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Phorbol acetate enhances the phosphorylation of cytokeratins 8 and 18
in human colonic epithelial cells
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The phospharylation of ¢pithelial-specific eytokeratin (CK) 8 und 18 was studied in the human colenie cell line HT29, Metabelic labelling of ¢ells
with orthophosphale resulted in phosphorylation of cytokeratins 8/18 on serine residues. When phorbol-acetiate was added to tabelled cells, a 2.2-
fold increase in CK8/18 phosphate labelling was noted, whereas increasing intracellular cAMP lovels using forskolin or 8-Br-cAMP showed no
significant change in CK phosphorylation. CKs8/18 were also phosphoryluted by added PKC in the presence of {»-*PJATP, Tryptic peptide map
analysis of the phosphoryluted CK8 species showed that treatment of cells with 8-Br-cAMP or phorbol acetate generated o phosphopeptide not
seen in eontrol cells. In contrast, tryptic peptide maps of phosphorylated CK 18 showed no discernable differences. Our results suppart a role for
PKC in the phosphorylatian of epithellul cytokerating, with some phospharyiation sites being modulated by cAMP dependent protein kinase.

Cytokeratin phosphorylation; Protein kinase C: Phorbol acetnte

1. INTRODUCTION

Intermediate filaments (IF) are a heterogeneous
group of proteins that form an important part of the
cytoskeleton and nuclear envelope of most eukaryotic
cells ({1-3] for reviews). The § major types of IF show
organelle (e.g. type V lamins) or tissue specificity (e.g.
types I and I cytokeratins) depending on their consti-
tuent structural domains {1,2}. Cytokeratins, which en-
compass- approximately 30 different proteins, are ex-
pressed primatily in epithelial cells and are considered a
marker for epithelial cell differentiation [4,5]. They
form obligate non-covalent heteropolymers by the in-
teraction of an acidic type I 'keratin with a neutral/basic
type I keratin, As a group, cytokeratins undergo post-
translational modification including O-linked glycosy-
lation [6,7) and phosphorylation on serine residues
(8-11].

Although phosphorylation of several of the cyto-
keratin chains has been reported [8-11}, the kinases that
are involved in their phosphorylation remain sketchy.
Some in vitro evidence suggests that cAMP dependent
protein kinase can phosphorylate hoof cytokeratins
{10}, human cytokeratin 13 [9], and human keratins 1,
10 and 11 [8]. This is supported by the presence of
multiple potential cAMP dependent protein kinase sites
in several of the cytokeratins that have been studied [8].
However, the effect of agents that increase intracellular
cAMP levels on CK phosphorylation has been variable.
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For example, dibutyryl cAMP and isoproterenol in-
creased the phosphorylation of CKI3 2- and 5-fold
respectively, but no effect was noted for CKS5 [9]. It was
therefore suggested that other kinases may also play a
role in CK phosphorylation although the nature of
these kinases has not been studied.

Protein kinase C (PKC) is a serine kinase with at least
7 subspecies that regulate multiple - cellular events
([12-14] for reviews). The role of PKC in cytokeratin
phosphorylation has not been studied although PKC
has been shown to play a role in the phosphorylation of
other intermediate filament proteins such as lamin B
{15]. In addition, PKC associates with several cyto-
skeletal components {16,17] and may consequently
phosphorylate cytoskeletal proteins. In this report, we
used agents that modulate the activity of cAMP depen-
dent protein kinase and PKC to ask if these 2 kinases
play a role in cytokeratin 8 and 18 phosphorylation.

2. MATERIALS AND METHODS

2.1, Materials

Phorbaol 12-myristate 13-acetate (PMA), 4 a-phorbol, ionomycin,
forskolin, 8-bromo-cAMP, staurosporine, and anti-epithelial
cytokeratin (anti-cytokeratin 8 and 18) antibody termed CKS5 were ob-
tained from Sigma, Other materials used were: BAPTA/AM and
Pansorbin - (Calbiochem); carrier-free [*2P]phosphoric acid and
[y-**P]ATP (3000 Ci/mmol) (New England Nuclear); cAMP. 12|
detection kit (Amersham); PVDF membranes {(Immobolin P,
Millipore). PKC-c was a generous gift from ‘Dr Berta Strulovici
(Syntex Research, Palo Alto, CA). HT29 cells (human coion
adenocarcinoma cell line) were grown in RPMI 1640 media sup-
plemented with 10% fetal calf serum, penicillin (100 zg/ml) and strep-
tomyein (100 xg/ml).
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2.2, Immunoprecipitation

