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Abstract
Objectives—To evaluate the role of GH in colon carcinogenesis, we examined the formation of
aberrant crypt foci (ACFs) and tumor development in wild type (WT) and GH-deficient,
spontaneous dwarf rats (SDRs) exposed to the carcinogen azoxymethane (AOM).

Design—ACF were quantified by stereomicroscopy and tumor number and weights were
recorded for each animal. Cell proliferation was measured by vincristine metaphase arrest, flow
cytometry, and bromode-oxyuridine (BrdU) incorporation. Apoptosis was measured by TUNEL
staining and cleaved caspase-3 immunohistochemistry. IGF-I was measured by radioimmunoassay
(RIA). Hexokinase activity was measured by spectrophotometric assay. PARP cleavage, and IGF-
IR, and p27kip/cip expression were measured by Western blotting.

Results—ACFs detected by stereomicroscopy were markedly reduced (~85%) in SDRs vs. WT
rats at 10, 25, and 28 weeks after AOM. Tumor incidence, number, and weight also were reduced
in SDR vs. WT animals. AOM treatment increased cell proliferation in the distal colon (where
tumors occur) of WT rats but not SDRs, and these changes corresponded to increased ACF and
tumor formation. Apoptosis rates were similar in AOM-treated WT and SDRs. Alterations in
serum IGF-I levels may contribute to differences in the proliferative response to AOM and
decreased ACF formation in SDR vs. WT rats.
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Conclusions—We conclude that early neoplastic lesions (ACFs) were reduced in GH-deficient
animals. This effect corresponds with differences in AOM-induced proliferation, but not
apoptosis. These data indicate that GH is required for the full effect of AOM on colon ACF and
tumor development, and that the SDR rat is a promising model for studies regarding the role of
GH/IGF system in the initiation and promotion of colon cancer.
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1. Introduction
Growth hormone (GH) and insulin-like growth factor-I (IGF-I), which mediates effects of
GH on somatic growth, have been implicated in the etiology of primary cancers of the breast
[1], prostate [2], and colon [3]. Importantly, this GH/IGF axis has also been intimately
linked to metastatic disease processes as well [4]. Acromegaly, a disease characterized by
elevated circulating levels of both GH and IGF-I, is associated with increased risk of colon
adenomas [5] and colon cancer [6]. GH polymorphisms that are associated with reduced
IGF-I levels have reduced cancer incidence [7]. Conversely, elevated serum IGF-I levels
have been associated with increased risk of colonic adenomas [8] while insulin [9] but not
IGF-I levels [10] have correlated with colon cancer risk.

The spontaneous dwarf rat (SDR) is homozygous for a point mutation designated dr in the
GH gene, which results in undetectable amounts of GH in the pituitary and circulation,
markedly reduced circulating levels of IGF-I (~20% normal levels) and growth retardation
[11]. The SDR was first identified as a spontaneous mutation in a Sprague-Dawley colony
[12]. The dr mutation is located at the 3′ splice site of intron 3 and produces a stop codon
and truncated non-functional protein. The dwarf phenotype is inherited in an autosomal
recessive manner [13]. Because other pituitary functions appear to be normal, the SDR
provides a relatively pure model of growth hormone deficiency. Sonntag and colleagues
have shown that the SDR model develops fewer spontaneous neoplasms relative to wild type
control rats [14]. To explore the role of the GH-IGF axis in the development of colon
cancer, we examined the formation of aberrant crypt foci (ACFs) and tumor development in
wild type (WT) and SDR littermates exposed to the carcinogen azoxymethane (AOM).

AOM and its parent compound dimethylhydrazine are alkylating agents that mutate DNA by
binding methyl or alkyl groups to guanine residues causing G to A transition mutations [15].
The genetic sequelae of these base pair substitutions are the initiation and maintenance of
Ki-ras and β-catenin mutations within early neoplastic lesions that lead to the formation of
ACFs, and subsequently, colon tumors.

ACFs are monoclonal collections of abnormal crypts whose formation occurs in a dose-
dependent manner in response to carcinogen exposure [16]. Crypt progenitor cells in
response to DNA damage undergo apoptosis within 6–8 h post exposure to AOM.
Progenitor cells that evade apoptosis subsequently initiate a proliferative response 48–72 h
later [17]. These foci of aberrant crypts are monoclonal in origin [18,19] and arise by a
process of incomplete crypt fissioning. This process occurs at low levels in the normal
murine colon but is increased over 4-fold 4–8 weeks after exposure to carcinogen [20].
Serial sections of ACFs demonstrate that they are incompletely separated from their clonal
counterparts at the crypt surface, indicating that impaired fissioning contributes to the
formation of these enlarged and abnormal crypts [21]. It is thought that one or more
mutational events occurs within a single cell in the proliferative crypt compartment which
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subsequently is clonally fixed by evading apoptosis, and then goes on to form an ACF by a
combination of cell proliferation and incomplete crypt fissioning.

