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Abstract Postnatal intestinal ontogenesis in an animal
model of diabesity may recapitulate morphological and
transduction features of diabesity-induced intestinal dyspla-
sia and its amelioration by endogenous (n-3) polyunsatu-
rated fatty acids (PUFA). Proliferation, differentiation, and
transduction aspects of intestinal ontogenesis have been
studied here in obese, insulin-resistant db/db mice, in fat-1
transgene coding for desaturation of (n-6) PUFA into (n-3)
PUFA, in db/db crossed with fat-1 mice, and in control
mice. Diabesity resulted in increased colonic proliferation
and dedifferentiation of epithelial colonocytes and goblet
cells, with increased colonic -catenin and hepatocyte nu-
clear factor (HNF)-4a transcriptional activities accompa-
nied by enrichment in HNF-4a-bound (n-6) PUFA. In
contrast, in fat-1 mice, colonic proliferation was restrained,
accompanied by differentiation of crypt stem cells into epi-
thelial colonocytes and goblet cells and by decrease in co-
lonic B-catenin and HNF-4a« transcriptional activities, with
concomitant enrichment in HNF-4«a-bound (n-3) PUFA at
the expense of (n-6) PUFA. Colonic proliferation and dif-
ferentiation, the profile of (3-catenin and HNF-4a-responsive
genes, and the composition of HNF-4a-bound PUFA of db/
db mice reverted to wild-type by introducing the fat-1 gene
into the db/db context.ll Suppression of intestinal HNF-4a
activity by (n-3) PUFA may ameliorate diabesity-induced
intestinal ontogenesis and offer an effective preventive
modality for colorectal cancer.—Algamas-Dimantov, A.,
D. Davidovsky, J. Ben-Ari, J. X. Kang, I. Peri, R. Hertz, J.
Bar-Tana, and B. Schwartz. Amelioration of diabesity-
induced colorectal ontogenesis by omega-3 fatty acids in
mice. J. Lipid Res. 2012. 53: 1056-1070.
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The colon consists of a self-renewing epithelium that
turns over every three to five days. Thus, slowly dividing,
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stationary, pluripotent stem cells at the base of the crypt
give rise to rapidly proliferating cells that differentiate
into postmitotic columnar absorptive colonocytes, mucin-
secreting goblet cells, and enteroendocrine cells as they
migrate from the crypt base to the surface, followed finally
by their shedding into the intestinal lumen (reviewed in
Ref. 1). Several signaling pathways, notably B-catenin/Tcf
and hepatocyte nuclear factor (HNF)-4a, modulate and
control the proliferation and differentiation of adult
colonocytes, whereas their perturbation via mutation or
epigenetic modification may ultimately result in colorectal
cancer (CRC). Moreover, cell dedifferentiation correlates
with key tumor features, such as tumor progression rates,
invasiveness, drug resistance, and metastatic potential (2).
Hence, perturbation of programming commitment dur-
ing ontogenesis may mimic primary features of intestinal
oncogenesis. In contrast to humans, major intestinal mat-
uration processes of rodents take place only following
birth (3), allowing for searching intestinal ontogenesis as
a function of variable conditions reported to promote or
suppress CRC.

The metabolic syndrome (MetS) and its individual dis-
eases (upper-body obesity, type 2 diabetes, dyslipidemia,
and hypertension) are associated with an increased risk
for CRC, and CRC incidence seems to be associated with
the number of MetS components present at baseline (re-
viewed in Refs. 4, 5). Thus, the relative risk (RR) of CRC
increases 2-fold with increase in waist circumference of
MetS subjects (6), whereas the age- and sex-adjusted RR
of CRC for an hemoglobin (Hb)Alc = 7% amounts to
2.94, compared with 1.13 for HbAlc of 5.0-5.9%. Overall,

Abbreviations: CRC, colorectal cancer; EPA, eicosapentaenoic
acid; HE, hematoxylin and eosin; HNF-4«, hepatocyte nuclear factor
4a; LA, linoleic acid; LBD, ligand binding domain; LCFA, long-chain
fatty acid; MetS, metabolic syndrome; PCNA, proliferating cell nuclear
antigen; RR, relative risk.
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individuals with MetS have a 75% increased risk for CRC,
after controlling for age, race, gender, smoking, and alco-
hol use.

Based on epidemiological and experimental evidence,
total fat consumption and in particular dietary fatty acid
composition may modulate colon tumorigenesis (7). Thus,
saturated fat promotes CRC, whereas (n-3) polyunsatu-
rated fatty acids (PUFA) are protective. Beneficial effects
of (n-3) PUFA in CRC have been proposed to reflect the
following: 7) synthesis of less inflammatory 3-series prosta-
glandins/thromboxanes and 5-series leukotrienes derived
from (n-3) PUFA, at the expense of 2-series prostaglan-
dins/thromboxanes and 4-series leukotrienes derived
from (n-6) PUFA (reviewed in Ref. 8); i) modulation of
membrane fluidity by enrichment with (n-3) PUFA, result-
ing in modulating receptor binding, cell interaction, or
transduction pathways (8); ) suppression of the tran-
scriptional activity of HNF-4a by (n-3) PUFA acting as
HNF-4a ligand antagonists (9); and ¢v) dephosphoryla-
tion and activation of GSK-33 by (n-3) PUFA, resulting in
B-catenin degradation and disruption of the WNT path-
way (10). The HNF-4o and WNT pathways seem to be tightly
associated (9).

HNF-4a is 2 member of the super family of nuclear re-
ceptors (11) expressed in liver, intestine, pancreas, and
kidney, where it is required for tissue-specific expression
of many of their respective traits (12-15). HNF-4a global
deletion in the mouse is lethal, resulting in defective vis-
ceral endoderm and its differentiation into functional
colon (12-14, 16-18). We previously reported the tran-
scriptional activity of HNF-4a to be modulated by the CoA-
thioesters of long-chain fatty acids (LCFA) as a function of
their chain length and degree of saturation (19). Thus,
saturated LCFA were reported to activate (n-6) PUFA to
be essentially neutral and to activate (n-3) PUFA (e.g.,
C20:5, C22:6, and C18:3) to act as potent suppressors of
HNF-4a transcriptional activity. Indeed, HNF-4a was found
to catalyze the hydrolysis of LCFA-CoA by its intrinsic
thioesterase activity, followed by intramolecular chan-
neling of the free acid product into the free acid pocket of
its ligand binding domain (LBD) (20). However, binding
of LCFA to endogenous HNF-4a within a physiological
setup still remained to be verified.

