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A high-beef diet alters protein kinase
C Isozyme expression in rat colonic
mucosa

Anne-Maria Pajari,* Seija I. Oikarinen,* Rui-Dong Duan, " and Marja Mutanen*
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We recently reported that a red meat (beef) diet relative to a casein-based diet increases protein kinase C (PKC)
activity in rat colonic mucosa. The purpose of this study was to further elucidate the effects of a high-beef diet
on colonic intracellular signal transduction by analyzing steady-state protein levels of different PKC isozymes as
well as activities of the three types of sphingomyelinases. Male Wistar mats (12/group) were fed
AIN93G-based diets either high in beef or casein for 4 weeks. Rats fed the beef diet had significan@iydb)

higher cytosolic PKGx and lower membrane PKE& protein levels than rats fed the casein diet. The beef-fed rats
also had alterations in subfractions of PKGA so that they had a significantlyP(= 0.001) lower level of
membrane 70 & 75 kDa fraction and a highd? £ 0.001) level of cytosolic 40 & 43 kDa fraction than rats fed

the casein diet. Because protein levels analyzed with a Pigecific antibody were similar, these differences

in PKC ¢/\ were probably due to changes in PKGxpression. PK@2 levels did not differ between the dietary
groups. Diet had no significant effect on the activity of acid, neutral, or alkaline sphingomyelinase. This study
demonstrated that consumption of a high-beef diet is capable of modulating PKC isozyme levels in rat colon,
which might be one of the mechanisms whereby red meat affects colon carcinoge@ditr. Biochem. 11:
474-481, 2000P Elsevier Science Inc. 2000. All rights reserved.
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Introduction which, along with the mutations in oncogenes and tumor
suppressor genes, may contribute to the neoplastic process
leading to tumor formation. Colonic tumors from both
uman and animal origin have reduced PKC activity as well
as alterations in levels of several PKC isoenzymes as

Most case-control studies and some, though not all, cohort
studies have shown an elevated colon cancer risk for thos
consuming diets high in red or processed meat (reviewed in

Refs. 1 and 2). Several mechanisms mediating the promOt'compared with the surrounding uninvolved mucts.

'nr% igggt bﬂ‘; (g](egtrirggnfa?llcs)?u dciggcgqoon%ﬁ%eiﬁls tl:‘::s rﬁng_Changes in PKC activity and isozyme expression have been
prop P g demonstrated to occur prior to tumor formation and involve

anisms are sparse. We recently reported that feeding %4 persistent activation/translocation and subsequent down-
high-beef diet compared with a casein diet significantly

increases PKC activity in rat colonic muccsBKC plavs regulation of the enzym®%11This indicates involvement
. uvity . ant play of PKC isozymes at early stages of the neoplastic process.
an important role in cellular signal transduction machinery

At least 11 different PKC isozymes have been identified,
of which colonic epithelial cells express B/B2, 9, €, {, and
J\.12"15These PKC isozymes differ with respect to activa-

o _tor requirements so that PK& andB/B2 are conventional
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atypical isoforms stimulated by PS but not byZCaor Table 1 Composition of experimental diets expressed as g/1,000g of
DAG. This variation in activators as well as subcellular diet
localization enable PKC isozymes to mediate a wide range

of signals regulating cellular functions such as cell prolif- Diets
eration and differentiatiok® cell cycle controft”:'8 intra- Ingredients* Casein Beef
cellular trafficking®® or even apoptosi€’

Sphingomyelinases (SMases) are members of a recentIyCaseTin 200
discovered signal transduction pathway related to cell Egi{rose o1 égg
growth suppression (reviewed in Ref. 21). Activation of \ggetapie oil mixt 70 70
SMases results in hydrolysis of sphingomyelin and forma- Beef tallow 50
tion of ceramide, a putative lipid second messenger. Cer-L-Cystine 3 3
amide has been shown to induce apoptosis and cell cycleCholine chioride 8 3

223 . . . . Mineral mix (AIN-93MX) 35 35

arrest?23as well as inhibit cell proliferation and stimulate Additional mineral mix® 8
cell differentiation??®> Three types of SMases differing  vitamin mix (AIN-93VX) 10 10
with respect to pH optimum and cellular localization have Tertiary butylhydroxyquinone 0.014 0.014

been identified: Acid SMase is a lysosomal enzyite,

neutral SMase is a plasma membrane-associated erZyme, “Casein was obtained from Kainuun Osuusmeieri (Sotkamo, Finland),

and alkaline SMase is a brush border-associated enzyme. ggeefo ancil4 bleef &a”gwl frodm Pauli V?im% (Hflsirjki, Einli?ﬂ)é 3defxtrOSﬁ frcl>m

The aCtI\{ItIeS of all the th.ree tprS .Of .SMaseS have been T(Iaxklaé ((l\/?ascli?scgjn,Ir\}\ﬁnu)ég)],mﬁtiyztr;ne\,n ?k:rc])lﬁn;m)((:rgloride,) e:r?én ter?tir:rr;

reduced in colorectal carcinomaindicating that SMases 1 droxycuinone from Yiiopiston Apteekk (Helsinki, Finland). Rape-

may have an active role in colonic malignant transforma- seed and sunflower seed oils were from a local market

tion. A number of studies suggest that interaction between "Freeze-dried beef contained 21% fat and 73% protein.

the sphingomyelin pathway and PKC isozyme occurs. ;Viggtagr'ie‘g'd rQI|X was composed of 45% rapeseed oil and 55%

e ; ; ; unflow il.

