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Increasing evidence supports a role for PKC� in growth arrest
and tumor suppression in the intestinal epithelium. In contrast,
the Id1 transcriptional repressor has pro-proliferative and
tumorigenic properties in this tissue. Here, we identify Id1 as a
novel target of PKC� signaling. Using a highly specific antibody
and a combined morphological/biochemical approach, we es-
tablish that Id1 is a nuclear protein restricted to proliferating
intestinal crypt cells. A relationship between PKC� and Id1 was
supported by the demonstration that (a) down-regulation of Id1
at the crypt/villus junction coincides with PKC� activation, and
(b) loss ofPKC� in intestinal tumors is associatedwith increased
levels of nuclear Id1. Manipulation of PKC� activity in IEC-18
nontransformed intestinal crypt cells determined that PKC�
suppresses Id1 mRNA and protein via an Erk-dependent mech-
anism. PKC�, but not PKC�, also inhibited Id1 expression in
colon cancer cells. Id1 was found to regulate cyclin D1 levels in
IEC-18 and colon cancer cells, pointing to a role for Id1 suppres-
sion in the antiproliferative/tumor suppressive activities of
PKC�. Notably, Id1 expression was elevated in the intestinal
epithelium of PKC�-knock-out mice, confirming that PKC�
regulates Id1 in vivo. A wider role for PKC� in control of inhib-
itor of DNA binding factors is supported by its ability to down-
regulate Id2 and Id3 in IEC-18 cells, although their suppression
is more modest than that of Id1. This study provides the first
demonstrated link between a specific PKC isozyme and inhibi-
tor of DNA binding factors, and it points to a role for a PKC�3
Erk � Id13 cyclinD1 signaling axis in themaintenance of intes-
tinal homeostasis.

The intestinal epithelium is a continually self-renewing tis-
sue, organized into well defined proliferative and functional
compartments (1). Maintenance of tissue integrity relies on
tight control of the balance between proliferative activity, dif-
ferentiation, and apoptosis. Both positive and negative growth
regulatory signaling pathways have been implicated in orches-
trating the renewal process in this tissue, and disruption of

these pathways and/or their downstream targets results in var-
ious diseases, including cancer. Increasing evidence points to
the PKC enzyme system as a key regulator of intestinal home-
ostasis (2–6). PKC is a family of phospholipid-dependent ser-
ine-threonine kinases, consisting of at least 10 isozymes that act
as central players in signal transduction.Members of the family
can have tumor promoting (e.g. PKC�II, -�, and -�) or tumor
suppressive (e.g. PKC� and -�) activity, dependent on the
isozyme and tissue context (2, 5, 7, 8). Although several PKC
isozymes have been implicated in the regulation of intestinal
homeostasis (e.g. PKC�, -�II, -�, -�, and -�), increasing evidence
points to PKC� as a key negative regulator of proliferation and
tumorigenesis in this tissue (4, 9, 10).
PKC� is activated precisely at the point of growth arrest in

the crypts of both the small intestine and colon (11, 12). Con-
sistent with a role in growth suppression, activation of PKC� in
intestinal crypt-like cells triggers a program of cell cycle with-
drawal, mediated by the Ras-Erk pathway and involving down-
regulation of cyclinD1, induction of p21Cip1/p27Kip1, activation
of pocket proteins, and loss of DNA licensing factors such as
cdc6 (9, 13). PKC�-induced down-regulation of cyclin D1
occurs via two apparently independent mechanisms as follows:
inhibition of cyclin D1 transcription and blockade of transla-
tion initiation, involving protein phosphatase 2A-mediated
dephosphorylation of the translational repressor 4E-BP1 (4, 14,
15).
Increasing evidence supports a tumor-suppressive role for

PKC� in the intestinal epithelium. The protein is broadly lost in
human and murine intestinal tumors (4), and PKC� deficiency
is associated with increased crypt cell proliferation and sponta-
neous intestinal adenoma formation inmice (10). PKC� signal-
ing is disrupted in intestinal tumors with or without perturba-
tion in adenomatous polyposis coli (APC)4/�-catenin signaling,
as well as in human colon cancer cell lines that differ in the
status of APC, �-catenin, K-Ras, and/or p53 (4). Thus, loss of
PKC� signaling is a general characteristic of intestinal tumors
regardless of other underlying genetic defects, pointing to the
importance of this pathway in the maintenance of intestinal
homeostasis and blockade of intestinal tumor formation.
The tumor-suppressive effects of PKC� are likely to involve

multiple targets (4, 16–19). Regulation of cyclin D1 appears to
play an important role in the intestine because of the following:
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(a) loss of PKC� in intestinal tumors correlates with marked
up-regulation of this cyclin; (b) restoration of PKC� suppresses
cyclin D1 levels in colon cancer cells, and (c) forced expression
of cyclin D1 partially blocks the ability of PKC� to reverse the
transformed phenotype of these cells (4). However, PKC�
retains significant in vitro tumor suppressive activity even in
the presence of forced expression of cyclin D1 (4), pointing to
the involvement of additional as yet unidentified targets.
Inhibitor of DNAbinding 1 (Id1) is amember of the Id family

of dominant negative antagonists of basic helix-loop-helix tran-
scription factors, which also includes Id2, Id3, and Id4 (20). Id1
and PKC� appear to play opposing roles in the intestinal epi-
thelium. Lacking a DNA-binding motif, Id1 acts by het-
erodimerizing with other transcription factors (e.g. basic helix-
loop-helix factors, Ets2, and Pax family members), preventing
their DNA binding and blocking their antiproliferative and dif-
ferentiation-inducing functions (20, 21). Consistent with this
activity, Id1 expression is generally restricted to proliferating/
nondifferentiated cells (22, 23). The proliferative activity of Id1
has been attributed to modulation of signal transduction path-
ways involvingTGF�, vitaminD, and EGF receptor (EGFR) and
effects on cell cycle proteins such as cyclin D1, p21Cip1, p27Kip1,
and p16Ink4 (20, 24–27). Evidence also points to Id1 as a poten-
tial oncogene in the breast, prostate, and ovary (20, 27, 28).
Notably, mice with an Id1 transgene targeted to the small intes-
tinal epithelium show an increased incidence of adenomas (29),
indicating that, in contrast to PKC�, Id1 has oncogenic prop-
erties in the intestine.
This study explored the relationship between PKC� signal-

ing and Id1, and determined, for the first time, that PKC� neg-
atively regulates Id1 expression in intestinal cell lines and in the
mouse intestine in vivo.

