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Abstract

Multiple studies in animal models have shown that the commonly used food additive carrageenan
(CGN) induces inflammation and intestinal neoplasia. We performed the first studies to determine
the effects of CGN exposure on human intestinal epithelial cells (IEC) in tissue culture and tested
the effect of very low concentrations (1-10 mg/L) of undegraded, high-molecular weight CGN.
These concentrations of CGN are less than the anticipated exposure of the human colon to CGN
from the average Western diet. In the human colonic epithelial cell line NCM460 and in primary
human colonic epithelial cells that were exposed to CGN for 1-8 d, we found increased cell death,
reduced cell proliferation, and cell cycle arrest compared with unexposed control cells. After 6-8 d
of CGN exposure, the percentage of cells reentering GO-GL1 significantly decreased and the
percentages of cells in S and G2-M phases significantly increased. Increases in activated p53, p21,
and p15 followed CGN exposure, consistent with CGN-induced cell cycle arrest. Additional data,
including DNA ladder, poly ADP ribose polymerase Western blot, nuclear DNA staining, and
activities of caspases 3 and 7, indicated no evidence of increased apoptosis following CGN
exposure and were consistent with CGN-induced necrotic cell death. These data document for the
first time, to our knowledge, marked adverse effects of low concentrations of CGN on survival of
normal human IEC and suggest that CGN exposure may have a role in development of human
intestinal pathology.

Introduction

The common food additive carrageenan (CGN)4 has been widely used for decades in models
of intestinal inflammation to test the effects of pharmacological interventions for treatment
of inflammatory bowel disease and to study the inflammatory response (1—6). Dozens of
studies in animals have demonstrated profound effects of CGN on the intestinal mucosa,
producing ulcerations and neoplasms (7,8). The harmful effects of CGN on the intestinal
epithelium occur with both high- and low-molecular weight (MW) CGN and with the A-, -,
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and - types of CGN. The effects of low MW CGN have been more widely studied than the
effects of the higher MW, undegraded CGN. However, lower MW CGN (<30,000 MW) can
be readily produced from the higher MW CGN by acid, heat, mechanical processing, or
bacterial action (9—11).

CGN is a natural substance, derived from red algae. In the last half century, the uses of CGN
increased and it was incorporated into a wider variety of food products. The 3 major types of
CGN (4-, -, and ¢-) are used in a variety of manufactured food products, including ice
cream, yogurt, chocolate milk, ricotta cheese, soymilk, nutritional supplements, dietetic
powders, condensed milk, infant formula, and low-fat sandwich meats (12—15). Because
CGN improves texture and solubility of the finished food product, it is often used in low-fat
formulations to substitute for higher fat content. The CGN are often used in combination
with other hydrocolloids, such as locust bean gum, due to synergism in their effects (16,17).
The -, A-, and - forms differ in their ability to form gels, their sulfate content (ranging
from 1-3 sulfate groups per disaccharide), and the location of sulfate groups. They have the
basic structure of a sulfated disaccharide, with galactose residues linked in alternating a-1,3
and 41,4 bonds (18,19).

Current data in the United States indicate per capita consumption of ~0.082 g person=1.d~1

(20), although individual consumption may vary and has been estimated to be as high as 3.6
g-person~1.d71 (21). In an extensive study in the 1970s by the Food and Nutrition Board of

the National Academy of Sciences, mean CGN intake in the Western diet was calculated as
108 mg/d (%2).

Recently, the Joint FAO/WHO Expert Committee on Food Additives modified their position
with regard to CGN, declaring its use in infant formula as inadvisable and recommended
study of CGN consumption in the diet, in view of new uses of CGN in food (23). Previously,
in 2004, the European Union Scientific Committee on Food concluded that the percentage of
low-MW CGN (<50,000 MW) consumed should be <5% of the total CGN ingested (24).
Although the FDA proposed restricted consumption of low MW CGN in the US, CGN is
still considered “generally regarded as safe.” Regulation to reduce the consumption of low
MW CGN in food was proposed in 1972 but not enacted, although a more comprehensive
regulation was anticipated when the proposed regulation was withdrawn in 1979 (25,26).
The regulation for CGN in food products in the U.S. is the stipulation in the Food and
Chemical Codex that CGN viscosity be not <5 centipoises (5 mPa-s) for a 1.5% solution at
75°C. However, the viscosity of commercial CGN ranges from ~5 to 800 cps under these
conditions, suggesting that this recommendation does little to prevent the inclusion of low
MW forms of CGN in food products (7,8,27).