Cytokeratin 8218 Immunopreciphiation was ¢arried owt using &
mouse IgG1 moneclonal andbedy (MAD) termed LIAT obtained In
our laboratory. The conclusion thiut MAD L2ZAL recognizes CKB/ 181
supported by extemive tissue distribution sudies, micrasequencing of
the specles corresponding 1o putative CKIE with 100% yequence
hemology to eharactirized human CK18 (18), and immunadepi¢tion
experiments using the anti-epithellal eytokeratin specific antibody
CKS$ [19) (datu not shawn). Orthophesphate (*PO,) lavelling of In-
tact cells was done as deseribed before [20]. Alver fabelling, cells were
solubilized using | % Nonidet P40 in phiosphare bulfered salive (pH
7.2) containing: aprotnin (23 ag/ml), leupeptin (10 xM); pepriatin
€10 #M) and phenylmethylsulfony! flueride (0.1 mM). After removal
of nuclel, 100 41 of lysate (from 1-2 x 10* cells) were incubated with
5 g of purified L2A1 amibody or | 41 of ascites or 20 4 of purified
L2Al antibedy coupled with sepharose. Immune eomplexes were eol-
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Ieeted using 100-150 41 of 2% formalin fixed sraphybovoccus ourens
Fansorbin. Phosphorylated amine acids were analyzed by 3 dimen-
slonal electropheresis after extraction of the. phosphate labelled
cytokeratin  protein bapd from  SD&-polyacrylamide gels  and
hydrolysis in-vacue witly constamt beiling HCT (31,

3.3, Cyiokeratin phosphorylaiion ~

For the experiments deseribed iy Table | and Fig, 2, HT29 ¢elis (2
% 10" were labelled with 250 »Ci {MPlonthaphesphate in | ml of
phosphate-free media for 2 h. PMA and ienemyein (20-30 min
befare), and 8-BrcAMP (10 min befare) were added before the com-
pietion of labelling; staurosporine and BAPTA/ZAM were added 30
nvin before the start of labelling. Forskalin was added at the indicated
time paints before the completion of labelling. After labelling, CK im-
munopreeipitatex were prepared followed by analysls using SDS-
palyacrylamide gel electrophoresis (PAGE, 8% gel). To test I CK can
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Fig. 1. Cytokeratins 8 and 18 are recognized by MAb L2A1 and are phosphorylated on serine residues. Immunoprecipitates of CK8 and'18 were

obtained from [**PJorthophosphate labclled HT29 cells after metabolic labelling for 2 h'in phosphate-free media. Panels A-C show 2D analysis

with horizontal arrows indicating isoelectric focusing (IEF) and vertical arrows indicating SDS electrophoresis (basic peptides are to the left). Panel

B shows an autoradiograph of the dried Coomassie stained gel shown in panel A. Panel C represents a separate CK immunoprecipitate analyzed

by a 2D gel followed by Westérn blotting, Panels A~C also include immunoprecipitates that were analyzed only in the second dimension (horizontal

bracket) to allow easier identification of the 2D spots. Panel D shows results of phosphoamino acid analysis of a pooled mixture of CK 8 and 18.
PS, phosphoserine; PT, phosphothreonine; PY, phosphotyrosine.
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net as a substeate Tor PCKee, duplivate immunoprecipliates of
eytokeratin were abtiined from non-labelled cells, bolled, hien 10,C1
of [3-"PJATE in 10 mM MaCl:, | mM dithlethreital and 30 mM
PIPES were added in the prasence or absenes of 100 ag of PRC.¢.
After 13 min, 2 % non-reducing sample butfer was added followed by
analysis on an 8% SDS-polyucrylamide gel,

2.4, 2D gels, Western bloning and rypiie pepticle mapping

Isaclectric focusing (LEFY was pecfarmed using a pH 3-10 gradient
as in {22). For Western blot analysis, immunoprecipitaies wery
transferred from SDS gels 1o PVDF membranes (0,43 4m pore sizc)
using the munufactures's recommendations o & buffer contining 192
mM glyeing, 25 mM Tris, and 20% methanol [23], Transfer was car-
ried aut using Bio-Rad TransBlotiransfer ¢ell (semi-tlry) for 30 min
#t 13 volis: Alter transter, the PVDF membrane strips were incubated
with appropriate MAb supernatant at 111 dilution for 2 h (22°C)
followed by washing. Specifie bands werd visualized by incubating
with goat anti-mouse 1gG alkaline phosphatase conjugate and
developing using the manufacturer's recommendations (Bio-Rad),
Analysis of tryptic peprides of the ¢ytokerating was carried out exactly
as in {20} exept that earboxymethylation was done before SDS
polyacrylamide gel ¢lectrophoresis,

