
Activated PKC� and PKC� Inhibit Epithelial Chloride Secretion
Response to cAMP via Inducing Internalization of the
Na�-K�-2Cl� Cotransporter NKCC1*

Received for publication, April 22, 2010, and in revised form, August 20, 2010 Published, JBC Papers in Press, August 23, 2010, DOI 10.1074/jbc.M110.137380

Jun Tang1, Patrice Bouyer, Andreas Mykoniatis, Mary Buschmann, Karl S. Matlin, and Jeffrey B. Matthews2

From the Department of Surgery, The University of Chicago, Chicago, Illinois 60637

The basolateral Na�-K�-2Cl� cotransporter (NKCC1) is a
key determinant of transepithelial chloride secretion and
dysregulation of chloride secretion is a common feature of
many diseases including secretory diarrhea.We have previously
shown that activation of protein kinase C (PKC) markedly
reduces transepithelial chloride secretion in human colonicT84
cells, which correlates with both functional inhibition and loss
of the NKCC1 surface expression. In the present study, we
defined the specific roles of PKC isoforms in regulating epithe-
lial NKCC1 and chloride secretion utilizing adenoviral vectors
that express shRNAs targeting human PKC isoforms (�, �, �)
(shPKCs) or LacZ (shLacZ, non-targeting control). After 72 h of
adenoviral transduction, protein levels of the PKC isoforms in
shPKCs-T84 cells were decreased by �90% compared with the
shLacZ-control. Activation of PKCs by phorbol 12-myristate
13-acetate (PMA) caused a redistribution of NKCC1 immuno-
staining from the basolateralmembrane to intracellular vesicles
in both shLacZ- and shPKC�-T84 cells, whereas the effect of
PMA was not observed in shPKC�- and shPKC�- cells. These
results were further confirmed by basolateral surface biotinyla-
tion. Furthermore, activation of PKCs by PMA inhibited cAMP-
stimulated chloride secretion in the uninfected, shLacZ- and
shPKC�-T84 monolayers, but the inhibitory effect was signifi-
cantly attenuated in shPKC�- and shPKC�-T84 monolayers. In
conclusion, the activated novel isoforms PKC� or PKC�, but not
the conventional isoform PKC�, inhibits transepithelial chlo-
ride secretion through inducing internalization of the basolat-
eral surface NKCC1. Our study reveals that the novel PKC iso-
form-regulated NKCC1 surface expression plays an important
role in the regulation of chloride secretion.

The Na-K-2Cl cotransporter (NKCC1),3 encoded by the
SLC12A2 gene, is a member of the cation-chloride cotrans-
porter superfamily and is widely expressed in epithelial and
non-epithelial cell types (1). In secretory epithelia, NKCC1 is

exclusively expressed at the basolateral membrane (1, 2) and
plays a central role in transepithelial chloride (Cl�) transport,
the physiological process that largely accounts for mucosal
hydration and fluid secretion by the gastrointestinal tract, air-
way, and exocrine organs (3, 4). Dysregulation of chloride
secretion is a common feature ofmany diseases including cystic
fibrosis and secretory diarrhea (3).
Chloride secretion requires the coordinated function of var-

ious ion pumps, transporters, and channels that are selectively
arrayed in either the basolateral or apical membrane of polar-
ized epithelial cells. Basolateral chloride entry into epithelial
cells is accomplished by NKCC1, which transports one Na�,
one K�, and twoCl� into the intracellular compartment driven
by the favorable Na� gradient generated by the Na�/K�-
ATPase (1). Potassium is recycled across the basolateral mem-
brane byK� channels, which also serve tomaintain the negative
intracellular potential that drives electrogenic chloride exit
across the apical membrane via various regulated chloride
channels (2, 5). NKCC1 plays a pivotal role in setting the net
secretory capacity of the epithelium (5–8). NKCC1 is an elec-
troneutral facilitated transporter and, as such, responds to the
transmembrane chemical gradients of the cotransported ions.
However, overall NKCC1 function has been shown to be deter-
mined by a number of additional factors including NKCC1
phosphorylation/dephosphorylation, gene expression, and cell
surface expression (6, 9, 10).
Protein kinaseC (PKC) is a family of serine-threonine kinases

that regulate a variety of physiological processes including ion
transport. Eleven isoforms of PKC have been identified to date
and are grouped into conventional (cPKC), novel (nPKC), and
atypical PKC based on activation requirements and structural
characteristics (11). Previous studies from our laboratory
showed that activation of PKC by phorbol 12-myristate 13-ac-
etate (PMA) and the non-phorbol PKC activator bryostatin-1
and carbachol (CCh, aM3muscarinic receptor agonist) inhibits
epithelial chloride secretion in the human colonic crypt T84
epithelial cell line (12–14). PKC-dependent inhibition of chlo-
ride secretion correlated closely with a marked reduction of
NKCC1 function, which in turn was paralleled by a loss of
NKCC1 units from the basolateral membrane, and, subse-
quently, a reduction in gene expression (12, 15).
A number ofmembrane transporters such as the sodium-de-

pendent phosphate transporter (16), human cationic amino
acid transporter hCAT-1 (17), dopamine transporterDAT (18),
and glutamate transporter GLT-1 (19) have been shown to be
regulated by PKC. Importantly, it has recently been reported
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that PKC activation regulates membrane transporter traffick-
ing, thereby leading to the regulation of the transporter biolog-
ical function (20–22). Using a Madin-Darby canine kidney cell
line stably transfected with eGFP-tagged NKCC1, we have
recently demonstrated that activation of PKC induces rapid
internalization of NKCC1 associated with the clathrin-depen-
dent endocytic pathway (23). In most instances, the specific
PKC isoform(s) responsible for transporter regulation have not
yet been elucidated. We previously used a series of pharmaco-
logical inhibitors to indirectly link the novel PKC� isoform to
PMA inhibition of chloride secretion in T84 cells (9, 13). How-
ever, the specificity and selectivity of these agents are imperfect.
The T84 colonic epithelial cell is a widely used andwell char-

acterized model for investigating the regulation of transepithe-
lial chloride secretion (6, 24, 25). However, effective delivery of
small interference RNA (siRNA) duplex and exogenous genes
into T84 cell monolayers has proven to be a difficult technical
challenge. In the present study, we developed small hairpin
RNA (shRNA)-expressing adenoviral constructs specific to
human PKC isoforms and a novel effective adenoviral delivery
approach to directly address the specific mechanistic roles of
PKC�, PKC�, and PKC� isoforms in regulating chloride secre-
tion in the T84 cell model. Our results demonstrated that the
novel adenoviral approach for delivering PKC shRNAs resulted
in �90% knockdown of PKC proteins in T84 monolayers.
Immunofluorescence staining and basolateral surface biotiny-
lation showed that specific knockdown of PKC� or PKC�, but
not PKC�, prevented loss of basolateral surface expression of
NKCC1 in T84 monolayers during PMA exposure. Electro-
physiological studies demonstrated that specific knockdown of
novel PKC� or PKC� isoforms, but not the conventional PKC�
isoform, prevented PMA inhibition of cAMP-stimulated chlo-
ride secretion in T84 monolayers. Our study reveals a critical
role for the novel PKC isoforms in regulation ofNKCC1 surface
expression and, by implication, chloride secretion.

EXPERIMENTAL PROCEDURES

Reagents—Dulbecco’s modified Eagle’s medium (DMEM)
with 4.5 g/liter of D-glucose and L-glutamine, Opti-MEM I
reduced serum medium, fetal bovine serum (FBS), penicillin/
streptomycin, and Lipofectamine 2000 were purchased from
Invitrogen. The DMEM/F-12 50/50 mixture with L-glutamine
and 15 mM HEPES was purchased fromMediatech, Inc. (Man-
assas, VA). Phorbol 12-myristate 13-acetate (PMA) and prote-
ase inhibitors mixture set I were from Calbiochem (La Jolla,
CA), and EGTA was from Fisher. Forskolin was obtained from
Sigma. EZ-Link Sulfo-NHS-Biotin, ImmunoPure-immobilized
streptavidin-agarose beads, and ECL Western blotting sub-
strate were purchased from Pierce. Gel electrophoresis re-
agents and PVDF transfer membrane were obtained from Bio-
Rad and GE Healthcare. All other chemicals were obtained
from Fisher.
Antibodies—Primary antibodies used for Western blotting

were purchased from following companies: rabbit anti-PKC�
(catalog number 2056) and rabbit anti-PKC� (catalog number
2683S) were purchased from Cell Signaling Technology (Dan-
vers, MA), rabbit anti-PKC� (catalog number sc-937, 200
�g/ml) and rabbit anti-PKC�1 (catalog number sc-209, 200