EXPERIMENTAL PROCEDURES

Mouse Tissues—Experiments involvingmice were in accord-
ance with institutional and national guidelines/regulations
under an IACUC-approved protocol. APCmin/� mice (C57BL/
6J-ApcMin/J) were from The Jackson Laboratory. PKC��/�

mice (C57Bl/6.SV-129J Prkca�/�), in a mixed C57Bl/6-SV129J
background, were obtained fromDr. Jeffery D.Molkentin (Cin-
cinnati Children’s Medical Center, Cincinnati, OH) (30).
B6129SF2/J mice were used as wild-type controls for PKC��/�

mice (no sex or strain differences in immunostaining were seen
betweenB6129SF2/J, C57Bl/6mice, KK, orAIJmice). Intestinal
tissues were dissected, rinsed, and immediately fixed in 4%
freshly depolymerized paraformaldehyde in PBS and paraffin-
embedded for immunohistochemistry or placed in ice-cold
Hanks’ balanced salt solution (without magnesium or calcium)
for isolation of epithelial cells. Azoxymethane-induced tumors,
a gift from Drs. Joshua Uronis and David Threadgill, were
obtained by administering 10 mg/kg azoxymethane to KK/AIJ
mice (2–4months old, The Jackson Laboratory) in four weekly
intraperitoneal injections. Mice were euthanized 5–6 months
after the first injection, and intestinal tissue was fixed in 10%
neutral buffered formalin overnight and embedded in paraffin.
Immunohistochemistry—Paraffin-embedded tissues were

sectioned (5–10 �m), deparaffinized, rehydrated, and incu-
bated in 3% H2O2 (15 min) to block endogenous peroxidase

activity. For PKC� and cyclin D1 localization, antigen retrieval
involved heating (30–40 min) in DAKO target retrieval solu-
tion at 90 °C followed by cooling for 20 min. Sections were
“blocked” with 0.03% casein (30 min) and incubated with anti-
PKC� (Epitomics 1510-1 rabbit monoclonal antibody at
1:2000–1:5000) or anti-cyclin D1 (Lab Vision Corp. SP4 anti-
cyclin D1 antibody at 1:100) antibody for 1 h at room temper-
ature or overnight at 4 °C. Tissues were then incubated with
biotinylated anti-rabbit secondary antibody (Vector Laborato-
ries, 1:250), followed by Vectastain Elite ABC reagent (Vector
Laboratories) (PKC�) or streptavidin (Zymed Laboratories
Inc., 1:20) (cyclin D1) and DAKO DAB chromogen solution
(K3466). Counterstaining was performed with hematoxylin.
Staining for Id1 using Biocheck BCH-1/195-14-50 rabbit
monoclonal anti-mouse/human Id1 antibody at 1:100 was per-
formed similarly except that antigen retrieval involved incuba-
tion with EDTA buffer (50 mM Tris buffer containing 1 mM

EDTA, pH 8.0) overnight at 60 °C, and primary antibody incu-
bation was followed by addition of EnVisionTM � (Dako
K4010) Polymer-HRP goat � rabbit IgG (ready-to-use form).
Controls for staining specificity involved omission of primary
antibody or replacement of the primary antibody with normal
rabbit serum. In the case of PKC�, immunostaining specificity
was confirmed using intestinal tissues from PKC� knock-out
mice.
Images were obtained using an Olympus BX41 microscope

with UPlan F1 lenses (�10–40) and a DP70 digital camera
with accompanying software. Linear adjustments to contrast
and brightness were performed using Adobe Photoshop and
Microsoft PowerPoint. For comparison of wild-type and
PKC��/� intestines, sections were immunostained on the
same slide, photographed at the same exposure, and processed
identically. Comparison of normal and tumor tissue involved
parallel analysis of tissue from the same section.
Isolation of Intestinal Epithelial Cells—Villus/crypt fractions

of small intestinal epithelium were isolated as described (31).
Briefly, freshly dissected small intestines were rinsed with ice-
cold Hanks’ balanced salt solution (without magnesium or cal-
cium) containing 0.5 mM DTT (Hanks’/DTT), everted or cut
open, and cut into 1–2-cm lengths. Intestinal segments were
washed in Hanks’/DTT, and fractions of intestinal epithelial
crypt-villus units were obtained by sequential washingwith ice-
cold chelating buffer (27mM trisodium citrate, 5mMNa2HPO4,
96 mM NaCl, 8 mM KH2PO4, 1.5 mM KCl, 0.5 mM DTT, 55 mM

D-sorbitol, 44 mM sucrose). Following isolation, washes were
pooled into five fractions, and epithelial cells were pelleted
by centrifugation at 500 � g and processed forWestern blot-
ting. Analysis for the presence of the crypt cell marker, cyclin
D1, revealed that fractions 1 and 2 (V1 and V2) contained
exclusively villus cells, with crypt cells present in fractions 4
and 5 (C1 and C2). Low levels of cyclin D1 were variably
detected in fraction 3 (V3) indicating that crypts began to
detach in later washes of this fraction or early washes of
fraction 4.
Human Colonic Tissue—Colon tumor tissues were collected

from six patients at Roswell Park Cancer Institute, with written
informed consent and approval by the Institutional Review
Board. Adjacent normal mucosa was available for two of the
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cases. Tissue was formaldehyde-fixed and paraffin-embedded
in the Pathology Core at Roswell Park Cancer Institute.
Cell Culture and Drug Treatment Protocols—IEC-18 non-

transformed intestinal crypt cells (ATCC CRL-1589) were
maintained in DMEM supplemented with 10 �g/ml insulin, 4
mM glutamine, and 5% fetal bovine serum (FBS). Human colo-
rectal cancer cell lines FET, FET-DNR, GEO (Dr. M. G. Brat-
tain), DLD-1 (Dr. R. J. Bernacki, Roswell Park Cancer Institute),
and HCT116 (ATCC) were cultured in RPMI 1640 medium,
10% FBS, and 2 mM L-glutamine. Cells were maintained in a 5%
CO2 atmosphere at 37 °C.
PKC isozymes were activated in cells by treatment with 100

nM phorbol 12-myristate 13-acetate (PMA) (LC Labs), 20
�g/ml 1,2-dioctanoyl-sn-glycerol (DiC8) (Sigma), or 100 nM
bryostatin (Biomol) for various times. DiC8 was added repeat-
edly (every hour) in fresh medium to compensate for its rapid
metabolism in cells. PMA and bryostatin were dissolved in eth-
anol (final ethanol concentration in the medium of �0.1%);
DiC8was dissolved inDMSO (finalDMSOconcentration in the
medium of �0.2%). Control cells were treated with the appro-
priate vehicle alone. Depletion of PKC�, -�, and -� from IEC-18
cells was accomplished by treatment with 1 �M phorbol 12,13-
dibutyrate (PDBu) (Sigma) for 24 h (17).
PKC activity was inhibited using the general PKC inhibitors,

Gö6983 (1 �M) or bisindolylmaleimide I (5 �M), or with 2 �M

Gö6976 (an inhibitor of classical PKCs that is selective for
PKC� in IEC-18 cells). Inhibition of Erk/MAPK activity was
achieved using 10 �M U0126 or 50 �M PD098059; PI3K/Akt
activity was inhibited using 50 �M LY294002. U0126 and
PD098059 were purchased from Alexis; all other inhibitors
were from Calbiochem. Cells were pretreated with kinase
inhibitors for 30 min (or 1 h for PD098059 and LY294002)
prior to addition of PKC agonist. Equivalent volumes of vehi-
cle (DMSO for all inhibitors) were added to control samples.
Western Blot Analysis—Cells were extracted in boiling SDS

