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Abstract

Epithelial cells line the gastrointestinal GI mucosa and form an important barrier that protects the subepitheli-

al tissue against a wide array of noxious substances allergens viruses and luminal microbial pathogens. Restoration of muco-

sal integrity following injury requires epithelial cell decisions that regulate signaling networks controlling gene expression sur-

vival migration and proliferation. Over the past few years polyamines have been shown to play a critical role in GI mucosal

repair and the control of cellular polyamines is a central convergence point for the multiple signaling pathways. Both the func-

tion of polyamines in rapid intestinal mucosal epithelial restitution and the underlying mechanism especially the implication of

K™ channel activity are the subject of this mini-review article.
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Maintenance of mammalian gastrointestinal epithelial
integrity is determined by a balance between damaging
factors and protective factors which include rapid resti-
tution. Mucosal injury occurs commonly from mild
physical trauma during digestion to localized damage
from the ingestion of alcohol aspirin and/or non-ster-
oidal anti-inflammatory compounds or from Helicobact-
er pylori infection. Restoration of normal intestinal mu-
cosal integrity-successful repair of wounds and ulcers-

requires epithelial cell decisions that regulate signaling
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mucosal injury membrane potential cell migration K channels
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networks controlling gene expression survival migra-
tion and proliferation. In the acute response to injury

damaged cells are sloughed and the remaining viable
cells from areas adjacent to or just beneath the injured
surface migrate to cover the denuded area. This early
restitution refers to resealing of superficial wounds as a
consequence of epithelial cell migration into the defect

a process independent of epithelial cell prolifera-

12

tion In contrast to this rapid repair process dee-

per damage and chronic ulcers manifest long-term com-
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plex responses that require de novo mRNA and protein
synthesis and cell replication.

Rapid epithelial restitution is a complex process that
is regulated by numerous factors including cellular poly-
amines. The natural polyamines including spermidine
spermine and their precursor putrescine are organic
cations found in all eukaryotic cells. It has been recog-
nized for some time that the control of cellular poly-
amines is a central convergence point for the multiple
signaling pathways driving different epithelial cell func-
tions. Cellular polyamine levels are dramatically in-
creased during the process of early mucosal restitution
in both in vivo and in vitro systems and polyamine de-
pletion through inhibition of ornithine decarboxylase

ODC

thesis

the rate-limiting enzyme in polyamine biosyn-
inhibits cell migration and delays mucosal resti-

327-29
. Over the past several years

tution our group
and others have demonstrated that polyamines regulate
voltage-gated K Kv channel expression and cytosolic
free Ca’" Ca’"

critical role in the stimulation of intestinal epithelial cell

concentration which plays a

cyl

migration after wounding. In this article we will pro-
vide an overview of Kv channels and Ca’* _ in poly-
amine-dependent cell migration and then analyze in

some details of the possible downstream signaling path-
L2+

ways following polyamine-induced Ca o N
migrating epithelial cells.
Polyamines and Kv channel expression

The polyamines are intimately involved in and re-

distinct epithelial cell functions including
Cellular
polyamine levels are highly regulated by biosynthesis

quired for

migration  proliferation and apoptosis ° *
degradation and transport system. Polyamines synthe-
sis depends on the activation or inhibition of ODC

which catalyzes the first rate-limiting step in polyamine
biosynthesis. ODC decarboxylates the amino acid orni-

thine to form putrescine 1 4 -diaminobutane

prop-
ylamine groups are then added to one or both amino
groups of putrescine to form spermidine and spermine

Fig. 1 . An other enzyme involved in this

SAMDC and

it may also be rate-limiting. Instead of conversion into

respectively

is S-adenosylmethionine decarboxylase

spermidine putrescine can be degraded by diamine ox-
idase or monoamine oxidase. It has been demonstrated
SSTA

is the rate-limiting factor in the polyamine degrada-

that spermidine/spermine-N-acetyltransferase

.4
tion = .

Kv channels are a group of membrane proteins and
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Fig. 1.
amines and their precursor putrescine in mammalian cells.
SPD 7 and
spermine  SPM  10. They carry 2 3 and 4 positive charges
that reflect the strength of their binding ability. ODC
thine decarboxylase DFMO  q-difluoromethylornithine.