To determine the effects of CGN on normal human intestinal epithelial cells (IEC) in tissue
culture, we exposed normal primary human colonocytes and NCM460 cells to low
concentrations of CGN, predominantly undegraded ACGN, and report the effects of CGN
exposure on cell survival, cell proliferation, cell cycle, and apoptosis.
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Materials and Methods

Human colonic epithelial cells

The NCM460 cell line is derived from the normal colonic mucosa of a 68-y-old Hispanic
male (28). Cells were maintained in M3:10 media (INCELL). For the majority of
experiments, a starting density of 20,000 cells per well of a 6-well cell culture plate was
used. Cell doubling time is ~32 h, yielding over 1,000,000 cells per well at 8 d. Normal
human colonic tissue was obtained from surgical specimens in accord with a protocol
approved by the Institutional Review Board of the University of Illinois at Chicago (29).

Exposure to CGN

The majority of the experiments were performed using undegraded, pure ACGN (Sigma) of
MW > 108 at a concentration of 1 mg/L in 3 mL of media (3 14g total CGN) for 1-8 d in a
humidified, 5% CO, environment at 37°C with media changes at 2-d intervals. Undegraded
r- and -CGN (Sigma) and degraded CGN of MW < 5000, prepared in the laboratory of Dr.
Robert Linhardt (Rensselaer Polytechnic Institute, Troy, New York) by SDS-PAGE, were
also tested (30).

Dead cell assay

Assay of dead NCM460 cells was performed with ethidium homodimer-1 (Molecular
Probes) following an established protocol (31). NCM460 cells (2 x 10%) were exposed to 1—
10 mg/L undegraded ACGN for 24 and 48 h. Fluorescence was detected 1 h after addition of
ethidium homodimer-1 (4 /mol/L). Standard curves were prepared using known quantities
of dead cells. Cells that detached were counted separately and counts of attached and
detached cells were added to calculate the total dead cells. KC Junior software (Biotek) was
used with FLX800 microplate fluorescence reader (Biotek) at excitation/emission of 530
nm/640 nm to measure the uptake of ethidium.

5-Bromo-2’-deoxyuridine ELISA to measure cell proliferation

Cell proliferation was quantified by measurement of 5-bromo-2’-deoxyuridine (BrdU)
incorporation during DNA synthesis in the NCM460 cells by ELISA (Roche) (32). NCM460
cells (1 x 10%) were seeded into a 96-well microplate in 200 /- M3:10 media and exposed to
ACGN, xCGN, CGN, and degraded xCGN (1 mg/L) for 1-8 d. Immune complexes were
detected by measuring absorbance at 450 nm with reference at 690 nm.

Cell cycle by flow cytometry

Flow cytometry for DNA content was performed in ACGN-exposed (1 or 10 mg/L) and -
unexposed NCM460 and primary colonic epithelial cellsond 2, 4, 6, and 8 (33). NCM460
cells were seeded at an initial density of 10,000 cells per well in 6-well plates and ACGN
was added at the time of media changes every 2 d. We collected the treated and control cells
and obtained cell cycle phase data with the FACS Calibur flow cytometer and Cell Quest and
ModFit software (BD). At least 10,000 cells were analyzed for each time point. The results
for each sample were reported as the percentage of cells in each of 5 possible phases: M0 =
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GO0 and G1; M2 = S-phase; M3 = G2/M phase; M4 = DNA content greater than in G2/M;
and M5 = sub-GO0.

p53 assay by and nucleotide assay

We measured activated nuclear p53 using an oligonucleotide ELISA-based assay (Panomics)
(34) following preparation of nuclear extracts of the NCM460 cells (35). Nuclear extract
was incubated with a biotinylated oligonucleotide containing a p53 consensus binding site in
a binding buffer. The p53 nuclear protein-p53 consensus oligonucleotide complex was
immobilized on a streptavidin-coated 96-well assay plate and detected by p53 antibody and
horseradish peroxidase-conjugated secondary antibody. Colorimetric readout was measured
at 450 nm.