Studying intestinal ontogenesis in an animal model for
MetS as function of the (n-6) /(n-3) PUFA status may reca-
pitulate morphological and transduction aspects of
MetS-induced CRC and its amelioration by (n-3) PUFA.
Morphological and transduction aspects of intestinal onto-
genic programs that are significantly modulated by MetS
characteristics and/or by (n-3) PUFA have been studied
here using the following animal models: 7) obese, hyper-
triglyceridemic, hyperinsulinemic, insulin-resistant BKS.
Cg—Leprdb/ Leprdb/ OlaHsdb/ 4 mice (BKS.Cg) mutated in
the leptin receptor; i) fat-1 transgenic mice that express
the Caenorhabditis elegans desaturase (fat-1 gene), leading
to the endogenous formation of n-3PUFA from n-6 PUFA
and higher tissue content of n-3 PUFA compared with
wild-type littermates (21); i) first-generation of BKS.Cg
mice crossed with fat-1 mice that express the fat-1 gene in

the BKS.Cg db/db context (fxB); and iv) wild-type C57BL
mice that serve as control and background mice for both
BKS.Cg and fat-1 mice.

MATERIALS AND METHODS

Animals

Heterozygous BKS.Cg—Leprdb/ Leprdb/ OlaHsd (BKS.Cg) mice
(Harlan) were bred to yield homozygous mice as verified by their
fasting blood glucose levels (Optimum Xceed/Plus; Abbot, UK),
serum leptin (Quantikine Mouse Leptin Immunoassay kit; R and
D Systems, Minneapolis, MN), and insulin levels (Mercodia ultra-
sensitive mouse insulin ELISA kit; Uppsala, Sweden). Fat-1 breed-
ers were bred in-house. Progeny of heterozygous fat-1 mice (fat-1)
were genotyped by PCR of tail samples (see below). First-genera-
tion BKS.Cg/fat-1-crossed mice (fxB) were bred in-house and
were genotyped as described. All mice were from the same ge-
netic background (i.e., C57BL). This is the reason why we used
CH7BL as control mice. All mice were kept in plastic cages with
wire tops in a light-temperature—controlled specific pathogen
free (SPF) room, and they were maintained on commercial chow
(Teklad Sterilizable Rodent Diet; Harlan). All mice were caged
in the same animal facility and all were littermates. Animal care
and experimental procedures were in accordance with the ac-
credited animal ethics committee of the Hebrew University.

Analysis of (n-3) PUFA desaturase by PCR and tissue
fatty acid analysis

The presence of the fat-1 gene was confirmed both by PCR
genotyping (F: CCACGCATCCAATTACCAAC and R: GATG-
GCATTGCTTCCCAATC) and fatty acid analysis of tissue lipids.
Extraction of tail and colonic fatty acids was performed as de-
scribed by Kang et al. (22). Briefly, 1 cm of each mouse tail or
colon was snap-frozen in liquid nitrogen. Frozen tissues were
separately ground to rough powder using a crater and pestle, fol-
lowed by adding 1 ml of GC-grade hexane and 1 ml of 14% boron
trifluoride in methanol (BF;) reagent. The mixture was flushed
with nitrogen for about 30 s, incubated for 1 h at 100°C, and then
cooled on ice for 5-10 min. After adding 1 ml of HyO, the extract
was vortexed and centrifuged at 18,000 g for 1 min. The upper
phase, containing the methylated fatty acids, was concentrated
under nitrogen. Fatty acid methyl esters (FAME) were analyzed
using an Agilent gas chromatograph (7890A) equipped with a
flame ionization detector (FID) and capillary column (Agilent
DB-23, 60 m, 0.25 mm, 0.25 pm). Samples were injected in pulsed
splitless mode (pulsed pressure of 30 psi for 0.65 min). Condi-
tions of analysis were the following: flow of carrier gas (hydro-
gen), 1 ml/min; temperature of injector, 270 C; temperature of
detector, 250 C; temperature of column oven, 150 C (1 min) then
ramped at 5 C/min to 230 C (held for 10 min). The concen-
trations of eicosapentaenoic acid [EPA; (n-3) 20:5], a-linolenic
acid [(n-3) 18:3]), arachidonic acid [(n-6) 20:4], and linoleic
acid [LA; (n-6) 18:2] were evaluated using authentic standards
(Sigma-Aldrich, Rehovot, Israel).

HNF-4a-bound fatty acid analysis

Nuclear extracts were prepared as described by Yuan et al.
(23), with some modifications. Briefly, pooled colon samples of
2-3 mice were rinsed in PBS, homogenized in buffer A [10 mM
HEPES (pH 7.8), 0.32 M sucrose, 0.3% (v/v) Triton X-100, 25 m
MKCI, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EGTA,
1 mM EDTA, 1 mM DTT, 0.5 mM PMSF] containing protease
and phosphatase inhibitors (Sigma), and centrifuged at 3,500 g
for 10 min. The nuclear pellet was washed twice in buffer A and
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TABLE 1.

Blood leptin, glucose, and insulin levels of respective strains

C57BL fat-1 BKS.Cg fxB
Leptin (ng/ml) 6.3+0.6 54+05 31.1 +1.0° 16.3 +0.9""
Fasting glucose (mg/dl) 59.8£9.5 53.4+8.1 195 +17¢ 118 +0.3*
Fasting insulin (pU/ml) 68+9 61+8 110 + 8° 90 + 7

Blood leptin, glucose, and insulin of six-month-old C57BL wild-type, fat-1, BKS.Cg, and fxB mouse strains were
determined as described in Materials and Methods. Mean + SE (n = 10 for each strain).

“Significant compared with wild-type (P < 0.005).

"Significance of fxB strain compared with BKS.Cg (P < 0.001).

twice in a low-salt buffer [buffer A devoid of sucrose and TritonX-
100 but with added 20% (v/v) glycerol]. The washed pellet was
resuspended in a high-salt buffer (low-salt buffer with 0.5 M KCl),
extracted by gentle agitation for 60 min, and centrifuged at
14,000 g for 20 min. The supernatant (nuclear extract) was re-
moved, aliquoted, snap-frozen in liquid nitrogen, and stored at
—80°C till further use. Nuclear extract aliquots were immunopre-
cipitated with HNF-4a antibody as previously described (23). Im-
munoprecipitates were extracted with 150 pl methanol, 900 wl
chloroform, and 1% formic acid, followed by adding 150 wl wa-
ter. The extract was sonicated for 20 s, centrifuged at low speed
for 15 min, and then the lower organic phase containing fatty
acids was filtered through a 0.2 p filter, dried under nitrogen,
dissolved in 50 pl of isopropanol, and analyzed by LC-MS using
the Accela LC system coupled to LTQ Orbitrap Discovery hybrid
FT mass spectrometer (Thermo Fisher Scientific) equipped with
an electrospray ionization ion source (40 C, flow at 300 pl/min,
and volume injected at 2.20 pl). LC conditions consisted of vari-
able proportions of water plus 0.05% acetic acid (solvent A) /
acetonitrile plus 0.05% acetic acid (solvent B) / isopropyl alco-
hol (solvent C) with gradual increase in solvent C at the expense
of solvent B. The mass spectrometer was operated in negative
ionization mode; ion source spray voltage, 3.5 kV; capillary tem-
perature, 250°C; capillary voltage, =35 V; disabled source frag-
mentation; sheath gas rate (30); and auxiliary gas rate (10).
Mass spectra were acquired in the m/z 150-2,000 Da range. Data
were analyzed using Xcalibur software (Thermo Fisher
Scientific).