The biosynthesis of the major physiological poly-

Putrescine has 4 CH groups spermidine

orni-

play an important role in regulating resting membrane
potential E_  in many types of cells ° . At the molec-
ular level Kv channels are composed of the pore-form-

. Acti-

vation of Kv channels causes membrane hyperpolariza-

ing o subunits and the regulatory B subunits °’

tion whereas inhibition of Kv channels predisposes to
membrane depolarization. A series of studies from our
group have recently demonstrated that polyamines are
required for expression of Kv channels in intestinal epi-

thelial cells ®~"

Depletion of cellular polyamines in-

Kvl. 1
and depolar-

hibits expression of Kv channel a subunits
reduced whole cell K* currents 1 |
ized £, Fig. 2

expression of Kv channel B subunit. In contrast in-

Polyamine depletion does not alter

creased cellular polyamines by addition of exogenous
spermidine or by overexpression of the ODC gene stimu-
late Kv channel activity and results in membrane hyper-
polarization. These results clearly indicate that poly-
amines are major stimulators for expression of the Kv
channel genes and are involved in the control of £ in

intestinal epithelial cells.



Jian-Ying WANG Rapid Intestinal Epithelial Restitution

A
B
Control DFMO DFMO+SPD
[ ————
[ro0pa
-k
+80 mV
S0mV omv
Cc
Control DFMO DFMO+SPD
-20 -
5
E -25+ *
of
-30 -
-35 1 +
Fig. 2.  Effect of depletion of cellular polyamines by a-diflu-
oromethylornithine DFMO on mRNA expression of voltage-
gated K* Kv 1.1 channel A  whole cell Kv currents

B and resting membrane potential € in intestinal epi-
thelial cells IEC-6 line . Cells were grown in the DMEM
containing 5% dialyzed FBS and 5 mmol/L DFMO with or
SPD for 4 d. Note that poly-

amine depletion inhibited Kv channel expression

without 5 wmol/L spermidine
decreased
whole cell Kv currents and resulted in membrane depolariza-
tion. " P <0.05 compared with control and DFMO alone
respectively.

Kv expression and Ca’* homeostasis

Increasing evidence shows that activity of Kv chan-

CaZ +

nels controls £ that regulates w1 concentration

by governing the driving force for Ca®* influx °* . At

the cellular level cytosolic free Ca’"  Ca’" is

cyt
. . 12
derived from two sources — external and internalad = .

CaZ +

channels that span the external barrier

can enter from outside the cell by passing through
plasma mem-
brane and also be released from internal Ca’* stores

Caz+

influx depends on the Ca>* driving force or the electro-

endoplasmic and/or sarcoplasmic reticulums

chemical gradient across the plasma membrane. While
CaZ+

and the Ca’* equilibrium

the chemical gradient the ratio of extracellular

Ca’" to Ca’*

o eyt
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potential E. E. =12.51n
117 =131 mV at 25C

force is mainly determined by the electrical gradient

Ca’* / Ca™* =

cyt

are constant the Ca’* driving

the difference between £ and E., E, —FE. . In other
words F,  is a major determinant of the driving force for
Caz +

By controlling the Ca’* driving force E, is an im-

influx.

portant regulator of Ca’* in non-excitable cells in-

eyt
cluding epithelial cells and lymphocytes. Membrane de-
polarization decreases the Ca’* driving force and inhib-
its Ca’" influx. In contrast membrane hyperpolariza-
tion increases the Ca** driving force and enhances Ca”*
influx. Therefore in the cells that do not express L-

Ca2+

influx is decreased by membrane depolarization but in-

type voltage-dependent Ca’* channels VDCC

creased by membrane hyperpolarization. Nonetheless
in excitable cells such as neurons cardiomyocytes and

muscle cells VDCC that are opened by membrane de-

polarization are the major pathway for Ca’* influx >’
In contrast to the voltage-independent pathway for Ca”*
influx in non-excitable cells membrane depolarization