Specifically, ceramide has been reported to inactivate PKC ¢, iona mineral mix supplied (g/kg diet) 7.65 K,HPO,, 0.19

o and possibly other conventional isoforms as well, proba- cappo,, 0.077 FeSO,, and 0.083 ZnCl,.

bly by causing dephosphorylation of the enzyti€©n the

other hand, ceramide produced by acid SMase may have a

specific role in activating atypical PKC.31:32 calcium, and potassium in the casein diet were adjusted to the same

In the present study, we extended our earlier finding by level as |n_the beef_dleﬂ'(alble J)._ Based on the fatty ac_ld ar_1a|ys_es,

studying ihe effects of a ighvbeef diet on PKC isozyme |12 eet et conanerSoposmaie 200 g e e pe

gﬁpcrei:f;maegdahn;{;;ggl\J/\l/aerréoF?glczggO; ;r:]drzllt)\cs\lgirghThe of our_previous study indicate that grachidonic acid at the_lt_a\_/el
P ’ found in a beef diet does not affect either PKC or SMase activities

are the isoforms most consistently found in human and rat i, 14t colon3

colons!?14To elucidate the possible interactions between

PKC and the Sphingomyelin pathWay, activities of the three T|Ssue preparat|0n and prote|n extractlon

types of sphingomyelinases were also analyzed. _ . _
At the end of the feeding period, the rats were killed by ,CO

asphyxiation. Their colons were removed and cut open longitudi-
: nally. The colonic contents were collected into test tubes and the
Methods and materials residues were rinsed out with ice-cold saline. The colons were
Animals and diets divided into proximal and distal segments of equal length and the
) . mucosa was scraped off with a microscope slide. The proximal
The protocol for this experiment was approved by the Laboratory mycosa and the colonic contents were snap frozen in liquid
Animal Ethics Committee of the Faculty of Agriculture and pitrogen and stored at80°C until analyzed for SMase activity.
Forestry, University of Helsinki, Helsinki, Finland. Twenty-four  The distal mucosa was used for PKC isozyme analysis. Cytosolic
male Wistar rats were obtained from the University Experimental ang membrane proteins from the mucosal sample were extracted as
Animal Facility (Helsinki, Finland). They were maintained in  gescribed previousl§Briefly, homogenized mucosa was ultracen-
plastic cages (3 rats per cage) in a room with a controlled tifuged at 100,000< g for 1 hr, and the supernatant was collected
temperature (20-22°C) and a 12-hr light/dark cycle for the znd used as the cytosolic fraction. The pellet was resuspended in
duration of the study. After one week of acclimatization on a tne extraction buffer containing 0.2% (v/v) Triton X-100, incu-
standard rodent chow, the animals were divided into two dietary pated for 20 min and ultracentrifuged at 100,00@ for 1 hr. The
treatment groups equal in weight (12 rats/diet). They were fed the resyiting supernatant contained the membrane fraction. Protein
experimental diets for 5 weeks during which they had free access concentration of the crude fractions was measured using a Bio-Rad
to the diets and tap water. Their body weights were recorded protein assay reagent (Bio-Rad, Hercules, CA USA) (Bradford)

weekly. ) ) B ) with bovine serum albumin (BSA) as a standard.
The experimental diets were modified AIN-93G ditsvith

casein or beef as a protein sour@alfle 1. Before addition to the ;
diet, the low-fat beef NI. longissimus dor$iwas minced and Immunoblotting

freeze-dried but not cooked because we wanted to exclude theFor immunoblotting analysis, 2 mL of the crude cytosolic and
possible effects of compounds such as heterocyclic amines formedmembrane extracts were concentrated to 1/20 volume with Centrex
during cooking. The composition of the freeze-dried beef was UF-2 concentrators (Schleicher & Schuell, Dassel, Germany). The
analyzed and it contained 21% fat and 73% protein. To obtain retentate was mixed with an equal volume of sodiumdodecylsul-
similar fat content and fatty acid composition of the diets, 50 g/kg phate (SDS)-sample buffer, boiled for 5 min and storee-&0°C

beef tallow was added to the casein diet. The contents of iron, zinc, until use. Rat brain homogenate containing both cytosolic and
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Figure 1 Representative Western blots of protein kinase C (PKC) isozymes in rat colonic mucosal and brain samples. Lanes are as follows: PKC «
in colon (1) and in brain (2), PKC B2 in colon (3) and in brain (4), PKC & in colon (5) and in brain (6), PKC ¢/\ in colon (7) and in brain (8), PKC ¢ in colon
(9) and brain (10). Western blots were conducted as described in the Methods and materials section.