lysis buffer (10mMTris, pH 7.4, 1% SDS) and analyzed byWest-
ern blotting using 12% polyacrylamide gels as described (9).
Blots were routinely stained with 0.1% Fast Green (Sigma) to
ensure equal loading and even transfer. Antibody dilutions
were as follows: Id1 (Biocheck, CA, BCH-1/195-14-50), 1:100;
Id1 (Santa Cruz Biotechnology, sc-488) 1:100; PKC� (Santa
Cruz Biotechnology, sc-8393), 1:1000; PKC� (Epitomics 1510-
1), 1:5000; PKC� (Santa Cruz Biotechnology, sc-213), 1:2000;
PKC� (Santa Cruz Biotechnology, sc-214), 1:2000; phospho-
Erk1/2 (Cell Signaling, 9106), 1:2000; total Erk1/2 (Cell Signal-
ing, 9102), 1:2000; phospho-Akt S473 (Cell Signaling, 9271)
1:500; total Akt (Santa Cruz Biotechnology, sc-8312), 1:2000;
cyclin D1 (NeoMarkers, RM-9104-S), 1:1000; p21Cip1
(Pharmingen, 556430), 1:500; actin (Sigma, A2066), 1:20,000;
goat anti-rabbit HRP antibody (Millipore, AP132P), 1:2000;
goat anti-mouse IgM-HRP antibody (Santa Cruz Biotechnol-
ogy, sc-2973), 1:5000.
Analysis of RNA—For real time RT-PCR, RNA was isolated

using illustra RNAspin (GE Healthcare) or RNeasy Mini (Qia-
gen) kits, and analysis was performed using the 1-Step Brilliant
II SYBR Green quantitative RT-PCR master mix kit (Agilent
Technologies), and the 7300 real time PCR system (Applied
Biosystems). mRNA levels are expressed relative to 18 S rRNA

and normalized to vehicle-treated controls. Primers used were
as follows: rat Id1, TGGACGAACAGCAGGTGAAC and
TCTCCACCTTGCTCACTTTGC; rat Id2, ATGAAAGCCT-
TCAGTCCGGTGA and AGCAGACTCATCGGGTCGTC;
rat Id3, CTTAGCCTCTTGGACGACATGA and GATTTCC-
ACCTGGCTAAGCTGA; rat Id4, TGCAGTGCGATATGAA-
CGACTG and TGACTTTCTTGTTGGGCGGGAT; 18 S
rRNA, CATTGGAGGGCAAGTCTGGTG and CTCCCAAG-
ATCCAACTACGAG. Statistical difference (p� 0.05) between
treatment groups was determined by Student’s t test using
Microsoft Excel. Microarray analysis of RNA was performed
by the Genomics Shared Resource at Roswell Park Cancer
Institute on an Affymetrix Hu-Ex 1.0 array using an
Affymetrix GeneChip System and Scanner 3000. For corre-
lation of Id1 and PKC� expression in published data sets,
Affymetrix microarray profiles were obtained from the
NCBI GEO data base (DataSet Records GDS389 and
GDS2947), and the Pearson correlation coefficient (r) and
two-tailed p value for Id1 and PKC� levels were determined.
The microarray data analyzed were derived from biopsies of
normal and neoplastic human intestine (32) and from nor-
mal and neoplastic murine intestinal tissue obtained by laser
capture microdissection (33).
Adenovirus Infection—Transduction of cells with adenovirus

expressing PKC�, PKC�, or kinase-dead PKC� was as de-
scribed previously (4). Adenovirus was used at a multiplicity of
infection (m.o.i.) of 10–20, except for kinase-dead PKC�,
which was used at anm.o.i. of 500 to ensure equal expression of
this unstable protein (4). Cells were harvested after 48 h for
Western or RNA analysis.
siRNA-mediated Knockdown—Human Id1 siRNA (target

sequence, AACTCGGAATCCGAAGTTGGG) was from Qia-
gen. Rat Id1was silenced using Silencer(R) pre-designed siRNA
from Applied Biosystems (siRNA ID: 200461, 59151, and
59247). Nonsilencing siRNAs (Qiagen negative control siRNA,
Dharmacon siCONTROL nontargeting siRNA) were used as
controls. Human colon cancer cell lineswere plated at 1.5� 105

cells/well in 6-well plates 1 day prior to transfection with 50 nM
siRNA using Lipofectamine 2000 (Invitrogen); medium was
after 16 h. IEC-18 cells were transfected similarly, except that
theywere plated at 5� 104 cells/well; 100 nM siRNAwas added,
andmediumwas changed after 4 h. Cells were harvested 3 days
after transfection, and protein levels were analyzed byWestern
blotting.
Transfection of IEC-18 Cells with Mouse Id1-EGFP Fusion

Protein—IEC-18 cells (5� 104)were plated 1 day prior to trans-
fection with vector expressing mouse EGFP-Id1 fusion protein
(Addgene 20964) or EGFP-N1 control vector (Clontech).
Transfection used FuGENE 6 (Roche Applied Science) accord-
ing to the manufacturer’s recommendations, and medium was
changed after 4 h. Following selection with 1.8 mg/ml G418
sulfate, EGFP-Id1 and EGFP-expressing cells were sorted by
flow cytometry (Roswell Park Core Facility). Experiments were
conducted on cell populations that were �90% EGFP-Id1/
EGFP-positive, as estimated by fluorescence microscopy (Zeiss
Axiovert 25).
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RESULTS

Identification of Id1 as a Potential Target of PKC� in Intesti-
nal Epithelial Cells—To identify novel targets of PKC� signal-
ing in the intestinal epithelium, we restored PKC� expression
in DLD1 colon cancer cells by adenoviral transduction (4) and
explored changes in gene expression bymicroarray analysis. As
in our previous studies (4), effects in PKC�-expressing cells
were compared with those in cells transduced with lacZ (con-
trol), a kinase-dead mutant of PKC� (34) or PKC� (another
PKC isozyme commonly down-regulated in colon cancer (4)).
This analysis identified Id1 as a candidate for further study. As
shown in Table 1, Id1 was the second most down-regulated
gene in PKC�-transduced cells comparedwith lacZ-expressing
cells. This effect required PKC� kinase activity because trans-
duction with PKC� or kinase-dead PKC� had only modest
effects (�1.6-fold). Indeed, Id1 was the only gene whose down-
regulation in PKC�-transduced cells was significantly different
from that in cells expressing lacZ (�3.5-fold), kinase-dead
PKC� (�2.3-fold), and PKC� (�2.6-fold), underscoring the
potential importance of Id1 as a target for PKC� kinase-depen-
dent regulation.
Inverse Regulation of PKC� Activity and Id1 Expression in