Ca’" in excitable

eyt

opens VDCC and thus increases
cells.
E is primarily determined by the K™ permeability

and K* gradient across the plasma membrane ° . Since
K™ gradient is maintained by Na*-K* ATPase the K*
permeability is directly related to the activity and num-
ber of membrane K* channels. Kv channels are a major
determinant of resting £ in many types of cells. When
K" channels close or the total numbers of total K*
channels decrease E, becomes less negative 1. e.
depolarization . When K* channels open or the num-
bers of total K* channels rise E_ becomes more nega-
inhibi-

tion of K* channel gene expression would decrease the

tive 1i.e. hyperpolarization Therefore
number of K* channels and attenuate K* channel activ-
ity. The subsequent membrane depolarization decreases
the Ca>* driving force and thus inhibits Ca** influx.
Since Ca’" entry is a major source for Ca’* inhi-

CaZ +

cyt

in cells

eyt

bition of Ca’* influx would reduce

lacking VDCC ~ .

Kv channels and Ca’* ot In polyamine-dependent
cell migration
Our studies have shown that polyamines regulate in-

testinal epithelial cell migration by altering K™ channel

and Ca®*

m cyt

2
Ca™"

cyt

activity FE and that the resultant in-

crease in exerts its regulatory effects on cell

motility through interaction with specific targets during
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9. Because intestinal epithelial cells do

restitution °
the depolarized E_ by polyamine
CaZ+

ing force for Ca’* influx through capacitative Ca>* entry

not express VDCC

depletion decreases through the reduced driv-

cyt

>
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Fig. 3.  Effects of polyamine depletion and the Ca** iono-
phore ionomycin

C‘dz +

rized data showing

. ~ 2 .
Iono on cytosolic free Ca * concentration

and cell migration after wounding. A  Summa-
Ca2+
cells that were grown in control cultures and in cultures con-
taining 5 mmol/L DFMO with or without 5 wmol/L SPD for 4
d and cells treated with DFMO for 4 d and then exposed to
Iono 1 pmol/L .
tion after wounding in cells described in A. Polyamine deple-
life

eyt

measured in peripheral areas of

eyt

B Summarized data showing cell migra-

tion reduced Ca’* and inhibited cell migration

eyt

by lono stimulated cell migration in
" TP < 0.05 compared

oo 2
while increased Ca”*

polyamine-deficient cells  right .
with controls and DFMO alone.

Fig. 3

. .. 89
amine-deficient cells .

Migration is reduced by 80% in the poly-
by de-

polarization of K by 4-aminopyridine also inhibits nor-

Decreased Ca’"
mal cell migration and prevents the restoration of cell
migration by exogenous spermidine in polyamine-defi-

by the

ionophore ionomycin stimulates cell

. . 2
cient cells. In contrast increased Ca "

cyt
treatment with Ca’”
migration in the absence of cellular polyamines. These
results indicate that polyamine-mediated intestinal epi-

thelial cell migration is partially due to increase of Kv
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channel expression. The subsequent membrane hyper-

polarization raises Ca’" o by increasing the driving
force for Ca’* influx and thus stimulates cell migration.
we have found that
IEC-Cdx21.1

induced by forced expression of the Cdx2 gene

In another set of experiments
differentiated intestinal epithelial cells
line
which encodes a transcription factor controlling intesti-
nal epithelial cell differentiation  migrate over the
wounded edge much faster than undifferentiated paren-
tal IEC-6 IEC-6 We
demonstrated that increased migration of differentiated

[EC-Cdx2L1 cells after wounding results

tially from the K* channel activation and the increase

cells line have also

at least par-
in the driving force for Ca’" influx during restitu-

IEC-Cdx21.1 cells with highly differentiated
phenotype express higher basal levels of Kvl.1 and

tion " .
Kvl.5 mRNAs and proteins than those observed in un-
differentiated parental TEC-6 Neither IEC-
Cdx21.1 cells nor parental IEC-6 cells express VDCC.