In the present study, we compared the response of SDR and WT rats at specific time points
after AOM administration to evaluate the role of growth hormone across a well defined
sequence of events linked to malignant transformation of the colon. We speculated that GH
might directly or indirectly regulate either the apoptosis cascade, including PARP and
caspase-3, and/or the proliferative response to AOM treatment. Since most ACFs and
cancers (~70%) develop within the distal colon in both rat and mouse in response to a
systemically administered carcinogen, we also compared AOM-induced apoptosis and
proliferation in proximal and distal colon segments and the axial expression of growth factor
receptor proteins in WT and SDRs.

2. Materials and methods
2.1. Reagents

Azoxymethane was obtained from the NCI Chemical Carcinogen Reference Standard
Repository, Midwest Research Institute (Kan-sas City, MO). Schiff’s reagent, vincristine,
bromodeoxyuridine (BrdU), and all other biochemical reagents were from Sigma Chemical
Co. (St. Louis, MO). Buffered formalin, xylene, and alcohols (histology grade) were from
Fisher Scientific (Pittsburgh, PA). The PARP (#9542) antibodies were purchased from Cell
Signaling (Beverly, MA); actin (sc-8342) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Male Sprague-Dawley and SDR littermates were bred at
UIC.

2.2. Animal care mating and genotyping
Rats were allowed free access to water and Harlan Teklad 8640 diet (Harlan Teklad,
Madison, WI). The Institutional Animal Care and Use Committees of the University of
Illinois at Chicago and the Jesse Brown VA Medical Center approved this study. The SDR
mutation was genotyped using the PCR/RFLP method of Nogami et al. [22]. Heterozygous
(Gh+/dr) were mated and only Gh+/+ and Ghdr/dr littermates animals were used in the current
studies.

2.3. Carcinogen administration, drug dosing, and observation protocol
Male SDR rats and wild type Sprague-Dawley littermates were studied at 8 weeks of age.
Rats received 15 mg/kg of AOM subcutaneously (s.c.) twice 7 days apart (total dose 30 mg/
kg) at 8 and 9 weeks of age. Rats were weighed weekly and euthanized by CO2 asphyxiation
at 10, 25, or 28 weeks after receiving their initial dose of AOM. Two hours prior to sacrifice,
rats received vincristine 1 mg/kg or 50 mg/kg BrdU by intraperitoneal (i.p.) injection, to
assess colon epithelial cell proliferation. Six animals of each genotype received 30 mg/kg
AOM and were sacrificed 8 h or 72 h post carcinogen, when the maximal apoptotic or
proliferative response to AOM occurs [17].

2.4. Analysis of ACFs and tumors
ACFs were identified using the criteria of McLellan and Bird [23], and their positions
recorded. To be considered an ACF, each structure had to have at least 4 of the 5 following
criteria: crypts that were 2–3 times larger than normal; a thickened layer of epithelial cells;
an increased pericryptal area; slit shaped lumina; and be microscopically elevated above the
plane of normal crypts in the preparation [23]. Tumors from the opened colon were excised
from the colon with a scalpel and their “wet” weight determined on a Mettler precision
balance. All tissues were formalin-fixed and paraffin-embedded according to standard
Armed Forces Institute of Pathology protocol [24].

Carroll et al. Page 3

Growth Horm IGF Res. Author manuscript; available in PMC 2010 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5. Quantitative metaphase crypt analysis
The number of proliferating colonic crypt cells was determined by counting vincristine-
arrested cellular metaphases from freshly dissected crypts according to the method of
Alferez and Goodlad [25]. Metaphase nuclei from 20 separate crypts were identified and
counted at 400×.

2.6. BrdU and cleaved caspase-3 immunohistochemistry
The antibody employed was a rabbit polyclonal antibody to BrdU incorporated into DNA of
proliferating cells in S phase [26]. Proliferation was determined from colon specimens fixed
in methyl-Carnoy’s solution using methods of McGinley et al. [27], which ensures
maximum immunoreactivity with the BrdU antibody. Immunohistochemistry was performed
using an automated two-stage modification of an immunoperoxidase technique we have
previously described [28].