Intestinal Tissues—To evaluate Id1 as a potential target of
PKC� signaling in the intestinal epithelium in vivo, we com-
pared the expression pattern of these proteins in murine small
intestine and colon using immunohistochemistry. Although
the knownproperties of Id1 point to a role in promoting growth
and/or inhibiting differentiation in intestinal crypts, previous
immunolocalization studies have variably detected Id1 as a
cytoplasmic protein, uniformly distributed along the crypt-to-
villus axis or up-regulated on the villus (29, 35, 36). The discrep-
ancies in these studies likely result from the polyclonal antibody
used, as its suitability for immunolocalization has recently been
questioned (37, 38). Thus, we re-evaluated the localization of
Id1 in the intestinal epitheliumusing a recently available, highly
specific anti-Id1 rabbit monoclonal antibody from Biocheck
(37). Consistent with the role of Id1 as a transcription factor,
this antibody localized Id1 to the nucleus of cells in the small
intestine and colon (Fig. 1,A, panels i and ii, and B, panel i). Id1
was predominantly detected in the epithelium, with only spo-
radic stromal cells showing reactivity (Fig. 1A, panel ii, and B,

panel i, block arrows). Expression of the protein was largely
restricted to crypt cells (Fig. 1A, bracket), and Id1 staining was
undetectable in fully differentiated cells of the villus (V) or
colonic surface mucosa (SM) (Fig. 1A, panels i and ii, and B,
panel i, arrowheads). Although Paneth cells (Fig. 1, P) were
negative for Id1, isolated Id1-positive cells, corresponding in
shape and localization to the recently identified intestinal stem
cells (39), could be seen at the crypt base (Fig. 1A, panel ii, open
arrows). The pattern of Id1 staining corresponded to that of the
mitogenic protein cyclin D1, whose expression is confined to
intestinal crypt cells (Fig. 1, A, panels iii and iv, and B, panel ii).
Thus, Id1 expression is restricted to proliferating cells of the
crypts in both the small intestine and colon.
The pattern of expression of Id1 was also assessed by bio-

chemical analysis of isolated fractions of mouse small intes-
tinal epithelium obtained by successive washes with chelat-
ing buffer (31). Immunoblot analysis for the crypt cell
marker cyclin D1 (Fig. 1A, panel vii) confirmed that this
method yields initial fractions (1 and 2) composed predom-
inantly of villus cells, and later fractions (4 and 5) enriched
for crypt cells (fraction 3 showed varying levels of cyclin D1,
indicating that crypts begin to be released in this fraction).
Id1 was largely detected in fractions 4 and 5, with low levels
variably seen in fraction 3 (Fig. 1A, panel vii), confirming the
immunohistochemical localization of Id1 to the epithelium
of intestinal crypts.
Down-regulation of Id1 in the upper crypt correlated with

activation of PKC�. As we have reported previously (9, 11, 12),
PKC� is largely inactive in the proliferating cells of the crypt, as
reflected in its diffuse cytoplasmic localization (Fig. 1,A, panels
v and vi, and B, panel iii, solid arrows). In contrast, the enzyme
is predominantly membrane-associated in post-mitotic villus,
colonic surfacemucosa, and Paneth cells (Fig. 1,A, panels v and
vi, and B, panel iii, open arrows), a pattern indicative of enzyme
activation (40). Thus, Id1 is appropriately positioned in the
intestinal epithelium to be a target for negative regulation by
PKC� signaling.
Increased Expression of Id1 in Intestinal Tumors Correlates

with Loss of PKC�—Id1 has been proposed to be a tumor pro-
moter in the intestine (29), whereas PKC� has tumor suppres-
sor activity in this tissue (4, 10). Therefore, the relationship
between these proteins was also examined in intestinal neo-
plasms. Intense nuclear staining for Id1 was detected in intes-
tinal tumors arising in APCmin/� mice and azoxymethane-
treated KK/AIJ mice (Fig. 2A). Notably, levels of Id1 staining
were generally higher in tumor cells (Fig. 2A,T) than in adjacent
normal crypt cells (Fig. 2A, NC; arrows). As we have shown
previously, PKC� expression is uniformly lost in these tumors
(Fig. 2A) (4); thus, consistent with the relationship between
PKC� and Id1 in the normal intestine, these proteins exhibit an
inverse pattern of expression during intestinal tumorigenesis in
the mouse. Limited analysis of tissue from patients (Fig. 2B)
indicated that Id1 is (a) a nuclear protein restricted to prolifer-
ating crypt cells of the colon and (b) is overexpressed in human
colon cancer (Fig. 2B, panel i). Because PKC� is also markedly
down-regulated in a majority of human colon adenocarcino-
mas (Fig. 2B, panel ii) (12, 41, 42), the inverse correlation
between PKC� and Id1 expression is seen in both murine and

TABLE 1
mRNAs down-regulated by PKC� expression in DLD1 cells
Total RNA from cells infected with adenovirus expressing the indicated proteins
was subjected tomicroarray analysis using anAffymetrix Hu-Ex 1.0 array. Numbers
show the fold change in expression of the indicatedmRNAs relative to their levels in
cells infected with lacZ-expressing adenovirus. Data are for known genes that
showed �2-fold down-regulation in PKC�-transduced cells and for inhibitor of
DNA binding (Id) family members Id2 and Id3. Two independent transductions
were analyzed for PKC�; in each case, levels of Id1 were significantly different from
those obtained with lacZ-, PKC�-, and kinase-dead PKC� (KD PKC�)-transduced
cells.

Down-regulated genes
Expressed PKC isozyme

PKC�1 PKC�2 KD PKC� PKC�

CTDSP2 �3.76 �4.66 �4.38 �2.03
Id1 �3.50 �3.56 �1.53 �1.36
DHTKD1 �2.50 �2.77 �2.24 �2.37
DNM1DN11–6 �2.33 �2.31 �2.40 �2.66
KRTAP10–1 �2.24 �2.44 �2.01 �2.30
Id2 �1.50 �1.80 1.06 1.19
Id3 �1.85 �2.09 �1.26 1.01
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human intestinal neoplasms. Collectively, these data establish a
clear inverse relationship between PKC� and Id1 in both the
normal intestine and during intestinal tumorigenesis.
PKC/PKC� Activation Leads to Down-regulation of Id1 Pro-

tein andmRNA in IEC-18 Intestinal Crypt Cells—The relation-
ship between PKC signaling and Id1 was further explored using
the IEC-18 nontransformed rat crypt cell line (43). Id1 was
often resolved as a doublet on Western blots of IEC-18 cell
extracts (e.g. Fig. 3B, panel ii, and Fig. 4A). The appearance of

Id1 as two bands, confirmed by peptide blocking experiments
and analysis of Id1 knock-out tissues, has been variably seen in
other systems (e.g. HeLa cells, Sertoli cells, lung extracts, and
DMS53 cells (44–49)). Although the basis for the doublet and
its variable expression is unclear at this time, it has been pro-
posed to reflect differences in O-glycosylation or phosphoryla-
tion of the molecule (44, 51). Future studies will address these
possibilities, although it should be noted that the modification
involved is not affected by PKC signaling in IEC-18 cells

FIGURE 1. Id1 expression inversely correlates with PKC� activation in the intestinal epithelium. A, immunohistochemical analysis of Id1, cyclin D1, and
PKC� expression in the mouse small intestine. Panels i and ii, detection of Id1 using a highly specific rabbit monoclonal anti-Id1 antibody. Id1 staining is seen
in nuclei of proliferating crypt epithelial cells. Down-regulation of Id1 occurs at the crypt-villus junction (J), and the protein is absent from villus cells (arrow-
heads) and Paneth cells (P). Open arrows point to the presumptive stem cells at the crypt base, and block arrows indicate Id1-positive stromal cells. Panels iii and
iv, staining for the proliferation marker, cyclin D1, parallels that of Id1 (arrows as in panels i and ii). Panels v and vi, PKC� is diffusely distributed/inactive in the
proliferating crypt cells (solid arrows) and becomes membrane-associated in nondividing cells of the villus (open arrows) and in Paneth cells (P). Brackets, Crypt
compartment; V, villus; C, crypt; J, crypt-villus junction. Panel vii, villus and crypt fractions were isolated by sequential washing of intestinal segments in
chelating buffer and subjected to Western blot analysis for the indicated proteins. As confirmed by the crypt marker cyclin D1, fractions 1 and 2 predominantly
contain villus cells, and fractions 4 and 5 contain crypt cells. Varying low levels of crypt cell marker were detected in fraction 3. B, immunohistochemical analysis
of Id1, cyclin D1, and PKC� expression in the mouse colon. Panels i and ii, Id1 and cyclin D1 staining is seen in nuclei of crypt epithelial cells (arrows) but is absent
from the nuclei of the surface mucosa (arrowhead). Block arrow, stromal Id1 staining. Panel iii, PKC� membrane association/activity is only evident in epithelial
cells of the surface mucosa (open arrows). Solid arrows indicate the presence of diffuse cytosolic/inactive PKC� in proliferating crypt cells. SM, surface mucosa;
C, crypt. Bars, 50 �m. Data are representative of �3 independent experiments.
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because PKC agonist treatment, per se, had no effect on the
ratio between the two bands.
Treatment of IEC-18 cells with a panel of PKC agonists,