The increased expression of Kv channels in differentia-

cells.

ted IEC-Cdx2L1 cells is associated with an increase in
IK v

whole cell K* currents membrane hyperpolar-

ization and a rise in resting Ca®" The migration

cyt*®

rates in differentiated IEC-Cdx2L1 cells are
of parental IEC-6 cells. Inhibition of Kv channel ex-

~4 times

pression by depletion of cellular polyamines reduced
CaZ+

toskeletal proteins

o and resulted in cellular reorganization of cy-

along with a marked reduction in
actomyosin stress fiber formation and the inhibition of
epithelial cell migration. In contrast elevation of

Caz +

formation of actomyosin stress fibers and increased epi-

by the Ca’" ionophore ionomycin promoted

cyt

thelial cell migration after wounding.

Regulation of Ca®* and transient receptor po-

cyt
TRPC

As pointed out above the Ca’" driving force in in-

tential channels

testinal epithelial cells is the major determinant of trans-
membrane influx of Ca’*  but the involvement of Ca’*
channels in this process is still unknown. In endothelial

and epithelial cells passive Ca’* leakage receptor-op-

erated Ca’* channels ROC nonselective cation
channels NSOC and store-operated channels
SOC  all contribute to Ca®* influx * " . Non-excita-

ble cells such as intestinal epithelial cells lack VDCC
but have developed the Ca’* entry mechanism that is
coupled with the depletion of intracellular Ca®* stores to

TRPC
entry via TRPC channels

activate transient receptor potential channels

Thus the capacitative Ca’*
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may be a major source of intracellular Ca®* in mamma-
® . TRPC-1 and TRPC-5 that encode Ca’"

permeable channels are detected in the intestinal epi-
8 10

lian cells
thelial cells . These results indicate that the capaci-
entry through TRPC-1 and TRPC-5 channels
may serve as an Iimportant source of the agonist-

CaZ +

cyt

tative Ca’*
mediated rise in during restitution in intesti-
nal epithelial cells. In support of this possibility we
have recently demonstrated that mRNA and protein lev-
els of TRPC-1 in differentiated intestinal epithelial cells
are significantly higher than those observed in undiffer-
entiated parental cells. The higher levels of TRPC-1 in
differentiated epithelial cells are associated with a sig-

10 12

. . . 24 .
nificant increase in basal Ca concentration

cyt

Clearly studies to elucidate the exact role of TRPC in
the regulation of Ca>* influx in gastrointestinal epitheli-

al cells are urgently needed.

Downstream targets of Ca’*
Although Ca’"

do different cell types and cellular functions select

regulates almost everything that we

combinations of Ca’" signals with the precise parame-
ters to fit their processes. A specific role of Ca’* in the
regulation of various biological functions completely de-

pends on downstream targets of elevated Ca’* eyt

713
and

The research has been reviewed elsewhere
the following discussion will focus on just a few points of
current interest. The coordinated movement of intestinal
epithelial cells during restitution is a complex process
that is controlled by the cytoskeleton. Changes in both
the distribution and formation of the cytoskeleton alter
the adhesion spreading and motility of cells. There is
increasing evidence indicating that elevated Ca’* oyt

GTP -

binding proteins that are key regulators of the cytoskele-
16 17

activates Rho guanine nucleotide triphosphate

tal reorganization
Rho Proteins. The Rho family including Rho Rac
and Cdc42

small guanosine triphosphatases

is a member of the Ras superfamily of
GTPases
tions as molecular switches by cycling between an active
GTP-bound GDP-bound
state "' through GDP-
GTP exchange is stimulated by guanine nucleotide ex-
change factors GEFs
proteins is promoted by GTPase-activating proteins
GAPs .

target proteins or effectors to regulate a signal transduc-

and func-

state and an inactive

. Activation of Rho proteins

whereas inactivation of the

Activated Rho proteins interact with cellular

tion pathway linking surface receptors to the formation

of actomyosin stress fibers and focal adhesions. The

369

transformation of RhoA from its inactive GDP-bound
form to its active GTP-bound form activates Rho kinase
that results in the formation of actomyosin stress fibers

18 On

the other hand activation of Rac promotes de novo actin

by initiating myosin light chain phosphorylation

polymerization at the cell periphery to form lamellipodi-

al extensions and membrane ruffles and activation of

Cdc42 results in actin polymerization to form filopodia
or microspikes.