To visualize cleaved caspase-3, paraffin-embedded tissue sections were pretreated for
antigen recovery by microwave heating in 0.01 M citrate (pH 6.0) and incubated with rabbit
polyclonal cleaved Caspase-3 antibody (Asp-175, Cell Signaling Technology, Beverly, MA,
USA) at 1:100 dilution as recommended by the manufacturer. The sections were incubated
for 1 h with FITC-conjugated anti-mouse IgG (Fab specific 1:100, Sigma Chemical Co., St.
Louis, MO). The slides were examined with an Olympus BX-50 fluorescence microscope
with appropriate excitation and barrier filters.

2.7. Crypt apoptosis
Cellular apoptosis in response to AOM was determined using the DeadEnd Colorimetric
Apoptosis Detection System (Promega, Madison, WI), a modified terminal dUTP nick-end
labeling (TUNEL) assay. Apoptotic cells per crypt (HPF, 400×) were counted and averaged
for a minimum of 3 crypts/slide.

2.8. IGF-I RIA and hexokinase assay
Serum IGF-I levels were measured using a radioimmunoassay kit (Nichols Institute
Diagnostics, San Clemente, CA). To remove IGF binding proteins, briefly centrifuged serum
samples were acidified with 0.5 N HCl. The acidified sample was loaded onto a pre-washed
C-18 Sep-Pak column and IGF-I was eluted and dried under vacuum prior to assay as per
the manufacturer’s instructions. Hexokinase (HK) activity was measured as the total glucose
phosphorylating of fresh whole tissues lysates using a standard glucose-6-phosphate
dehydrogenase-coupled spectrophotometric assay as described previously [30] with minor
modifications. HK specific activity was measured as described by Taneja et al. [29].

2.9. Western Immunoblot for IGF-I receptor and p27Kip/Cip1

Tissue lysates were prepared from sequential 2 cm sections of rat colon minced and dounced
followed by sonication in a polytron homogenizer (Brinkman Instruments, Westbury, NY)
for 30 s in cold lysis buffer. Protein preparations were heated in Laemmli sample buffer,
resolved by 10% SDS/PAGE, and then electrotransferred to nitrocellulose. Membranes were
incubated overnight at 4 °C blocked in 5% nonfat dry milk and 0.05% Tween in TBS. Blots
were treated with primary antibody for 1.5 h at 21 °C, followed by secondary antibody
conjugated to horseradish peroxidase for 1 h. Finally, the blots were developed on Kodak
Biomax film using a luminal enhanced chemiluminescence kit (Santa Cruz Biotechnology,
Santa Cruz, CA). Quantitation of band intensity was performed using Kodak 1D image
analysis software (Eastman Kodak, Rochester, NY).
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2.10. Statistical analysis
Statistical analyses were performed using STATA, version 7.0 software (College Station,
TX) and Microsoft Excel. Differences between SDR and WT rats with respect to ACF
number, proliferation, apoptosis, and protein levels were evaluated by non-paired two tailed
student’s t-test. Fischer’s exact test was used to evaluate tumor and adenoma incidence.

3. Results
3.1. Growth and AOM response in wild type and SDR rats

Body weights were reduced in SDR rats by over 50% in adult 8-week-old males compared
to age-matched WT littermates, and serum IGF-I levels also were greatly reduced in SDR
vs. WT rats (9 ± 4 ng/ml vs. 592 ± 148 ng/ml; P < 0.01), consistent with previous reports
[11,30]. The length of the colons were reduced by 25% in 8-week-old SDR rats compared to
WT animals (13 ± 1.2 cm vs. 17 ± 2.1 cm, P = 0.001) and colon length did not change
significantly in WT or SDR rats over the course of the 28-week experiment. These results
also are consistent with previous studies in the SDR [31]. AOM treatment caused a modest
reduction in weight (<10%) in both WT and SDR rats, which was maximal 10 weeks after
treatment and resolved 3 weeks later, after which, the growth of WT and SDRs were
unaffected by AOM treatment. AOM treatment had no significant effect on IGF-I serum
levels in either SDR or WT animals at 28 weeks (data not shown).