including the phorbol ester PMA, the macrocyclic lactone
bryostatin, and the synthetic diacylglycerol DiC8, led tomarked
down-regulation of Id1 protein by 2 h (Fig. 3A). PKC agonist-
induced Id1 down-regulation was blocked by (a) PDBu-in-
duced depletion of PKC agonist-sensitive isozymes (PKC�,
PKC�, and PKC�, see Ref. 9) and (b) treatment with the general
PKC inhibitors Gö6983 (Fig. 3B, panels i and ii) or bisindolyl-
maleimide I (data not shown), confirming the PKC dependence
of the effect.
PKC agonist treatment also markedly reduced the levels of

Id1 mRNA in IEC-18 cells (Fig. 3C, panel i). Consistent with
effects on Id1 protein, Id1 mRNA down-regulation was PKC-
dependent, as confirmed using PKC-depleted cells or treat-
ment with the PKC inhibitors Gö6983 (Fig. 1C, panel ii) or
bisindolylmaleimide I (data not shown).

Analysis of the time course of Id1 down-regulation by PKC
agonists demonstrated that the effects of PMA and bryostatin
are transient; althoughmaximal suppression was seen by �2 h,
reversal of the effect became evident by 6–8 h, and steady-state
levels were restored by 12 h (Fig. 4, A, panel i, and B). In con-
trast, DiC8 (added repeatedly to compensate for its rapid
metabolism) induced prolonged suppression of Id1 for at least
12 h (longer times not tested, Fig. 4A, panels i and ii). PKC
agonists down-regulate PKC isozymes in an agonist- and
isozyme-dependent manner; in IEC-18 cells, PMA down-regu-
lates PKC�, -�, and -� (Fig. 4A, right panels) (13, 15). In contrast,
bryostatin is unable to down-regulate PKC� (Fig. 4A, panel i),
and DiC8 fails to affect PKC� levels (Fig. 4A, panels i and ii).
Comparison of the effects of different agonists pointed to a
specific role for PKC� in the regulation of Id1; the transient loss
of Id1 produced by PMA and bryostatin correlated with down-
regulation/desensitization of PKC� (Fig. 4A, panel i), whereas
the prolonged suppression induced by DiC8 paralleled the sus-

FIGURE 2. Id1 is overexpressed in intestinal tumors. A, immunostaining for Id1 and PKC� in small intestinal tissue from APCmin/� mice (panels i–iii) and colonic
tissue from azoxymethane (AOM)-treated mice (panels iv–viii). Panels i and ii, iv and v, vii and viii show serial sections from the same tissue stained for Id1 and
PKC�. Id1 is generally overexpressed in the nuclei of tumor (T) cells relative to nuclei of normal crypt (NC) cells (panels i, iv, and vi; arrows), whereas PKC� is lost
from the tumors (panels ii, v, and viii). The dashed line in panels iv and v demarcates the boundary between normal and tumor tissue. Higher magnification
images in panels iii and vii show nuclear localization of Id1 in tumor cells. Bars, 50 �m. Data are representative of �3 independent experiments. B, immuno-
histochemical analysis of normal and neoplastic colonic tissue from human patients. Panel i, Id1 expression in normal colonic mucosa and adjacent adenocar-
cinoma. Tumor (T) and normal tissue are from the same section, and images were processed identically. Nuclear staining for Id1 is seen in the normal crypt (NC)
epithelium (solid arrows) but is absent from the surface mucosa (SM; arrowhead), whereas more intense nuclear staining can be seen in tumor cells. Data are
representative of analysis of samples from two patients. Panel ii, inverse correlation of PKC� and Id1 expression in colon tumors from human patients. Sections
of tumor tissue from four patients were stained for PKC� or Id1. Note the high nuclear expression of Id1 in tumors that lack PKC� and the absence of Id1 in a
relatively rare tumor that retains expression of the enzyme (bottom panels). Bars, 50 �m.
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tained activation of PKC� by this agent (Fig. 4A, panel i, left and
center panel; Fig. 4A, panel ii) (17). Consistent with a role for
PKC� inmodulation of Id1, PMA-induced Id1 suppressionwas
extended to �24 h in PKC�-overexpressing cells (Fig. 4B).
Attempts to silence PKC� in IEC-18 cells with several different
siRNAs failed to yield sufficient knockdown to block its growth
inhibitory effects (data not shown) (52); therefore, an RNAi-
based approach could not be used to determine the require-
ment for this isozyme in the modulation of Id1. However,
because PKC� is the only classical PKC expressed in IEC-18
cells, Gö6976, which targets classical PKCs (53), was used to
selectively block PKC� activity in this system (the selectivity of
this inhibitor for PKC� can be seen in its ability to block ago-
nist-induced/activity-dependent down-regulation of this
isozyme but not of PKC� or PKC�; Fig. 4C, left panel). As shown

in Fig. 4C (right panel), Gö6976 largely prevented the effects of
PKC agonists on Id1. Although these findings point to a pre-
dominant role for PKC� in the regulation of Id1 by PKC ago-
nists, blockade by Gö6976 was not always complete; thus, a
minor involvement of other isozymes cannot be excluded.
Effects of PKC� on Id1 Are Mediated by the Erk/MAPK

Pathway—Our previous studies (13, 14) have determined that
PKC� activates the Erk signaling cascade and inhibits the PI3K/
Akt pathway in IEC-18 cells (reflected in increased and
decreased phosphorylation of Erk and Akt, respectively; Fig. 5).
The role of these pathways in Id1 down-regulation was there-
fore explored. Inhibition of PI3K/Akt with LY294002 led to a
reduction in steady-state levels of Id1, suggesting that this path-
way is involved in maintaining Id1 expression in intestinal cells
(Fig. 5A). However, LY294002 did not block the ability of PMA
to induce loss of the protein, indicating that PKC� can suppress
Id1 by mechanisms independent of the PI3K/Akt pathway. In
contrast, inhibition of Erk signaling with the MEK inhibitors
U0126 or PD98095 abrogated the effects of PKCagonists on Id1
(Fig. 5B), supporting a requirement for Erk activity in the effect.
Furthermore, the delayed reversal of Id1 down-regulation seen
in PMA-treated cells with overexpression of PKC� or following
DiC8 treatment (Fig. 4, A, panel ii, and B) was accompanied by
prolonged activation of Erk1/2 (Fig. 5C and data not shown).
Thus, as seen with the cell cycle effects of PKC� (e.g. cyclin D1
down-regulation and p21Cip1 induction; see Refs. 13, 14),
down-regulation of Id1 by PKC� is mediated by Erk signaling.
Id1 Is Negatively Regulated by PKC� in Colon Cancer Cells—