Western blots for p21 and p15

NCM460 whole cell lysates were prepared for treated and control samples following
exposure to 1 mg/L ACGN for 1,2, 4,and 6d (35). We used 14% SDS-PAGE gels to
separate the proteins and probed the gels with mouse monoclonal p21 antibody (BD) at a
dilution of 1:250 for 3 h. P15 antibody (Santa Cruz), a rabbit polyclonal IgG, was used at a
dilution of 1:50 for 2 h; secondary antibodies were at a dilution of 1:2000. Immunoreactive
bands were visualized with the ECL detection kit (Amersham) and compared with the /-
actin controls by densitometry.

Western blot for nuclear poly ADP ribose polymerase

Poly ADP ribose polymerase (PARP) antibody (H-250, Santa Cruz) was used to detect
PARP in the NCM460 cells exposed to ACGN (1 mg/L) for 1-4 d and in untreated controls.
We prepared nuclear extracts of control and treated NCM460 cells (35) and separated
proteins in the nuclear extracts by SDS-PAGE on a 12% gel. Protein ladder was used to
distinguish MW of PARP and its cleavage products, noting that the MW of PARP was 116

kDa, the apoptotic degradation product was 89 kDa, and the necrotic products were ~50 kDa
(36).

Luciferase assay for caspases 3 and 7

DNA ladder

Activities of caspases 3 and 7 were measured using a luminescent assay (Caspase-Glo 3/7
Assay; Promega) with a proluminescent caspase-3/7 DEVD-aminoluciferin substrate and a
proprietary thermostable luciferase. Relative luminescence units are reported for control and
treated samples.

NCMA460 cells were grown under conditions described above. Approximately 2 x 108 cells
were harvested and lysed and DNA was prepared and evaluated for ladder characteristic of
apoptosis using an apoptotic DNA-ladder kit (Roche) (37). Positive control apoptotic DNA
sample was loaded and run simultaneously. Results of gels from d 1, 2, and 4 and from d 4,
6, and 8 were compared with the positive control DNA ladder.
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cDNA microarray

cDNA microarray was performed to assess the extent of cellular changes induced by CGN
exposure. The Affymetrix Human Gene Chip U133 plus 2.0 system was used, following
extraction of total RNA by RNeasy Mini kit (Qiagen) (38). RNA was extracted from
replicate biological samples of treated and control samples and separate chips prepared.
Each chip had 11 probe set pairs (22 probes total) for every gene identified. Pairwise
comparisons of control vs. treated mean values were used to compare the samples. A total of
526 genes had a fold-difference = 1.5 between the control and treated samples. Of these, 184
genes were differentially expressed with a Bonferroni corrected P-value of <0.05. A total of
790 transcripts of the 54,613 transcripts present on the chip had uncorrected P-values
<0.001. Significant microarray results with fold (T/C) 21.495 or <-1.50 are provided in
Supplemental Table 1. Fold-values <1 are reported as their negative inverse.

Quantitative RT-PCR of Kruppel-like family 4 and junction-mediating and regulatory protein

Quantitative analysis of changes in gene expression was performed using the Stratagene
Mx3000P system. Total cellular RNA was prepared using the RNeasy Mini kit (Qiagen).
Quantitative RT-PCR (QRT-PCR) was performed using the 1-step Master mix (Stratagene
Brilliant for QRT-PCR). Primers were selected using Primer3 software (39), and forward
and reverse primers were prepared commercially (Integrated DNA Technologies). Primers
were: Kriippel-like family 4 (KLF4) left forward, GCCAAAGAGGGGAAGACGA [NCBI
BC029923]; KLF4 right reverse, GCAGGTGTGCCTTGAGATG,; junction-mediating and
regulatory protein (JMY) left forward, TCTTCCTCCAACACCACCAC [NCBI
NM_152405]; and JMY right reverse, CCTCTTCTCATTCCCCTCCTT.

We averaged the cycle thresholds (Ct) for the genes of interest in replicate CGN-treated and
untreated samples and used the means of the Ct to determine the differences in expression
among the different samples, with factin expression as a reference. Differences in Ct were
interpreted as an exponent that represents the difference in the number of RNA duplications
and were used to calculate the fold-difference in gene expression.

