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Abstract
Tumors induced in the rat by 1,2-dimethylhydrazine (DMH) contain mutations in β-catenin, but the
spectrum of such mutations can be influenced by phytochemicals such as chlorophyllin (CHL) and
indole-3-carbinol (I3C). In the present study, we determined the mutation status of β-catenin in more
than 50 DMH-induced colon tumors and small intestine tumors, and compared this with the
concomitant expression of β-catenin mRNA using quantitative real-time RT-PCR analysis. In total,
19/57 (33%) of the tumors harbored mutations in β-catenin, and 14/19 (74%) of the genetic changes
substituted amino acids adjacent to Ser33, a key site for phosphorylation and β-catenin degradation.
These tumors were found to express a 10-fold range of β-catenin mRNA levels, independent of the
β-catenin mutation status and phytochemical exposure, i.e. CHL or I3C given post-initiation.
However, β-catenin mRNA levels were strongly correlated with mRNA levels of c-myc, c-jun and
cyclin D1, which are targets of β-catenin/Tcf signaling. Tumors with the highest levels of β-catenin
mRNA often had over-expressed β-catenin protein, and those with lower β-catenin mRNA typically
had low β-catenin protein expression, but there were exceptions (high β-catenin mRNA/low β-catenin
protein, or vice versa). We conclude that DMH-induced mutations stabilize β-catenin protein in
tumors, which increase c-myc, c-jun and cyclin D1, but there also can be over-expression of β-catenin
itself at the mRNA level, contributing to high β-catenin protein levels. Similar findings have been
reported in primary human colon cancers and their liver metastases, compared with matched normal-
looking tissue. Thus, further studies are warranted on the mechanisms that upregulate β-catenin at
the transcriptional level in human and rodent colon cancers.
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1. Introduction
There is growing interest in the β-catenin/T-cell factor (TCF)/lymphoid enhancer factor (LEF)
signaling pathway and its role in human cancer development [1]. β-Catenin is a cadherin-
binding protein that also functions as a transcriptional activator when complexed in the nucleus
with members of the TCF/LEF family [2]. Cytosolic β-catenin interacts with APC, Axin,
glycogen synthase kinase-3β (GSK-3β) and other protein partners, leading to phosphorylation
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of Ser33, Ser37, Thr41 and Ser45 residues in the N-terminal region of β-catenin, followed by
ubiquitination and proteosomal degradation [1–3]. In primary human colon tumors and
colorectal cancer cell lines, mutations in CTNNB1 substitute one of the four critical Ser/Thr
residues and stabilize β-catenin, leading to accumulation of β-catenin/TCF complexes in the
nucleus, and activation of downstream target genes [4–6].

Mutations in β-catenin also have been detected in colon tumors of animals treated with
chemical carcinogens, such as 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), 2-
amino-3-methylimidazo[4,5-f] quinoline (IQ), azoxymethane, 1,2-dimethylhydrazine (DMH),
and methylazoxymethanol acetate plus 1-hydroxyanthraquinone [7–11]. In fact, there are a
number of similarities between human and rat colon tumors with respect to the β-catenin
pathway. First, as in the human situation, colon tumors in the rat contain mutations in Apc or
Ctnnb1, but not in both of these genes [7]. Second, β-catenin/Tcf downstream targets frequently
are over-expressed, including c-Myc, c-Jun and cyclin D1 [9,11]. Third, genetic changes in
human CTNNB1 or murine Ctnnb1 substitute amino acids within the GSK-3β regulatory
domain of β-catenin. However, whereas the vast majority of β-catenin mutations in human
colon cancers substitute critical Ser/Thr residues directly, in rat colon tumors the mutations
often localize to two CTGGA ‘hotspot’ sequences and substitute amino acids adjacent to Ser33
[7–11].

To complicate matters, the spectrum of β-catenin mutations can be influenced by exposure to
dietary phytochemicals, such as chlorophyllin (CHL) and indole-3-carbinol (I3C). The latter
compound is found in cruciferous vegetables [12–14], whereas CHL is a water soluble
derivative of chlorophyll, the ubiquitous pigment in green, leafy vegetables [15–17]. In the
tumors from rats given DMH or IQ alone, virtually all of the β-catenin mutations substituted
amino acid residues adjacent to Ser33, whereas in animals given carcinogen followed by I3C
or CHL, β-catenin mutations more often substituted one of the critical Ser/Thr residues [9].
Subsequent work [18] showed that amino acid substitutions adjacent to Ser33 retard, rather
than completely block, the proteasome degradation pathway, leading to a range of β-catenin
protein expression levels in colon tumors. High levels of β-catenin and c-Jun were detected in
tumors that contained mutations affecting Ser45 or Thr41 of β-catenin, tumors with genetic
changes substituting Gly34 and Asp32 had intermediate levels of β-catenin and c-Jun, and the
lowest levels of β-catenin and c-Jun were observed in tumors with wild type β-catenin [11].