�g/ml) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA),
mousemonoclonal anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, catalog number G8795, clone GAPDH-71.1,
�1 mg/ml) from Sigma, and mouse anti-NKCC1 monoclonal
antibodyT4, developed byDr. Lytle (26), was obtained from the
Developmental Studies Hybridoma Bank operated under the
auspices of the National Institutes of Health, NICHD, and
maintained by theUniversity of Iowa (IowaCity, IA).Horserad-
ish peroxidase-conjugated secondary antibodies used forWest-
ern blotting were purchased from Jackson ImmunoResearch
Laboratories, Inc.: goat anti-rabbit IgG (H�L), code number
111-035-003, 0.8 mg/ml; and donkey anti-mouse IgG (H�L),
code number 715-035-150, 0.6mg/ml. Primary antibodies used
for immunofluorescence staining were obtained from Abcam
Inc., Cambridge, MA (rabbit monoclonal anti-PKC�, catalog
number ab32376, clone Y124), Santa Cruz Biotechnology, Inc.
(rabbit anti-PKC�, catalog number sc-937; and rabbit anti-
PKC�, catalog number sc-214, 200 �g/ml), as well as from
Abnova, Taiwan (rabbit anti-PKC�, catalog number PAB4537,
250 �g/ml) and Abgent, San Diego, CA (rabbit anti-PKC�, cat-
alog numberAP7019a, 250�g/ml).Mouse anti-�-galactosidase
monoclonal antibody (catalog number 2372, clone 14B7) was
obtained from Cell Signaling Technology. Fluorescent-conju-
gated secondary antibodies Alexa Fluor 488 goat anti-mouse
IgG (H�L) (catalog number A11029, 2mg/ml) and Alexa Fluor
555 goat anti-rabbit IgG (H�L) (catalog number A21429, 2
mg/ml) were purchased from Invitrogen.
Cell Lines and Cell Culture—HEK 293A cells were obtained

from Invitrogen and cultured in DMEM with 4.5 g/liter of
D-glucose and L-glutamine supplemented with 10% FBS, 100
units/ml of penicillin, and 100 �g/ml of streptomycin at 37 °C,
in a 5% CO2 atmosphere incubator. T84 human colonic crypt
epithelial cells (27)were obtained fromDr. JamesA.McRoberts
(University of California, Los Angeles, CA). T84 cells were used
from passage 32 to 40 and cultured in a DMEM/F-12 50/50
mixture with L-glutamine and 15 mM HEPES supplemented
with 10% FBS, 100 units/ml of penicillin, and 100 �g/ml of
streptomycin at 37 °C, in a 5% CO2 atmosphere incubator. For
use in electrophysiology or immunofluorescence experiments,
Transwell� permeable supports with 6.5-mm insert diameter
and 0.4-�m pore size polycarbonate membrane (catalog num-
ber 3413, Corning Incorporated, Corning, NY) were coated
with 50 �l of 70 �g/ml of rat tail collagen (catalog number
C3867–1VL, Sigma) in 50% ethanol for 2 h at 37 °C and dried
for 1 h in a tissue culture hood by removal of the plate covers.
T84 cells were seeded at 4 � 105 cells/cm2 on the collagen-
coated supports and grown for 8–14 days with feeding at both
the apical and basolateral sides every 3 days until confluent and
the transepithelial resistance (TER) had reached at least 1000
��cm2 (28). When used for determining viral multiplicity of
infection (m.o.i.) or for cell surface biotinylation, T84 cells were
grown until TER was at least 1000 ��cm2 on uncoated 24-mm
diameter Transwell� permeable supports with 0.4-�m pores
(catalog number 3412, Corning Inc.).
Construction and Screening of PKC shRNA-expressing U6

Entry Clones—To generate small hairpin RNA (shRNA)- ex-
pressing pENTRTM/U6 entry constructs, 21-bp sequences
targeting mRNA sequences of human PKC�, -�, and -�
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isoforms were selected based on an siRNA design algorithm
as previously reported (29, 30) and BLAST search against
GenBankTM. Selected target sequences include human PKC�
(PRKCA, GenBank accession number NM_002737), target 1,
5�-GCCTCCATTTGATGGTGAAGA-3�, target 2, 5�-GCGT-
CCTGTTGTATGAAATGC-3�, and target 3, 5�-GGGATCG-
AACAACAAGGAATG-3�; human PKC� (PRKCD, GenBank
accession number NM_006254), target 1, 5�-GCAAGAAGAA-
CAATGGCAAGG-3� and target 2, 5�-GCTTCAAGGTTCAC-
AACTACA-3�; and human PKC� (PRKCE, GenBank accession
number NM_005400), target 1, 5�-GCAGGGATACCAGTG-
TCAAGT-3�, target 2, 5�-GCAGGGTTTGCAGTGTAA-
AGT-3� and target 3, 5�-GGACGTCATCCTTCAGGATGA-
3�. Single-strandedDNAOligo sequences encoding the shRNA
of interest were designed following the guidelines of the
BLOCK-it U6 RNAi Entry Vector kit (catalog number K4945-
00, Invitrogen). Non-targeting lacZ control DNA oligo se-
quences were provided in the usermanual. The single-stranded
DNA oligos were annealed and cloned into a Gateway-adapted
pERTR/U6 vector included in the kit following the manufac-
turer’s instructions. All clones were sequenced by using both
a forward primer 5�-GGACTATCATATGCTTACCG-3� and
reverse primer 5�-CAGGAAACAGCTATGAC-3�.
To screen PKC shRNA-expressing U6 entry clones for effi-

cient knockdown of target genes, appropriate numbers of HEK
293A cells were seeded into 6-well plates so that the cells would
be �90% confluent at the time of transfection. The cells were
then transfected with 4 �g of DNA/well of PKC shRNA entry
clones or non-targeting LacZ shRNA control entry clone,
respectively, using Lipofectamine 2000 following the manufac-
turer’s instructions. Cell lysates were prepared 48 h after trans-
fection and analyzed for PKC isoform and GAPDH protein
expression by Western blotting. The specificity of knockdown
to particular PKC isoforms was determined by re-probing the
same membranes with antibodies against other PKC isoforms.
Generation of shRNA-expressing Adenoviral Destination

Clones—The BLOCK-iT Adenoviral RNAi Expression System
(catalog number K4941-00, Invitrogen) was used to generate
adenoviral shRNA destination clones. To transfer the U6 RNAi
cassette from the entry clones generated above into adenoviral
pAd/BLOCK-iT-DEST RNAi Gateway vector, LR recombina-
tion reactions were performed using theGateway LRClonase II
enzymemixture. Subsequently, transformation and selection of
the appropriate transformants were conducted following the
manufacturer’s instructions. The resulting constructs for re-
combinant shRNA-expressing adenoviral destination clones
were prepared using the EndoFree Plasmid Maxi kit (Qiagen,
Valencia, CA) and named pAd/shPKC�, pAd/shPKC�, pAd/
shPKC�, and pAd/shLacZ, respectively.
Adenovirus Production and Titration—To produce shRNA-

adenoviral stocks, PacI-digested pAd/shPKC�, pAd/shPKC�,
pAd/shPKC�, and pAd/shLacZ plasmids were prepared and
purified. Following the BLOCK-iT manufacturer’s instruc-
tions, HEK 293A cells were seeded at 5 � 105 cells/well in a
6-well plate 1 day before transfection. The next day the cells
were transfectedwith PacI-digested plasmids, cultured, and the
medium was replaced with fresh complete growth medium
every 2–3 days until visible regions of cytopathic effect were

evident (typically 5–7 days post-transfection). The cells were
fed fresh complete growth medium and cultured until �80%
cytopathic effect of the culturewas observed (typically 7–9 days
post-transfection). Both adenovirus-containing cells and me-
dium were harvested and transferred to a sterile-capped tube.
Adenovirus-containing supernatants (crude adenovirus stocks)
were prepared by repeating a cycle of freezing and thawing 3
times and by centrifuging to remove cell debris. The crude virus
stocks were further amplified by infection of HEK 293A cells
grown in 10-cm dishes. The amplified viral stocks were named
shLacZ-, shPKC�-, shPKC�-, and shPKC�-adenovirus, respec-
tively, and viral stocks were stored in aliquots at �80 °C.