membrane proteins was used as a control for PKC antibody and alkaline phosphatase-conjugated anti-rabbit secondary anti-
specificity in immunoblotting analysis. Rat brain homogenate was body were obtained from Santa Cruz Biotechnology (Santa Cruz,
prepared essentially in the same way as described for the colonCA USA).
samples. Colonic mucosa samples (30—10§) and rat brain
homogenate (1-hg) were subjected to 10% SDS-PAGE and then i i i
transferred to polyvinylidene difluoride (PVDF) membranes (Bio- Sphingomyelinase activity
Rad Laboratories, Hercules, CA USA) at 210 mA for 3 hr. The activities of the three types of SMases from the mucosal
Transfer of proteins to PVDF membranes was confirmed by samples were analyzed essentially in the same way as described
staining gels with 0.1% Coomassie Brilliant Blue R-250 in fixative previously® For alkaline SMase analysis, colonic contents were
(40% methanol, 10% acetic acid). The membranes were blockedvacuum-dried and the weights of the dried feces were determined.
with 1% nonfat dry milk in PBS at 4°C overnight, washed with The samples were then suspended in 0.15 M NacCl, followed by
0.5% BSA (Sigma, St. Louis, MO) in PBS, and incubated with centrifugation at 3000 rpm for 10 min. The alkaline SMase activity
antibodies for PKC isozymes in 1% BSA in PBS. PKC bands were in the supernatant was determined as described for the mucosal
visualized by colorimetric staining of blots with 5-bromo-4- samples and the results were normalized per the fecal weights.
chloro-3-indolyl phosphate and nitroblue tetrazolium substrate mix
(Bio-Rad Laboratories, Hercules, CA USA). Blots were scanned §tatistical analysis
on a Sharp JX325 Scanner and the scanning images were analyze
with ImageMaste?1D Software, version 2.0 (Pharmacia Biotech, The data were analyzed by unpaired-samplest, with values of
Uppsala, Sweden). The results of duplicate samples are expresse® < 0.05 considered to be significant. The correlation data were
as sample band intensity (optical density of the specific PKC band analyzed by a linear regression analysis. The SYSTAT statistical
multiplied by band area) divided by rat brain band intensity. In package (version 7.0, SPSS Inc., Chigaco, IL USA) was utilized
preliminary experiments, a range of protein concentrations for for the statistical analysis.
each isozyme was loaded onto gels to ensure that the colorimetric
signal was quantitatively detectable.

We analyzed protein levels of PK&, B2, 3, ¢{/A, and{ in rat Results
colonic mucosa. Dilution of individual primary antibody and . . .
alkaline phosphatase-conjugated secondary antibody was opti-1nere were no differences between the dietary groups with
mized for each PKC isozyme. The antibody for the P&@acts, respect to weight gain, final body weight, colon mucosal
to a lesser extent, witB isozyme. PKCB2 and? antibodies are ~ weight, or colon length. Cecal mucosal weight was greater
non-cross-reactive with other PKC isoforms. Blocking peptide of in rats fed the beef diet than in rats fed the casein diet
PKC {/\ was used to control the specificity of bands given by the (0.21 + 0.16 g vs. 0.16+ 0.09 g,P = 0.047).
PKC ¢/\ antiserum. For this blocking test, a 10-fold (by weight) PKC isoformsa, B2, 3, {/\, and{ were analyzed from
excess of peptide antigen was incubated with RRCantibody in  mycosal samples of rat distal colon. Representative immu-
M’.E’%A n PBdS O"Ier.r“ght.am .C'.S”bseq“emfwasr‘;s’ agd't'o.go(‘; noblots of each PKC isozyme are shownFigure 1 Rat
antibodies, and colorimetric staining were performed as described .00 = 4 ot brain (positive control) samples gave a single

for the samples. ;
Monoclonal mouse antibodies for PkCandd were purchased band for PKCa and 32 at approximately 80 and 74 kDa,

from Transduction Laboratories (Lexington, KY USA) and alka- espectively. PK@ was detected as a 73 kDa band in brain
line phosphatase-conjugated anti-mouse secondary antibody waghd as a 72 & 69 kDa doublet in colon samples. Two
obtained from Bio-Rad Laboratories (Hercules, CA USA). Poly- different antibodies were used to study PK@xpression.
clonal rabbit anti-PKC32, /X, ¢, blocking peptide for PKQ/\, The first antibody cross-reacts, to some extent, with RKC
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Figure 2 Protein kinase C a (PKC «) protein expression (Panel A) and Membrane
PKC & protein expression (Panel B) in colonic mucosa of rats fed a
casein or beef diet. Values are means * SD of 12 rats/group. Results Figure 3 Protein kinase C {/\ (PKC {/\) protein expression in colonic
are expressed as arbitrary units; that is, intensity (optical density X mucosa of rats fed a casein or beef diet. Values are means + SD of 12
mm?) of sample band divided by intensity of a rat brain control band. rats/group. Results are expressed as arbitrary units; that is, intensity
*P < 0.05. (optical density X mm?) of sample band divided by intensity of a rat brain

control band. **P < 0.01.

