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Summary. During the spontaneous differentiation (day 5 to day 15 of the culture) of Caco-2 cells, the sulfation of 
cell layer glycosaminoglycans increased, whereas protein kinase C activity was concomitantly redistributed from the 
membrane to the cytosol. The protein kinase C activators, 4/~-phorbol 12/3-myristate, 13c~-acetate and 1,2-dioctanoyl- 
glycerol inhibited glycosaminoglycan sulfation. By contrast, 4e-phorbol 12, 13 didecanoate was ineffective. 
These results suggest that membrane-bound PKC may exert a modulatory effect on glycosaminoglycan sulfation, and 
this effect is gradually attenuated as Caco-2 cell differentiation progresses. 
Key words. Differentiation; glycosaminoglycan sulfation; protein kinase C; phorbol esters; Caco-2 cells. 

Glycosaminoglycans (GAGs) are complex polyanionic 
carbohydrates mainly associated with the cell surface and 
the extracellular matrix 1. They are strategically posi- 
tioned to regulate interactions between cells and their 
microenvironment. Such interactions are of great impor- 
tance for cell growth, migration, adhesiveness and differ- 
entiation 2. Specific alterations in cell membrane GAGs 
and particularly in the sulfation of their polysaccharide 
chains may be correlated with cellular differentiation 3. 
In this regard, it was recently reported that significant 
changes in the sulfation of cellular GAGs took place 
during the differentiation of promyelocytic leukemia 
HL-60 cells induced by 4/%phorbol 12/~-myristate, 13c~- 
acetate (PMA) 4. Since protein kinase C (PKC) is the 
primary target of PMA action 5, the enzyme was suggest- 
ed to be responsible for the observed changes 4. In the 
present investigation, we attempted to determine whether  
PKC, in the absence of exogenous activation, might play 
a role in the sulfation of GAGs during cellular differenti- 
ation. Therefore, we took advantage of the property of  
Caco-2 cells of spontaneously differentiating in vitro. 
This colon carcinoma cell line in the absence of any of the 
usual inducers of differentiation (sodium butyrate or 
dimethylsulfoxide), undergoes a typical enterocytic dif- 
ferentiation which is a growth-related phenomenon start- 
ing as soon as confluency is reached and which is charac- 
terized by: 1) morphological differentiation [presence of 
apical brush borders and tight junctions which are 
specific features of polarized epithelia6]; 2) functional 
differentiation [formation of domes and transepithelial 
electrical transport v]; these levels of differentiation are 
both completed by day 9 8, 9; and 3) enzymatic differen- 
tiation which is characterized by a regular increase of 

brush border hydrolase activities from confluency (day 
6) 6, 8. Using Caco-2 cells, we examined both GAG sul- 
fation and PKC subcellular distribution throughout cel- 
lular differentiation. In addition, we investigated the role 
of PKC in GAG sulfation by testing different PKC acti- 
vators as well as an inactive phorbol ester known to have 
no effect on the enzyme. 