3. RESULTS

MADb L2A1 immunoprecipitated 2 major bands cor-
responding to CK8 and CKI18 as seen on Coomassie
blue staining in Fig. A. The 3rd prominent middle
band may correspond to CK7 but was not investigated
further. The p/ of CK8 and 18 shown in Fig. I was
6.0-6.2 and 5.6-5.8 respectively and was similar to that
reported by others {4]. Both CK8 and 18 were phos-
phorylated (Fig. 1B), and the peptide chains recognized
by the MAb by Western blotting (Fig. 1C), corréspond-
ed to the phosphorylated species (autoradiograph of
Fig. 1C, not shown), Analysis of the phosphorylated
residues on CK8 and 18 revealed that phosphorylation
occurred mainly on serine residues with less than 5% of
the radioactivity associated with threonine residues
(Fig. 1D).

We then asked if protein kinase C or cAMP depen-

dent protein kinase plays a role in the phosphorylation
of CKB8/18 by using agents that modulate the function
of these kinases. Increasing intracellular cAMP levels
using forskolin or 8-Br-cAMP resulted in increasing in-
tracellular cAMP levels by 30-200 fold (Fig. 2A). Thes«
elevations in cAMP levels did not result in any signifi-
cant change in the level of phosphorylation of either
CK8 or 18 (Fig. 2A and Table I). In contrast, the addi-
tion of phorbol acetaie to cells labelled with [*2P]or-
thophosphate increased the level of = CK8/18
phosphorylation by 2-fold (mean 2.2, n = 7) (Fig. 2B),
Staurosporine, a PKC inhibitor [24], caused a 60%
decrease in CK phosphorylation; whereas 4a-phorbol,
ionomycin and the cell permeable calcium jon chelator
BAPTA/AM {25] had no significant effect .on CK
phosphorylation (Table I),

~ The increase in CK phosphorylation in the presence
of phorbol acetate is consistent with PKC acting as the
kinase. The lack of effect of calcium mobilization by
ionomycin or chelation by BAPTA/AM suggested that
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Fig. 2, Phosphorylation of cytokeratins 8/18 in the presence of for-
skolin, 8-Br-cAMP, PMA and by ‘PKC.e, The figure shows
autoradiograms of: (A) Cells in duplicates were either labelled with
orthophosphate or incubated under the same conditions as labelled
cells. Forskolin (in DMKO, 10 xt/ml added) or 8-Br-cAMP (in H,0)
were added for the indicated timepoints to duplicate dishes, followed
by immunoprecipitation and SDS/PAGE (labelled cells) or measure-
ment of cAMP levels (unlabelled duplicate). Lane 2 shows im-
munoprecipitates from control cells, to which 10 2l of DMSO was
added. The measured ¢cAMP corresponding to lane 1 was 75 finol per
1 % 10° HT29 cells. (B) Cytokeratin phosphorylation with or without
added PMA (200 ng/ml). Also shown are unlabeled cytokeratin im-
munoprecipitates in the presence of [»-**P]JATP and added PKC-e
(lane e) or without PKC-¢ (lane d).

the involved kinase may be calcium independent. We
therefore tested if CKB/18 can serve as an in vitro
substrate for PKC-¢, a calcium independent isoform of
PKC [12,13]. As shown in Fig. 2B, PKC-¢ phos-
phorylated both CK 8 and 18 which were isolated from
HT29 cells using the L2A1-sepharose coupled MAD,
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Table |
Retative fevel of extokeratin ¥ and & phosphorylation v HT29 ¢ells
Agent added CKE (¥ CKIR (n)
Nane (baxeline) .00 1,00
Forskolin €20 min} 10 4M 1OV (3 LUt (3)
R:Rr-c AMP (30 min} | mM 0.98 (1) 1.03 %)
de-phorbiol, 200 ng/mi 1.02 (2) LOF (2
PMA, 200 ngemi® 208 £ 0.6(7)  2.10 2 0.6 (N
Staurosporine, 10°* M 0.43 () 0.33 (2)
Lanomyein, 20-500 nM LY & 0.1 (8) L1 o= 0.1 (5)
BAPTA/AM, 10 aM 1.00 (2) .04 (2)