Confocal microscopy of human intestinal cells treated with CGN

NCM460 cells were grown on collagen-coated transwell inserts or 4-chamber tissue culture
slides for 24 h and exposed to 1 mg/L ACGN for 6 h to 5 d. Cells were prepared for confocal
microscopy by an established protocol (35) and observed using a Zeiss LSM 510 laser
scanning confocal microscope.

Statistical analysis

cDNA microarray data were analyzed using the robust microarray analysis method and
signal intensities were normalized using background correction, mismatch correction, and
quantile normalization. The S+ArrayAnalyzer was used to determine the Local Pooled Error
(LPE) ttest. P-values were calculated for the pairwise comparisons between treated and
control samples and adjusted for multiple comparisons using a Bonferroni correction.
Corrected P-values <0.05 were considered significant. Densitometry of Western blots was
measured from scanned images using Image J software (NIH). Other data were analyzed by
1-way ANOVA with Tukey-Kramer post test for multiple comparisons. Reported P-values
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are for the significance of the differences between CGN-treated and control samples at the
same time point unless another comparison is indicated. Paired 2-tail #test was used for
comparison of densitometry between CGN-treated and control samples. Statistical analysis
was performed using GraphPad InStat software. Three independent experiments with 2
technical replicates of each determination were performed, unless stated otherwise. Values in
results and figures are means + SD.

Declines in cell viability and proliferation following CGN exposure

Cell death, as measured by uptake of ethidium homodimer-1, was 5 and 11.5% greater in
cells exposed for 1 d to 1 and 10 mg/L ACGN, respectively, compared with the control (P<
0.001) (Fig. 1.4). Increased cell death following CGN exposure was also associated with
exposure to increased CGN concentration (P < 0.001).

Compared with control cells on the same day, cell proliferation, measured by BrdU
incorporation, in the CGN-treated NCM460 cells was 10-14% lower by d 2, 37-46% lower
by d 4, 53-64% lower by d 6, and 69-76% lower by d 8 following exposure to undegraded
ACGN (Fig. 1B), xCGN, 1CGN, and degraded xCGN (P < 0.05, d2; < 0.001, d 4, 6, and
8). Similar declines occurred following exposure to each form of CGN.

Cell cycle arrest demonstrated by flow cytometry following CGN exposure

Between d 2 and 6, the attached (living) cells in GO-G1 declined >16% with CGN exposure,
t0 69.8 £ 0.1%, from a baseline value of 86.4 + 0.3%. In contrast, the d 2 and 6 control
values were similar and unchanged (86.0 + 0.8% and 85.7 + 0.2%) (Table 1). The
percentages of the attached CGN-treated cells in GO-G1 at d 6 and d 8 were less than the
percentages of the same day control cells (P< 0.001). Also, the percentages of the attached
CGN-treated cells were greater than the attached control cells in S and G2-M phases for d 6
and 8 (£<0.001) and in the sub-GO phase (P < 0.01). In the detached cells, only the
difference in CGN-treated and control cells in the S-phase on d 6 achieved significance (P <
0.05).

These differences between the percentage of CGN-treated and control cells were consistent
with cell cycle arrest and with reduced reentry of the CGN-treated cells into GO-G1. When
ACGN at 10-fold higher concentration (10 mg/L) was used, similar percentages of cells in
G0-G1, S, G2-M, and sub-GO0 on d 6 and 8 were detected (data not shown).

Increase in activated p53 by oligonucleotide assay

By 24 h, the activated p53 was 14% greater in the CGN-exposed cells than in the control
cells (P<0.001) (Fig. 2) and by 48 h, activated p53 in the CGN-treated cells was 36%
greater than the same day control (P < 0.001). By d 4, activated p53 increased to 71%
greater than baseline and 52% greater than the same day control (£ < 0.001).
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cDNA microarray

A total of 184 genes (166 named) were found to be differentially expressed following CGN
exposure, with a Bonferroni corrected P-value of <5 x 1072, corresponding to an uncorrected
P-value of <1 x 1078, Of these 184 genes, only 19 were downregulated, with the remainder
upregulated to at least 1.4 times the control. A total of 526 genes had differences in
expression of at least 1.5-fold; of these, 105 were down-regulated.