which possesses a very close amino acid sequence homol-
ogy with PKC{. This PKC{/\ antibody recognized three  cytosolic 40 & 43 kDa fraction and a loweP (= 0.001)
bands at 75, 70, and 50 kDa in brain, and doublet bands oflevel of membrane 70 & 75 kDa fraction than the casein-fed
70 & 75 kDa and 40 & 43 kDa in distal colon samples, all rats Figure 3. In contrast, when using the PK&Especific
of which were eliminated when the blocking peptide of antibody, no difference in PKClevels between the dietary
PKC ¢/\ was preincubated with the antibody. Because rat groups could be seefgble 2. There were no significant
colon has been found to express PKE® we also utilized differences between the beef- and casein-fed rats in cytoso-
a recently available antibody specific for PKC This lic PKC B2 levels (0.57+ 0.24 vs. 0.48+ 0.24,P = 0.39)
antibody has been directed against the aminoterminus of
PKC { and therefore, it does not recognize the lower
molecular weight bands typical of PKCt2%4 Table 2 Protein kinase C { (PKC {) expression in colonic mucosa of

Rats fed the beef diet had a high& € 0.037) level of  rats fed experimental diets”
cytosolic PKC a« and a lower P = 0.025) level of
membrane PKG than rats fed the casein didtigure 2).
Although the differences did not reach statistical signifi- - | 36+ 046 40+ 050 0862
cance, the membrane/cytosol ratios of both PK@nd & Mﬁr‘iﬁame 054 = 065 0’55 = 045 0971
were lower in rats consuming the beef diet than in those
consuming casein (0.78 0.28 vs. 0.95= 0.18,P = 0.08 *Values are means = SD for 12 rats/group. Results are expressed as
for PKC « and 1.68 0.61 .VS‘ 2.28+ 0.9,P = 0.07 for arbitrary units; that is, intensity (optical density X mm?) of sample band
PKC 3). PKC I/\ expression was affected so that the giided by intensity of a rat brain control band.
beef-fed rats had a significantlf? (= 0.008) higher level of TPKC ¢ was analyzed by using a PKC ¢-specific antibody.

PKC ¢t Casein Beef P-Value
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Table 3 Sphingomyelinase activities in colonic mucosa of rats fed seen in PKCx and?d expression in our study may indicate
experimental diets” decreased colonic differentiation in the rats fed the beef diet
relative to rats fed the casein diet.

Sphingomyelinase Casein Beef F-value Interestingly, the dietary groups did not differ with
Acid 190 + 997 101+ 4a 0.814 respect to PK(2 eépArfssiorj. PKCBZ_has been linked to
Neutral 475 + 192 504 + 0B 0.436 polomc prqln‘eratmﬁ “%and its protein Ievel_s have been
Alkaline 585 + 60 584 + 08 0.964 increased in colonic tumors as compared with surrounding
Alkaline in feces 147 + 169 100 = 121 0.484 mucosa, 1114 suggesting a role for PK@2 in malignant
transformation. That there were no changes in PEZ
*Values are means + SD in pmol/(h - mg protein) for 12 rats/group. levels may implicate that the beef diet had no direct effect

on proliferation, at least not through PKg&2.
Atypical PKCs{ and A can be activated by different

or membrane PK@2 levels (0.15+ 0.07 vs. 0.16+ 0.09, growth factor€>4® and cytokines?4” and they have been
P = 0.68). involved in mediating growth, differentiation, and matura-

Dietary treatment had no significant effect on activities tion in several cell type¥'#%48|n normal rat colonic
of mucosal acid, neutral, and alkaline SMases in the epithelium, PKC{ was found to be expressed predomi-
proximal colon Table 3. Acid SMase activity was signif-  nantly in postmitotic cells of the upper crypt and surface
icantly correlated with the level of membrane PKC mucosa, supporting the role for PKGn mediating colono-
analyzed by using the PKGspecific antibody i( = 0.65, cyte differentiatiorf® In the present study, two different
P = 0.001;Figure 4A and inversely correlated with the antibodies were utilized to study PKC expression: The
level of total cytosolic PKC{/\ (r = —0.49,P = 0.019; first antibody recognizes multiple bands and cross-reacts
Figure 4B. Neutral SMase activity showed a significant with PKC \; the second one is specific for PKC but
correlation with the 40 & 43 kDa fraction of cytosolic PKC recognizes only the high-molecular bands of PKQbe-
U\ (r = 0.55,P = 0.006;Figure 40. tween 70 and 80 kDa). When the PKID\ antibody was
used, rats fed the beef diet had a significantly lower level of
the 70 & 75 kDa fraction and a higher level of the 40 & 43
kDa fraction than rats fed the casein diet. In contrast, when
This study demonstrates that a high-beef diet modulatesusing the PKC{-specific antibody, protein levels of the
protein levels and intracellular localization of colonic PKC high-molecular fraction were similar in the two dietary
a, 8, and U\ while not affecting PKCB2 levels nor groups, suggesting that the differences seen with the PKC
activities of acid, neutral, and alkaline SMases. These {/\ antibody may be due to PK@. The low-molecular
results extend our earlier study, which showed that a bands are considered to be proteolytical products of PKC
high-beef diet increases mucosal PKC activity in rat cdlon. that lack the regulatory domain and are thus permanently
Alterations in both PKC activity and isozyme expression active3* Therefore, it is possible that changes in levels of
have been demonstrated to occur in different stages of PKC /N subfractions could have accounted for the in-
colonic tumorigenesis in humans as well as in anirfials, creased colonic PKC activity in rats fed the beef diet in our
suggesting that PKC-mediated cell signal transduction path-earlier study? It is noteworthy that in some studies, in-
ways may be an important mechanism in colon carcinogen- creased proteolysis as well as persistent activation of PKC