3.2. Tumor characteristics in SDR and WT rats
As shown in Table 1, tumor number, tumor multiplicity, and tumor weight were all reduced
in the SDR and these differences reached or approached significance 28 weeks after
carcinogen exposure. Reductions in tumor weight were directly proportional to animal
weight (mean tumor wt/animal wt = 0.22 ± 0.9 in both SDR and WT rats. Reduced tumor
multiplicity in SDR rats was proportional to the reduction in colon length (Table 1). These
differences were also significant. However, the percentage of SDR animals with tumors at
28 weeks (25% vs. 45%) and adenomas at 25 weeks (10% vs. 25%) were ~50% lower in the
AOM-treated SDR rat (not proportional to length or weight) but these differences did not
reach significance (Table 1). Tumors from both strains were assayed for hexokinase activity
and stained for β-catenin. Mucinous carcinoma was found in a proximal location in a single
WT and SDR animals. All other tumors were moderately well differentiated. We analyzed
12 tumor blocks for β-catenin expression which was cytoplasmically expressed but did not
differ significantly between SDR and WT tumors but was more strongly over expressed in
mucinous tumor of both animals. Hexokinase activity was slightly increased within tumors
from the background colon but did not differ between animal genotypes (data not shown).
The distribution of tumors was similar in both genotypes, with 71% and 75% of colon
tumors located in the distal colon (defined as the first 6 cm of colon from the anal verge) of
SDR and WT rats, respectively.

3.3. ACF formation in SDR and WT rats
ACFs are the earliest neoplastic lesion identified after AOM carcinogen exposure [23] and
are an early and predictive marker of subsequent tumor development [32]. As shown in Fig.
1, the number of ACFs was significantly reduced in SDR vs. WT rats at all time points
measured after AOM treatment. No ACFs were detected in any animal of either genotype
not exposed to AOM. Ten weeks after AOM exposure, WT rats had increased ACF number
per colon (48 ± 9, mean ± SEM) compared to SDR rats treated with equivalent doses of
AOM (7 ± 2, P = 0.01; Fig. 1). Large ACF (≥4 crypts per foci), an early marker of tumor
susceptibility [33], were also more markedly increased in WT animals (15 ± 2.0 vs. 0.7 ± 0.5
P = 0.002). These differences persisted 25 weeks after AOM exposure with ACF number
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remaining markedly reduced in SDR compared to WT rats (5 ± 0.5 vs. 46 ± 8, respectively,
P = 0.01; Fig. 1). The number of ACFs per colon increased in SDR 28 weeks after AOM
exposure, but remained less than WT (29 ± 4 vs. 89 ± 4, respectively, P = 0.006; Fig. 1).
WT rats had 4-fold more ACF per unit colon length than their SDR littermates at 10 and 25
weeks (data combined) (3.6 ± 0.3 ACF/cm vs. 0.8 ± 0.1 ACF/cm, P < 0.02), though this
difference per unit length declined to <2-fold in WT vs. SDR rats at 28 weeks (5.3 ± 0.5
ACF/cm vs. 2.8 ± 0.3 ACF/cm, respectively, P = 0.056; Fig. 1). The majority of ACF
identified in WT and SDRs were found in the distal 6 cm of colon, consistent with previous
reports in the Sprague-Dawley strain [34].

3.4. Crypt proliferation over time in control and AOM-treated rats
Previous studies have shown that there is an increase in the number of proliferating crypt
cells and an apical shift in the distribution of proliferating cells in the crypts in the distal
colon of rats treated with AOM [20]. Here, we evaluated cellular proliferation by counting
vincristine metaphase arrested cells in whole crypt preparations from WT and SDR animals
before (8 weeks old) and 10, 25, and 28 weeks after injection with AOM or carrier alone
(Fig. 2). As shown in the two upper panels of Fig. 2, cellular proliferation in the distal colon
increases with age in WT animals treated with carrier alone (control). Treatment with AOM
further stimulates cellular proliferation in WT animals 10 and 25 weeks after the first
injection of AOM compared to control. Interestingly, baseline cellular proliferation in the
distal colon is increased ~2-fold in SDR rats compared to WT, before injection of AOM or
carrier (P < 0.01), and there is no further increase in proliferation with time in SDR rats
treated with carrier alone. In contrast to WT, cellular proliferation declines in SDR rats 10
weeks after AOM treatment, and increased proliferation is seen only at later time points in
SDRs. As shown in the lower panels of Fig. 2, differences in cellular proliferation are less
apparent in the crypts of the proximal colon in SDR vs. WT rats both at baseline and over
time.

3.5. Early effects of AOM on apoptosis and cellular proliferation
Previous studies have identified a defined sequence of cellular events that occurs in response
to AOM has been described within the colonic crypt [17]. DNA damage is followed 6–8 h
later by a wave of apoptosis within the base of the crypt and then by a proliferative response
that peaks 48–72 h later [17]. Interestingly, differences in the magnitude of this proliferative
response predict the sensitivity of individual murine strains to the formation of AOM-
induced tumors [35].