It has been recently reported that Ca’*-activated
RhoA activity plays a ecritical role in regulation of cell

migration after wounding in intestinal epithelial

919 2+

concentration either

cells Decreased Ca™"

by reducing the Ca’* driving force for Ca’* influx via
membrane depolarization by polyamine depletion or re-
moval of Ca’" _ from the culture medium inhibited

CaQ +

RhoA expression and activity. Increasing

cyl
through treatment with the Ca’>* ionophore ionomycin
stimulated RhoA activity in intestinal epithelial cells

Fig. 4

h not only increased RhoA protein level in normal cells

. Exposure to 1 pwmol/L ionomycin for 4 and 6

but also significantly overcame the inhibitory effect of
polyamine depletion on RhoA expression. RhoA protein
levels in response to ionomycin were correlated to the

elevation of Ca’" and the responses in polyamine-

cyt
deficient cells were smaller than those observed in nor-
mal cells because of reduced driving force for Ca** in-

flux. Ca’*
partially through alteration of RhoA protein synthesis

Elevation of increased RhoA activity

cyt
and stability in intestinal epithelial cells ° . The rate of
newly synthesized RhoA protein was stimulated by in-

creasing Ca’" but inhibited after exposure to the

Ca’ " -free medium. On the other hand the stability of
CaZ+

cyt

in intesti-
Ca2+

slightly increased the stability of RhoA protein removal
of Ca**

accelerated its degradation.

RhoA protein also was regulated by
nal epithelial cells. Although elevation of

cyt

, dramatically destabilized RhoA protein and
Furthermore decreased Rho activity by treatment
with Clostridium botulinum exoenzyme C, transferase

C; blocks formation of actin-myosin stress fibers and
inhibits intestinal epithelial cell migration after woun-
> At present it is not clear whether other mem-
bers of the mammalian Rho family including RhoB
RhoC  RhoD  RhoE  RhoG Racl Rac2
Cdc42  are regulated by Ca’" o alterations or are in-
volved in the regulation of intestinal epithelial cell mi-

These

ding

and

gration. results indicate that increasing



370

o [m] [a]
£ [ o
5 5 %%
5 o + + + %
g o Q Q&
§ T £ & 28
o o o a 5%
.. o o e | -(GTP-RhoA
e e | - ROK
—— —— R ] -~ —ROCK"1

3000+

20004

Kinase activity

1000+

Fig. 4. Changes in GTP-bound RhoA GTP-RhoA  ROKa
and ROCK-1 proteins and the Rho-kinase enzyme activity in
control and polyamine-deficient cells. A Western blots for
GTP-RhoA and ROKa and ROCK-1. In the experiments deal-
DFMO-treated cells and
cells treated with DFMO plus SPD were exposed to the Ca’" -
free medium or 1 pmol/L ionomycin iono for 6 h. B Sum-

ing with manipulation of Ca’"

marized data showing the Rho-kinase enzyme activity in cells
described in A. Note that decreased Ca®*

eyt

by polyamine
depletion or exposure to the Ca** -free medium inhibited GTP-
RhoA and inactivated Rho-kinase  while induction of

Ca’* by exogenous SPD or lono increased GTP-RhoA and

activated Rho-kinase in polyamine-deficient cells. * *P <
0. 05 compared with controls and DFMO + SPD  respectively.

Ca’" o activates RhoA activity and increases the for-
mation of actomyosin stress fibers and stimulates intesti-
nal epithelial migration during the early phase of muco-
sal restitution.

Effector of Rho. To understand the exact mechanisms
through which Rho GTPases regulate the cytoskeletal re-
arrangement and other associated activities an array of
possible cellular effectors has been repor-
ted 22

purification techniques

targets
Using yeast two-hybrid selection and affinity
more than 20 candidate targets
have been identified so far which represent a wide va-
riety of enzymatic activities and protein-protein interac-
tion domains.