Discussion

esis. have been related to down-regulation of the enz§rife°
Rats fed the beef diet had a significantly lower level of Down-regulation of PKQ and\ is a feature of carcinogen-
membrane PKG® and a higher level of cytosolic PKE as induced colonic tumors in raté;**1551which has been

well as a lower P < 0.08) membrane-to-cytosol ratio of blocked by feeding fish oit}*®a 1,25-dihydroxyvitamin D
both the isozymes relative to rats fed the casein diet. analogu€? or the nonsteroidal antiinflammatory drug pi-
Because association of PKC with membrane/cytoskeletal roxicam®* In line with epidemiological evidence, each of
fraction is generally thought to be indicative of enzymatic these agents was also able to reduce colonic tumor forma-
activation, these results might suggest a decreased activation. Thus, it appears that atypical PKCs are an important
tion of PKC & and perhaps PK& in the beef-fed rats.  cellular pathway through which diet as well as specific
Protein levels of both PK@& andé are down-regulated in  pharmacological agents, at least partly, mediate their effects
colonic tumorst®>** The two isozymes have also been on colon carcinogenesis.

associated with cell differentiation and growth arrest in a By which mechanism a high-beef diet affects colonic
number of cell type®-36and the proteolytically activated PKC isozyme expression was not addressed in the present
PKC & has been directly linked to the onset of apopto- study. The most plausible explanation would be enhanced
sis2%37 In an in vitro model of colon carcinogenesis, luminal DAG production in rats fed the beef diet, but in our
overexpression of PK@ suppressed growth and reversed earlier study we could see no difference between the beef-
the transformed phenotype of the ceffsStudies with colon and casein-fed rats in fecal DAG levélgile acids have
cancer cell lines support the role of PK&in mediating been reported to affect PKC isozymes in vitfoput
colonic cell differentiation and/or growth arre¥t-#! The because the amount and quality of fat in the two diets were
possible mechanisms whereby Pli&Giffects these cellular  similar, one would not expect great differences in bile acid
processes may involve induction of expression of intercel- excretion between the rats maintained on the two diets. This
lular adhesion moleculé® and/or a cell cycle regulatory issue is clearly in need of further studies.

protein, p21°3™ 41.42|n view of these findings, the changes Several lines of evidence suggest that sphingolipid sig-
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Figure 4 Relations between sphingomyelinase (SMase) activities and
protein kinase C (PKC) £ or {/\ protein levels in colonic mucosa of rats
fed a casein or beef diet. Panel A: acid SMase activity and membrane
PKC ¢ analyzed with a PKC {-specific antibody (- = 0.65, P = 0.001);
panel B: acid SMase activity and total cytosolic PKC ¢/ (r = —0.49, P
= 0.019); panel C: neutral SMase and the 40 & 43 kDa fraction of
cytosolic PKC ¢/\ (r = 0.55, P = 0.006).

naling is involved in the colonic neoplastic process. First,
SMases hydrolyze sphingomyelin to generate ceramide,
which is a putative second messenger implicated in cell
differentiation and induction of apoptosis.Second, the
activities of all three types of SMases have been decreased
in human colorectal carcinomas as compared with the
surrounding tissué® Third, in mice treated with dimethyl-
hydrazine, supplementation of diet with sphingomyelin has
reduced the number of aberrant crypt foci and the appear-
ance of adenocarcinoma in the coffft> As a source of
sphingomyelin as well as other components of cell mem-
branes}® beef might affect colonic sphingolipid signaling.

In the present study, no difference in the activities of acid,
neutral, and alkaline SMases between the dietary groups
could be found. This may indicate that the beef diet was
unable to modulate sphingomyelin pathway in the colon.
However, it should be pointed out that the activities of
SMases were determined from the proximal colonic mu-
cosa. Whether the activity was changed in the distal part of
the colon where tumorigenesis often occurs remains elusive.
Because alkaline SMase may have a specific role in hydro-
lyzing diet-derived sphingomyelin in the colonic lum&hn,

its activity was analyzed from the colonic contents. Again,
no dietary effect could be observed. Interestingly, the acid
SMase activity was significantly correlated with the mem-
brane PKC{ level analyzed with PKQ-specific antibody,
which is well in agreement with the earlier observations that
ceramide produced by acid SMase activates RRE3?The
significant correlation between neutral SMase activity and
the 40 & 43 kDa fraction of cytosolic PKG/\ is a new
observation and may suggest an involvement of neutral
SMase in down-regulation of PKQA\.