To further examine the relationship between loss of PKC� and
Id1 expression in intestinal tumors, PKC� signaling was
restored in a panel of colon cancer cell lines by adenoviral trans-
duction. For comparison, cells were transduced with adenovi-
rus expressing lacZ or PKC�. Consistent with our microarray
data (Table 1), levels of Id1 protein were significantly reduced
following transduction with PKC�-expressing adenovirus in all
cell lines tested (Fig. 6A), demonstrating that, as in nontrans-
formed cells, Id1 is regulated by PKC� in colon tumor cells. The
effect showed specificity for PKC�, because re-expression of
PKC� hadminimal effects on Id1 protein levels. In keepingwith
a requirement for Erk activation, expression of PKC�, but not
of PKC�, resulted in increased levels of phospho-Erk in colon
cancer cells (Fig. 6B). The requirement for Erk signaling in
down-regulation of Id1 in colon tumor cells was tested using
HCT116 cells, which express moderate levels of PKC� (4). As
shown in Fig. 6C, treatment of these cells with PMA resulted in
loss of Id1 (Fig. 6C, right panel), accompanied by rapid activa-
tion of Erk signaling (Fig. 6C, left panel). Inhibition of Erk acti-
vation with U0126 blocked the down-regulation of Id1 (Fig. 6C,
right panel), confirming the requirement for robust activation
of Erk signaling for the effect. Real time RT-PCR analysis of
adenovirally transduced cells confirmed the ability of PKC� to
down-regulate Id1 mRNA seen by microarray analysis (Table
1); transductionwith PKC� down-regulated Id1mRNA in both
DLD1 and HCT116 cells (Fig. 6D), with the extent of suppres-
sion paralleling that seen for the protein in these cells (Fig. 6A).
Thus, PKC� potently regulates Id1 at both the mRNA and pro-
tein levels in colon cancer cells as well as in nontransformed
intestinal epithelial cells.

FIGURE 3. PKC signaling down-regulates Id1 in IEC-18 cells. A, PKC agonist
treatment leads to down-regulation of Id1 in IEC-18 cells. Protein extracts
from cells treated with PMA (100 nM), bryostatin (Bryo; 100 nM), or DiC8 (20
�g/ml) for 2 h were subjected to immunoblot analysis for Id1 and actin (load-
ing control). B, effects of PKC agonists on Id1 are PKC-dependent. Panel i, PKC
agonist-responsive isozymes (PKC�, -�, and -�) were depleted from IEC-18
cells by treatment with 1 �M PDBu for 24 h. PDBu was removed, and cells were
treated with vehicle (C) or 100 nM PMA (P) for 2 h prior to protein extraction
and immunoblot analysis for the indicated proteins. Panel ii, cells were pre-
treated with 1 �M Gö6983 for 30 min prior to addition of vehicle or 100 nM

PMA for 2 h. C, PKC activation down-regulates Id1 mRNA. Panel i, cells were
treated with PKC agonists or vehicle for 3 h as above, and total cellular RNA
was subjected to real time RT-PCR analysis. Levels of Id1 mRNA were normal-
ized to 18 S rRNA and are displayed as relative to vehicle control. Panel ii, cells
were depleted of agonist-responsive PKC isozymes by prolonged treatment
with PDBU or treated with Gö6983 prior to addition of vehicle (V) or PMA for
3 h. RNA was extracted and analyzed by real time RT-PCR. Data are represent-
ative (A and B) or averages � S.E. (C) of at least three independent experi-
ments. Asterisks signify statistically different (p � 0.05) from vehicle-only con-
trol (*) or PMA-treated control (**).
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Id1 Regulates Cyclin D1 in Nontransformed IEC-18 Cells and
Colon Cancer Cells—The common signaling pathways engaged
by PKC� for its cell cycle effects and for down-regulation of Id1
point to a relationship between these events. CyclinD1, amajor
cell cycle target of PKC� in intestinal cells (4, 9, 15), is positively
regulated by Id1 in several cell types (25, 26, 54). Thus, the
ability of Id1 down-regulation to mediate the effects of PKC�
on cyclin D1 was explored by manipulating Id1 levels using
siRNA- or exogenous expression-based techniques. siRNA-
mediated knockdown of Id1 consistently reduced levels of
cyclin D1 in IEC-18, DLD1, and HCT116 cells (Fig. 7A), indi-
cating that endogenous levels of Id1 are limiting, or close to
limiting, for cyclin D1 expression in both nontransformed
crypt-like cells and colon cancer cells. Thus, the reduction in
Id1 levels elicited by PKC� signaling would directly impact
cyclin D1 in these cells.
The role of Id1 in regulation of cyclin D1 was further exam-

ined in IEC-18 cells overexpressing an Id1-EGFP fusion pro-
tein. Importantly, Western blot analysis of PMA-treated cells

determined that the fusion protein was refractory to down-
regulation by PKC agonists (Fig. 7B, panel ii). The activity of the
fusion protein in these cells was confirmed by its ability to
down-regulate p21Cip1 (Fig. 7B), a target of Id1 regulation in
multiple systems (55, 56). Consistent with the finding that Id1
levels are limiting for expression of cyclin D1, levels of this
cyclin were variably elevated in Id1-EGFP-overexpressing cells
compared with controls. However, the presence of the fusion
protein did not block the ability of PMA to repress cyclin D1
levels (Fig. 7B, panel ii). These findings are consistent with our
previous data demonstrating that PKC� regulates cyclin D1 via
multiple mechanisms, including transcriptional and transla-
tional repression (4, 14, 15). Thus, although Id1 down-regula-
tion directly affects cyclin D1 steady-state levels in intestinal
cells, repression of Id1 represents only one of the mechanisms
by which PKC� exerts its cell cycle effects in this system.
Id1 Is Up-regulated in the Intestinal Epithelium of PKC��/�

Mice—To determine whether the results obtained with cell
lines are directly applicable to the intestinal epithelium in vivo,