Numbers in (able correspond ta the mean level of **PO, incorporated

Into CK8 or 18, obtained ecither by epm counting or densltomerric

seanning of the individual bands. Numberx were normalized to
bascline phosphoryladon where no agent i5 added;

* n indieates number of experiments
P represents optimum coneentration in range of 20-300 ng/mi tested

CONTROL

CK8

CK18
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We also examined the tryptic peptide profile of CK 8
and 18 to determing 1f anv specific peptides could be
identified that become phosphorylated when cells are
incduced with phorbol acetate or 8-Br-cAMP., As shown
in Fig. 3, PMA and 8-Br-cAMP resulted in the phos-
phorylation of a peptide in CK8 that was not phos-
phorylated in control CK8 (faint peptide indicated by
large arrow), In contrast, CK18 showed a. similar
phosphopeptide pattern under all these conditions. A
faint peptide seen in PMA-treated CK18 pepride map
(small arrow) was also seen on longer exposure in con-
trol and 8-Br-cAMP CK18 maps and hence was not
considered significant (not shown). ‘

4. DISCUSSION

Although no differencas were seen in the phos-

8-Br-cAMP

Fig. 3. Tryptic phosphopeptide analysis of phosphate labelled CK8 and 18 in the presence of PMA and 8-Br-cAMP, Individual polypeptides cor-

responding to CK8 or CK18 were electroeluted from SDS-polyacrylamide gels and processed for peptide mapping as described in Section 2. Ap-

proximately 1200 cpm of each trypsin-digested polypeptide was loaded onto the cellulose plates followed by eléctrophoresis in the horizontal axis
and chromatography in the vertical axis. Exposure of the autoradiograph was for 3-6 days.
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phorylation of CK8/18 alter an increase in intracellular
¢AMP levels, a more subtle ditference was observed for
CKS8 after detailed analysis using tryptic peptide map-
ping. Earlier studies showed that increasing in-
tracellular cAMP levels manifested variable differences
in the level ol cytokeratin phosphorylation, depending
on tiie cytokeratin that was studied [9]. However, these
stuclies did not examine individual tryptic peptides. In-
teresuingly, the same peptide appeared after increasing
cAMP levels as after stimulation with PMA. It remains
to be determined if the same serine or threonine residue
is being phosphorylated in the presence of the different
stirulating agents, and whether the phosphurylation
involves a single or a cascade of kinases. A role for
cAMP dependent protein kinase in the phosphorylation
of CK8/18 is not surprising given that CK8 contains a
total of 59 serine residues with € sequence motifs (basic-
X-ser) representing potential. cAME protein kinase
phosphorylation sites [26], wheras CK18 contains 37
seriite residues with basic-X-ser motits {18].

Previous studies had suggested that CK phosphoryla-
tion involved other kinases in addition to cAMP depen-
dent protein kinase (8,9], although the nature of these
kinases has not been investigated, Our data support a
role for PKC in cytokeratin phosphorylation. This is
based on enhancement of the phosphorylation level in
the presence of PMA and inhibition of phasphorylation
in. the  presence of staurosporine. Furthermore,
CKs8/18 arc good phosphorylation substrates when
mixed with PKC-¢. Although other studies are required,
it appears that within the PKC family, PKC-¢ is a possi-

le candidate as a protein kinase involved in cytokeratin
phosphorylation. This hypothesis is based on the lack
of effect of the intracelular calcium '‘modulators
ionomycin. and BAPTA/AM on cytokeratin phos-
phorylation. To this end, HT29 cells contain significant
levels of immunoreactive PKC-¢ as determined by
Waestern blotting using an anti-PKC-¢ specific antibody
(Berta Strulovici, personal communication).

Other indirect evidence also supports a role for PKC
in the phosphorylation of cytoskeletal component pro-
teins. For example, activation of PKC by bryostatin
resulted in its transiocation to the nuclear envelope and
phosphorylation of the nuclear envelope intermediate
filament protein lamin B [15]. In addition, the calcium
dependent PKC-« appears to associate with the
cytoskeletal focal contact proteins vinculin and talin,
which in turn mediate the attachment of microfilaments
with the plasma membrane {17].
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