Materials and methods 
Cell culture. The Caco-2 cell line 10 was obtained from 
Dr. Zweibaum (Unit6 de Recherche sur le M6tabolisme 
et la Diff6renciation des Cellules en Culture, H6pital 
Paul Brousse, Villejuif, France). The cells were main- 
tained at 37 ~ in a 10% CO2-90% 0 2 air atmosphere in 
Dulbecco's modified Eagle medium (DMEM) (Eurobio), 
as previously described 8. For experiments, cells in 
the 94th to 99th passage were plated at 3 x 10 5 cells 
in 25-cm 2 plastic flasks (Corning). The medium was 
changed 48 h after seeding and then daily in all experi- 
ments. After treatment with 0.25 % trypsin 8, 9, cell num- 
bers were determined with a cell coJanter (Ortho Instru- 
ments). 
Radiolabelling and isolation of  glycosaminoglycans. At 
each indicated time in culture, cells were incubated with 
30 ~tCi/ml of Na 2 35 SO 4 (New England Nuclear, 382 Ci/ 
mole) for 6 h; at the end of the labelling period, the 
radioactive medium was removed. Cell layers were suc- 
cessively washed six times with 5 ml 10 % trichloroacetic 
acid for 15 min at 4 ~ and twice with 5 ml ethanol. After 
drying, the fixed cells were dissolved in 0.5 M NaOH and 
neutralized with HC1. The resulting extracts were then 
digested at 56 ~ with 1% pronase in 0.1 M Tris buffer 
solution plus 0.004M CaClzpH 8.5; after dialysis, 
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GAGs were isolated from digests by precipitation with 
ethanol and sodium acetate as previously described 11. 
The uronic acid content of  cell layer GAGs was estimated 
by the carbazole reaction modified by Bitter and Muir 12. 
in experiments where the effect of  PKC effectors was 
tested on G A G  sulfation, Caco-2 cells were incubated for 
1 h with Na 2 35 SO4 either in the absence or in the pres- 
ence o f  the agents. The phorbol esters and L2-dioc- 
tanoyl-glycerol were prepared and used under the condi- 
tions described ~3 
Cell fractionation and protein kinase C assay. After de- 
canting the media and rinsing the monolayers 5 times 
with ice-cold phosphate buffered saline (PBS), cells were 
scraped free with a rubber policeman, then suspended in 
2 ml ice-cold buffer A (20 mM Tris-HC1, pH 7.5 at 4 ~ 
2 mM EDTA, 5 mM EGTA, 0.25 M sucrose, 50 mM 2- 
mercaptoethanol) and subsequently homogenized with 
20 strokes of  a tight teflon homogenizer. The ho- 
mogenates were centrifuged for I h at 105 000 x g. Su- 
pernates (cytosols) were decanted and the pellets re- 
suspended in I ml of  buffer A containing 0.2 mM phenyl- 
methylsulfonyl fluoride and 0.1% Triton X-100. After 
60 rain at 4~ the solubilized membranes were cen- 
trifuged as described above. Protein content was deter- 
mined by the Bradford dye method, using Bio-Rad re- 
agent and BSA as the standard. Protein kinase C activity 
was determined by slight modifications of  the methods 
previously described ~e, as. The complete reaction mix- 
ture (250lal) contained 5lamol Tris-HC1 (pH7.5),  
2 .5gmol  Mg-acetate, 25nmoles []~_32p] ATP, 20lag 
phosphatidylserine (PS), 5 lag 1,2 diolein, 0.8 mM CaCI 2 
and 50 lag histone II1-S. Basal activity (Ca 2+, PS-inde- 
pendent kinase activity) was determined by incubation of  
samples in the absence of  PS, diolein and Ca 2 +. Reac- 
tions were initiated by addition of  the cellular extracts 
(10 lag of  protein) and terminated after 5 min at 30 ~ as 
in Skoglund et al. 16. PKC activity is expressed as the 
activity (pmol 32p transferred to histone III-S/min/ 
10 6cells) measured in the presence of  Ca 2 +, PS and di- 
olein, minus the basal activity. 

Results and discussion 
Sulfation of cell layer glycosaminoglycans during differen- 
tiation of Caco-2 cells. To evaluate changes in cell layer 
GAGs during differentiation, Caco-2 cells were labelled 
for 6 h  with Naz3SSOa on days 5, 6, 9 and 15 of  the 
culture. In these experiments, the radioactivity incorpo- 
rated into GAGs was expressed as cpm/lag uronic acid/ 
10 6 cells, which enabled us to evaluate the degree of  
sulfation of  the GAGs at each time studied. As illustrated 
in figure 1, the specific activity of  GAGs, which amount-  
ed to 2724 cpm/lag uronic acid/10 6 cells on day 5, in- 
creased markedly (by 46%) up to day 9, at which point 
it had reached a maximal value of  3985 cpm/lag uronic 
acid/10 6 cells. This specific activity of  GAGs remained 
roughly constant till day 15 (3750 cpm/lag uronic acid/ 
l0 6 cells). These results clearly indicate that differentia- 