FIGURE 4. PKC� down-regulates Id1 in intestinal epithelial cells. A, loss of PKC� correlates with restoration of Id1 levels in PKC agonist-treated IEC-18 cells.
Panel i, cells were treated with 100 nM PMA, 100 nM bryostatin (Bryo), or 20 �g/ml DiC8 for the indicated times and subjected to Western blot analysis. Each panel
shows proteins from a single blot; vertical solid lines indicate where the position of lanes has been changed for clarity. Panel ii, Id1 and PKC� expression in cells
treated with DiC8 or vehicle for 8 and 12 h. B, Id1 down-regulation is prolonged in PKC�-overexpressing cells. IEC-18 cells were infected with adenovirus
expressing lacZ or PKC� (m.o.i. of 10). After 48 h, cells were treated with PMA and analyzed as in A. The vertical dashed line is included for clarity. Endogenous
PKC� is not apparent in lacZ-expressing cells due to lower antibody concentrations and shorter exposures used to detect the exogenous protein. C, inhibition
of PKC� activity abrogates PKC agonist-induced Id1 down-regulation. IEC-18 cells were pretreated with vehicle (C) or Gö6976 for 30 min prior to addition of
PMA (P) or vehicle (C). After 2 h, protein was extracted and subjected to Western analysis for the indicated proteins. Note that Gö6976 is specific for PKC� in
these cells as indicated by its ability to block down-regulation of this isozyme but not that of PKC� or PKC� (enzyme down-regulation is dependent on catalytic
activity). Data are representative of at least three independent experiments.
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immunohistochemical analysis of Id1 was performed in the
small intestine and colon of PKC��/� mice (30). To ensure
identical staining conditions, tissue from wild-type and
PKC��/� mice was processed in parallel, and sections were
mounted on the same slide. As seen in wild-type mice, Id1 was
expressed predominantly in the nuclei of epithelial cells in the
crypts of the small intestine and colon of PKC��/�mice (Fig. 8,
A and C). Notably, however, Id1 staining was consistently
increased in crypt cells of PKC��/� mice relative to those of
wild-typemice. The number of Id1-positive cells and the inten-
sity of staining in individual nuclei were both enhanced in
PKC�-deficient crypts, indicating that the absence of PKC�
signaling was permissive for increased accumulation of Id1 in
these cells. Furthermore, in contrast to the restricted pattern of
Id1 staining in crypt cells of wild-type mice, Id1 expression was
frequently observed in cells of the lower villus (V) and surface
mucosa (SM) in PKC� knock-outmice (Fig. 8,A andC, arrows).
In some cases, Id1 staining extended as far as the mid-villus
(Fig. 8A, right panel).
The aberrant expression of Id1 in PKC��/� mice was con-

firmed biochemically in isolated fractions of small intestinal
epithelium. In agreement with the immunohistochemical data
(Fig. 8A, panels i–iii), mucosal fractions from PKC��/� mice
expressed higher levels of Id1 than those from wild-type mice
(Fig. 8B). In addition, Id1 protein expression was not restricted
to crypt cell fractions but could also be clearly detected in villus
cell fractions (fractions 1 and 2) from these animals. Thus, bio-
chemical analysis confirmed both the increased expression of
Id1 in the crypt epithelium and the deregulation of its compart-
mentalization along the crypt-to-villus axis in PKC��/� mice.

Collectively, these data provide direct evidence that PKC� is a
negative regulator of Id1 expression in the intestinal epithelium
in vivo. It is noteworthy that, consistent with our in vitro data
indicating that Id1 is limiting for cyclin D1 expression in intes-
tinal cells (Fig. 7), cyclin D1 levels also appeared to be elevated
in the crypts of PKC��/� mice (e.g. Fig. 8B). (The fact that the
aberrant expression of Id1 in villus cells of PKC��/� mice does
not support expression of cyclin D1 presumably reflects the
presence of multiple mechanisms of regulation of this protein
by PKC� and other signaling pathways in the intestine (4, 14).)
Together, these alterations are likely to contribute to the
increased number of dividing cells observed in the crypts of
PKC�-deficient mice (10).
PKC� Signaling Regulates Expression of Other Id Family

Members in Intestinal Epithelial Cells—To determine whether
PKC� affects other member(s) of the Id family, RT-PCR analy-
sis of the effects of PKC agonists on Id2, Id3, and Id4 mRNA
levels was performed in IEC-18 cells. Consistent with their
reported expression in the intestinal epithelium (29, 57),
mRNA for Id2 and Id3 was readily detected in IEC-18 cells at

FIGURE 5. Erk signaling mediates the effects of PKC activation on Id1
expression. A and B, IEC-18 cells were pretreated with vehicle (C), LY294002
(50 �M), U0126 (10 �M), or PD98059 (50 �M) prior to addition of PMA (P) or
vehicle (C). After 2 h, protein was extracted and subjected to Western blotting
for the indicated proteins. Each panel shows data from a single blot; vertical
solid lines indicate where lanes have been realigned for clarity. Dashed lines
are included for clarity. C, IEC-18 cells, infected with adenovirus expressing
lacZ (control) or PKC�, were treated with PMA (P) or vehicle (ethanol, E) for the
indicated times and subjected to Western blotting for the indicated proteins.
Prolonged suppression of Id1 in PKC�-overexpressing cells is associated with
sustained Erk activation. Data are representative of at least three indepen-
dent experiments.

FIGURE 6. PKC� induces Erk activation and down-regulates Id1 in colon
cancer cells. A and B, indicated colon cancer cells were infected with adeno-
virus expressing lacZ, PKC�, or PKC� at an m.o.i. of 10. After 48 h, protein was
extracted and subjected to Western blot analysis for the indicated proteins.
Each panel shows data from a single blot; the vertical line on the FET pERK blot
indicates where lanes have been rearranged for consistency. Data are repre-
sentative of at least three independent experiments. C, HCT116 cells were
pretreated with vehicle (DMSO) or 10 �m U0126 (in DMSO) for 30 min prior to
addition of vehicle (ethanol, E) or 100 nM PMA (P) for 30 min (left panel) or 2 h
(right panel). Cells were than processed for Western blot analysis for the indi-
cated proteins. D, HCT116 and DLD1 cells were infected with adenovirus
expressing lacZ or PKC� as above and total cellular RNA was subjected to real
time RT-PCR analysis. Levels of Id1 mRNA were normalized to 18 S rRNA and
are displayed as relative to lacZ-transduced cells. Data are averages (�S.E.) of
two (DLD1) or three (HCT116) independent experiments. *, significantly dif-
ferent from lacZ control (p � 0.05).
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levels comparable with those of Id1 mRNA. Although Id4
mRNA was also detected in these cells, levels (based on PCR
cycle number)were extremely low (data not shown). These data
are consistent with reports of very low Id4 expression in the
intestine (29, 57), indicating that this Id is unlikely to play a
major role in this tissue. Thus, although PMA induced down-
regulation of Id4 mRNA in IEC-18 cells (data not shown), this
effect was not further characterized.
As shown in Fig. 9A, treatment of IEC-18 cells with either

PMA or DiC8 led to marked down-regulation of Id2 mRNA.
However, in contrast to the effects on Id1, PMA-induced sup-
pression of Id2mRNAwas only partially blocked by the general
PKC inhibitor, Gö6983 (Fig. 9A, right panel), and by PKCdeple-
tion (data not shown); thus, the effect involved both PKC-de-
pendent and -independent mechanisms. The PKC-dependent
portion of the effect appeared to be primarily due to PKC�
activity because the extent of PMA-induced down-regulation
seen in the presence of the PKC�-selective inhibitor Gö6976
and the general PKC inhibitor Gö6983 was indistinguishable.
Id3 was only modestly (albeit consistently) down-regulated by
PMA in IEC-18 cells (Fig. 9B). DiC8 also caused a modest
decrease in Id3, although this did not reach statistical signifi-
cance. PMA-induced down-regulation of Id3 was abrogated by
treatment with either Gö6983 or Gö6976, indicating that the
effect was largely mediated by PKC�. Consistent with these
findings, our microarray analysis of adenovirally transduced
DLD1 cells pointed to a modest effect of PKC� on Id2 and Id3
mRNA levels (1.5–2-fold decrease), whichwas not produced by
kinase-dead PKC� or PKC� (Table 1). Collectively, these data
indicate that (a) PKC�-induced down-regulation of Id1 does
not lead to compensatory changes in expression of other Ids (as
noted in Id1 transgenic mice (29)), and (b) Id2 and Id3 are also

targets for PKC� regulation in intestinal cells, although the
extent of the effect is more modest than that seen for Id1.