In the latter experiments, it was assumed that each specific mutation in β-catenin affected its
relative stability and turnover at the protein level, the degree of nuclear trafficking and
interaction with Tcf/Lef transcription factors, and thus the extent to which downstream target
genes became activated. However, in the present investigation of more than 50 DMH-induced
tumors in the rat, we observed that β-catenin frequently was over-expressed at the mRNA level.
This suggested transcriptional dysregulation of β-catenin, as distinct from the β-catenin protein
stabilization reported before [11]. Expression of β-catenin mRNA was correlated with cyclin
D1, c-myc and c-jun mRNA levels, but not with the mutation status of β-catenin, or treatment
with I3C or CHL.

2. Materials and methods
2.1. Source of tumors

Tumors were from a study in which male F344 rats were initiated during the first 5 weeks with
DMH (20 mg/kg body weight, by subcutaneous injection), and treated post-initiation with 0.1,
0.01 or 0.001% CHL in the drinking water, or with 0.1, 0.01 or 0.001% I3C in the diet. Full
details were provided in the original report [19].
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2.2. Mutation screening
A subset of 57 DMH-induced small intestine and colon tumors, from each of the treatment
groups in the original study, was screened for mutations in β-catenin. The methodology for
PCR-based single strand conformation polymorphism (PCR-SSCP) analysis coupled with
direct sequencing was reported elsewhere [9].

2.3. Quantitative real-time RT-PCR (qPCR)
Frozen samples of tumor and normal tissue were thawed and the mRNA was extracted using
the RNeasy kit (Qiagen, Valencia, CA). RNA (2 μg) was reverse-transcribed in 20 μl of 1 ×
RT buffer, containing 10 U RNase inhibitor (Invitrogen, Carlsbad, CA), 0.5 mM each dNTP,
4 U Omniscript Reverse Transcriptase (Qiagen) and 50 ng random hexamers (Invitrogen). β-
Catenin, cyclin D1, c-myc, c-jun and activator protein-2α (AP-2α) mRNA levels were
measured by qPCR and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Primer sequences were as shown in Table 1. Forty cycles of PCR (95 °C/10 s, 58 °C/20 s, 72
°C/20 s) were run on an Opticon Monitor 2 system (Finnzymes, Finland), in 20 μl total reaction
volume containing cDNAs, SYBR Green I dye (DyNAmo master solution, Finnzymes) and
primer set. The amount of specific mRNA was quantified by determining the point at which
the fluorescence accumulation entered the exponential phase (Ct), and the Ct ratio of the target
gene to GAPDH was calculated for each sample. Three separate experiments were performed
for each tumor sample, and the corresponding results were expressed as mean ± S.E. in the
figures.

2.4. Immunoblotting
β-Catenin and β-actin protein expression levels in tumors were examined using the immunoblot
methodology described in detail elsewhere [11].

2.5. Statistics
For multiple group comparisons the data (mean ± S.E.) were compared by ANOVA (Waller–
Duncan K-ratio t-test), and Student’s t-test was used for paired comparisons. Linear regression
analyses were performed using SigmaPlot 8.0.

3. Results
3.1. Confirmation of a mutational ‘hotspot’ involving codons 32 and 34

In the present investigation, 16 tumors from the DMH control group, 25 tumors from the DMH
+ CHL group, and 22 tumors from the DMH + I3C group were screened using PCR-SSCP
analysis (Fig. 1). One of the samples lacked any of the bands for the wild type, indicating that
the tumor was likely to be homozygous for the corresponding β-catenin mutation. Sequencing
of this tumor identified a mutation in codon 32 of β-catenin (GAT → AAT, D32N). Table 2
shows the complete list of β-catenin mutations, confirmed by sequencing. One-third of the
tumors (19/57 = 33%) contained a β-catenin mutation, and 14/19 (74%) were localized to the
‘hotspot’ region involving codons 32 and 34 (Fig. 2). The remaining mutations (5/19 = 26%)
substituted one of the critical Ser/Thr residues in β-catenin directly, namely codon 33 TCT →
CCT (S33P), codon 37 TCT → TTT (S37F), codon 41 ACC → ATC (T41I, two cases), and
codon 45 TCC → TTC (S45F). The pattern of β-catenin mutations in this subset of DMH-
induced tumors was consistent with that reported previously for the larger group of tumors,
which included colon, small intestine, and liver tumors induced by IQ [9,11].