To determine the adenovirus titer, the Adeno-X Rapid Titer
immunoassay from Clontech (Mountain View, CA) was con-
ducted following the manufacturer’s instructions. Viral stocks
with titers of 2� 109 to 5.5� 109 infectious units/ml were used
in subsequent experiments.
Adenoviral Transduction, PKC Knockdown Efficiency, and

Determination of Multiplicity of Infection in T84 Cells—
Initial experiments indicated that infection of confluent
monolayers of T84 cells was very inefficient (5–10% of cells
infected), possibly because the Coxsackie virus and adenovi-
rus receptor is shielded in confluent cells by the junctional
complexes. To circumvent this, T84 cells were incubated in
sterile phosphate-buffered saline (PBS) without Ca2�/Mg2�

(PBS�) at 37 °C to open tight junctions and expose Coxsackie
virus and adenovirus receptor. A 20-min optimal incubation
time in PBS�was determined bymeasuring the decrease in the
TER. The cells were then infected with a �-galactosidase-ex-
pressing adenovirus (Adeno-X-LacZ, Clontech, m.o.i. � 20) in
Opti-MEM I reduced serummedium containing 10 mM EGTA
(to deplete Ca2� and Mg2� from the medium) for 2 h, then
supplementedwith fresh completed growthmedium, and incu-
bated for an additional 72 h at 37 °C in a 5% CO2 incubator.
Using these conditions, �90% of the cells expressed �-galacto-
sidase, and the monolayer TER was recovered to normal values
(�1000 ��cm2) at 48–72 h post-supplement with fresh growth
medium.
To determine adenoviral shPKCs-mediated knockdown effi-

ciency and m.o.i., T84 cells grown to confluence on 24-mm
insert diameter Transwell permeable supports were infected
after opening the junctions with shLacZ-adenovirus (m.o.i. �
30) or with shPKCs-adenoviruses at different m.o.i. for 72 h.
The knockdown efficiency in PKCproteinswas then assessed in
comparison with the non-targeting shLacZ control byWestern
blotting of cell extracts with specific antibodies (see Fig. 2).
Cell Lysate Preparation and Western Blotting—HEK 293A

and T84 cells were lysed in modified RIPA buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.25%
sodium deoxycholate) containing 1 mM phenylmethylsulfonyl
fluoride and protease inhibitors mixture set I. The cell lysates
were centrifuged at 13,000 � g for 10 min at 4 °C, and the pro-
tein concentration of the supernatants determined using a BCA
protein assay kit (Pierce). For Western blotting, 25–50 �g of
each protein samplewasmixedwith Laemmli sample buffer (20
mM Tris, 0.2 M DTT, 0.01% bromphenol blue, and 1.0% SDS)
and heated at 95 °C for 10 min before being loaded and sepa-
rated on 7 or 10% SDS-PAGE gels, and subsequently trans-
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ferred onto PVDF membranes. The membranes were blocked
inTBS-T buffer (50mMTris, pH7.5, 150mMNaCl, 0.1%Tween
20) with 5% nonfat dry milk (Labscientific Inc., Livingston, NJ)
for 1 h at room temperature. The membranes were then incu-
bated at 4 °C overnight with primary antibodies diluted, respec-
tively, in 2.5% milk/TBS-T at the following concentrations:
anti-PKC� or anti-PKC�, 1:1,000; anti-PKC� or anti-PKC�1,
1:600; anti-NKCC1, T4 1:2000; and anti-GAPDH, 1:10,000.
After extensive washing in TBS-T, the membranes were incu-
bated with horseradish peroxidase-conjugated secondary anti-
bodies at 1:10,000 dilutions for 1 h at room temperature. Pro-
teins were detected using the ECL Western blotting substrate
(Pierce) and an X-Ray Film Processor (AlphaTek AX 200,
Broadview, IL). The blots were scanned on a flatbed scanner
and analyzed using Image J software (National Institutes of
Health, Bethesda, MD).
Immunofluorescence and Confocal Microscopy—To test

the effect of PKC isoform depletion on the plasma membrane
NKCC1, T84 monolayers grown to confluence on 6.5-mm
insert diameter Transwell supports were infected with non-
targeting shLacZ-adenovirus and shPKC�-, shPKC�-, or
shPKC�-adenovirus (m.o.i. � 30) for 72 h. Subsequently, PKC
isoforms and NKCC1 in the cell monolayers were detected by
dual immunofluorescence staining and confocal microscopy.
The dual immunofluorescent staining was conducted as previ-
ously described (12, 13) and the staining was done while the
filters remained in their plastic supports. Briefly, the cells were
rinsed twice with ice-cold K�-free PBS and fixed in 100%meth-
anol at �20 °C for 10 min. The cells were then rinsed for an
additional two times before incubation in blocking buffer (1%
BSA and 10% normal goat serum in K�-free PBS) for 1 h at
room temperature, and subsequently incubated with one of
PKC isoform-specific primary antibodies (rabbit anti-PKC�,
1:300; rabbit anti-PKC�, 1:300; or rabbit anti-PKC�, 1:50
diluted in blocking buffer) along with the mouse anti-NKCC1
T4monoclonal antibody (1:200) in a humidified chamber over-
night at 4 °C. The cells were thenwashed three times in K�-free
PBS and once in blocking buffer, and then incubatedwithAlexa
Fluor 555 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse
secondary antibodies (1:500 diluted in blocking buffer) for 1 h at
room temperature in the dark. The filters werewashed, excised,
and mounted before confocal images of the cells were acquired
with a Zeiss LSM510 confocal scanning microscope using a
�63 magnification/1.4 numerical aperture Plan Apochromat
objective. To assess the effect of PKC isoform depletion on
NKCC1 internalization during PKC activation, the T84 mono-
layers that were infected with shLacZ-, shPKC�-, shPKC�-, or
shPKC�-adenovirus were treated with vehicle (DMSO) or 100
nM PMA in T84 basic medium (without FBS) for 1 h at 37 °C in
a 5% CO2 atmosphere incubator, followed by immunofluores-
cent staining utilizingmouse anti-NKCC1T4primary antibody
and Alexa Fluor 488 goat anti-mouse secondary antibody.
Cell Surface Protein Biotinylation—To further confirm the

effect of PKC isoform depletion on surface expression of the
basolateral membrane NKCC1, T84 monolayers grown to
confluence on 24-mm insert diameter Transwell permeable
supports were infected with shLacZ-, shPKC�-, shPKC�-, or
shPKC�-adenovirus (m.o.i. � 30) as described before. After a

72-h adenoviral transduction, the cells were treated with 100
nM PMA or vehicle (DMSO) in T84 basic medium for 1 h at
37 °C, in a 5% CO2 atmosphere incubator, followed by basolat-
eral surface biotinylation as previously reported (12). Briefly,
the cells were washed 3 times with ice-cold PBS supplemented
with 0.1 mM CaCl2 and 1.0 mM MgCl2 (PBS�), then incubated
with fresh 1 mg/ml of EZ-Link Sulfo-NHS-Biotin in cold PBS�

at the basolateral side for 20 min on ice with constant gentle
shaking. The biotinylation step was then repeated with fresh
EZ-Link Sulfo-NHS-Biotin, and the cells were then washed 5
timeswith ice-cold PBS� supplementedwith 100mMglycine as
a quenching agent (31). The filters were excised and incubated
in 1 ml of modified RIPA buffer containing 1 mM phenylmeth-
ylsulfonyl fluoride and protease inhibitors mixture set I for
50 min on ice. To remove residual cellular protein, the filters
were scraped in the extraction buffer, and the complete lysates
centrifuged at 14,000 � g at 4 °C for 10 min. Supernatants were
collected and protein concentrations determined. Equal
amounts of protein samples (�800 �g/sample) were incubated
with 100 �l of ImmunoPure-immobilized streptavidin-agarose
beads overnight with constant mixing at 4 °C. The beads were
collected using brief centrifugation and washed three times
with ice-cold RIPA buffer, twice with a high-salt wash buffer
(0.1%TritonX-100, 500mMNaCl, and 50mMTris, pH 7.5), and
once with a low-salt wash buffer (10 mM Tris, pH 7.5). Each
pellet was mixed with 40 �l of Laemmli protein sample buffer,
heated at 95 °C for 10 min, and subjected to Western blotting.
To confirm specific distribution of NKCC1 in the cell surface
membrane, biotinylation assays at the apical or basolateral sur-
face of uninfected T84 monolayers were performed. The pro-
cedure for apical surface biotinylation assay was similar to that
for basolateral surface biotinylation, but EZ-Link Sulfo-NHS-
Biotin in cold PBS� was added to the apical side.
Electrophysiological Measurement in T84 Cell Monolayers—