Immunohistochemistry: PAS assay and morphologic
measurements

Colonic tissues were fixed and then embedded in paraffin.
Sections (5 wm) on Superfrost Plus microscope slides (D-38116;
Menzel, Braunschweig, Germany) were exposed to the following
primary antibodies: anti-proliferating cell nuclear antigen
(PCNA) (M0879; Dako, Glostrup, Denmark) (1:200 dilution);
anti-E-cadherin (610181; BD Biosciences) (1:100 dilution);
monoclonal mouse anti-human HNF-4« (ab41898; Abcam, Cam-
bridge, UK) (1:200 dilution); monoclonal mouse anti-human
B-catenin (1:100 dilution) (Santa Cruz Biotechnology, CA); poly-

clonal rabbit anti-aquaporin-8 (AQP8) (H-85; Santa Cruz Bio-
technology) (1:300 dilution); and anti-MUC2 antibody (ab11197;
Abcam) (1:200 dilution). The secondary antibodies used were
goat anti-mouse or goat anti-rabbit (Jackson Laboratory) (1:200
dilution). PCNA and HNF-4a staining was quantified using Im-
age] software (National Institutes of Health, Bethesda, MD).

Crypt depth was measured in distal colonic tissues sections
(5 wm), fixed, embedded in paraffin, and stained with hematoxylin
and eosin (HE). Crypts were measured using Image] software
(National Institutes of Health) that had been calibrated with a
micrometer slide image. The observer was blinded to genotype
while images were captured and measurements were performed.
The criteria for selecting which crypts to measure included a
clearly seen and continuous cell column on each side of the crypt
and a completely visible crypt lumen and opening. Many crypts,
from multiple sections prepared from four to five animals per
group, were measured to evaluate a total of 40-50 crypts per
group. Mature goblet cells were phenotyped by the intensity of
periodic acid-Shiff (PAS) staining as previously described (24).
Gut mucosal goblet cell number was performed in PAS-stained
distal colon samples. Goblet cells were identified by classical mor-
phology, and total goblet cell number was determined from the
crypt base to the luminal surface of 10-15 well-oriented crypt
units in each section and in 10-15 well-oriented colonic crypt
units from the crypt base to the luminal surface. The average
number of goblet cells per colonic unit counted in colonic
segments and calculated for each animal and group means were
determined using Image].

Mucin content was estimated by using integrated morphomet-
ric analysis based on pixel density of differential color staining of
pink PAS-positive cytoplasm corrected for blue nuclear staining
over five microscopic fields at 40x magnification on at least three
mice per genotype. This was done by using the MetaMorph com-
puter program (Universal Imaging, Downingtown, PA) in a com-
parable manner to a previous study (25).

Immunofluorescence and confocal microscopy

Colonic sections (5 pm) after deparafinization were exposed
to the primary antibodies (-catenin and E-cadherin). To block un-
specific staining, cells were incubated for 1 h at room temperature

TABLE 2. Colonic composition of (n-3)/(n-6) PUFA of respective strains

C57BL fat-1 BKS.Cg xB

Arachidonic acid (n-6, 20:4) 2.18 +0.19 0.30 + 0.03" 7.05 +0.12° 0.15 + 0.07"
Linoleic acid (n-6, 18:2) 10.20 = 1.85 10.40 £ 0.87 13.92 + 1.03“ 8.06 + 1.81"
Eicosapentaenoic acid (n-3, 20:5) 0.20 + 0.05 2.00 + 0.22° 0.28 + 0.06 1.42 +0.31%"
a-Linolenic acid (n-3, 18:3) 1.14 +0.08 3.40 + 0.12° 1.23 +0.33 2.40 + 0.34""
Total (n-3) 1.34 £ 0.03 5.4 +0.04" 1.51 £ 0.02 3.82 + 0.05“"
Total (n-6) 12.38 + 1.18 10.7+0.14 20.97 £ 2.11" 8.21+0.86"

(n-6) / (n-3) 9.24 +1.13 1.98 + 0.10" 13.9 +2.01° 2.15 + 0.41*"

Percentage of (n-3) and (n-6) PUFA in total fatty acid extract six-month-old wild-type, fat-1, BKS.Cg, and fxB
colonic tissue was determined as described in Materials and Methods. Mean + SE (n = 10 for each strain).

“Significant compared with the wild-type strain (P < 0.01).

"Significance of fxB strain compared with BKS.Cg (P < 0.001).
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with 5% (v/v) donkey serum in Tris-Buffered Saline Tween
(TBST). Cells were sequentially stained with E-cadherin primary
antibody (dilution 1:100) or B-catenin primary antibody (dilu-
tion 1:100) in a humidity chamber overnight at 4 C. Cover slips
were washed three times for 30 min with TBST solution and then
incubated with Alexa Fluor 488 goat anti-rabbit IgG secondary
antibody (dilution 1:500) in a humidity chamber for two h at
room temperature. Cover slips were washed four times with TBST
and then mounted upside down with mounting solution [70%
(v/v)] mixed with mounting solution with DAPI [30% (v/v)] on
glass slides. Cells were observed under Leica-CTR4000 confocal
microscope at 63x magnification using immersion oil.

RNA extraction and quantitative real-time PCR

Tissue RNA was extracted using TRI Reagent (Sigma) as previ-
ously described (26). RNA concentration and purity were validated
by verifying the 260/280 and 230/280 ratios (Nanodrop ND-1000
V.3.1.0; NanoDrop Technologies Inc, DE). Two micrograms of
DNase-treated RNA were reverse-transcribed using Superscript First-
Strand kit (Invitrogen, CA), followed by subjecting the cDNA to
quantitative real-time PCR using the SYBR Green Master kit (Ap-
plied Biosystems, Foster City, CA) and the ABI Prism 7300 Sequence
Detection System. Primers were designed using Primer Express v.2.0
(Applied Biosystems) and their specificity was validated by respec-
tive dissociation curves. Primers were validated over four orders of
magnitude and analyzed using 7300 System software. Primers con-
sisted of HNF4a [F: 5" ACGTGCTGCTCCTAGGCAAT-%, R: 5-
CTAGCTCTGGACAGTGCCGAG-3']; PCNA [F: 5-TTTGAGGCAC-
GCCTGATCC-3, R: 5-GGAGACGTGAGACGAGTCCAT-3']; c-myc

A C57 BL fat-1

BKS.Cg

1 month
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[F: 5" TGGACACGCTGACGAAAGT-3, R:5“AGGCGAAGCAGCT-
CTATTTCT-3']; axin2 [F: 5-CCATGACGGACAGTAGCGTA-3’, R:

“GCCATTGGCCTTCACACT-3]; Tcf4 [F: 5-GAAAAGTTCCTCC-
GGGTTTG¥, R: 5-GAGAGTTCCCTGGCTGTGTC-3']; muc4 [F:
5-GAGAGTTCCCTGGCTGTGTC-3,R:5-GGGACATGGGTGTCT-
GTGTT-3']; Apo B [F: 5-GCCCATTGTGGACAAGTTGATC-3', R:

“CCAGGACTTGGAGGTCTTGGA-3']; Apo A4 [F: 5-GACTACTT-
CAGCCAAAACAGTTGGA-3', R: 5-AAGCTGCCTTTCAGGTTCT-
CCT-3']; KLF4 [F: 5" AGAGGAGCCCAAGCCAAAGAGG-3’, R: 5-
CCACAGCCGTCCCAGTCACAGT-3];and Math1 [F: 5-AGATCTA-
CATCAACGCTCTGTC-3, R: 5-ACTGGCCTCATCAGAGTC-
ACTG-3']. Genes were normalized to mouse ribosomal protein S18
(RPS18) gene [F: 5-GTAACCCGTTGAACCCCATT-3’, R: 5~
CCATCCAATCGGTAGTAGCG-3']. The fold change in target gene
expression was calculated by the comparative CT method, also re-
ferred to as the 2~ **" method (Applied Biosystems). Transcript val-
ues for respective mice groups represent mean + SE of independent
triplicates, in which each biological triplicate was analyzed in techni-
cal triplicates.

Protein extraction and Western blot analysis

E-cadherin, HNF-4a, and aquaporin-8 were detected in co-
lonic tissues lysates as previously described (9).

Statistical analysis
Data is presented as the mean + SE, using ttest and one-way

ANOVA (ANOVA). Differences were considered significant at
probability levels of P < 0.05.

Fig. 1. Colonic differentiation-associated onto-
genesis. A: Representative colonic aquaporin-8 im-
munostaining patterns (magnification 200x) of
wild-type, BKS.Cg, fat-1, and fxB strains at 1,3, and 6
months of age. n = 6 for each strain and age. B: Co-
lonic aquaporin-8 content normalized to B-actin of
3-month-old mice of the four strains. SDS-PAGE
analysis as described in Materials and Methods.
Mean + SE of six independent determinations. *Sig-
nificant compared with the wild-type strain, fat-1,
and fxB (P < 0.001). Inset: representative blots. C:
Colonic PAS ontogenesis. Representative colonic
PAS staining (magnification 200x) of wild-type, BKS.
Cg, fat-1, and fxB strains at 1, 3, and 6 months of
age. n = 6 for each strain and age. D: Math-1 and
Klf-4 transcripts were determined by qRT-PCR as de-
scribed in Materials and Methods. Mean + SE (n =3
for each 1-month-old mice strain). *Significant com-
pared with the wild-type strain (P < 0.001). *Signifi-
cance of BKS.Cg strain compared with fxB (P <
0.01). E: Representative colonic muc-2 immunohis-
tograms (magnification 200x) of 3-month-old wild-
type, BKS.Cg, fat-1, and £xB strains.
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TABLE 3. Morphological assessments in the different mice strains

C57BL fat-1 BKS.Cg xB
Crypt depth (pm) 151.9 + 4.0 152.8 +4.0 171.6 + 13.0° 159.9 + 5.0"
Number of goblet cells/crypt 31+3.2 41 +5.4° 24.1 + 4.4° 39 + 4.2
Number of colonocytes/crypt 65+ 5.2 63+5.5 81.7+9.7° 69 +7.2"
Relative mucin content 1.8+0.2 2.8 +0.3° 1.1+0.2° 2.2+0.3%

Colon crypt depths and number of cells per crypt were determined in HE-stained distal colonic sections as
described in Materials and Methods. PAS staining of colonic crypts allowed measurement of number of goblet cells.
The extent of PAS staining was assessed using Metamorph software as described in Materials and Methods. Mean +

SE (at least n = 3 for each mice strain).
“Significant compared with wild-type (P <0.001).

bSigniﬁcance of £xB strain compared with BKS.Cg (P <0.01).

RESULTS

Strain phenotypes

In line with the db/db phenotype, body weight gain of
BKS.Cg mice was significantly increased compared with
the C57BL wild-type or fat-1 strain, whereas it reverted to
the control value in the fxB cross (not shown). The in-
crease in body weight gain of BKS.Cg mice was not accom-
panied by increase in tail length (not shown), indicating
that the higher body weight gain of BKS.Cg mice reflects
increased adiposity. Also, in line with the db/db genotype,
blood glucose, insulin, and leptin levels of three- and six-
month-old BKS.Cg mice were significantly higher than
those of the C57BL wild-type or fat-1 strain and were
partially reverted to the control value in the fxB cross
(Table 1).

Table 2 summarizes the PUFA composition of three-
month-old mice of the four strains. In line with previous
reports (27, 28), PUFA composition determined in co-
lonic tissue was similar to other organs, including tails (not
shown). The (n-6) PUFA content is shown to decrease by
about 50% in the fat-1 and fxB strains compared with the
wild-type and BKS.Cg strains, with concomitant 2-fold in-
crease in (n-3) PUFA content, resulting in 5-fold increase
in (n-3)/(n-6) PUFA ratio in the fat-1 and fxB mice. The
relative PUFA composition remained unaffected during
the first six months of maturation, in spite of a progressive
increase in the absolute concentrations of (n-3) PUFA
(not shown), indicating that Table 2 reflects the PUFA
composition of the four strains irrespective of age. Similar
changes have been previously reported for various organs
in fat-1 mice (27).

Colonic ontogenesis

The time course of intestinal ontogenesis of the four
strains has been evaluated in terms of colonic markers that
represent the proliferation (PCNA) and differentiation of
crypt stem cells into epithelial colonocytes (aquaporin-8)
(29) and goblet cells (PAS) (30) and MUC-2 expression.
The differentiated colonic epithelium plays a major role
in salt and water transport and contributes to body fluid
homeostasis. The colonic epithelium is a tight tissue char-
acterized by high electrical resistance; therefore, water
flux occurs mainly by transporters and/or aquaporins.
Aquaporin-8 plays a major role in water movement through

the colon by acting on the apical side of the superficial
cells (29). As shown in Fig. 1A, intestinal aquaporin-8 was
minimally expressed in BKS.Cg strain during the ages as-
sessed (one, three, and six months). In contrast, intestinal
aquaporin-8 was fully expressed in the fat-1 strain at all
ages, and in fxB strains that express the fat-1 gene, it grad-
ually increased with age, implying gradual modulation of
differentiation by (n-3) PUFA. Wild-type C57BL mice also
expressed median aquaporin-8 levels at all ages. Immuno-
histochemistry data for intestinal aquaporin-8 were further
verified by Western blot analyses of colonic tissue. As
shown in Fig. 1B, colonic aquaporin-8 expression of three-
month-old BKS.Cg mice was ~6-fold decreased compared
with wild-type mice, implying delayed colonic ontogenesis
in obese diabetic mice. In contrast, intestinal aquaporin-8
content increased 1.5-fold in fat-1 mice compared with
wild-type, implying modulation of aquaporin-8 expression
by (n-3) PUFA. Moreover, aquaporin-8 expression of the
fxB strain increased~5-fold compared with the BKS.Cg
strain, indicating that (n-3) PUFA may counteract the de-
layed expression of intestinal aquaporin-8 in obese diabetic
mice. Similar differences in intestinal aquaporin-8 expres-
sion were observed in one- and six-month-old mice of the
four strains (not shown).