In conclusion, the present study demonstrates that a
high-beef diet is capable of modulating colonic PKC
isozyme expression and intracellular localization. These
results are noteworthy because a number of experimental
studies have shown that the neoplastic process in the colon
involves epigenetic changes in PKC activity and isozyme
expression, and that some dietary nutrients and pharmaco-
logical agents affect the neoplastic process partly through
PKC. Furthermore, there is considerable epidemiological
evidence suggesting an association with high-red meat
intake and an increased colon cancer risk, but relatively
little experimental evidence on the mechanisms mediating
this effect.

Acknowledgments

This work was supported, in part, by grants from the Emil
Aaltonen Foundation and the Juho Vainio Foundation.

J. Nutr. Biochem., 2000, vol. 11, October 479



Research Communication

References

1

10

11

12

13

14

15

16

17

18

19

20

21

World Cancer Research Fund in Association with the American 22
Institute for Cancer Research. (199Food, Nutrition and the
Prevention of Cancer: A Global Perspectivem. Inst. Cancer Res.,
Washington, DC, USA 23
Potter, J.D. (1999). Molecules and populatichdNatl. Cancer Inst.
91,916-932

Pajari, A.-M., H&kanen, P., Duan, R.-D., and Mutanen, M. (1998). 24
Role of red meat and arachidonic acid in protein kinase C activation

in rat colonic mucosalNutr. Cancer32, 86-94 25
Guillem, J.G., O'Brian, C.A., Fitzer, C.J., Forde, K.A., LoGerfo, P.,
Treat, M., and Weinstein, |.B. (1987). Altered levels of protein
kinase C and Cd-dependent protein kinases in human colon
carcinomasCancer Res47, 2036—-2039 26
Kopp, R., Noelke, B., Sauter, G., Schildberg, F.W., Paumgartner, G., 27
and Pfeiffer, A. (1991). Altered protein kinase C activity in biopsies

of human colonic adenomas and carcinom@sincer Res.51, 28
205-210

Wali, R.K., Baum, C.L., Bolt, M.J.G., Dudeja, P.K., Sitrin, M.D.,

and Brasitus, T.A. (1991). Down-regulation of protein kinase C 29
activity in 1,2-dimethylhydrazine-induced rat colonic tumaoBso-

chim. Biophys. Actd092,119-123

Craven, P.A. and DeRubertis, F.R. (1992). Alterations in protein 30
kinase C in 1,2-dimethylhydratzine induced colonic carcinogenesis.
Cancer Res52, 22162221 31
Kusunoki, M., Sakannoue, Y., Hatada, T., Yanagi, H., Yamamura,

T., and Utsunomiya, J. (1992). Correlation between protein kinase C
activity and histopathological criteria in human colorectal adenoma.

Br. J. Cancer65, 673-676 32
Levy, M.F., Pacsidio, J., Guillem, J.G., Forde, K., LoGerfo, P., and
Weinstein, 1.B. (1993). Decreased levels of protein kinase C enzyme
activity and protein kinase C mRNA in primary colon tumobss.

Colon Rectun86, 913-921 33
Baum, C.L., Wali, R.K., Sitrin, M.D., Bolt, M.J.G., and Brasitus,
T.A. (1990). 1,2-Dimethylhydrazine-induced alterations in protein
kinase C activity in the rat preneoplastic colddancer Res50,
3915-3920

Jiang, Y.-H., Lupton, J.R., and Chapkin, R.S. (1997). Dietary fish oil
blocks carcinogen-induced down-regulation of colonic protein ki-
nase C isozymegCarcinogenesidg, 351-357

Davidson, L.A., Jiang, Y.-H., Derr, J.N., Aukema, H.M., Lupton,
J.R., and Chapkin, R.S. (1994). Protein kinase C isoforms in human
and rat colonic mucosarch. Biochem. Biophy12,547-553 36
Kahl-Rainer, P., Karner-Hanusch, J., Weiss, W., and Marian, B.
(1994). Five of six protein kinase C isoenzymes present in normal
mucosa show reduced protein levels during tumor development in
the human colonCarcinogenesid5, 779-782 7
Wali, R.K., Frawley Jr., B.P., Hartmann, S., Roy, H.K., Khare, S.,
Scaglione-Sewell, B.A., Earnest, D.L., Sitrin, M.D., and Brasitus,
T.A. (1995). Mechanism of action of chemoprotective ursodeoxy-
cholate in the azoxymethane model of rat colonic carcinogenesis:
Potential roles of protein kinase &--B,,, and . Cancer Res55, 38
5257-5264

Jiang, Y.-H., Lupton, J.R., and Chapkin, R.S. (1997). Dietary fat and
fiber modulate the effect of carcinogen on colonic protein kinase C 39
\ expression in rats]. Nutr. 127,1938-1943

Nishizuka, Y. (1995). Protein kinase C and lipid signaling for
sustained cellular responsésASEB J.9, 484-496

Thompson, L.J. and Fields, A.P. (199@), protein kinase C is
required for the G2/M phase transition of cell cycle Biol. Chem. 40
271,15045-15053

Livneh, E. and Fishman, D.D. (1997). Linking protein kinase C to
cell-cycle control.Eur. J. Biochem?248, 1-9