Short-circuit currents (Isc), which approximates the net
chloride secretion, was measured with a voltage/current
clamp (710C-1 Dual voltage clamp, Bioengineering, the Uni-
versity of Iowa) and Ag/AgCl and calomel electrodes inter-
faced via chopstick KCl-agar bridges. The TER was calculated
by the Ohm law from the voltage change measured during the
injection of a 25-�A current pulse (E0-E25) (6, 13). Isc was
defined as the external current required to nullify the sponta-
neous potential difference (E0) across the monolayer. To assess
the impact of PKC isoform-specific knockdowns on chloride
secretion, T84 monolayers grown to confluence on collagen-
coated Transwell were infected with shLacZ- and shPKCs-ad-
enoviruses (m.o.i. � 30) for 72 h. On the day of the experiment,
the infected cultures or uninfected controls were washed three
times and subsequently incubated for 1 h at 37 °C in a HEPES
phosphate-buffered saline solution (HPBSS) containing 140
mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1 mM CaCl2, 2 mM

NaH2PO4, 10 mM HEPES, 10 mM glucose, 2 mM Na-pyruvate,
and 2 mM L-glutamine, pH 7.40 	 0.03, at 37 °C and an osmo-
larity of 300 	 5 milliosmole (measured with a vapor-pressure
osmometer, model 5520C, Wescor Inc., Logan, UT, and ad-
justed with either NaCl or H2O). After the pre-equilibration
period, baseline measurements of TER and Isc in HPBSS were
taken every 5 min over a period of 15 to 20 min. Next, the
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monolayers were pre-treated for 1 h with 100 nM PMA or vehi-
cle (DMSO) in HPBSS added to the basolateral side, and then
another set of measurements were taken. Finally, the monolay-
ers were transferred into HPBSS containing DMSO or PMA
supplemented with 10 �M forskolin (FSK, a cAMP inducer) at
the basolateral side, and the TER and cAMP-dependent Isc
were measured every 5 min over a period of 30 min.
Statistical Analysis—Data are presented as mean 	 S.E.

along with the number of observations (n). Data were analyzed
by Student’s t test or by one-wayANOVAwithTukey’s post test
for multiple comparisons and Dunnett’s post test for compari-
son with control, as appropriate. The value of p 
 0.05 was
considered statistically significant.

RESULTS

Screening of PKC shRNA-expressing pENTR/U6 Entry Clones
Using HEK 293A Cells—Three targets for human PKC�, two
for human PKC�, and three for human PKC� were selected and
the corresponding oligos encoding PKC shRNAs (shPKCs)
were cloned into U6 entry vector, respectively. Entry clone
expressing LacZ shRNA (shLacZ) was made as a non-targeting
shRNA control. All U6 entry clones used were verified by se-
quencing. Knockdown efficiency and specificity of the different
targeting sequences were determined by transient transfection
into HEK 293A cells, which express both conventional and
novel PKC isoforms and have a transfection efficiency of �85%
(data not shown). For the purpose of screening, the protein
levels of PKC isoformswere examined at 48 h after transfection.
As shown in Fig. 1, shLacZdid not affect the expression of PKCs
compared with Lipofectamine transfection reagent control (no
DNA) after 48 h transfection, it was thus used as a control for
shPKCs. Fig. 1, A and B, show PKC� knockdown by three
shPKC�- expressing entry clone constructs. The average
level of PKC� protein in the cells transfected with the three
shPKC�- entry constructs was reduced by 70, 74, and 78%
compared with shLacZ control, respectively. On the other
hand, knockdown of PKC� by these shPKC� constructs did
not affect protein expression of PKC�1, PKC�, and PKC�,
therefore specificity of the knockdown by shPKC�was verified.
Similarly, the average PKC� protein level in the cells expressing
shPKC� was decreased by 47 and 59% compared with shLacZ
control, respectively. No cross-knockdown by shPKC� was
found of PKC�, PKC�1, and PKC� in the same lysates (Fig. 1,C
andD). In the cells with three shPKC�- entry constructs, PKC�
protein was decreased on average by 73, 62, and 60%, respec-
tively, and PKC� knockdown did not alter the expression of
PKC�, PKC�1, and PKC� (Fig. 1, E and F). Based on these
results, target 3 for shPKC�, target 2 for shPKC�, and target 1
for shPKC� were chosen to be subcloned into the adenoviral
Gateway vector, respectively, to produce shPKCs-expressing
adenoviruses.
Determination of Adenoviral m.o.i. for shPKCs Maximal

Knockdown Efficiency in T84 Cells—To determine an optimal
m.o.i. for shPKCs-adenovirus transduction leading to the most
effective knockdown in T84 cells, the cells grown to confluence
on Transwell permeable supports (24-mm insert diameter)
were infected with shPKC�-, shPKC�-, or shPKC�-adenovirus
at an increasingm.o.i. ranging from 10 to 40 as indicated in Fig.

2, and with shLacZ-adenovirus (m.o.i. � 30) as a non-targeting
shRNA control, respectively. Because the screening experi-
ments showed �70% knockdown in the PKC proteins at 48 h
post-transfection with shPKCs (Fig. 1), to reach further deple-
tion levels of the targets, the knockdown levels of the PKC iso-
forms at 72 h in T84 cells were tested. As shown in Fig. 2, the
increasingm.o.i. (10 to 30) of shPKC�-, shPKC�-, and shPKC�-
adenovirus caused a progressive decrease in PKC� (Fig. 2A),
PKC� (Fig. 2B), and PKC� (Fig. 2C) proteins as compared with
shLacZ control after 72 h adenovirus transduction. Further-
more, the transductionwithm.o.i. of 40 for shPKC�-, shPKC�-,
and shPKC�- adenoviruses did not cause further significant
reduction in the proteins of interest.Quantitative data obtained
from three separate experiments indicated that m.o.i. of 30 was
the minimum that caused �90% knockdown in all the three
PKC isoforms (Fig. 2,D–F). Taken together, an optimalm.o.i. of
30 for all the three viruses was thus chosen to be used in subse-
quent experiments.
Depletion of PKC IsoformsDoesNot Affect Expression of Total

Cellular NKCC1—To test whether depletion of PKCs in T84
cells affects the expression of total cellularNKCC1protein, T84
cell monolayers grown on 24-mm insert diameter Transwell
supports were uninfected or infected with shLacZ-, shPKC�-,
shPKC�-, or shPKC�-adenovirus (m.o.i. � 30) for 72 h, respec-
tively. The cell lysates were then immunoblotted for proteins of
PKC isoforms, total NKCC1 protein, and GAPDH by Western
blotting. As shown in Fig. 3, the protein levels of PKC� (Fig.
3A), PKC� (Fig. 3B), and PKC� (Fig. 3C) were knocked down by
more than 90% in shPKC�-, shPKC�-, and shPKC�-adenovi-
rus-transduced cells compared with either shLacZ non-target-
ing control or the uninfected control cells, respectively. The
expression levels of NKCC1 protein were similar among the
uninfected, shLacZ- and shPKC- cell lysates when the same
membranes were re-probed using NKCC1-specific T4 anti-
body. GAPDH was re-probed as a sample loading control.
Quantitative data analyzed from three independent experi-
ments demonstrated that there was no significant difference in
the expression of total cellular NKCC1 protein between the
three cell lysates (Fig. 3, D–F). These results show that deple-
tion of PKC�, PKC�, or PKC� in T84 cells does not affect the
expression of total cellular NKCC1 protein.
Depletion of PKC Isoforms Does Not Alter Distribution of

the Plasma Membrane NKCC1—T84 monolayers grown on
6.5-mm insert diameter Transwell supports were infected with
shLacZ-, shPKC�-, shPKC�-, or shPKC�-adenovirus (m.o.i. �
30) for 72 h. Subsequently, PKC isoforms andNKCC1 in the cell
monolayers were detected by immunofluorescence and confo-
cal microscopy. As shown in Fig. 4, upper panels, the staining
signal (red) for PKC�, PKC�, and PKC� was observed in the
cytoplasm of shLacZ-adenovirus-transduced T84 cells. PKC�
was concentrated near the plasma membrane (the upper left
panel in Fig. 4A), PKC� was highly expressed and concentrated
close to the plasma membrane (the upper left panel in Fig. 4B),
and PKC� was not concentrated, instead, dotted throughout the
cytoplasm (the upper left panel in Fig. 4C). As compared with
shLacZ-adenovirus-transduced controls, the staining signal for
PKC�, PKC�, and PKC� was depleted in T84 monolayers trans-
duced with the corresponding shPKC�- (the upper right panel
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in Fig. 4A), shPKC�- (the upper right panel in Fig. 4B), and
shPKC�- (the upper right panel in Fig. 4C) adenovirus, respec-
tively. Thus, depletion of the PKC isoforms in T84monolayers by