Several genes associated with p53, cell cycle, and cell stress response were up-regulated
following exposure to ACGN (1 mg/L for d 4) (Table 2; Supplemental Table 1). These
upregulated genes included p21 [cyclin-dependent kinase (CDK) N1A] and p15 (CDKN2B),
consistent with the observed cell cycle arrest. p21 expression was 1.7 times the control value
(corrected P= 3.0 x 1072). P15 was increased to 2.6 times the control value (corrected P=
5.6 x 1078). The intestinal proto-oncogene KLF4, which mediates p53 effects and is
associated with growth arrest, was expressed at 1.7 times the control level (corrected P=5 x
1073). JMY, which complexes with p300 and induces p53-mediated cell cycle arrest, was
also increased, to 2.1 times the control value (corrected = 8.1 x 107°). Significantly
increased expression of heat-shock proteins also followed exposure to 1 mg/L of ACGN for
d 4, consistent with significant cell stress induced by CGN.

Confirmation of increases in p21 and p15 by Western blot and for KLF4 and JMY by QRT-
PCR

Western blot (Fig. 3) confirmed the increases in p21 and p15ond 1, 2, 4, and 6 following
CGN treatment, compared with untreated control cells. P21 protein expression was not
detectable in the control cells, in contrast to the CGN-treated cells. Densitometry was
performed of replicate Western blots for p15 at multiple time points and showed increased
p15 expression following CGN exposure (P = 0.005). These results support the increased
expression of p21 and p15 identified by the cDNA microarray analysis.

QRT-PCR confirmed the increased expression of KLF4 and JMY. Transcript abundance for
KLF4 was 80 times the baseline level on d 1 and 149 times the baseline level on d 2 when
exposed to 1 mg/L of ACGN. JMY mRNA was undetectable in control cellson d 1, 2, and 4
but present following CGN exposure.

Nuclear PARP indicates necrosis, not apoptosis

The Western blot of PARP from nuclear extract of CGN-treated and control NCM460 cells
ond 1, 2, 4, and 6 demonstrated that the band density of uncleaved PARP (MW 116 kDa)
was unchanged in the CGN-exposed NCM460 cells compared with the untreated cells (Fig.
4). Band density of lower MW fragments was increased for the 50-kDa fragment following
CGN treatment, consistent with evidence of necrosis, rather than apoptosis. The 89-kDa
fragment, associated with apoptosis, did not appear increased in the CGN or control cells.

Caspases 3 and 7 not increased following CGN exposure

Activity of caspases 3 and 7 was measured in the NCM460 cells ond 1 and d 2 following
CGN-exposure (1 mg/L). Activities of caspases 3 and 7 did not differ between control and
treated cells and did not change over time (data not shown).
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Integrity of DNA maintained following CGN exposure

No differences were identified in the DNA ladder between DNA from CGN-treated (1 mg/L
for d 1-8) and untreated NCM460 cells (data not shown). No DNA bands suggestive of
fragmentation were identified, when compared with a representative apoptotic DNA ladder
with characteristic “rungs” at 180-bp intervals. This indicated that nucleases associated with
apoptosis were not released following CGN exposure.

Similarly, when confocal microscopy of NCM460 cells was performed following fluorescent
nuclear staining of CGN-treated and control cells, the DNA pattern between control and
treated cells at 24 h was similar, without evidence of apoptotic changes (data not shown). At
earlier (6 h) and later (d 5) time points, integrity of DNA in the CGN-exposed cells appeared
similar to control cells without evidence of chromatin condensation.

Discussion

The studies presented in this report demonstrate activation of the p53 tumor suppressor
network and the occurrence of cell cycle arrest and cell death following exposure of normal
human IEC in tissue culture to low concentrations of ACGN. DNA fragmentation analysis,
PARP fragmentation, confocal imaging, and determinations of caspases 3 and 7 activity
indicated no increase in apoptosis following ACGN treatment. Hence, the increased cell
death appears to be attributable to necrosis rather than apoptosis.

