methylation or acetylation. The pattern of these modifications controls the interaction
of DNA with various regulatory proteins. Increasing evidence points to these epigenetic
changes as a hallmark of cancer.

Acetylation at the e-amino group of lysine residues (i.e., change from -NHt to
-NHCOCH3) in the core histones H2A, H2B, H3, and H4 abolishes the cationic nature of
these lysine residues and consequently decreases their affinity for binding to DNA. This
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loosens the interaction between the DNA and histones and hence increases the
accessibility of DNA for transcription. The acetylation status ofhistones is determined by
the relative activities of histone acetyl transferases (HATs) and histone deacetylases
(HDACs) [18]. Classical HDACs are divided into Class I and II. Class I HDACs include
1, 2, 3 and 8. These are expressed in most cell types and are related to the yeast
transcriptional regulator RPD3. These are localized in the nucleus, and inhibited by
depsipeptide and hydroxamates. Class II HDACs include 4, 5, 6, 7, 9, and 10. These have
a more restricted distribution, share similarity with the yeast deacetylase HDA1, and are
inhibited only by hydroxamates. There is a third, non-classical group of HDACs which
are homologous to the yeast SIR2, NAD+-dependent, and insensitive to trichostatin.

Aberrant hypoacetylation has been implicated in relation to abnormal gene expression in
numerous epithelial and hematological malignancies. This may occur due to mutations in
the HATs or HDACs themselves or by aberrant recruitment of HDACs to the promoter
regions of tumor suppressor genes, leading to their transcriptional repression. The
acetylation status of histones can be enhanced by a diverse group of chemicals which
function as histone deacetylase inhibitors (HDis). There are several known HDis that can
be divided into four groups: short chain fatty acids (sodium butyrate, tributyrin,
isobutyramide, AN-9, phenylbutyrate, valproic acid), hydroxamic acids (trichostatin,
suberoylanilide hydroxamic acid [SAHA], Pyroxamide, Oxamflatin, Scriptaid), cyclic
tetrapeptides (trapoxin A, depsipeptide, apicidin), and benzamides (MS-275, CI-994).
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Butyrate as an HDAC inhibitor and its relevance to tumor suppression
Butyrate is an endogenous inhibitor ofHDACs and is generated at high concentrations in
the colonic lumen by bacterial fermentation of undigested dietary fiber. HDis induce cell
cycle arrest and prevent proliferation through p21 (an inhibitor of cyclin-dependent
kinase)-dependent as well as p21-independent mechanisms. p21, which is induced by
butyrate and other HDis, inhibits CD.Ki activity in GI/S-phase, reduces as well as
dephosphorylates the retinoblastoma protein, suppresses c-myc expression and causes G I
cell cycle arrest. P21-independent pathways may involve activation of pl9INK4d and
p 18INK4c, which are members of the INK4 family of CDK inhibitors or by stabilization
of p27KIP1 protein in normal cells. HDis may also delay the G2/M transition by triggering
a p38 MAPK-dependent checkpoint. Tumor cell lines respond to high doses ofHDis by
undergoing apoptosis rather than proliferative arrest. In these cell lines, p21 levels do not
rise. The tumor cell lines lack an HOI-sensitive G2 phase cell cycle arrest checkpoint,
resulting in the cells undergoing aberrant mitosis and subsequent apoptosis when treated
with high doses of HDis. This may be the mechanism by which normal cells are
protected from apoptosis when exposed to HDis.

Butyrate-induced apoptosis in cancer cells was thought to be p53-independent. However,
recent evidence suggests that butyrate causes apoptosis by acetylation of lysine residues
on p53 itself as well as stabilization of p53 and upregulation of the p53 targets PIG3 and
NOXA. Butyrate induces functional p53 expression, possibly through a p14(ARF)dependent pathway, and suppresses the growth of p53-expressing cancer cells more
efficiently than p53 null cells. Butyrate, combined with wild-type p53 gene therapy,
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induces necrosis and complete tumor regression in nude mice xenografted with human
cancer cell lines, an effect that is not seen with monotherapy. Thus, butyrate may cause
apoptosis through pS3- dependent and independent pathways.

Activation of the death receptor pathway components (TRAIL, DRS, Fas, and FasL) by
HDis in malignant cells may offer a pS3-independent mechanism of apoptosis. Butyrate
induces tumor cell sensitization to Pas-mediated cytotoxicity. Butyrate also increases
susceptibility to the combination of TNF-a. and IFN-y. Butyrate may upregulate Death
Receptor S (DRS), specifically in malignant cells, sensitizing them to apoptosis by the
new and promising chemotherapeutic agent, tumor necrosis factor-related apoptosisinducing ligand (TRAIL), while not enhancing its effect on normal cells. Another
explanation for the selective apoptotic effect "of HDis on malignant cells and not on
normal cells is that only the normal cells express DcRl and DcR2, which are TRAIL
receptors that do not have apoptotic effects when activated because they lack intracytoplasmic effector domaius. DcRl and DcR2 are decoy receptors for TRAIL and
expression of these receptors in normal cells leads to the binding of TRAIL which in
itself does not induce any intracellular signaling events but reduces the availability of the
ligand for interaction with the death-inducing DRS.