To assess early events that may contribute to differences in AOM-induced ACF and tumor
formation in WT and SDRs, we examined apoptosis and cellular proliferation in colonic
crypts 8 and 72 h after AOM exposure. Since GH-regulated growth factors can suppress
apoptosis, we considered the possibility that increased sensitivity of the colonic epithelium
to AOM-induced apoptosis might contribute to reduced formation of ACFs in GH-deficient
SDR rats. Apoptotic cells were identified by TUNEL assay in the proliferative
compartments of both the proximal and distal colon of both WT and SDR rats 8 h after
treatment with AOM. Apoptotic cells were only rarely detected in the distal and proximal
colon of SDR and WT rats treated with carrier alone (data not shown). Following treatment
with AOM, apoptotic (TUNEL positive) cells were more abundant in the distal colon of both
WT and SDR animals compared to the proximal colon, corresponding to the increase in
AOM-induced ACFs and tumors that occur in this region of the colon in both genotypes
(Fig. 3A). The percent of apoptotic cells detected tended to be reduced in SDR rats
compared WT in both the proximal and distal colon, but this difference did not achieve
statistical significance.

Carroll et al. Page 6

Growth Horm IGF Res. Author manuscript; available in PMC 2010 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Since hexokinase activity has been linked to resistance to apoptosis in diverse tissues,
suggesting a link between energy metabolism and cell survival (reviewed in [36]), we also
assessed hexokinase activity in the proximal and distal colon of SDR and WT rats. As
shown in Fig. 3B, hexokinase activity was similar in SDR vs. WT rats in the proximal colon,
and hexokinase activity was significantly higher in the proximal colon of both AOM-treated
WT and SDR rats compared to the distal colon, where AOM-induced apoptosis was most
pronounced (Fig. 3A).

We also examined pro-apoptotic effects of AOM treatment in the distal colon of SDR and
WT rats by measuring poly (ADP-ribose) polymerase (PARP) levels and cleavage by
Western blotting, and caspase-3 activation by immunohistochemistry. As shown in the top
panel of Fig 4, Western blotting showed that levels of PARP protein increased ~5-fold in the
colon of WT rats 8 h post AOM exposure. Levels of PARP protein were not increased in
SDR rats. Analysis of cleaved caspase-3 by fluorescent immunohistochemistry (bottom
panel of Fig. 4) confirmed that the initiation of apoptosis was concentrated in the basal
(proliferating) compartment of the distal colon crypt in both SDR and WT AOM-treated
animals (Fig. 4), and similar to the PARP expression, suggested that caspsase-3 cleavage
may be reduced in SDR compared to WT rats. Together, these results indicate that the
reduction in ACF and tumor formation in SDR rats is not due to an increase in the
susceptibility of SDR rats to AOM-induced apoptosis.

We next used the S-phase marker, BrdU labeling [37], to evaluate the proliferation of crypt
cells 72 h after AOM treatment. Control animals treated with carrier alone showed that
baseline cellular proliferation within individual crypts was greater in SDR compared to WT
rats in the distal colon, consistent with results obtained at later time points by vincristine
arrest (Fig. 2). Cellular proliferation increased in the colon of WT rats 72 h after AOM
treatment, and this response was most marked in the distal colon, where ACF and tumor
formation is favored. Interestingly, the majority of this increase occurred in the apical and
middle 1/3 of the colonic crypt, while the increase in the basal 1/3 (the proliferative
compartment in the resting crypt) was more modest. In contrast, AOM treatment failed to
stimulate cell proliferation in the apical or middle region of the colon of SDR rats, and
proliferation in these crypt compartments tended to decline (Fig. 5). These results indicate
that the proliferative response to AOM treatment was attenuated in the colonic epithelium in
GH-deficient animals, and suggest that impaired ability to stimulate cellular proliferation
may limit the formation of ACFs in SDRs.

3.6. Axial distribution of selected proteins within the colon
Given that the proliferative response to AOM was altered at 72 h, and the differences in
baseline proliferation identified in SDR vs. WT rats; we evaluated baseline expression of
IGF-I receptor proteins whose expression would potentially be altered in GH-deficient
animals and p27Kip/Cip, a cell cycle protein, implicated in the regulation of the proliferative
zone of the colonic crypt. Since AOM induces cell proliferation and ACF in an asymmetric
manner (distal > proximal colon), we also examined the axial distribution of these protein
along the length of the colon.