3.2. β-Catenin mRNA expression varies markedly among DMH-induced tumors
Tumors that had been screened for β-catenin mutation status were further examined for β-
catenin mRNA expression. After normalizing to GAPDH, there was a ~ 10-fold range of β-
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catenin mRNA expression in tumors that were WT or mutant for β-catenin (Fig. 3, upper and
lower panels). Collectively, the β-catenin/GAPDH mRNA expression ratios were 2.14 ± 0.17
versus 2.00 ± 0.16 in tumors WT and mutant for β-catenin, respectively (mean ± S.E., P > 0.05,
not statistically significant).

3.3. β-Catenin mRNA was correlated with cyclin D1, c-myc and c-jun mRNA levels
We next examined the mRNA expression levels for three reported β-catenin/Tcf downstream
targets (Fig. 4). A highly significant correlation was observed for cyclin D1, c-myc, and c-jun
mRNA expression when plotted as a function of the corresponding β-catenin mRNA levels,
and this was independent of the β-catenin mutation status (compare open and closed symbols
in each panel of Fig. 4). No correlation was seen for AP-2α and β-catenin at the mRNA level
(Fig. 4, lower right panel); AP-2α recently was shown to inhibit β-catenin/Tcf signaling via
the formation of a nuclear AP-2α/Apc/β-catenin protein complex [20].

3.4. β-Catenin mRNA expression was unrelated to CHL or I3C treatment
The β-catenin mRNA results were examined as a function of carcinogen and phytochemical
exposure (Fig. 5). Low levels of β-catenin mRNA were detected in normal mucosa from
untreated control rats, whereas in tumors from rats treated with DMH, DMH + I3C, or DMH
+ CHL the average β-catenin mRNA expression levels were on the order of 1.5–2.5-fold higher
than the housekeeping gene, GAPDH. No significant differences were seen among the various
groups with respect to concentration of CHL or I3C administered. Similar findings were
obtained for c-myc, c-jun and cyclin D1 mRNA expression when plotted as a function of
carcinogen and phytochemical treatment (data not shown).

3.5. Concordance between β-catenin mRNA and protein levels in tumors
We reported [9,11] that colon tumors harboring mutant β-catenins had 4–10-fold higher β-
catenin protein levels than those containing WT β-catenin, but we did not examine thoroughly
the concordance between β-catenin mRNA and protein levels. Therefore, tumors from the
present investigation were subjected to Western analyses (Fig. 6). β-Catenin protein was highly
expressed in several tumors in which the β-catenin/GAPDH mRNA ratio was ≥2.5 (lanes 1, 2,
13 and 14), and the converse was true in tumors with lower β-catenin protein levels and β-
catenin/GAPDH mRNA ratios ≤2.0 (lanes 4–7 and 9–12). However, there were exceptions,
such as a tumor with high β-catenin mRNA but low β-catenin protein (lane 3), and low β-
catenin mRNA with strongly over-expressed β-catenin protein (lane 8).

4. Discussion
The present investigation builds upon prior work showing that phytochemicals such as CHL
and I3C can alter the spectrum of β-catenin mutations in DMH- and IQ-induced tumors [9,
11]. Under conditions of tumor promotion, there was an increase in mutations affecting Ser37,
Thr41 and Ser45 of β-catenin [11]. The latter mutations have been reported in human cancers,
but they occur less frequently in the colon tumors from rats exposed to chemical carcinogens
in the absence of a tumor promoter [7–9]. It is tempting to speculate that Ser37, Thr41 and
Ser45 β-catenin mutations represent a genetic ‘fingerprint’ for cancers that have arisen due to
initiating events coupled with a promotional stimulus, when cells normally deleted by apoptosis
might survive to frank tumors. However, this would be an over-simplification. In PhIP-treated
rats, promotion by a high-fat diet led to an increase in dysplastic aberrant crypt foci and colon
tumors, but none of the mutations identified affected critical Ser/Thr residues in β-catenin
[21,22]. Conversely, a high frequency of codon 41 β-catenin mutation (Thr41Ile) was found
in rats given DMH over a period of 20 weeks as part of a ‘complete carcinogen’ protocol,
without a separate tumor promoting agent [10]. Nonetheless, it is clear from published reports
[9–11,21,22] that the carcinogen and/or phytochemical exposure protocol can influence the
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final pattern of β-catenin mutations in colon tumors. Understanding how such patterns arise
might provide better insight into the risk factors for human colorectal cancer development.