shPKCs-adenovirus transductionwas
confirmed. As seen in the lower pan-
els (themerged images) in Fig. 4, the
staining signal (green) for NKCC1
was visualized in the plasma mem-
brane of all shLacZ-, shPKC�-,
shPKC�-, and shPKC�-T84 cells,
which is consistent with NKCC1
distribution in normal T84 cells
(data not shown), and the NKCC1
staining signal was similar between
shLacZ non-targeting control and
the individual PKC isoform-de-
pleted cells. Together, the results
indicate that depletion of the PKC
isoforms does not alter distribution
of the plasma membrane NKCC1.
Similar results were observed in
three separate experiments.
Depletion of Novel PKC Iso-

forms � or �, but Not Conventional
PKC�, Prevents Basolateral Surface
NKCC1 Internalization Mediated
by PMA—Our previous studies
demonstrated that PMA increased
activity of all three PKC isoforms (�,
�, and �) and activation of the PKCs
by PMA caused internalization of
cell membrane surface NKCC1 (12,
13, 23). Based on our previous find-
ings, a protocol with a dose of 100
nM PMA and a 1-h treatment was
chosen for the present study as it
was most effective for activation of
PKCs, leading to NKCC1 internal-
ization and inhibition of chloride
secretion. To determine the specific
PKC isoforms implicated inNKCC1
internalization mediated by PMA,
T84 monolayers, which were in-
fected with shLacZ-, shPKC�-,
shPKC�-, or shPKC�-adenovirus in
the same way as described in Fig. 4,
were treated with 100 nM PMA or
DMSO (vehicle) for 1 h at 37 °C in a
5% CO2 atmosphere incubator. The
cells were then stainedwithNKCC1
T4 antibody and NKCC1 staining
signal was detected by immunofluo-
rescence and confocal microscopy.
As shown in Fig. 5, NKCC1 staining
(green) in vehicle-treated shLacZ-,
shPKC�-, shPKC�-, and shPKC�-
T84 cells (Fig. 5, A–D, left panels)
was similar and it appeared in the

basolateral membrane in both x-z and x-y sections, which is
consistent with the localization of NKCC1 in normal T84 cells.
These results suggest that depletion of PKC�, PKC�, and PKC�

FIGURE 1. Screening of shPKC targets in HEK 293A. HEK 293A cells were transfected with pENTRY clone con-
structs expressing shPKC�, -�, and -� for 48 h, and cell lysates were then examined for specific PKC knockdown and
cross-knockdown with other PKC isoforms by Western blotting. No DNA was a transfection reagent control and
shLacZ was set up as a non-targeting shRNA control. GAPDH was used as a loading control for normalization.
A, screening blots of three shPKC� targets and cross-knockdown assay for PKC�1, PKC�, and PKC�. B, relative inten-
sity (% of shLacZ control) of blots shown in A. All the three shPKC� targets decreased PKC� expression by more than
70% without affecting the expression of PKC�1, -�, and -�. The arrow points to the shPKC� target giving the highest
knockdown efficiency that was chosen to be subcloned into adenoviral vector. C, screening blots of two shPKC�
targets and cross-knockdown assay for PKC�, PKC�1, and PKC�. D, relative intensity (% of shLacZ control) of blots
shown in C. The two shPKC� targets decreased PKC� expression by �50% without affecting the expression of PKC�,
-�1, or -�. The arrow points to the shPKC� target giving the higher knockdown efficiency that was chosen to be
subcloned into adenoviral vector. E, screening blots of three shPKC� and cross-knockdown assay for PKC�, PKC�1,
and PKC�. F, relative intensity (% of shLacZ control) of blots shown in E. The three shPKC� targets reduced PKC�
expression by more than 60% without affecting the expression of PKC�, -�1, and -�. The arrow points to the shPKC�
target giving the highest knockdown efficiency that was chosen to be subcloned into adenoviral vector. The blots
shown are representative of two independent experiments.
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in cells by thecorresponding shPKCadenovirus transductiondoes
not alter distribution of the membrane NKCC1, verifying the
observations shown in Fig. 4 (lower panels). On the other hand,
NKCC1 staining in the basolateral membrane of PMA-treated
shLacZ- and shPKC�-T84cellswasdramatically reduced, instead,
many NKCC1 staining (arrows) vesicles were visualized in the
cytoplasm, indicating internalization of NKCC1 (Fig. 5, A and B,
right panels). In contrast, as seen in PMA-treated shPKC�- and
shPKC�-T84 cells (Fig. 5, C andD, right panels), NKCC1 staining
was retained in the basolateral membrane and was similar to the
observations in vehicle-treated controls, suggesting that PMA
treatment failed to induce internalization of NKCC1 in shPKC�-
and shPKC�-T84 cells. Similar results were obtained in triplicate
experiments. These results demonstrate that depletion of novel
PKC isoforms � or �, but not conventional isoform PKC�, pre-
vents NKCC1 internalization mediated by PKC activation.

Depletion of PKC� or PKC� Pre-
vents Reduction of the Surface
NKCC1 Assayed by Basolateral
Surface Biotinylation—To analyze
surface distribution of NKCC1 in
T84 monolayers, biotinylation as-
says at the apical or basolateral
sides were performed. As shown in
Fig. 6A, NKCC1 was localized in the
basolateral surface, but not in the
apical surface. PMA treatment did
not cause translocation of NKCC1
to the apical surface. To confirm
that depletion of novel isoforms
PKC� and PKC� prevents PKC acti-
vation-mediated reduction in the
basolateral surface NKCC1, baso-
lateral surface biotinylation assays
wereperformed.ConfluentT84mono-
layers grown on 24-mm insert
diameter Transwell supports were
infected with shLacZ-, shPKC�-,
shPKC�-, or shPKC�-adenovirus for
72 h, respectively, and then exposed
to DMSO or 100 nM PMA for 1 h
before biotinylation was conducted.
In Fig. 6, B and C, as compared with
the DMSO-treated group (left
panel), PMA treatment (right panel)
led to a dramatic reduction in the
amount of basolateral surface bio-
tinylated NKCC1 protein (the first
row blot) in shLacZ- and shPKC�-
T84 cells (p
 0.001, unpaired t test;
PKC� knockdown is shown in the
third row blot). On the other hand,
PMA treatment failed to decrease
surface NKCC1 in both shPKC�-
and shPKC�-T84 cells as compared
with the DMSO-treated group
(PKC� and PKC� knockdown are
shown in the fourth and fifth row

blots). Whereas, as a sample control, the amount of NKCC1
in the total lysates was similar (the second row blots) among
shLacZ-, shPKC�-, shPKC�-, and shPKC�- cells. These data
demonstrate that depletion of novel PKC isoforms � or �, but
not conventional isoform PKC�, prevents reduction of the
basolateral surface NKCC1 mediated by PKC activation,
which is consistent with observations by immunofluorescent
staining in Fig. 5. These results suggested that PMA-acti-
vated PKC� and PKC� caused a reduction in the surface
NKCC1, but did not affect expression of total cellular
NKCC1 protein in T84 cells.
Specific Knockdown of Novel PKC Isoforms � or �, but Not

Conventional PKC�, Prevents Inhibition of cAMP-stimulated
Chloride Secretion (Isc) by PMA—To define the specific roles
for individual PKC isoforms in the regulation of epithelial chlo-
ride secretion (Isc), the effects of PKC isoform-specific knock-