As shown in Fig 6, the expression of IGF-I receptor protein (IGF-IR) was increased in the
distal 6 cm of the colon in SDR compared to WT rats, while levels in the middle and
proximal segments of the colon do not differ significantly though were relatively higher in
the SDR rat. Finally, Western blotting revealed that the expression of p27Kip/Cip decreases
along the length of the WT colon (Fig. 7). In contrast, p27Kip/Cip is expressed uniformly
along the length of the colon in SDR rats, and its expression is increased in the distal colon
of SDR rats compared to WT (Fig. 7).
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4. Discussion
Current knowledge regarding specific mechanisms by which GH promotes malignant
transformation of the colon is limited and contradictory. A body of published literature
suggests that IGF ligands and the IGF-I and insulin receptors are overexpressed in malignant
tissue (reviewed in [4]). These individual receptors or malignant “hybrid” receptors are
capable of downstream signaling both through the AKT → mTOR pathway and ras →
MAPK signaling pathways resulting in proliferation and inhibition of apoptosis [38].
Furthermore, by enhancing angiogenesis, tumor invasion, and drug resistance these same
signaling pathways may promote tumor metastasis [4]. Growth hormone effects are likely to
be more indirect and mediated by IGF-I production by the liver and/or insulin production by
the pancreas. Furthermore, attempt to block the IGF-I receptor can lead to increased GH
levels and increase insulin and insulin receptor signaling [38]. Since GH deficiency in the
SDR rat is due to a point mutation within the GH gene itself [39], the SDR rat provides a
model whereby the effects of GH deficiency on the development of colon cancer can be
examined under conditions where other pituitary functions are normal.

A major finding of this study is that there is dramatic reduction in the ability of AOM to
induce the formation of ACFs, an early neoplastic lesion, in the colon of SDR rats compared
to wild type litter-mates while reduction in tumor formation was more modest. A single
report, in mice, has also shown ACF reduction in an AOM model with murine females
expressing reduced serum IGF levels (LID mice) but not in their male counterparts. Tumor
size but not multiplicity or incidence was also reduced in these animals though proliferative
and/or apoptotic pathways were not explored [40]. ACF formation is reduced both by agents
that promote apoptosis [41] or suppress crypt proliferation [42]. Previous studies have
shown that the formation of DNA adducts induced by AOM is similar in susceptible and
resistant mouse strains [43], while the proliferative response to this damage correlates
strongly with strain susceptibility [36]. Previous studies also have shown that adduct
formation induced by AOM is higher in distal vs. proximal colon [44]. Although we did not
study the ability of AOM to induce DNA adducts in the colonic epithelium of SDR rats, we
have previously shown that the ability of N-methyl-N-nitrosourea (MNU), an alkylating
agent, to induce DNA adduct formation is similar in SDR and WT animals, while the
formation of MNU-induced breast tumors is significantly reduced, indicating that other steps
in tumor development are altered in GH-deficient animals [45].

In the present study, we evaluated both proliferation and apoptosis as early steps thought to
be involved in AOM-induced ACF and tumor formation in the colon. AOM treatment
induces apoptosis 6–8 h post exposure and this occurs predominately in the distal colon [18].
The DNA damage induced by these agents is associated with activation and cleavage of
PARP [46] and caspase proteins [47] in response to DNA strand breaks. We have previously
shown in p21-deficient mice that reduced apoptosis and cleaved caspase-3 expression in
response to AOM resulted in significantly increased ACF formation [48], indicating that an
inverse relationship between apoptotic rate and ACF formation has been demonstrated.

IGF-I, a major mediator of GH action, has been thought to have an anti-apoptotic role in
prostate [49] and lung cancer [50] cells. Although circulating levels of IGF-I are markedly
reduced in the SDR, TUNEL assay (which tests for DNA cleavage), PARP activation and
cleavage (which reflects a response to DNA damage) and caspase-3 cleavage (the earliest
committed step in apoptosis) indicate that the colonic epithelium of SDR rats is not more
sensitive to AOM-induced apoptosis compared to WT rats. These findings indicate
apoptosis is not increased (and likely to be reduced) in SDRs, and that differences in
apoptotic events are not responsible for the reduction in ACF and tumor formation observed
in SDRs.
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In contrast, we find that the ability of AOM to stimulate proliferation is blunted in the
colonic epithelium of SDRs compared to WT rats. This difference in proliferative response
in the SDR is evident 72 h after AOM exposure and persists 25 weeks after treatment. Also,
this effect is confined predominately to the distal colon where ACFs and tumor occur.
Additional studies will be required to determine whether this reduction in the proliferative
response to AOM treatment is due to differences in circulating levels of IGF-I, which are
reduced in SDR rats, or to local effects of GH, including effects on other signaling pathways
[51,52].