Previously, rat colon tumors with the highest levels of β-catenin, c-Myc and c-Jun proteins
were found to contain codon 41 and 45 mutant β-catenins [9,11]. These specific mutations in
β-catenin were thought to more effectively stabilize β-catenin at the protein level, and thus
provide for greater activation of β-catenin/Tcf target genes. In the present study, however,
DMH-induced colon tumors and small intestine tumors had a wide range of β-catenin mRNA
expression, and this was essentially independent of the β-catenin mutation status (Fig. 4) or
phytochemical exposure (Fig. 5 and data not shown). Transcript levels for three β-catenin/Tcf
‘downstream’ targets, namely c-myc, c-jun, and cyclin D1, were highly correlated with each
other and with the β-catenin mRNA expression levels. The latter findings suggest a global
dysregulation of gene expression, including transcriptional changes in the gene for β-catenin
(Ctnnb1).

It is well established that the progression to colorectal adenoma and carcinoma involves
multiple genetic events and transcription changes in a broad array of genes [23,24]. Indeed,
β-catenin mRNA levels are known to be increased in human primary colorectal cancers and
their liver metastases, compared with matched normal-looking tissue [5]. A major regulator of
β-catenin expression in human colon cancers is APC, but this is usually viewed from the
perspective of β-catenin protein stabilization rather than transcriptional control of β-catenin
mRNA levels. It is unclear what relationship, if any, exists between Apc mutation status and
β-catenin mRNA expression in tumors. We did not examine Apc in the present investigation,
because previous work showed that DMH- and IQ-induced tumors in the rat had a low
frequency (<10%) of Apc mutations [11]. Apc might be a candidate for further study, especially
in DMH-induced tumors that were wild type for β-catenin and that expressed high levels of
β-catenin mRNA (Fig. 3). It also remains to be determined whether β-catenin mRNA levels
are altered in the tumors induced by other carcinogens, such as IQ and PhIP, and the
mechanisms involved.

As indicated above, the regulation of β-catenin mRNA levels in tumors has not been well
studied, and establishing what relationship might exist between β-catenin transcript and β-
catenin protein expression may be critical to understanding its relevance to tumor development.
In the present investigation, many of the tumors with the highest β-catenin mRNA levels had
highly over-expressed β-catenin protein, and others with low or undetectable β-catenin mRNA
also had low β-catenin protein expression, but there were exceptions (e.g. lanes 3 and 8 in Fig.
6). We conclude that there is a general concordance between β-catenin mRNA and protein
expression levels in DMH-induced tumors, but the correlation is not perfect. Other variables
may be correlated with β-catenin transcript levels, such as tumor size, histopathology, or
proliferative index, and additional work in this area appears to be warranted.

In summary, the present investigation has shown that small intestine tumors and colon tumors
induced by DMH in the rat contain a wide range of expression of β-catenin mRNA. This was
independent of β-catenin mutation status and treatment with CHL or I3C, but was highly
correlated with c-myc, c-jun and cyclin D1 mRNA expression levels. These findings suggest
the need for future studies on the mechanisms that regulate β-catenin at the transcriptional
level, including further characterization of the transcription factors that bind to the promoter
regions of human CTNNB1, rat Ctnnb1 and mouse Catbn1 genes [25].
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Abbreviations
APC  

adenomatous polyposis coli

AP-2α  
activator protein-2α

CHL  
chlorophyllin

DMH  
1,2-dimethylhydrazine

GAPDH  
glyceraldehyde-3-phosphate dehydrogenase

GSK-3β  
glycogen synthase kinase-3β

I3C  
indole-3-carbinol

LEF  
lymphoid enhancer factor

PCR-SSCP  
polymerase chain reaction-based single strand conformation polymorphism

PhIP  
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

qPCR  
quantitative real-time RT-PCR

TCF  
T-cell factor

WT  
wild type
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Fig. 1.
DMH-induced tumors in the rat were screened for β-catenin mutations using PCR-based single
strand conformation polymorphism (PCR-SSCP) analysis. Each lane marked with an arrow
had an altered band pattern compared with wild type (WT) β-catenin, and sequence analysis
confirmed the mutation in β-catenin as affecting codon: (a) 32, (b) 33, (c) 34, (d) 37, (e) 41 or
(f) 45. One sample (asterisk, *) lacked any of the bands from the corresponding WT control,
and was homozygous for D32N mutant β-catenin (see Table 2 for mutations confirmed by
sequencing).
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Fig. 2.
Summary of β-catenin mutations in DMH-induced tumors. An apparent mutational ‘hotspot’
around codons 32 and 34 has been reported in prior studies with colon carcinogens in the rat
[7–11], substituting amino acids adjacent to Ser33, which is a critical target for phosphorylation
and β-catenin protein degradation.