PAS staining served as marker for intestinal ontogenesis
into differentiated goblet cells of the four strains con-
cerned. Indeed, PAS staining (Fig. 1B) was significantly
age-dependently suppressed in BKS.Cg mice, whereas
it was highly expressed in fat-1 mice. In fxB strains,
PAS staining was gradually increased with age, indicating
again that the fat-1 gene plays a role in colonic intesti-
nal differentiation.

Morphologic measurements performed in HE- and PAS-
stained distal colon sections allowed measuring colonic
crypt depth, counting goblet cells, and estimating mucin
content following measurement of PAS staining intensity.
As indicated in Table 3, crypt depths were significantly
larger in BKS.Cg mice than in any other strain. Crossing
fat-1 with BKS.Cg to obtain fxB resulted in colonic crypt
depths similar to control mice.

Goblet cells are glandular epithelial cells scattered in
the colonic epithelium. The cytoplasm of these cells is
filled with granules containing mucins, which are secreted
into the intestinal lumen. Goblet cells derive from intestinal
stem and progenitor cells located in the lower part of the
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Fig. 2. Colonic proliferation-associated ontogenesis. A: Representative colonic PCNA immunostaining
patterns (magnification 200x) of wild-type, fat-1, BKS.Cg, and fxB strains at 1, 3, and 6 months of age. n = 6
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crypt. Their differentiation is controlled by several tran-
scription factors, especially by the basic helix-loop-helix
transcription factor Hathl, the zinc-finger transcription
factor KLF4, and others (31). For example, Mathl null
mice (Mathl is the mouse homolog of human Hathl) are
not able to develop goblet cells, whereas the columnar
cells are intact (32). Hath1 seems to be involved in an early
stage of goblet cell differentiation; KLLF4 appears to play a
crucial role, especially in the terminal stage of goblet cell
differentiation (33). We determined here transcript levels
of KLF4 and Mathl and demonstrated that their expres-
sion is significantly higher in fat-1 mice, resulting in more
goblet cells and filled with more PAS-positive staining (i.e.,
appearance of more neutral mucin). The secretory mucin
MUC-2, which is the predominant structural component
of the intestinal mucus layer, is exclusively and abundantly
expressed by goblet cells in the colon (34). After synthesis,
MUC-2 is secreted into the lumen and forms a protective
mucus gel layer that acts as a selective barrier to protect
the epithelium from mechanical stress and noxious agents.
Expression of MUGC-2 is considered a phenotypic marker
of colonic differentiation, which can be inversely corre-
lated with the severity of inflammation in inflammatory
bowel disease (35). In the normal colon, MUC-2 is the
predominant secreted mucin expressed by goblet cells.
MUC-2 expression here was detected by immunohis-
tochemistry. As seen in Fig. 1E, microscopic images of the
intestinal mucosa show that there is increased staining for
MUC-2 in the epithelium of fat-1 mice compared with
wild-type C57BL mice, consistent with the PAS finding pre-
sented in Fig. 1C. In contrast, in BKS.Cg mice, very low
MUC-2 staining is detected. Introduction of fat-1 genotype
to BKS.Cg mice also induced upregulation of MUC-2 ex-
pression. Together, these data suggest that fat-1 genotype
may affect goblet cell differentiation.

PCNA-positive cells are mostly confined to the differenti-
ating crypt compartment, whereas their expansion beyond
the crypt base marks enhanced proliferation (36). As shown
in Fig. 2A, B, PCNA-positive cells of the wild-type and fat-1
strains are highly expressed in one-month-old animals, and
then their number gradually decreases by about 50% in six-
month-old mice. In contrast, the proliferation index of one-
month-old BKS.Cg mice is significantly higher and remains
significantly increased throughout the maturation process,
implying an expansion of the crypt compartment where
PCNA is expressed. In contrast to BKS.Cg mice, the in-
creased proliferation index of one-month-old fxB mice
gradually decreased upon maturation, reaching the six-
month level of wild-type or fat-1 mice, implying that endog-
enous (n-3) PUFA may restrain colonocyte proliferation in
the obese diabetic context. The expansion of the PCNA-
positive compartment in obese diabetic mice and its shrink-
age in the fxB cross-strain has been further confirmed by

quantifying the colonic PCNA transcript (Fig. 2C), implying
that the PCNA profile of the respective strains was con-
trolled at the transcript level.

Ontogenesis and colonic transduction pathways

Colonic ontogenesis is controlled by several transduc-
tion pathways, including HNF-4a and B-catenin/Tfc.
Hence, differences in ontogenic profiles of the four strains
concerned have been further pursued in terms of colonic
B-catenin, E-cadherin, and HNF-4a expression.

As shown in Fig. 3A, expression of E-cadherin as measured
by immunofluorescence in colonic tissue of three-month-old
wild-type C57BL mice was clearly evident in membrane
boundaries of colonic epithelial cells. Nevertheless, expres-
sion of colonic E-cadherin was significantly upregulated in
the fat-1 and £xB strains that express the fat-1 gene, implying
modulation of its expression by (n-3) PUFA. Similar differ-
ences in intestinal E-cadherin expression were observed in
one- and six-month-old mice of the four strains (not shown).
Immunofluorescence data for colonic E-cadherin were fur-
ther verified by Western blot analyses of colonic tissue. As
shown in Fig. 3B, colonic E-cadherin expression of three-
month-old BKS.Cg mice was 2-fold decreased compared with
wild-type mice, implying delayed colonic ontogenesis in
obese diabetic mice. In contrast, intestinal E-cadherin con-
tent increased 4-fold in fat-1 mice, implying modulation of
E-cadherin expression by (n-3) PUFA. Moreover, E-cadherin
expression of the fxB strain increased 4-fold compared with
the BKS.Cg strain, indicating that (n-3) PUFA may counter-
act the delayed expression of intestinal E-cadherin in obese
diabetic mice. Similar differences in intestinal E-cadherin ex-
pression were observed in one- and six-month-old mice of the
four strains (not shown).