We found that the expression of IGF-I receptor and p27 proteins are increased in the distal
colon of SDR rats compared to WT. The expression of the IGF-I receptor has been shown to
be increased in other tissues in GH deficiency, and are suppressed by GH treatment [53],
presumably due to effects of IGF-I on the expression of its own receptor. This suggests that
GH and circulating or locally produced IGFs may contribute to the regulation of IGF-I
receptor expression in the colon. Since IGF-I can both suppress and enhance the expression
of the p27 [54], it is not unexpected that p27 expression is increased in the colon of the SDR
rat. The role of p27 as a regulator of cdk2 and an inhibitor of proliferation within the crypt
proliferative zone and its ability to promote both spontaneous and carcinogen-induced
neoplasia when genetically abrogated [55] reflect the central role of this cell cycle protein in
regulating response to DNA damage. Additionally, we have recently shown that NO–
NSAID compounds which reduce DNA damage and ACF formation are associated with a
corresponding increase in p27 expression within the distal colon [56]. In conflict with this
finding is that baseline epithelial cell proliferation is increased despite the relatively
abundant p27 expression in SDR rats. Yet, others have shown nuclear export of p27 results
in increased crypt proliferation through up regulation of cdk2 activity [57]. It will be
important in future studies to more closely examine intra-cellular localization and function
of p27 proteins and other cell cycle regulatory proteins in the colon of SDR and WT
animals.

We also found that the formation and size of tumors at 28 weeks is reduced in male SDRs
compared to WT rats. However, this effect on tumor formation is less pronounced than that
seen for ACF formation. This result contrasts with the bulk of published studies in the
AOM-murine model in which ACF and tumor formation closely correspond [58]. In other
animal tumor models, inhibition of the GH/IGF axis markedly reduced breast cancer
development [59] but had little effect on prostate cancer formation [60] suggesting sex or
organ differences in response to these endocrine signaling pathways. Given that the initial
effect of AOM on apoptosis is not enhanced in SDR rats, and that GH deficiency does not
appear to reduce the ability of carcinogens to induce potentially mutagenic chemical adducts
in other settings, it is interesting to speculate that GH deficiency may delay the expansion of
premalignant clones, and therefore subsequently limit the multiplicity and size of colon
tumors in SDR vs. WT rats. It will be of interest to examine the effect of GH deficiency on
the development of other early neoplastic lesions recently associated with the development
of colon tumors, including the formation of ACFs associated with aberrant β-catenin
signaling [61] and mucin depleted foci and dysplasia [62].

Unexpectedly, we found that baseline cellular proliferation is increased in the colon of SDRs
compared to WT rats, based on both metaphase analysis and BrdU labeling studies. The
mechanism(s) responsible for this effect are not clear. Others have found that proliferative
activity increases in the aging rat colon [63], and we also found that baseline cellular
proliferation increases with age in WT Sprague-Dawley rats. It has been shown that aging is
accompanied by a reduction in GH secretion [64] and IGF-I production [65]. Additionally,
loss of SOCS-2 expression, a negative regulator of GH action and indirectly EGF-receptor
action, may allow increased receptor signaling and increased crypt proliferation in the aging
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rat [66]. This aging effect in the SDR rat is not seen. Further studies to examine the
signaling pathways modulated by the GH/IGF axis in the colon over time will be of great
interest.

Caloric restriction in previous studies reduces the occurrence of colon tumors in response to
AOM [67] and other carcinogens [68]. Caloric restriction is associated with reduced levels
of IGF-I, and IGF infusion partially restores the occurrence of carcinogen-induced tumors.
Similarly, in a two-stage skin cancer model, caloric restriction reduces tumor promotion by
reducing dermal proliferation [69] while dermal over-expression of IGF-I promotes tumor
development and IGF-I reduction reduces tumor formation and proliferation in response to
carcinogen [70]. We believe the reduced circulating levels of IGF-I and GH, in the SDR rat,
are responsible for the reduction in ACF and tumor formation in this SDR animal model.