Sanchez, P., De Carcer, G., Sandoval, I.V., Moscat, J., and Diaz-
Meco, M.T. (1998). Localization of atypical protein kinase C 41
isoforms into lysosome-targeted endosomes through interaction with
p26.Mol. Cell Biol. 18, 3069-3080

Emoto, Y., Kisaki, H., Manome, Y., Kharbanda, S., and Kufe, D. 42
(1996). Activation of protein kinase €in human myeloid leukemia

cells treated with 13-D-arabinofuranosylcytosin&lood 87,1990 —

1996

Duan, R.-D. (1998). Sphingomyelin hydrolysis in the gut and clinical

34

480 J. Nutr. Biochem., 2000, vol. 11, October

implications in colorectal tumorigenesis and other gastrointestinal
diseasesScand. J. Gastroenterolods, 673—683

Obeid, L.M., Linardic, C.M., Karolak, L.A., and Hannun, Y.A.
(1993). Programmed cell death induced by ceram8igence259,
1769-1771

Jayadev, S., Liu, B., Bielawska, A.E., Lee, J.Y., Nazaire, F.,
Pushkareva, M.Y., Obeid, L.M., and Hannun, Y.A. (1995). Role for
ceramide in cell cycle arresi. Biol. Chem270,2047-2052

Hannun, Y.A. (1994). The sphingomyelin cycle and the second
messenger function of ceramide.Biol. Chem269, 3125-3128
Okazaki, T., Bielawska, A.E., Bell, R.M., and Hannun, Y.A. (1990).
Role of ceramide as a lipid second mediator af25-dihydroxyvi-
tamin Dy-induced HL-60 cell differentiationJ. Biol. Chem.265,
15823-15831

Spence, M.W. (1993). Sphingomyelinaselv. Lipid Res26, 3-23
Chatterjee, S. (1993). Neutral sphingomyelindshy. Lipid Res26,
25-57

Nilson, A. (1969). The presence of sphingomyelin- and ceramide-
cleaving enzymes in the small intestinal traBiochim. Biophys.
Acta176,339-347

Hertervig, E., Nilson, A., Nyberg, L., and Duan, R.-D. (1996).
Alkaline sphingomyelinase activity is decreased in human colorectal
carcinomaCancer79, 448—453

Lee, J.Y., Hannun, Y.A., and Obeid, L.M. (1996). Ceramide inacti-
vates cellular protein kinaseoCJ. Biol. Chem271,13169-13174
Lozano, J., Berra, E., Municio, M.M., Diaz-Meco, M.T.,
Dominguez, |., Sanz, L., and Moscat, J. (1994). Protein kinage C
isoform is critical forkB-dependent promoter activation by sphin-
gomyelinaseJ. Biol. Chem269,19200-19202

Mtller, G., Ayoub, M., Storz, P., Rennecke, J., Fabbro, D., and
Pfizenmaier, K. (1995). PKQ is a molecular switch in signal
transduction of TNF, bifunctionally regulated by ceramide and
arachidonic acidEMBO J.14, 1961-1969

Reeves, P.G., Nielsen, F.H., and Fahey Jr., G.C. (1993). AIN-93
purified diets for laboratory rodents: Final report of the American
Institute of Nutrition Ad Hoc Committee on the reformulation of the
AIN-76A rodent diet.J. Nutr.123,1939-1951

Berra, E., Diaz-Meco, M.T., Dominguez, |., Municio, M.M., Sanz, L.,
Lozano, J., Chapkin, R.S., and Moscat, J. (1993). Protein kinase C
isoform is critical for mitogenic signal transductiddell 74, 555-563
Mischak, H., Pierce, J.H., Goodnight, J., Kazanietz, M.G., Blumberg,
P.M., and Mushinski, J.F. (1993). Phorbol ester-induced myeloid
differentiation is mediated by protein kinaseoCand & and not by
protein kinase @2, -, -, and «. J. Biol. Chem268,20110-20115
Watanabe, T., Ono, Y., Taniyama, Y., Hazama, K., Igarashi, K.,
QOgita, K., Kikkawa, U., and Nishizuka, Y. (1992). Cell division
arrest induced by phorbol ester in CHO cells overexpressing protein
kinase C& subspecieProc. Natl. Acad. Sci. US89,10159-10163
Ghayur, T., Hugunin, M., Talanian, R.V., Ratnofsky, S., Quinlan, C.,
Emoto, Y., Pandey, P., Datta, R., Huang, Y., Kharbanda, S., Allen,
H., Kamen, R., Wong, W., and Kufe, D. (1996). Proteolytic
activation of protein kinase @ by an ICE/CED 3-like protease
induces characteristic of apoptosis.Exp. Med.184,2399-2404
Perletti, G.B., Marras, E., Concardi, P., Piccinini, F., and Tashjian
Jr., A.H. (1999) PKG acts as growth and tumor suppressor in rat
colonic epithelial cellsOncogenel8, 1251-1256