Cox-2 over-expression plays an important role in the inflammation-carcinogenesis
pathway of colorectal cancer. The expression of Cox-2 in stin;mlated colon cancer cells is
suppressed by butyrate, as are several genes in the interferon-y-mediated inflammatory
pathway.

TGF-~

suppresses proliferation in normal colonocytes; however,

TGF-~
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resistance is acquired early by colorectal cancer. HDis restore TGF-13 responsiveness in
tumor cells by reversing the transcriptional repression of TGF -13 receptor type I. In
addition, butyrate decreases the metastatic and invasive potential of cancer cells by
decreasing the activity of pro-metastatic matrix metalloproteinases (MMP-2) and other
metastasis-associated genes as well as by inducing metastasis suppressors. Butyrate can
also cause apoptosis by inducing glutathione-S-transferases, triggering glutathione
depletion and oxidative stress. This sensitizes chemo-resistant breast and perhaps thyroid
cancer cells to doxorubicin cytotoxicity.

Butyrate may also offer protection against colon cancer by maintaining the expression of
CEACAMI in colonocytes. CEACAMI is a tumor suppressor gene that is downregulated in colon cancer as well as in breast and prostate cancer. CEACAMI is normally
expressed on the apical membrane of the colonocytes and triggers anoikis when the cells
lose contact with their basement, thus preventing loss of the monolayer. Genetic
mutations, deletions, or promoter methylation do not seem to play any role in the cancerassociated silencing of CEACAMI. Instead, the silencing involves the transcription
factor Sp2 in association with HDACs. Thus, butyrate-induced inhibition ofHDACs may
underlie the ability of normal colonocytes to express CEACAMI. Loss of CEACAMl
expression has been demonstrated in aberrant crypt foci and hyperplastic polyps, which
are the earliest preneoplastic lesions in colorectal cancer. These early lesions do not show
loss or mutation of cla8sical gatekeeper genes like the adenomatous polyposis coli (APC)
gene, which is thought to play an instigating role in the progression from hyperplasia to
neoplasia. However, these early lesions in colon cancer do demonstrate loss of SMCTl.
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Since butyrate-induced HDAC inhibition may be important for the normal expression of
CEACAM1, the silencing of SMCTl in early preneoplastic lesions may prevent the entry
ofbutyrate from the lumen into colonocytes and thus lead to hyperactivity ofHDACs and
consequently to the silencing ofCEACAM1. Loss ofCEACAM1 in tum frees the cancer
cell to proliferate in a multilayered, dysplastic manner without undergoing anoikis, thus
instigating favorable conditions for mitogenesis and acquisition of mutations in other
tumor suppressor genes like APC.
Conclusions

The identity of SMCTI as a Na+·coupled transporter for butyrate offers a rational basis
for the tumor suppressive role of this transporter. The abundant expression of the
transporter in the luminal membrane of the colonocytes, the generation of butyrate in the
lumen by the bacterial fermentation of dietary fiber, and the function of butyrate as an
HDAC inhibitor may explain the beneficial role of normal gut flora and dietary fiber
intake in the prevention of colorectal cancer and the tumor suppressive role of SMCTl.
While the relevance of SMCTI as a tumor suppressor in the colon is inunediately
apparent because of the presence of high concentrations of butyrate in the colonic lumen,
the potential mechanisms by which this transporter may function as a tumor suppressor in
other tissues such as the breast and prostate are not readily obvious. During lactation,
breast epithelial cells synthesize large amounts of short-chain fatty acids including
butyrate. SMCTl is expressed at high levels in manunary epithelial cells during
manunary gland involution. The endogenous production of butyrate in lactating
manunary gland may have relevance to apoptosis associated with manunary gland
involution. Silencing of this transporter function may lead to the suppression of butyrate131

induced apoptosis and enhance the risk of cancer. The normal concentrations of butyrate
in circulation are very low. However, the expression of SMCTl is silenced in cancer in
other tissues such as the prostate in which there is no likelihood of butyrate-induced
tumor suppression under normal physiological conditions. It is therefore tempting to
speculate that there may be other, hitherto unidentified, HDAC inhibitors in the
circulation that may function as substrates of SMCTl.
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