As shown in Fig. 4A, expression of -catenin in colonic
tissue of three-month-old C57BL wild-type mice was local-
ized to the cell membrane and cytoplasm. In fat-1 and fxB
animals, B-catenin staining was confined predominantly to
the cell membrane of colonocytes. Nonetheless, no dra-
matic changes in B-catenin immunostaining intensity
among these three mice strains groups were observed.
However 3-catenin of BKS.Cg colonic tissue demonstrated
that a large proportion B-catenin was translocated to the
nucleus. Analyses of lateral images of cells reconstituted
from confocal Z-sectioned images (p-catenin, green; nu-
clei, blue DAPI) demonstrated that this view captured (3-
catenin accumulation in the central nuclear region,
whereas 3-catenin levels in cytoplasmatic or membrane re-
gions (arrows) were reduced. Introducing the fat-1 gene
into the obese diabetic context resulted in a robust de-
crease in B-catenin expression followed by its confinement
to the plasma membrane (Fig. 4A), indicating that (-
catenin cellular distribution is tightly controlled by co-
lonic (n-3) PUFA. Diabesity-induced increase in nuclear

wild-type strain (P <0.001). #Signiﬁcance of fxB strain compared with BKS.Cg (P <0.01). C: PCNA transcript
levels determined by qRT-PCR as described in Materials and Methods. Mean + SE (n = 6 for each strain and
age). *Significant compared with the corresponding age-matched wild-type strain (P < 0.001). #Signiﬁcance

of £xB strain compared with BKS.Cg (P < 0.01).
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Fig. 3. Colonic E-cadherin expression. A: E-cadherin expression
in three-month-old wild-type, fat-1, BKS.Cg, and fxB strains. Pic-
tures shown are single optical sections in the X-Y axis. Blue nuclei
(DAPI); green (E-cadherin); Bar = 10 pm. B: Colonic E-cadherin
content normalized to B-actin of 3-month-old mice of the four
strains. SDS-PAGE analysis as described in Materials and Methods.
Mean + SE of six independent determinations.*Significant com-
pared with the wild-type strain (P <0.01). #Signiﬁcance of fxB strain
compared with BKS.Cg (P < 0.001). Inset: representative blots.

B-catenin and its suppression by (n-3) PUFA has been
further verified by probing 3-catenin/Tcf-responsive tran-
scripts (e.g., Axin-2, Tcf-4, and c-myc; Fig. 4B).

In line with B-catenin expression, the expression and
distribution of HNF-4a along the crypt-villus axis varied
among the mice strains. Thus, colonic HNF-4a expression
in wild-type, fat-1, and fxB strains was mainly confined to
the differentiation compartment of the crypt, whereas it
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extended to the proliferation compartment in the BKS.Cg
strain (Fig. 5A). In contrast to the wild-type and fat-1 strains,
HNF-4a-positive cells were highly expressed in the BKS.Cg
strain at all maturation stages, whereas they approached the
wild-type level in the fxB strain (Fig. 5B). Inmunohistochem-
istry data for HNF-4a were further verified by Western
blot analyses of colonic tissue. As shown in Fig. 5C, colonic
HNF-4a expression of three-month-old BKS.Cg mice in-
creased ~2.5-fold compared with wild-type mice. In contrast,
HNF-4a expression decreased 4-fold in fat-1 mice compared
with wild-type, implying modulation of HNF-4a expression
by (n-3) PUFA. Moreover, HNF-4a expression of the fxB
strain decreased ~5-fold compared with the BKS.Cg strain,
indicating that (n-3) PUFA may counteract the increased
expression of intestinal HNF-4a in obese diabetic mice.
Similar differences in intestinal HNF-4a expression were
observed in one- and six-month-old mice of the four strains
(notshown). The expansion of HNF-4a-positive cells in obese
diabetic mice and their progressive decrease in the fxB
cross-strain was further confirmed by quantifying the colonic
HNF-4a transcript (Fig. 5D) as well as the HNF-4a-responsive
transcripts (namely, muc-4, ApoA4, and ApoB) (Fig. 5E),
implying suppression of diabesity-induced HNF-4a tran-
scriptional activity by (n-3) PUFA.

As the transcriptional activity of HNF-4a has previously
been reported to be modulated by LCFA as function of
chain length and degree of saturation being suppressed by
(n-3) PUFA (19), diabesity-induced increase in the expres-
sion of HNF-4a-responsive genes and their suppression by
(n-3) PUFA was been further pursued in terms of the com-
position of (n-6) and (n-3) PUFA bound to HNF-4a of the
strains. As shown in Table 4, wild-type HNF-4a-bound
PUFA consisted of about 65% of (n-6) LA, complemented
by 35% of dietary (n-3) o-linolenic acid. In contrast to
wild-type, BKS.Cg colonic HNF-4a consisted exclusively of
(n-6) LA with only traces of (n-3) PUFA. In contrast to
BKS.Cg, PUFA composition of fat-1 colonic HNF-4a was
dominated by (n-3) o-linolenic acid at the expense of a
robust decrease in (n-6) PUFA. Also, in contrast to HNF-4a
being essentially devoid of EPA and DHA in BKS.Cg,
HNF-4a-bound EPA in fat-1 amounted to 7% of total
PUFA. Most importantly, introducing the fat-1 gene into
the BKS.Cg context resulted in reverting HNF-4a-PUFA
composition to the wild-type profile. It is worth noting that
the respective PUFA compositions of HNF-4a reflect spe-
cific HNF-4o-PUFA affinity characteristics, rather than the
endogenous PUFA composition of the respective strains.
Indeed, a 1.5-fold increase in BKS.Cg (n-6)/(n-3) en-
dogenous PUFA ratio compared with wild-type (Table 2)
resulted in a 240-fold increase in BKS.Cg (n-6)/(n-3)
HNF-4a-PUFA (Table 3). Similarly, a 7-fold decrease in
fat-1 or fxB (n-6)/(n-3) endogenous PUFA ratio com-
pared with BKS.Cg (Table 2) resulted in a greater than
500-fold decrease in(n-6) / (n-3) HNF-4a-PUFA in fat-1 or
fxB mice (Table 3). Hence, the expression of HNF-4a-
responsive genes in the respective strains may reflect
the extent of HNF-4a expression combined with modu-
lation of its transcriptional activity by the respective
PUFA ligands.
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Fig. 4. Colonic B-catenin expression and B-catenin-responsive transcripts. A: The distribution of B-catenin
was analyzed by immunofluorescence in wild-type, BKS.Cg, fat-1, and fxB strains (n = 6 of each strain). Pic-
tures shown are single optical sections in the X-Y axis. Corresponding orthogonal sections in the X-Z and Y-Z
axis are shown beside and at the sides. Arrows in the merged picture indicate where nuclei (DAPI) and
B-catenin colocalize (evidenced by green-blue mixed color). Bar = 10 pm. 3-catenin-responsive transcripts.
B: Axin, Tcf, and c-myc transcripts were determined by qRT-PCR as described in Materials and Methods.
Mean = SE (n = 3 for each 1-month-old mice strain). *Significant compared with the wild-type strain (P <0.001).
#Signiﬁcance of £xB strain compared with BKS.Cg (P < 0.01).