FIGURE 2. Determination of shPKC-adenoviral m.o.i. and PKC knockdown efficiency in T84 destination cells.
T84 cell monolayers grown on Transwell supports (24-mm insert diameter) were infected with shLacZ-adenovirus
(m.o.i.�30) serving as non-targeting shRNA control or with shPKC�-, shPKC�-, and shPKC�-adenovirus with increas-
ing m.o.i. ranging from 10 to 40 for 72 h, respectively. The cell lysates were collected and subjected to Western
blotting for PKC �, �, and � proteins. GAPDH protein was probed as a sample loading control. A, PKC� knockdown by
shPKC�-adenovirus transduction; B, PKC�knockdown by shPKC�-adenovirus transduction; and C, PKC�knockdown
by shPKC�-adenovirus transduction in T84 cells at m.o.i. of 10, 20, 30, and 40. Quantitative analysis of the blot
densitometric values from three independent experiments was performed using one-way ANOVA with Tukey’s
multiple comparison tests after normalized to the values of respective GAPDH blots (D–F). Data are expressed as the
percentage of shLacZ control and values represent mean	S.E. (n �3). ***, p 
0.001; **, p 
0.01; *, p 
0.05; NS, not
significant. As m.o.i. of 30 was the minimum that resulted in �90% knockdown of each PKC isoform in T84 cells
compared with shLacZ control, we chose it for use in the subsequent experiments.
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down on PMA inhibition of T84
chloride secretion were assessed.
First, the effects of the adenovirus
transduction and PMA (a PKC acti-
vator) pre-treatment on the TER
and Isc were examined. As shown in
Table 1, all the monolayers before
DMSO/PMA pre-treatment had a
baseline TER � 1000 ��cm2 and no
significant differences in TER were
found between the uninfected and
the adenovirus transduced groups
(p � 0.05, one-way ANOVA), indi-
cating that transduction with either
shLacZ- or shPKCs-adenovirus does
not affect the TER under steady-state
conditions. Although the baseline Isc
values were slightly different (p 

0.01, one-wayANOVA), probably re-
flecting small differences in baseline
ion transport activity, no biologically
meaningful differences among the
groups were found. DMSO was not
associated with consistent changes in
baseline TER. After a 1-h PMA pre-
treatment, the TERs of the monolay-
ers increased in each group as com-
pared with that of the before PMA
treatment, which is consistentwith as
previously observed (13), and a slight
change in Isc in shLacZ and shPKC�
was observed (Table 1).
Second, whether specific deple-

tion of PKCs can modify cAMP-
stimulated Isc was assessed in T84
monolayers. As shown in Fig. 7, Isc
values of all themonolayers exposed
to vehicle (solid lines) were mark-
edly increased in response to for-
skolin (FSK, a cAMP inducer) expo-
sure and followed by a plateau phase
after 10 min FSK exposure. No sig-
nificant difference in Isc (�A/cm2,
mean 	 S.E.) measured after a
15-min FSK exposure (in themiddle
of the plateau) was found in the
uninfected (83.72 	 6.18, n � 29),
shPKC� (89.76 	 15.06, n � 13),
shPKC� (62.16 	 4.45, n � 38),
and shPKC� (64.29	 10.05, n� 16)
as compared with shLacZ control
(64.63	 6.85, n� 33)(p� 0.05 in all
groups, one-way ANOVA with
Dunnett’s post test). The data reveal
that specific depletion of PKC�,
PKC�, or PKC� in T84 monolayers
by shPKCs did not modify cAMP-
stimulated Isc.

FIGURE 3. Effect of PKC isoform-specific knockdown on the expression of total cellular NKCC1 in T84
cells. T84 cell monolayers grown on Transwell supports (24-mm insert diameter) were uninfected or
infected with non-targeting shLacZ-adenovirus or shPKC�-, shPKC�-, and shPKC�-adenoviruses (m.o.i. �
30) for 72 h. The cell lysates were probed for proteins of PKC isoforms, NKCC1, and GAPDH by Western
blotting. A, effect of PKC� knockdown on total NKCC1 protein expression in T84 cells. The top blot shows
the expression levels of PKC� protein, the middle blot shows the expression levels of total NKCC1 protein,
and the lower blot indicates the expression of GAPDH serving as sample loading control. B, effect of PKC�
knockdown on total NKCC1 protein expression in T84 cells. The top blot shows the expression levels of
PKC� protein. C, effect of PKC� knockdown on total NKCC1 protein expression in T84 cells. The top blot
shows the expression levels of PKC� protein. The blots shown are representative of three separate exper-
iments. Quantitation of three blots from triplicate experiments was conducted by densitometry and data
were analyzed using one-way ANOVA with Tukey’s multiple comparison tests after normalized to the
respective GAPDH blots (D–F). Data are presented as the percentage of uninfected cells (mean 	 S.E., n �
3). NS, not significant.

FIGURE 4. Effect of PKC knockdown on distribution of NKCC1 in T84 cells. T84 cell monolayers grown to
confluence on Transwell supports (6.5-mm insert diameter) were infected with shLacZ-, shPKC�-, shPKC�-,
or shPKC�-adenovirus (m.o.i. � 30) for 72 h. The cells were fixed in methanol and dually stained using
mouse anti-NKCC1 primary antibody T4 (labeled with Alexa Fluor 488 goat anti-mouse secondary anti-
body, green) and rabbit anti-PKC�, -�, or -� (labeled with Alexa Fluor 555 goat anti-rabbit secondary
antibody, red). The images of the cells were captured by confocal microscopy. The upper panels display
staining signal of individual PKC isoforms (red) and the lower panels represent the PKC staining signal (red)
merged with NKCC1 staining signal (green). A, knockdown of PKC� in shPKC�-T84 monolayers. Staining
signals for PKC� and NKCC1 are shown in both shLacZ- and shPKC�- cells. B, knockdown of PKC� in
shPKC�-T84 monolayers. Staining signals for PKC� and NKCC1 are shown in both shLacZ- and shPKC�-
cells. C, knockdown of PKC� in shPKC�-T84 monolayers. Staining signals for PKC� and NKCC1 are shown in
both shLacZ- and shPKC�- cells. Scale bar, 10 �m.
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Finally, it was addressed whether specific PKC depletion can
prevent PMA inhibition of cAMP-stimulated Isc in T84mono-
layers. In Fig. 7, the curves of Isc (�A/cm2) in the absence (solid
lines) and presence (dashed lines) of PMA are shown. As sum-
marized in Fig. 7F, after exposure for 15 and 20 min to FSK,
PMA reduced FSK-stimulated Isc (mean 	 S.E. % of Isc inhibi-
tion) by 35.05	 4.48 (15min) and 37.34	 4.18% (20min) in the
uninfected control (n� 29) as well as 35.58 	 3.63 and 37.38 	
3.46% in shLacZ non-targeting control (n � 33). No significant
difference was found between the uninfected and shLacZ (p �
0.05, unpaired t test). PMA inhibited FSK-stimulated Isc by
43.9 	 6.02 and 45.44 	 5.9% in shPKC� (n � 13), which was
not different from PMA inhibition in shLacZ (p � 0.05,
unpaired t test). On the other hand, PMA inhibited FSK-stim-
ulated Isc by 23.91	 2.42 and 28.18	 2.2% in shPKC� (n� 38,
p
 0.01 and p
 0.05) as well as 7.06	 8.13 and 14.23	 8.22%
in shPKC� (n � 16, p 
 0.01 and p 
 0.05) compared with
shLacZ control (unpaired t test), respectively. These data dem-
onstrate that specific knockdown of novel PKC isoforms � or �,
but not conventional PKC�, prevents PMA inhibition of
cAMP-stimulated Isc (chloride secretion), suggesting an inhib-
itory role for novel PKC isoforms PKC� and PKC� in regulation
of epithelial chloride secretion. Taken together, our study dem-

onstrates that activated novel PKC
isoforms � and � play a critical role
in regulating the surface NKCC1
internalization, hence leading to
the inhibition of epithelial chloride
secretion in T84 cells.

DISCUSSION

In the present study, a novel
effective adenoviral approach deliv-
ering PKC shRNAs to confluent
T84 monolayers grown on Tran-
swell supports was successfully es-
tablished and resulted in �90%
knockdown of PKC proteins in T84
monolayers. By using this novel
approach it was found that deple-
tion of novel PKC isoforms � or �,
but not conventional isoform PKC�,
prevented PMA-mediated internal-
ization of the basolateral surface
NKCC1 in T84 cell monolayers. Fur-
thermore, electrophysiological re-
sults demonstrated that depletion
of the novel PKC isoforms � or �
rather than the conventional iso-
form PKC� prevented PMA inhi-
bition of cAMP-stimulated tran-
sepithelial chloride secretion in T84
monolayers. Together, our study
reveals that activated novel PKC
isoforms � and � play critical roles in
regulating surface NKCC1 internal-
ization and, hence, the inhibition of
epithelial chloride secretion.