tion of  Caco-2 cells is associated with an increase in sul- 
fation of  cell layer GAGs. This agrees with other findings 
that the differentiation of  cell types such as HT-29 cells, 
another colon tumor  cell line 17, as well as F9 teratocar- 
cinoma cells is, human monocytes 19 and myoblasts z0 
has also been shown to be associated with quantitative or 
even qualitative modifications of  GAGs, such as an 
increased degree o f  sulfation on chondroitin sulfate 
residues 18, 19 In the present study, we have observed 
that changes in G A G  sulfation mainly occurred within 
the period day 5-day 9 of  the culture. These results extend 
our recent observation that the structural features (sul- 
fation pattern and hydrodynamic size) of  GAGs are sig- 
nificantly changed when Caco-2 cells have become mor- 
phologically differentiated 9. Considered together, our 
results are of  particular interest in regard to the fact that 
these changes are concomitant with the morphological 
differentiation (polarization) of  Caco-2 cells. 
Recent information obtained on cell surface proteogly- 
can (PG) of  mammary  epithelial cells 21 have suggested 
that this PG covers the entire cell surface of  newly cul- 
tured cells, but when the epithelial cells became polar- 
ized, cell surface PG is anchored to cytoskeleton elements 
by means of  ionic interaction, and acts as a matrix recep- 
tor to provide the association between the epithelial 
skeleton with the extracellular matrix and therefore, to 
stabilize the morphology of  epithelial sheets 2~ Thus, the 
PG can mediate the conversion of  changes in the matrix 
into changes in cellular behavior such as those occurring 
during differentiation of  the cells. In morphologically 
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Figure 1. Sulfation of GAGs relative to the differentiative state of Caco- 
2 cells. Caco-2 cells were incubated for 6 h at 37 ~ with Naz 35 SOa 
(30 gCi/ml) on days 5, 6, 9 and 15 of culture. At each indicated time, 
labelled proteoglycans of the cell layer were solubilized from pooled cells 
by alkali treatment as described under 'Materials and methods'. GAGs 
were liberated from proteoglycans by proteolytic digestion with pronase 
and then analyzed for their uronic acid (UA) content. Specific activities 
are expressed as the amount of radioactivity incorporated per ~tg UA, 
relative to l 0  6 cells. The results are given as the means of 3 experiments 
performed in duplicate. 
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differentiated Caco-2 cells, no further modification of 
GAG sulfation was observed from day 9 to day 15 of the 
culture (at which point the enterocytic differentiation of 
Caco-2 cells is completed): the GAGs are immobilized by 
the cytoskeleton and involved in the basement mem- 
brane, to provide structural stability and support to the 
cells. In the present study, the observed changes in GAG 
sulfation during differentiation of Caco-2 cells appear to 
be an important step involved in the regulation of cellular 
functions typical of the differentiative phenotype of Ca- 
co-2 cells and may be considered as useful markers of 
differentiation. 
Total activity and subcellular distribution of protein kinase 
C during differentiation of Caco-2 cells. We next investi- 
gated whether Caco-2 cell differentiation, shown to be 
associated with an increase in GAG sulfation, might also 
be associated with changes in the total activity of PKC as 
well as in its subcellular distribution. Towards this end, 
we determined the enzyme activity in both the membrane 
and cytosolic fractions, at various times from day 5 to 
day 15 of the culture. As illustrated in figure 2A, the total 
PKC activity of Caco-2 cells which was measured at days 
6, 9 and 15, was not significantly different from that 
observed at day 5. By contrast, figure 2B shows that the 
subcellular distribution of PKC was profoundly altered 
within the time-course of Caco-2 cell differentiation. 
Thus, membrane-bound PKC, which on day 5 represent- 
ed 55 % of the total activity of the enzyme, progressively 
decreased to 14% on day 9. No further significant de- 
crease was observed from day 9 to day 15, at which time 
membrane-bound PKC represented 12 % of its total cel- 
lular activity. Reciprocally, cytosolic PKC activity in- 
creased from 45 % on day 5 to 88 %0 on day 15, when the 
cells underwent enterocyte-like differentiation. Such a 
preferential cytosolic localization of PKC activity in Ca- 
co-2 cells which had acquired the  enterocytic phenotype 
is consistent with the finding tha t, in rabbit enterocytes, 
75 %o of the total PKC activity was found in the cyto-  
sol 22. On the other hand, it seems worth mentioning that 