DISCUSSION (aquaporin-8) and goblet cells (PAS). The colon is a tight

epithelium characterized by high electrical resistance and

The profile of colonic ontogenesis of db/db mice re- considerable water flux; therefore, water flux may occur
ported here may indicate that diabesity is associated with mainly by transporters and/or aquaporins. Accordingly,
an increase in colonic proliferation (PCNA), with con- the water transporter aquaporin-8 plays a pivotal role for
comitant dedifferentiation of epithelial colonocytes aquaporin-mediated water transport in colonic superficial
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cells, an activity associated with full-cell differentiation.
The colonic epithelium is a continually renewing tissue,
containing cells at different stages of proliferation and dif-
ferentiation aligned in an orderly pattern along the crypt
continuum. The sizes of colon proliferative and matura-
tional compartments are maintained within precise
boundaries by several cell homeostasis-related mecha-
nisms. When these mechanisms are affected, the sizes of
the crypt compartments are altered. In the present study,
crypt depths and total number of colonocytes were sig-
nificantly larger in BKS.Cg mice than in any other mice
strain. Crossing fat-1 with BKS.Cg to obtain fxB resulted in

@ Muc-4

BKS.Cg xB

Continued.

colonic crypt depths similar to control mice. PCNA stain-
ing supports the finding that the proliferative compart-
ment is larger in BKS.Cg mice than in any other mice
strain, whereas the maturational compartment as detected
by aquaporine-8 staining was significantly downregulated.

Goblet cells are glandular epithelial cells scattered
among the absorptive cells in the epithelium. The cyto-
plasm of these cells is filled with granula containing mu-
cins, which are secreted into the intestinal lumen. These
mucins form the mucus layer, acting as a barrier between
the luminal contents and the epithelial surface (37). Ter-
minal differentiation means a higher number of goblet

individual sections. HNF-4a-positive cells Mean + SE (n = 10 for each strain and age). *Significant compared with the corresponding age-
matched wild-type strain (P <0.001). Slgmﬁcance of fxB strain compared with BKS.Cg (P < 0.01). C: Colonic HNF-4« content normalized
to B-actin of three-month-old mice of the four strains. SDS-PAGE analysis as described in Mdterldls and Methods. Mean + SE of six indepen-
dent determinations. *Significant compared with the wild-type strain, fat-1, and £xB (P< 0.001). Slgmﬁcance of £xB strain compared with
BKS.Cg (P <0.01). Inset: representative blots. (D) HNF-4a transcript levels determined by qRT-PCR as described in Materials and Methods
Mean + SE (n = 6 for each strain and age). *Significant compared with the corresponding age-matched wild-type strain (P <0.001). Slgnlﬁ—
cance of fxB strain compared with BKS.Cg (P < 0.01). D: HNF-4a-responsive transcripts Muc-4, ApoB, and ApoA4 were determined by
qRT-PCR as described in Materlals and Methods. Mean + SE (n = 3 for each one-month-old mice strain). *Significant compared with the
wild-type strain (P< 0.001). Slgnlﬁcance of fxB strain compared with BKS.Cg (P <0.01).
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TABLE 4. Composition of (n-3)/(n-6) PUFA bound to colonic HNF-4« of respective strains

CH7BL fat-1 BKS.Cg xB
Linoleic acid (n-6, 18:2) 64.9+7.0 25.8 +5.0° 97.4+13.0" 46.9 + 5.0
Arachidonic acid (n-6, 20:4) 0.11 + 0.06 0.01 +0.01° 0.52 + 0.40" 0.32 +0.10°
a-Linolenic acid (n-3, 18:3) 33.5+2.0 65.9 + 5.0 0.18 + 0.02" 43.4 +6.0""
Eicosapentaenoic acid (n-3, 20:5) 1.01 + 0.60 7.6+0.7 0.006 + 0.002° 1.01 + 0.05
Docosahexaenoic acid (n-3, 22:6) 0.16 + 0.01 0.20 +0.03“ 0.004 + 0.003" 0.16 £ 0.01"
Total (n-3) 34.70 + 2.12 73.70 + 6.11¢ 0.19+0.07" 44.6 + 6.12*
Total (n-6) 65.51 + 7.37 25.80 + 6.12“ 98.13 + 11.21" 47.2 +511*
(n-6) / (n-3) 1.88 £ 0.02 0.35 + 0.04" >500" 1.06 + 0.01*"

Colonic nuclear HNF-4a of wild-type, fat-1, BKS.Cg, and fxB strains was quantitatively purified by
immunoprecipitation as described in Materials and Methods. Percentage composition of (n-3) and (n-6) PUFA
bound to colonic HNF-4« was determined by LC/MS as described in Materials and Methods. Mean + SE (n = 3 for

each strain).
“Significant compared with wild-type (P < 0.01).

"Significance of fxB strain compared with BKS.Cg (P < 0.001).

cells. Accordingly, in fat-1 mice, we detected a higher num-
ber of goblet cells, whereas in BKS.Cg mice, a lower num-
ber of these cells were detected, indicating that (n-3)
PUFA may induce differentiation toward this cell lineage.
Cross fxB mice demonstrated a higher number of goblet
cells compared with BKS.Cg, supporting this finding. Gob-
let cells derive from intestinal stem and progenitor cells
located in the lower part of the crypt. Their differentiation
is controlled by several transcription factors, especially
the basic helixJoop-helix transcription factor Hathl, the
zincfinger transcription factor KLF4, and others. We
demonstrated here that fat-1 mice express higher tran-
scripts of KLF4 and Math-1 (the mouse homolog of hu-
man Hathl), indicating that these transcription factors
may be controlled by (n-3) PUFA. Goblet cells in fat-1 mice
not only existed at higher numbers but also contained
more mucin (as detected by intensity of PAS staining; see
Table 3).We also demonstrated that goblet cells express
higher amounts of the mucin Muc-2, an epithelial mucin
expressed in the intestine, with particularly abundant ex-
pression in the colon (38). Katz et al. (33) demonstrated
altered expression of the goblet cell marker Muc2 in Kif4~/~
mice, indicating that Muc2 expression is controlled by
KLF4; as the extent of KLF4 transcription also depends on
(n3) PUFA, Muc-2 expression in goblet cells depends on
n-3 PUFA levels. Muc2 appears to be the most prominent
colonic mucin in the mouse, and throughout the intestine,
itis expressed exclusively in pregoblet and goblet cells.