Wang et al. Page 10

Mutat Res. Author manuscript; available in PMC 2008 April 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
β-Catenin mRNA expression varies markedly in DMH-induced tumors. Each tumor was
screened by qPCR, and β-catenin mRNA expression was normalized to the corresponding
levels for GAPDH. Data bars (mean ± S.E., n = 3) were arranged from lowest to highest mRNA
expression for small intestine tumors (black bars) and colon tumors (gray bars), and according
to whether β-catenin was wild type (upper panel, n = 35) or mutant (lower panel, n = 19). The
lower panel also shows each amino acid substitution identified in β-catenin (e.g. D32N).
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Fig. 4.
β-Catenin mRNA expression was correlated with cyclin D1, c-myc and c-jun mRNA levels in
DMH-induced tumors. qPCR was used to examine DMH-induced tumors and normal mucosa
for expression of three reported β-catenin/Tcf downstream targets, as well as AP-2α, a negative
regulator of β-catenin/Wnt signaling [20]. In each case, mRNA expression was first normalized
to the housekeeping gene, GAPDH. Open symbols (○), tumors containing WT β-catenin;
closed symbols (●), tumors with mutant β-catenin.
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Fig. 5.
β-Catenin mRNA expression in DMH-induced tumors was unrelated to chlorophyllin (CHL)
or indole-3-carbinol (I3C) treatment. qPCR was used to determine β-catenin mRNA expression
relative to GADPH, as described in Fig. 4. Data = mean ± S.E., for the number of tumors (n)
shown above each bar, and for the number of normal mucosal samples from control rats given
no DMH. Tumors analyzed here were from a larger study [19] in which rats were treated with
DMH and then exposed post-initiation to one of three different concentrations of CHL in the
drinking water, or I3C in the diet, as indicated in the figure.
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Fig. 6.
Concordance between β-catenin mRNA and protein levels in DMH-induced tumors.
Immunoblotting was performed for β-catenin, with β-actin as loading control, and protein
expression was compared with the corresponding levels of β-catenin mRNA. Values shown
above each lane were obtained from Fig. 3, and represent β-catenin mRNA levels normalized
to GAPDH. ND, not detected.
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Table 1
Primer sequences for qPCR

Primers Nucleotide sequence Size (bp)

β-Catenin F 5′-CGA GGA CTC AAT ACC ATT CC-3′ 250
β-Catenin R 5′-AGC CGT TTC TTG TAG TCC TG-3′
Cyclin D1 F 5′-CGC CTT CCG TTT CTT ACT TCA-3′ 251
Cyclin D1 R 5′-AAC TTC TCG GCA GTC AGG GGA-3′
c-myc F 5′-TCAA GAG GCC ACA GCA AAC-3′ 274
c-myc R 5′-AAA AGC TAC GCT TCA GCT CG3-′
c-jun F 5′-CCG GCT AGA GGA AAA AGT GA-3′ 135
c-jun R 5′-TGA GTT GGC ACC CAC TGT TA-3′
AP-2α F 5′-TCC GAT CCC AAC GAG GAA GT-3′ 170
AP-2α R 5′-GAA GTG GGT CAA GCA ACT CT-3′
GAPDH F 5′-ATG GGA GTT GCT GTT GAA GTC A-3′ 77
GAPDH R 5′-CCG AGG GCC CAC TAA AGG-3′
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Table 2
Summary of β-catenin mutations in DMH-induced tumors

Codon Mutations in β-catenin Number of Mutations Amino acid substitutions

32 GAT → AAT 4 D32N
→ GTT 1 D32V

33 TCT → CCT 1 S33P
34 GGA → GAA 6 G34E

→ AGA 2 G34R
→ GTA 1 G34V

37 TCT → TTT 1 S37F
41 ACC → ATC 2 T41I
45 TCC → TTC 1 S45F

19/57 (33.3%)
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