The induction of p53-associated responses following exposure to CGN occurs as part of the
cellular reaction to stress to limit cell damage and reproduction of damaged cells (40). Cell
cycle data from flow cytometry revealed an impasse at GO-G1 associated with increased
CDK inhibitors p21 and p15 (41,42). The antiproliferative response, measured by decline in
BrdU incorporation, occurred following exposure to undegraded -, x-, and :-CGN as well
as degraded -CGN. The p53-responsive gene p21 was significantly upregulated following
exposure to ACGN. Fold-increase for p15 was also greater, suggesting involvement of cell-
cycle regulatory mechanisms related to transforming growth factor 4. In addition to these
mediators, changes in JMY and KLF4 were observed, suggesting effects on additional p53-
responsive genes involved in cell cycle regulation (43,44).

The explicit sequence of events that occurs in the IEC can not yet be ascertained. We have
observed in other experiments an increase in B-cell CLL/lymphoma 10 (Bcl10), nuclear
factor xB, and interleukin-8 following exposure to CGN, indicating that CGN activates an
inflammatory response in the IEC (29). The observed cell cycle arrest may occur in response
to activation of a stress-associated response, consistent with the activation of an immune
response mediated by Bcl10. CGN possesses an a-1,3-galactosidic bond that is
immunogenic in human cells and associated with absence of the a-1,3-galactosyl transferase
enzyme (45,46). This unusual galactosidic linkage in CGN may be significant in its
activation of an innate immune, inflammatory response in IEC (29).

We observed marked reduction in overall proliferation beginning by d 2. We have observed
in other experiments that CGN induces a decline in bone morphogenetic protein 4 and an
increase in wnt 9a and f-catenin, consistent with known pathways of polyp formation in
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both juvenile polyposis and sporadic polyposis (47). These pathways may converge so that
cell cycle arrest and increased cell death may provoke ulcerations and tissue repair
mechanisms that are associated with aberrant wnt and bone morphogenetic protein 4
signaling, predisposing to development of neoplasms.

The effects of CGN may be partially attributable to resemblance to the naturally occurring
glycosaminoglycans (GAG). Due to its sulfated di-galactose backbone, CGN resembles to
some extent keratan sulfate, dermatan sulfate, and chondroitin sulfate, which also contain
sulfated galactose or N-acetylgalactosamine residues. Some of the harmful effects of CGN
may arise by mimicry or interference with the effects of these GAG or the proteoglycans
with which they are associated, including decorin, biglycan, aggrecan, and versican, because
the proteoglycans of the cell surface and matrix are involved with cell signaling and cell-cell
interactions (48). Also, the a-1,3-galactosidic linkage of CGN is not found in the naturally
occurring GAG and can not be metabolized by the normal human galactosidases.

Previous reports have detailed harmful effects of CGN in the intestine in animal models
(7,8). The evidence presented in this report demonstrates for the first time deleterious effects
of small quantities of CGN on cell cycle progression and on viability of normal human IEC
in tissue culture. It is possible that the increase in cell death and the reduction in cell
proliferation following CGN exposure may contribute to evolution of intestinal ulcerations
in vivo, such as those that are characteristic of inflammatory bowel disease.

The consumption of CGN in the U.S. has increased from 1.8 x 10° kg in 1971 to 9.1 x 10°
kg in 2004 (19,49). On a per capita basis, this represents a change from ~24 mg person=1.d=1
to ~82 mg person~1.d~1. In colonic contents of 1.5 L (50), the CGN concentration would be
~56 mg/L, substantially higher than the concentration used in the experiments presented in
this report (1 mg/L). In vivo, mitigating factors to reduce the direct exposure of the colon to
CGN include the presence of bacterial microflora, intestinal motility, and coconsumption of
other non-CGN containing foods. The precise effects of these processes on CGN

metabolism and toxicity require further study.