Scaglione-Sewell, B.A., Abraham, C., Bissonnette, M., Skarosi, S.F.,
Hart, J., Davidson, N.O., Wali, R.K., Davis, B.H., Sitrin, M., and
Brasitus, T.A. (1998). Decreased PKC-alpha expression increases
cellular proliferation, decreases differentiation, and enhances the
transformed phenotype of CaCo-2 cellancer Res58,1074-1081
Chakrabarty, S., Rajagopal, S., and Moskal, T.L. (1998). Protein
kinase C-alpha controls the adhesion but not the antiproliferative
response of human colon carcinoma cells to transforming growth
factor betal: Identification of two distinct branches of post-protein
kinase C-alpha adhesion signhhb. Invest.78,413-421

Abraham, C., Scaglione-Sewell, B., Skarosi, S.F., Bissonnette, M.,
and Brasitus, T.A. (1998). Protein kinase C-Alpha modulates growth
and differentiation in CaCo-2 cell&astroenterologyl14,503-509
Frey, M.R., Saxon, M.L., Zhao, X., Rollins, A., Evans, S.S., and
Black, J.D. (1997). Protein kinase C isozyme-mediated cell cycle
arrest involves induction of p2l(wafl/cipl) and p27(kipl) and
hypophosphorylation of the retinoblastoma protein in intestinal
epithelial cellsJ. Biol. Chem272,9424-9435



43

44

45

46

a7

48

49

A high-beef diet and colonic protein kinase C isozymes: Pajari et al.

Sauma, S., Yan, Z., Ohno, S., and Friedman, E. (1996). Protein 50
kinase C beta 1 and protein kinase C beta 2 activate p57 mitogen-
activated protein kinase and block differentiation in colon carcinoma
cells. Cell Growth Differ.7, 587-594 51
Sauma, S. and Friedman, E. (1996). Increased expression of protein
kinase C beta activates ERK3. Biol. Chem271,1122-1142

Akimoto, K., Takahashi, R., Moriya, S., Nishioka, N., Takayanagi,

J., Kimura, K., Fukui, Y., Osada, S.-i., Mizuno, K., Hirai, S.-i.,
Kazlauskas, A., and Ohno, S. (1996). EGF or PDGF receptors 52
activate atypical PKE& through phosphatidylinositol 3-kinase.
EMBO J.15, 788-798

Liu, Q., Ning, W., Dantzer, R., Freund, G.G., and Kelley, K.W.
(1998). Activation of protein kinase C-and phosphatidylinositol 53
3'-kinase and promotion of macrophage differentiation by insulin-

like growth factor-1.J. Immunologyl60, 1393-1401

Limatola, C., Barabino, B., Nista, A., and Santoni, A. (1997).
Interleukin 1-b-induced protein kinasefactivation is mimicked by 54
exogenous phospholipase Biochem. J321,497-501

Dominguez, I., Diaz-Meco, M.T., Municio, M.M., Berra, E., de
Herreros, A.G., Cornet, M.E., Sanz, L., and Moscat, J. (1992). 55
Evidence for a role of protein kinase{ubspecies in maturation of
Xenopus laevisocytes.Mol. Cell Biol. 12,3776—-3783

Verstovsek, G., Byrd, A., Frey, M.R., Petrelli, N.J., and Black, J.D.
(1998). Colonocyte differentiation is associated with increased 56
expression and altered distribution of protein kinase C isozymes.
GastroenterologyL 15, 75—-85

Young, S., Parker, P., Ullrich, A., and Stabel, S. (1987). Down-
regulation of protein kinase C is due to an increased rate of
degradationBiochem. J244,775-779

Roy, H.K., Bissonnette, M., Frawley, B.P., Wali, R.K., Niedziela,
S.M., Earnest, D., and Brasitus, T.A. (1995). Selective preserva-
tion of protein kinase Q-in the chemoprevention of azoxymeth-
ane-induced colonic tumors by piroxicanFkEBS Lett. 366,
143-145

Wali, R.K., Bissonnette, M., Khare, S., Aquino, B., Niedziela, S.,
Sitrin, M., and Brasitus, T.A. (1996). Protein kinase C isoforms in
the chemopreventive effects of a novel vitamin D3 analogue in rat
colonic tumorigenesisGastroenterologyl11,118-126

Pongracz, J., Clark, P., Neoptolemos, J.P., and Lord, J. (1995).
Expression of protein kinase C isoenzymes in colorectal cancer
tissue and their differential activation by different bile acibig. J.
Cancer61, 35-39

Dillehay, D.L., Webb, S.K., Schmelz, E.M., and Merrill Jr., A.H.
(1994). Dietary sphingomyelin inhibits 1,2-dimethylhydrazine-in-
duced colon cancer in CF1 micé. Nutr. 124,615-620

Schmelz, E.M., Bushnev, A.S., Dillehay, D.L., Liotta, D.C., and
Merrill Jr., A.H. (1997) Suppression of aberrant colonic crypt foci by
synthetic sphingomyelins with saturated or unsaturated sphingoid
base backbonedlutr. Cancer28, 81-85

Blank, M.L., Cress, E.A., Smith, Z.L., and Snyder, F. (1992). Meats
and fish consumed in the American diet contain substantial amounts
of ether linked phospholipidsl. Nutr. 122,1656-1661

J. Nutr. Biochem., 2000, vol. 11, October 481