In contrast to the reported decrease in liver HNF-4a
(39), diabesity results in increase in colonic HNF-4a ex-
pression with concomitant increase in HNF-4a-responsive
genes, implying tissue-specific expression of HNF-4a in
response to hyperinsulinemia. Diabesity further results
in increased nuclear translocation of (-catenin, with in-
creased expression of B-catenin/Tcf-responsive genes. In
contrast to diabesity, the fat-1 transgene is characterized
by restrained colonic proliferation, accompanied by dif-
ferentiation of crypt stem cells into epithelial colonocytes
and goblet cells. The fat-1 profile is further associated
with decrease in colonic HNF-4a expression and in nu-
clear B-catenin, with concomitant decrease in their re-
sponsive genes. Most importantly, morphological and
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transcriptional characteristics of diabesity may be re-
verted to wild-type by introducing the fat-1 gene into
the diabesity context, implying that enrichment with
(n-3) PUFA is effective in ameliorating diabesity-induced
colorectal ontogenesis. The mode of action of hyperinsu-
linemia/insulin resistance in promoting intestinal HNF-4o
and B-catenin expression in diabesity remains to be inves-
tigated. Negative autoregulation of HNF-4a transcription
by HNF-4a (40) may limit the diabesity-induced increase
in intestinal HNF-4a protein and transcript. Ameliora-
tion by (n-3) PUFA may be accounted for by the decrease
in HNF-4a expression, accompanied by the direct inhibi-
tion of HNF-4a transcriptional activity by binding of (n-3)
PUFA to the HNF-4a LCFA pocket (19, 20). Ameliora-
tion by (n-3) PUFA may further be complemented by
B-catenin degradation due to (n-3) PUFA activation of
GSK3 (10, 41).

Positive correlation between colonic HNF-4a/f3-catenin
transcriptional activities and colonic proliferation and
dedifferentiation apparently counters previous reports in
which conditional intestinal HNF-4a knockout within a
period following epithelial cellular determination was
found to have only minor morphological and functional
consequences compared with wild-type (16, 42) or claimed
to result in increased proliferation of crypt stem cells with
increased activity of the B-catenin/Tcf system (43). Al-
though the disparity between the knockout studies con-
cerned remains to be resolved, it is worth noting that the
knockout data may imply an obligatory role of HNF-4a in
modulating intestinal ontogenesis but may not predict the
functional impact of fatty acyl ligands in modulating the
transcriptional activity of prevalent HNF-4a. Indeed, as
nuclear-receptor/ligand pairs may have distinct ligand-
dependent and ligand-independent activities, the global
effect of knocking out a nuclear receptor may not simulate
ligand-dependent suppression of its activity in the context
of a defined promoter. Thus, increased epithelial prolif-
eration due to HNF-4a knockout may concur with de-
creased epithelial proliferation due to HNF-4a suppression
by its (n-3) PUFA ligand antagonists.

The functional impact and pattern of ligand binding to
HNF-4a as a function of the LCFA composition of respective



animal models reported here seems to finally resolve a
long-time issue initiated upon our previous claim that
HNF-4a may serve as target for LCFA and that its tran-
scriptional activity may be modulated as function of chain
length and degree of unsaturation of respective fatty
acyl-CoA ligands (19). That initial claim was followed by
crystallographic and modeling studies using the bacteri-
ally expressed LBD of HNF-4a (lacking the N-terminal as
well as the C-terminal F-domain of HNF-4a), which identi-
fied LCFA tightly bound to the LBD rather than their re-
spective CoA thioesters (44-46). However, the F-domain
of HNF-4a appears to have a crucial impact on the ligand
binding affinity, ligand specificity, and secondary structure
of HNF-4a, implying that characteristics of F-truncated mu-
tants may not reflect the properties of full-length HNF-4«
(47). Moreover, the E-F domain of HNF-4a was found to
bind LCFA-CoA (but not the respective free acids) to
catalyze the hydrolysis of bound fatty acyl-CoA by its intrin-
sic thioesterase activity, followed by intramolecular chan-
neling of the free fatty acid product into the free acid
pocket of HNF-4a E-domain (20). These studies have
highlighted the need to identify endogenous ligands that
bind to HNF-4« in a physiological setup and to verify their
functional impact. An initial attempt in that direction has
been recently accomplished upon identifying (n-6) LA
bound to nuclear HNF-4a overexpressed in COS-7 cells or
to hepatic HNF-4a of fed mice (23). Of note, HNF-4a-
bound [Hl] LA could be exchanged with endogenous [H2]
LA but not in vitro, presumably implying a requirement
for the acyl-CoA serving as the immediate ligand. The
present study further advances these findings by under-
scoring the specific capacity of HNF-4a to respond to a
variety of LCFA in a variable physiological setup while
pointing to its functional impact. Thus, diabesity resulted
in shifting the composition of HNF-4a-bound PUFA in the
(n-6) direction with only traces of (n-3) PUFA, whereas
HNF-4a-bound PUFA in colonic fat-1 was mostly domi-
nated by (n-3) o-linolenic acid at the expense of robust
decrease in (n-6) PUFA. Similarly, colonic HNF-4a-bound
EPA amounted to 7% of total PUFA in fat-1 mice, whereas
it was essentially devoid in BKS.Cg HNF-4a. Moreover,
in line with our initial claim (19), binding of (n-3) PUFA
was associated with decrease in the expression of HNF-4a-
responsive genes. Most importantly, introducing the fat-1
gene into the diabesity context resulted in reverting the
HNF-4a-PUFA composition to the wild-type profile, with
concomitant suppression of its transcriptional activity.
These findings imply that HNF-4a may indeed serve
as target for LCFA, which may modulate its transcrip-
tional activity as function of chain length and degree of
unsaturation.

As colonic ontogenic programs may recapitulate mor-
phological and transduction aspects of CRC, the findings
reported here may offer a molecular rational for the re-
ported increase in CRC prevalence in MetS/diabesity sub-
jects and its amelioration by (n-3) PUFA (4, 48, 49).
Indeed, the intestinal ontogenic program of diabesity and
the transformation sequel of CRC are both characterized
by increased epithelial proliferation and dedifferentiation.

Moreover, the apparent linkage between the intestinal on-
togenic program of diabesity and the increase in intestinal
HNF-4a activity may indicate that overactivity of HNF-4a
may promote CRC. Also, the apparent linkage between
the intestinal ontogenic program of fat-1 mice and the de-
crease in intestinal HNF-4a activity may indicate that sup-
pression of HNF-4a transcriptional activity may alleviate
CRC. These predictions seem to be corroborated by the
following reported findings: ¢) HNF-4« transcript and pro-
tein levels increased 2- to 3-fold in human CRC samples
compared with their paired margin resections (50); i) si-
lencing HNF-4a expression of HT29 CRC cells by S(HNF-4a
resulted in suppressing their proliferation and in activat-
ing E-cadherin expression (9); #:) LCFA analogs of the
MEDICA series that act as HNF-4a ligand antagonists
inhibited proliferation of HT29 and Caco2 CRC cells and
suppressed growth of HT29 CRC xenografts (9); and iv)
postnatal HNF-4a conditional deletion resulted in robust
decrease in polyp multiplicity in Apc*™ mice (50).
Altogether, these findings may indicate that suppres-
sion of intestinal HNF-4a activity by (n-3) PUFA may ame-
liorate diabesity-induced intestinal ontogenesis and offer

an effective modality for preventing the development of
CRC.HE
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