Effect of various PKC modulators on the incorporation of 35S-sulfate 
into cell layer glycosaminoglycans of Caco-2 cells 

Treatment aSS-GAG specific radioactivity 
(% of control) 

None 100 
PMA (100 ng/ml 53 _ 3 ** 
1,2 dioctanoyl-glycerol (100 gg/ml) 69 + 5 * 
4 a-PDD (100 ng/ml) 93 + 5 

Confluent Caco-2 cells were incubated for 1 h at 37 ~ with or without 
the indicated compounds in the presence of Na235SO4 (30 gCi/ml). 
Specific radioactivity of asS-GAGs was determined as indicated in fig- 
ure 1. The control value (100%) was 925 + 105 cpm/pg UA/106 cells. 
Results are given as the means _+ SEM of 5 experiments performed in 
duplicate. Values significantly different from the control value are indi- 
cated: �9 p < 0.01, **p < 0,001 (as estimated by Student's t-test for non- 
paired data). 

a quite recent study 23 also reported changes in the intra- 
cellular distribution of PKC during the PMA-induced 
differentiation of HL-60 cells, with the enzyme being 
largely cytoplasmic in the fully differentiated cells. It is 
therefore suggested that the alterations in PKC distribu- 
tion observed in Caco-2 cells as well as in HL-60 cells are 
physiologically important; however, a causal relation- 
ship between PKC distribution and cellular differentia- 
tion remains to be established. 
Our results clearly show that Caco-2 cells exhibit, con- 
comitant with an increase in the sulfation of their cell 
layer GAGs, a decrease in membrane-bound PKC, which 
is the active form of the enzyme. It  is noteworthy that for 
both processes, GAG sulfation and PKC redistribution, 
it is within the period day 5-day 9 that acute changes were 
observed whereas in the subsequent period, day 9-day 15, 
a stationary phase was noted. These observations suggest 
a relationship between sulfation of cell layer GAGs and 
PKC localization. It might be hypothesized that PKC, 
when in the membrane, negatively modulates GAG sul- 
fation. Therefore, the increase in this latter process 
throughout differentiation might in fact reflect the loss of 
the modulation exerted by PKC, due to the redistribution 
of the enzyme in the cytosol. 
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Figure 2. Total acti;city and subcellular distribution of PKC in relation to 
the differentiative state of Caco-2 cells. On the indicated days, Caco-2 
cells were homogenized in 2 ml of buffer A. Cytosolic and membrane 
fractions were prepared and assayed for PKC activity as described in 

'Materials and methods'. Panel A gives the total cellular PKC activity 
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defined as the sum of the eytosoiic and membrane activities at a given day 
of culture. Panel B shows the relative proportions of PKC activity found 
in each fraction. Each point represents the mean of 3 experiments per- 
formed in duplicate. 
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Effect o f  various P K C  modulators on the sulJation o f  cell 
layer GAGs o f  Caco-2 cells'. To test the hypothesis  that  

act ivated P K C  m a y  exert  a cont ro l  on G A G  sulfat ion,  

the effect o f  P M A ,  a pho rbo l  ester k n o w n  to act ivate  the 

enzyme by p r o m o t i n g  its t rans loca t ion  f rom the cytosol  
to the m e m b r a n e  24, was  next  tested on 35 S-sulfate incor-  

p o r a t i o n  into  cell layer G A G s  of  conf luen t  Caco-2  cells. 