The study findings of increased IEC death, reduced cell proliferation, and cell cycle arrest
indicate that CGN has induced very profound effects in the human IEC and suggest that
CGN exposure may induce similar effects in vivo. These findings extend earlier reports that
implicate CGN in development of intestinal inflammation and neoplasms in animal models
to include harmful effects in human IEC and suggest that ongoing exposure to CGN in the
diet may have a role in development of human intestinal disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
NCM460 viability and proliferation following CGN exposure. (A) Percentage of dead cells

following exposure to ACGN (1 and 10 mg/L x 24 h) was determined by uptake of ethidium
homodimer-1. Exposure to ACGN was associated with increased cell death in exposed vs.
control and with exposure to higher CGN concentration (P < 0.001, 1-way ANOVA with
Tukey-Kramer post test). Results are means + SD, 7= 3 independent observations. (B) BrdU
ELISA was performed ond 1, 2, 4, 6, and 8 to determine extent of cell proliferation in
NCM460 cells exposed to undegraded ACGN, xCGN, and :CGN and to degraded xCGN (1
mg/L) compared with untreated controls. Cell proliferation was markedly reduced following
all forms of CGN, compared with the control cells. Data are shown for ACGN (P < 0.001 for
d 4,6, and 8; P<0.05 for d 2; 1-way ANOVA with Tukey-Kramer post test). Results are
means + SD, 7= 3 independent observations. Similar results were obtained with xCGN,
1CGN, and degraded xCGN (7= 3 independent observations).
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FIGURE 2.
Activated p53 and total p53 in CGN-exposed and control NCM460 cells. ELISA of activated

p53 oligonucleotide demonstrates increase in activated nuclear p53ond 1,d2,andd 4 in
CGN-exposed cells, compared with same day control cells (P< 0.001; 1-way ANOVA with
Tukey-Kramer post test). Results are means + SD, 7= 3 independent observations.
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FIGURE 3.
Western blot of p21 and p15 in CGN-exposed vs. control NCM460 cells. Representative

Western blots demonstrate relative increases in p21 and in pl5ond 1, 2, 4, and 6. P21 was
absent in the control cellsond 1, 2, 4, and 6, in contrast to the CGN-treated cells, indicating
an increase in expression following CGN exposure. Densitometric analysis was used to
calculate the p15:/4-actin ratios that demonstrate significant differences between CGN-
treated and control cells (P = 0.005; paired ftest, 2-tail, n=2).
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FIGURE 4.
Representative Western blot of PARP (116 kDa) from nuclear extract of NCM460 cells. No

89-kDa band is present in either the CGN-exposed or control cellson d 1, 2, 4, or 6,
consistent with the lack of significant apoptosis. Instead, 50- to 70-kDa bands appear
increased in the CGN-treated cells, suggestive that the observed increase in cell death is
attributable to necrosis.
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TABLE 2
Selected genes in NCM460 cells significantly affected by 4 d of exposure to ACGN (1 mg/L){

Gene Genesymbol  Bonferroni corrected P-val ue?  Fold (treated/control)  Reference

Cell-cycle and/or p53-related
Activating transcription factor 3 ATF3 3x 10716 29 NM_001674
Cell-cycle progression 1 CCPG1 3x1072 1.7 NM_004748
CDK inhibitor 1A CDKN1A;p21 3x1072 1.7 NM_000389
CDK inhibitor 2B CDKNZ2B;p15 6x 1078 2.6 NM_004136
Dual-specificity phosphatase DUSP5 3x 10710 2.2 NM_004419
Growth differentiation factor 15 GDF15 3 x 10712 1.9 NM_004864
IMY MY 8x107° 2.1 NM_152405
KLF4 (gut) KLF4 5x 1073 17 NM_004235

Stress-related
BCL10 5x 1073 2.0 NM_003921
Decay accelerating factor for complement DAF ~0 29 NM_000574
DnaJ (Hsp40) DNAJB9 ~0 47 NM_012328
Early growth response gene 1 EGR1 5x 1074 1.7 NM_001964
Heat shock 70 kDA HSPAS5 5x 1077 15 NM_005347
Mitogen-inducible gene 6 MIG-6 6x 1076 17 NM_018948
Stress-associated endoplasmic reticulum SERP1 2x1074 1.6 NM_014445

protein 1
Stress 70 protein chaperone STCH 9x 10713 2.4 NM_006948
Ubiquitin specific protease 53 USP53 1x1073 2.0 H25097 NCBI

JBioIogicaI replicates of NCM460 mRNA were tested; each gene was probed by 11 probe-set pairs on the array and analyzed, as described in

“Methods.”

2 . - . .
P-values were corrected for multiple comparisons by the Bonferroni correction.
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