GH supplementation and/or over-expression has been show to protect against low dose
radiation injury in rats [71] and in a DSS colitis model [72]. Thus, GH has demonstrated
protective effect against colonic mucosal injury but perhaps at the cost of increased
susceptibility to colon carcinogens. This may suggest that GH and IGF-I represent an
example of antagonistic pleiotropy [14] in which these hormones promote mucosal repair in
response to injury, and thus increasing relative fitness but at the expense of increased
susceptibility to diseases of aging like colon cancer. Drugs that target GH/IGF signaling
have recently entered clinical trials (reviewed in [38]. Understanding the role of the GH/IGF
system in aging and colon carcinogenesis may be important in colon cancer treatment and/or
chemoprevention.
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Fig. 1.
Atypical crypt foci (ACFs) in WT and SDR rats. Filled symbols connected by lines
represent total number of ACF/total number animals at each time point in AOM-treated WT
and SDRs. Data represented by open symbols represent total ACF/total length of colon. An
asterisk (*) indicates significant difference in ACFs/animals in WT and SDR rats. A section
mark (§) indicates significant difference in ACFs/cm in WT and SDR rats.
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Fig. 2.
Metaphase analysis of cell proliferation in proximal and distal colon in control and AOM-
treated WT and SDR rats. Proliferation was assessed by counting vincristine-arrested crypt
metaphases in 20 dissected crypts from the distal and proximal colon of animals receiving
AOM and their respective controls at each time point. Asterisks (*) indicate significant
differences between AOM-treated and control WT rats. Section marks (§) indicate
significant differences between AOM-treated and control SDR rats.
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Fig. 3.
Apoptosis and hexokinase assay in WT and SDR rats. Panel A: TUNEL assay was
performed 8 h after AOM treatment, and results expressed as the percent positively stained
cells in 3–5 crypts from each animal. No significant difference in apoptotic (TUNEL
positive) cells in AOM-treated SDR and WT rats. Panel B: Hexokinase activity was
measured as total glucose phosphorylating activity as detailed in Section 2. No significant
difference in hexokinase activity in distal vs. proximal colon of AOM-treated SDR or WT
rats (P < 0.05).
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Fig. 4.
PARP and caspsase-3 cleavage. Top panel. Western blotting for poly (ADP) ribose protein
(PARP). Whole cell lysates were prepared from proximal (P) or distal (D) colons from
control or AOM-treated SDR or WT rats. Western blotting was conducted with an antibody
that recognizes both uncleaved (116 kDA) PARP-1 as well as the large fragment (89 kDa)
produced by caspase cleavage. Asterisks (*) indicate significant differences in cleaved
PARP in WT rats treated with AOM (P < 0.05). Data shown for two controls and one treated
animal. Bottom panel. Cleavage of caspase-3 in tissue sections. Fluorescent
immunohistochemistry was performed to detect cleaved caspase-3 in the distal colon of
SDR (left) and WT (right) rats 6 h after injection with AOM. Caspase-3 cleavage was
detected in a gradient with highest levels in colonic epithelial cells at the base of the crypts
in distal WT and SDR colon. Caspase-3 antibody binding was visualized using FITC
(green), and nuclei were stained with DAPI (blue).
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Fig. 5.
Cellular proliferation in distal crypts 72 h after AOM. Bar graphs summarize results for the
proliferation index (percent cells BrdU positive) in the entire crypt (total), or in the basal,
middle and apical portions of crypts in WT (black bars)and SDR rats (open bars) treated
with AOM (black bars) or carrier alone (open bars). Results for a total of 10 crypts from
three animals in each group are shown. Asterisks (*) indicate significant differences in the
percent of cells labeled in the entire crypt or apical or middle compartments in WT rats
treated with AOM (P < 0.05).
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Fig. 6.
A representative Western blot for IGF-receptor and actin prepared from whole cell lysates of
sequentially sectioned colons of control WT and SDR rats. Digital photographs of the
relevant bands were obtained using an Eagle Eye imager, quantitated with Adobe Photoshop
software, and normalized relative to actin intensity. Bar graphs calculated from 3 blots
prepared from six control animals compare protein expression in distal, middle and proximal
colon (mean ± SEM).
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Fig. 7.
A representative Western blot for p27 and actin prepared from whole cell lysates of
sequentially sectioned colons of control WT and SDR rats. Digital photographs of the
relevant bands were obtained using an Eagle Eye imager, quantitated with Adobe Photoshop
software, and normalized relative to actin intensity. Bar graphs calculated from 3 blots
prepared from six control animals compare protein expression in distal, middle and proximal
colon (mean ± SEM).
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