T84 cells are perhaps the most widely used model for study-
ing epithelial chloride transport and barrier function (12–14,
24, 25, 32), and in the vast majority of studies, a pharmacolog-
ical approach has been used to interrogate signaling pathways
and other mechanistic aspects of the underlying biological pro-
cesses. This approach has its limitations because of the lack of
specificity of various pharmacological activators and inhibitors
such as those of Gö6850 selective for cPKC and nPKC, Gö6976
for cPKC, and rottlerin for PKC�. It has been recognized that
selectivity of these inhibitors of Gö6850, Gö6976, and rottlerin
toward other members of PKC family is concentration-depen-
dent, and that these inhibitors have also been shown to inhibit
activity of other protein kinases (33–36). Because activity of all
PKC isoforms is suppressed by the intramolecular interaction
between the pseudosubstrate binding sites at their N-terminal
regulatory domain and substrate binding region of the catalytic
domain, several groups have reported that pseudosubstrate
peptides designed based on the pseudosubstrate sequence
of PKC isoforms are able to selectively inhibit specific PKC
isoforms (37–40). However, like most peptides, these
pseudosubstrate peptide inhibitors are plasma membrane
impermeable. Although it has been shown that cell permeabil-
ity of the pseudosubstrate peptide inhibitors can be improved

FIGURE 5. PKC� or PKC� knockdown prevents NKCC1 internalization during PMA exposure. T84 cell
monolayers grown to confluence on Transwell supports (6.5-mm insert diameter) were infected with shLacZ-,
shPKC�-, shPKC�-, or shPKC�-adenovirus (m.o.i. � 30) for 72 h. The cells were then exposed to vehicle (DMSO)
or 100 nM PMA for 1 h. Subsequently, the cells were fixed in methanol, stained, and visualized by confocal
microscopy. A, NKCC1 distribution detected by immunofluorescence with Alexa Fluor-488 (green) in shLacZ-
cells treated with DMSO (left panel) or 100 nM PMA (right panel). The upper two panels represent X-Z sections and
the lower two panels represent X-Y sections. B, same as A except the cells were transduced with shPKC�-
adenovirus. C, same as A except the cells were transduced with shPKC�-adenovirus. D, same as A except the
cells were transduced with shPKC�-adenovirus. Scale bar, 10 �m.
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throughmodification by attachment of a fatty acid such asmyr-
istoylation, modification itself of the peptides confers new
properties and altered selectivity to them beyond their original
function (40–42). In addition, the pseudosubstrate peptides
derived from individual PKC isoforms have cross-inhibitory
actions. For example, it has been reported that the pseudosub-
strate peptide based on PKC� inhibits activity of PKC� (39).

RNA interference (RNAi) represents a highly specific and
powerful tool to silence the gene expression of interest and

has been extensively used for
investigating the consequences for
loss-of-function of individual
genes and identifying key regulatory
components of complex signaling
pathways (43–47). By transient
transfection of HEK 293A cells, the
PKC isoform-specific shRNA entry
construct caused an efficient knock-
down of target without affecting
other PKC isoforms, indicating the
knockdown is highly specific (Fig.
1). However, effective delivery of
siRNA duplex and exogenous genes
into confluent T84 monolayers is
difficult to date and is still challeng-
ing to those who use T84 monolay-
ers (48) although some researchers
have applied siRNA duplexes to
subconfluent T84 cells that were
grown on plastic (49–51). One
report indicated that siRNA was
introduced into 70–75% confluent
rat cholangiocytes that were then
trypsinized and seeded onto Tran-
swell supports (52). This approach
is problematic in T84 cells because
the duration required for T84 cells
to reach full confluence and func-
tional differentiation is typically
around 7 days, and it is beyond the
time frame for studying functions of
protein kinases by knockdown.
Moreover, this approach is compro-
mised when depleting target pro-
teins that are essential for growth,
differentiation, or formation of the
epithelial monolayer itself. Other
alternatives to introduce siRNA into
confluent epithelia include a mag-
netofection approach, which has
been reported in a renal proximal
tubule cell line (53). However, this
technique has not been applied to a
tight epithelium such as the T84
line. One study reported knock-
down of Toll-like receptor 9 in T84
monolayers but transfection effi-
ciency was not reported (54),

whereas others have used electroporation to transfer exoge-
nous genes into T84 monolayers (48). In the latter study, the
efficiency of gene transfer was still poor and electroporation on
Transwell-grownmonolayers requires a custom-designed elec-
troporation chamber. To deplete PKC isoforms in T84 mono-
layers, a novel effective approach delivering specific shRNA or
siRNA to T84 monolayers is required to be developed.
Adenoviral vector delivery of shRNAs has been used to

introduce RNAi into a variety of mammalian cells (45,

FIGURE 6. Surface biotinylation assay for the membrane surface NKCC1 expression. T84 cell monolayers
were grown to confluence on Transwell supports (24-mm insert diameter). A, cells were treated with vehicle
(DMSO) or 100 nM PMA for 1 h, and then cell surface biotinylation assays were performed at either the apical
(Ap) or basolateral side (BL) of Transwell supports and the cell lysates were subjected to Western blotting using
primary mouse anti-NKCC1 T4 antibody. Shown are representative blots of three independent experiments.
B, cells were infected with non-targeting shLacZ-adenovirus and with shPKC�-, shPKC�-, or shPKC�-adenovirus
(m.o.i. � 30) for 72 h before treatment with vehicle (DMSO, left panel) or 100 nM PMA (right panel) for 1 h. The
basolateral surface biotinylation assay was then conducted and the cell lysates were analyzed by Western
blotting. The first row blots from the top represent the dynamic change of biotinylated NKCC1 protein after
PMA or DMSO treatment in the four groups of shLacZ-, shPKC�-, shPKC�-, and shPKC�- cells. The second row
blots show the total NKCC1 protein expression. The third, fourth, and fifth row blots indicate the expression
levels of PKC�, PKC�, and PKC�, respectively, in the total cell lysates. The blots shown are representative of three
independent experiments. C, blot bands of basolateral surface biotinylated NKCC1 were quantified by densi-
tometry, and data from the three experiments were analyzed with unpaired t test after normalization to
respective NKCC1 in total lysates. The data are presented as the percentage of DMSO control (mean 	 S.E., n �
3). ***, p 
 0.001; NS, not significant.
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55–57) and adenoviral shRNA-induced RNAi can achieve a
relatively long lasting knockdown of target (58), thus this
virus vector was chosen in the present study. Given that
adenoviral high transduction efficiency is a crucial step for
shRNA adenoviral delivery to evoke RNAi, we tested transduc-
tion efficiency of adenovirus in T84 monolayers using a �-ga-
lactosidase-expressing adenovirus. Our initial experiments
showed only 5–10% transduction efficiency for adenovirus in
T84 monolayers (data not shown), possibly because the Cox-
sackie virus and adenovirus receptor, a component of the tight
junction complex (59), is shielded in confluent cells. We there-
fore optimized adenovirus infection conditions by a 20-min
incubation of T84 monolayers in sterile PBS without Ca2�/
Mg2� (PBS�) at 37 °C to open tight junctions and expose Cox-
sackie virus and adenovirus receptor, and by subsequent infec-
tion for 2 h with adenovirus (m.o.i. � 30) in Ca2�/Mg2�-
depleted Opti-MEM I reduced serum medium. This novel
adenoviral delivery approach resulted in�90% efficiency of the
transduction with �-galactosidase-expressing adenovirus (data
not shown), and thereafter, achieved�90% knockdown of PKC
proteins inT84monolayers transducedwith the corresponding
shPKCs-adenovirus (Figs. 2 and 3). In most of the cases, the
infection-reduced TERs were recovered to normal values
(more than 1000 ��cm2) after 2–3 days incubation with fresh
complete growth medium, and the cell monolayers were not
damaged by adenovirus infection. Thus, this study provides for
the first time a novel effective approach for adenovirus-based
delivery of shRNA to confluent T84 monolayers grown on
Transwell permeable supports, which also has implications for
studies using epithelial monolayers with poor gene delivery.
Our study showed that depletion of individual PKC�, PKC�, or
PKC� did not affect expression of total cellular NKCC1 (Fig. 3)
and did not alter NKCC1 distribution in the plasmamembrane
(Figs. 4 and 5) in T84 cells that abundantly express proteins of
these PKC isoforms, suggesting that PKC does not constitu-
tively regulate NKCC1.