The  table indicates tha t  a 1-h t r ea tment  o f  Caco-2  cells 

wi th  100 ng /ml  o f  P M A ,  a concen t ra t ion  shown to be 
max ima l ly  effect ive on P K C  ac t iva t ion  24, resulted in a 

47 _+ 3 % decrease in the sulfat ion o f  cell layer G A G s .  

M o r e o v e r ,  the table shows that  1 ,2-dioctanoyl-glycerol  

(100 gg/ml) ,  a p e r m e a n t  diacylglycerol  recently shown to 

induce  in M C F - 7  h u m a n  breast  cancer  cells a discrete but  

s ignif icant  t r ans loca t ion  o f  P K C  f r o m  cytosol  to m e m -  
brane  25, reduced  G A G  sulfat ion by 31 _+ 5 % .  By con-  

trast,  4c~-phorbol 12, 13 d idecanoa te  (4c~-PDD, 100 ng/  

ml), an inact ive p h o r b o l  ester, p roved  ineffect ive in 

mod i fy ing  this process  ( table);  this p rovides  an assess- 

men t  o f  the specificity o f  the effect o f  P M A .  Our  f inding 
that  P K C  act iva tors  decreased G A G  sulfat ion whereas  

an inact ive pho rbo l  ester was wi thou t  effect on this pro-  
cess is consis tent  wi th  the results r epor ted  elsewhere 4, 26 

Such a f inding fur ther  suppor ts  the hypothesis  that  the 

enzyme,  once  act ivated,  m a y  exert  a negat ive  con t ro l  on 
G A G  sulfat ion,  

In conclus ion,  our  results p rov ide  evidence that  the spon-  

taneous  d i f ferent ia t ion  o f  Caco-2  cells is associated wi th  

an increase in the sulfa t ion o f  cell layer G A G  which is 

c o n c o m i t a n t  wi th  a red is t r ibut ion  o f  P K C  f rom the m e m -  
brane  to the cytosol .  These data,  together  with the find- 

ing that  P K C  act iva tors  reduce G A G  sulfat ion,  suggest  

that  in non-d i f fe ren t ia ted  Caco-2  cells which are charac-  

terized by the highest  level o f  m e m b r a n e - b o u n d  P K C ,  the 

enzyme exerts a negat ive  m o d u l a t i o n  on this process;  this 

effect m a y  be gradua l ly  lost as P K C  act ivi ty  redis t r ibutes  

to the cytosol  over  the t ime-course  o f  spon taneous  differ- 
ent ia t ion.  
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Summary. The present  s tudy demons t ra tes  a change  occur r ing  in the creat ine-kinase  i soenzyme prof i le  o f  ca rd iomy-  

ocyte  cul tures  induced  by a chronic  admin i s t r a t ion  o f  excessive a m o u n t s  o f  thyro id  h o r m o n e s  (TH).  This  change  is 

mani fes ted  by an increased level o f  the C K - B B  isoenzyme,  general ly at the expense o f  C K - M M  isoenzyme.  The 
e levat ion  o f  C K - B B  is p robab ly  a result  o f  a specific effect o f  T H  th rough  ac t iva t ion  o f  gene expression,  ra ther  than  

a con t r ibu t ion  o f  an increased n u m b e r  o f  n o n - m y o c a r d i a l  cells. The  impl ica t ions  o f  these results in the diagnosis  o f  
hear t  fai lures are discussed. 

Key words'. Crea t ine-k inase  i soenzymes;  c a rd iomyocy t e  cul tures ;  thyro id  hormones .  