It has been shown that the Ser-Thr kinase p'“ROCK

interacts with Rho in a GTP-dependent manner > * .
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This kinase is an excellent candidate for mediating Rho-
induced changes to actin-myosin cytoskeleton because it
mimics the function of Rho when overexpressed or con-

MLC
and MLC phosphatase which are known to regulate the

stitutively activated. Both myosin light chain

assembly of actin-myosin filament bundle ***  are

substrates of the Ser-Thr kinase p'® ROCK. Whether
p'“ROCK is the only downstream target of Rho required
for inducing the formation of stress fibers remains to be
demonstrated. Treatment with cytochalasin D blocks as-
sembly of stress fibers suggesting that some actin poly-
merization might be required. However there are some
results indicating that the actin-myosin filaments in-
duced by p'®ROCK are not correctly organized nor are
they contractile as they are when induced by Rho *' .
Although no direct targets of Rho are identified yet
the ERM proteins

sin are emerging as key regulators of the actin-myosin

including ezrin radixin and moe-
cytoskeleton. The interaction of ERM with a transmem-
brane protein CD44 through their NH-2-termini has
been shown to be regulated by Rho and their COOH-
terminal ends interact with filamentous actin * . More-
over ERM proteins are essential for both Rho- and
Rac-induced cytoskeletal organization. It is possible
that ERM proteins behave as regulatable scaffold pro-
teins that anchor actin-myosin filaments to the mem-
brane and that this is a prerequisite for Rho and Rac to
induce stress fibers and lamellipodia respectively.

We have recently examined whether increased RhoA

Ca’" Rho-kinase
resulting in MLC phosphorylation **

following elevated activates

ROK/ROCK
Reduced Ca**

cyt
o by either polyamine depletion or
exposure to the Ca’’-free medium decreased RhoA
protein expression which was paralleled with signifi-

in GTP-bound RhoA ROCK-1 and
Rho-kinase enzyme activity Fig. 4

cant decreases
ROKa proteins
and MLC phosphorylation. The reduction of Ca** oyt
also inhibited cell migration after wounding. Elevation
of Ca’" o induced by ionomycin increased GTP-
bound RhoA ROCK-1 and ROKa proteins Rho-ki-
nase enzyme activity and stimulated MLC phosphoryla-
tion. Inhibition of RhoA function by a dominant nega-
tive mutant RhoA decreased ROKa protein expression
and the Rho-kinase enzyme activity and resulted in cy-
toskeletal reorganization. Inhibition of ROK/ROCK ac-
tivity by the specific inhibitor Y27632 not only de-
creased MLC phosphorylation but also suppressed cell
migration. These results indicate that increase in GTP-

2 .
Ca™" can interact

cyt

bound RhoA by polyamines via
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with and activate Rho-kinase during intestinal epithelial

restitution. The activated Rho-kinase subsequently
phosphorylates MLC  leading to the stimulation of myo-

sin stress fiber formation and cell migration.

Summary

Based on our findings we propose a model
delineating the role of K* channel activation following
increased polyamines in the process of intestinal epithe-

Fig. 5 In this

model increased polyamines enhance K* channel ex-

lial cell migration after wounding
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Ca’"
force for Ca’* influx and increase RhoA activity lead-
ing to ROK/ROCK activation. The resultant activation
of ROK/ROCK increases MLC phosphorylation resulting

in stimulation of stress fiber formation and cell migration

concentration through enhancing the driving

cyt

In contrast depletion of cellular

RhoA/Rho-kinase

through down-regulation

during restitution.

polyamines inactivates signaling

pathway by reducing Ca** st
of K channel activity decreases MLC phosphoryla-
tion and inhibits stress fiber formation thus leading to

inhibition of cell migration.
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Fig. 5. Schematic diagram depicting the proposed roles of K* channels and Ca’*-RhoA signaling in the stimulation of in-

testinal epithelial cell migration by polyamines after wounding. Polyamines stimulate K" channel activity cause membrane

hyperpolarization and raise Ca’*

eyt

by increasing the driving force for Ca’* influx leading to activation of RhoA. In-

creased GTP-bound RhoA can interact with ROK/ROCK and activate it. Activated ROK/ROCK increases myosin light chain

MLC  phosphorylation and actomyosin stress fiber formation leading to stimulation of cell migration during restitution.
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