The mechanisms by which PKC regulates NKCC1 activity
are unclear. PMA-induced down-regulation of NKCC1 gene
expression has previously been reported (15), but our data
in Fig. 3 indicate that PKC knockdown did not affect expres-
sion of total cellular NKCC1, which was further supported
by our biotinylation data (Fig. 6B), which show similar
expression levels of total NKCC1 between shPKC- and shLacZ-
cells in the absence of and presence of PMA.Alternatively, PKC
may regulate NKCC1 activity through inducing internalization
of the basolateral surface NKCC1. Indeed, emerging evidence
has pointed to a global role of PKC in regulating the processes of
internalization and trafficking of plasma membrane transport-
ers (20, 22, 60–62). PKC activation down-regulates or up-reg-
ulates cell surface expression of a transporter depending on the
transporter type (20–22, 63).Wehave recently shown that acti-
vation of PKC by PMA induced internalization of the basolat-
eral surfaceNKCC1 inT84 cells (12) and eGFP-taggedNKCC1-
expressing MDCK cells (23). Direct phosphorylation by PKC
has been reported to mediate internalization of other trans-
porters such as norepinephrine transporter (20). It has also
been reported that PKC� acts upstream of SPAK, which phos-
phorylates NKCC1 during hyperosmotic stress (64). Thus,
the question for whether PKC-induced phosphorylation con-
tributes to NKCC1 internalization in T84 cells remains to be
addressed. On the other hand, internalization through dy-
namin- and clathrin-dependent pathways has been reported for
organic anion transporter OAT1 (22) and eGFP-tagged
NKCC1 (23). How does PKC regulate dynamin and clathrin
pathways leading to NKCC1 internalization requires further
investigation. In the current study, we defined the specific PKC
isoforms responsible for regulation of NKCC1. Our immuno-
fluorescence studies (Fig. 5) indicate that activated PKC� and
PKC�, but not activated PKC�, are the PKC isoforms that
induce internalization of NKCC1 in T84 cells. These observa-
tions were further supported by our surface biotinylation study
(Fig. 6, B and C). To our surprise, PKC� knockdown blocked

TABLE 1
Effect of vehicle (DMSO) and PMA pre-treatment on T84 epithelial TERs and Isc
Confluent T84monolayers grown on 6.5-mm insert diameter Transwell supports were uninfected or infected with shLacZ-, shPKC��, shPKC��, or shPKC��adenovirus
(m.o.i. � 30) for 72 h, respectively, as described under “Experimental Procedures.” The cells were washed and equilibrated in a HEPES phosphate-buffered saline solution
for �1 h at 37 °C in a water bath. TER and Isc were computed as described under “Experimental Procedures.” The data are expressed as mean 	 S.E. of TERs (��cm2) and
Isc (�A/cm2). Numbers (n) of samples indicate the number of Transwell inserts. One-way ANOVA was performed for analysis of significant difference before and after
DMSO or PMA treatments.

Cell inserts n
TER

p value
Isc

p value
Before DMSO/PMA After DMSO/PMA Before DMSO/PMA After DMSO/PMA

��cm2 �A/cm2

Uninfected control
DMSO group 29 1135 	 44 1194 	 58 0.2131 2.53 	 0.34 2.95 	 0.46 0.059
PMA group 32 1207 	 56 1413 	 53 0.0006 2.02 	 0.23 2.04 	 0.21 0.7202

shLacZ control
DMSO group 37 1196 	 51 1336 	 50 0.0001 2.73 	 0.27 3.30 	 0.31 0.0002
PMA group 36 1219 	 60 1515 	 62 
0.0001 2.54 	 0.26 2.65 	 0.26 0.043

shPKC�
DMSO group 15 1344 	 61 1551 	 74 0.1255 3.45 	 0.54 4.07 	 0.64 0.00729
PMA group 14 1318 	 94 1628 	 95 0.0294 2.85 	 0.57 2.99 	 0.60 0.309

shPKC�
DMSO group 43 1137 	 43 1237 	 52 0.1427 2.14 	 0.11 2.88 	 0.18 
0.0001
PMA group 40 1116 	 41 1284 	 48 0.0093 2.16 	 0.10 2.33 	 0.11 0.0053

shPKC�
DMSO group 17 1305 	 90 1480 	 78 0.1522 3.84 	 1.08 4.03 	 0.73 0.8397
PMA group 17 1303 	 82 1555 	 84 0.0388 3.91 	 0.62 3.87 	 0.57 0.8615
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NKCC1 internalization to an extent similar to that observed in
PKC� knockdown. This is a novel finding because our previous
pharmacological studies revealed that PMA-induced internal-
ization of NKCC1 is dependent upon isoform PKC� (12). In
other studies, nPKCand cPKCs have been suggested to regulate
membrane protein surface expression, but in all these instances
the identity of the specific PKC isoform is only inferable
through the use of pharmacological inhibitors (19, 60, 61).
Knockdown of the PKC isoforms did not change steady-

state TER (Table 1), suggesting it does not affect the consti-
tutive maintenance of tight junction integrity under these
conditions.However,we did not investigatewhether other PKC

members such as PKC� play such
roles, as has been suggested in
Caco2 intestinal epithelial mono-
layers (65). We also did not investi-
gate whether the actions of various
growth factors and other PKC-de-
pendent agents that are reported to
affect junctional integrity could be
abrogated by depletion of the PKC
isoforms. These important ques-
tions remain to be investigated. For
example, PKC� and PKC�1 have
been suggested to participate in epi-
dermal growth factor-mediated
protection of tight junctions from
acetaldehyde-induceddisruption (66).
We did not find any difference in

the magnitude of the FSK-elicited
current in any PKC knockdown
group compared with shLacZ con-
trols. This observation was some-
what unexpected in the case of
PKC� given reports by other groups
in the lung epithelial Calu-3 line
that PKC� is required to activate
NKCC1 during osmotic shock and
�1-adrenergic receptor stimulation
(64, 67). One possible explanation is
that in Calu-3 cells, PKC� is re-
quired for agonist-regulated phos-
phorylation of NKCC1; whereas in
T84 cells, baseline levels of NKCC1
phosphorylation are relatively high
and FSK does not appear to increase
this further.4 In PMA-treated cells,
we found that knockdown of PKC�
significantly attenuated PMA-asso-
ciated inhibition of FSK-Isc (Fig.
7D) and knockdown of PKC� com-
pletely abolished PMA inhibition of
FSK-elicited Isc (Fig. 7E), confirm-
ing our previous inference from a
purely pharmacological inhibitor
approach (12). These results suggest
that PKC�, and to a lesser extent
PKC�, but not conventional PKC�,

play a critical role in PMA-mediated inhibition of the epithelial
chloride secretion. It is possible that other components of the
chloride secretory apparatus may be affected by PKC activa-
tion. Long-term exposure of HT-29 cells to PMA (24 h)
decreases cystic fibrosis transmembrane conductance regula-
tor expression (68, 69), but no short-term exposure data have
been reported. In Calu-3 cells, a 30-min exposure to vasoactive
intestinal polypeptide leads to cystic fibrosis transmembrane

4 J. Tang, P. Bouyer, A. Mykoniatis, M. Buschmann, K. S. Matlin, and J. B. Mat-
thews, unpublished observations.

FIGURE 7. Impact of PKC isoform-specific knockdown on PMA inhibition of cAMP-stimulated Isc. T84 cell
monolayers grown to confluence on Transwell supports (6.5-mm insert diameter) were uninfected or infected
with shLacZ-, shPKC�-, shPKC�-, or shPKC�-adenovirus (m.o.i. � 30) for 72 h, respectively. The procedure for Isc
measurement was carried out as described under “Experimental Procedures.” The cells of each group were
exposed to vehicle (solid line) or 100 nM PMA (dashed line) for 1 h and then exposed to 10 �M forskolin (FSK). The
Isc (�A/cm2) was measured every 5 min before and after FSK exposure. The data shown here were obtained
from uninfected control cells (A), non-targeting shLacZ-adenovirus transduced cells (B), shPKC�-adenovirus
transduced cells (C), shPKC�-adenovirus transduced cells (D), and shPKC�-adenovirus transduced cells (E),
respectively. F, summary of % inhibition of FSK-stimulated Isc by PMA at 15 and 20 min FSK exposure. The data
are presented as mean 	 S.E. % of inhibition of Isc by PMA.
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conductance regulator accumulation at the apical membrane,
an effect mimicked by phorbol ester (70).
In conclusion, the activated novel PKC isoforms � or �, but

not the activated conventional isoform PKC�, inhibits T84 epi-
thelial chloride secretion through inducing internalization of
the basolateral surfaceNKCC1.Our study reveals that the novel
PKC isoform-dependent regulation of NKCC1 surface expres-
sion represents an important mechanism of overall regulation
of chloride and fluid secretion, which has important implica-
tions not only in the development of novel therapeutics for
those diseases associated with dysregulated chloride and fluid
secretion, but also in other fields such as epilepsy (71) and pain
management inwhich cation chloride transporters are involved
(72, 73).
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