DISCUSSION

Increasing evidence points to PKC� as an important regula-
tor of homeostasis in the intestinal epithelium, with both anti-
proliferative and tumor suppressive activity in this tissue (3, 5,
10). This study adds the Id family of transcriptional repressors
to the growing list of targets of PKC� signaling. Intestinal epi-
thelial cells express Id1, Id2, and Id3, whereas Id4 is barely
detectable (29, 57). Although PKC� signaling can down-regu-
late Id1–3 at the mRNA level, the effects on Id2 and Id3 are
relatively modest; therefore, this study focused on Id1. A com-
bination of in vitro and in vivo analyses revealed that Id1 is
negatively regulated by PKC� signaling at the mRNA and pro-
tein levels in nontransformed IEC-18 crypt-like cells. Mainte-
nance of Id1 suppression requires sustained PKC� activity, as
indicated by the transient effects of PKC agonists that effi-
ciently promote degradation/desensitization of the enzyme (i.e.
PMA and bryostatin). The role of PKC� in the regulation of Id1

FIGURE 7. Id1 regulates cyclin D1 in intestinal epithelial cells. A, knock-
down of Id1 results in down-regulation of cyclin D1. Indicated cells were
transfected with nontargeting siRNA (NS) or siRNA targeting rat (IEC-18) or
human (HCT-116 and DLD1) Id1. #1, #2, and #3 designate IEC-18 cells trans-
fected with one of three independent siRNAs targeting rat Id1. 48 h after
transfection, cells were harvested and analyzed by Western blotting for the
indicated proteins. B, panel i, IEC-18 cells expressing an EGFP-Id1 fusion pro-
tein or EGFP (C) were analyzed by Western blotting for the indicated proteins.
Panel ii, cells expressing EGFP-Id1 fusion protein were treated with vehicle (C)
or 100 nM PMA (P) for 2 h prior to extraction and Western blot analysis. Data
are representative of �3 independent experiments.

FIGURE 8. Id1 is deregulated in the intestine and colon of PKC��/� mice.
A, immunohistochemical analysis of Id1 expression in small intestine of age-
matched wild-type and PKC��/� mice. To allow direct comparison, sections
were stained simultaneously on the same slide, and images were processed
identically. Arrows indicate Id1 staining on the villus (V) of PKC��/� mice.
C, crypt. Bars, 50 �m. B, Id1 expression in isolated small intestinal epithelial
fractions. Fractions, isolated as in Fig. 1A, were subjected to Western blot
analysis for the indicated proteins. Cyclin D1 staining confirmed that fractions
1 and 2 contain only villus cells, whereas fractions 4 and 5 contain crypt cells.
Dashed lines are included for clarity. C, immunohistochemical analysis of Id1
expression in wild-type and PKC��/� colon. The arrows in panels ii and iv
indicate Id1 staining on the surface mucosa (SM) of PKC��/� mice. Bars, 50
�m. Data are representative of �3 experiments.
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is further supported by the following evidence: (a) recovery of
Id1 levels corresponded to agonist-induced down-regulation of
PKC� but not of other PKC isozymes; (b) Id1 suppression was
sustained in PKC� overexpressing cells; (c) loss of Id1 was
inhibited by selective pharmacological blockade of this
isozyme; and (d) Id1 levels were elevated in PKC�-deficient
crypt cells in vivo. Although Id1 has been shown to be down-
regulated during phorbol ester-induced differentiation in other
systems (58, 59), this study is the first, to our knowledge, to link
control of Id1 directly to PKC signaling and to identify the spe-
cific isozyme involved.
Id1 is a pro-proliferative factor in a number of systems,

including the intestine (20, 22, 25, 57, 61). It promotes cell
growth by enhancing the activity of mitogenic regulators, such
as cyclin D1 and the EGFR pathway, and/or by inhibiting
growth-suppressive mechanisms, including expression of
cyclin-dependent kinase inhibitors and the TGF�-signaling
pathway (20, 22, 24–27). Decreased expression of Id1 is there-
fore likely to be an important component of the growth inhib-
itory program mediated by PKC� in intestinal cells. In this
regard, themechanisms underlying Id1 down-regulation paral-
lel those involved in PKC�-induced cell cycle arrest (9, 13, 14);
both require sustained PKC� catalytic activity and Erk signal-
ing but do not depend on changes in the PI3K/Akt pathway.
Increased Erk activation was also implicated in PKC�-induced
Id1 repression in colon cancer cells. Interestingly, many of the
colon cancer cells tested had activating mutations in K-Ras,
which can lead to elevated basal Erk activity (62, 63). Nonethe-
less, analysis of HCT116 cells confirmed that increased Erk sig-
naling was required for PKC�-mediated down-regulation of
Id1, even in cells with relatively high levels of basal Erk activa-

tion (Fig. 6). The fact that Erk activity is required for hepatocyte
growth factor-induced down-regulation of Id1 and cell cycle
arrest in human hepatoma cells (64) supports the physiological
relevance of these findings.
Importantly, Id1 loss in PKC agonist-treated IEC-18 cells is

not simply a consequence of PKC-mediated growth inhibition;
effects on Id1 mRNA could be seen at 1 h following PKC acti-
vation (data not shown), a time that precedes cell cycle arrest
and key growth inhibitory effects of PKC�, including induction
of Cip/Kip proteins and hypophosphorylation of pocket pro-
teins (9). Because siRNA-mediated knockdown indicated that
Id1 is limiting for cyclin D1 expression in intestinal cells, down-
regulation of this cyclin likely represents one mechanism by
which loss of Id1 contributes to the growth inhibitory effects of
PKC�. However, Id1 binds andmodulates a number of growth-
regulatory and differentiation-inducing transcription factors
(20, 27), including Ets factors (65, 66) and MATH1/HATH1
(67, 68), that may also play a role. Ongoing studies are focused
on determining the mechanism by which Id1 regulates cyclin
D1 in intestinal cells as well as on identifying additional Id1
targets that mediate the effects of PKC� in this tissue.

Analysis of Id1 expression in the intestine provides support
for a role of PKC� in the regulation of this factor in vivo. Using
the highly specific Biocheck antibody (37), we show for the first
time that Id1 is restricted to nuclei of proliferating crypt cells of
the small intestine and colon and absent frompost-mitotic cells
of the villus/surfacemucosa and Paneth cells. Consistent with a
role in regulation of cyclin D1 levels, expression of Id1 parallels
that of cyclin D1 in intestinal crypts. Importantly, down-regu-
lation of Id1 at the crypt-villus junction in the small intestine, in
the upper crypts of the colon, and in Paneth cells coincides with

FIGURE 9. PKC� down-regulates Id2 and Id3. IEC-18 cells were treated with vehicle, PMA, or DiC8 for 2 h (left panels) or pretreated with vehicle (control),
Gö6983, or Gö6976 for 30 min prior to addition of PMA or vehicle for 2 h (right panels). RNA was extracted and subjected to real time RT-PCR analysis of Id2 (A)
or Id3 (B) mRNA. Data, which are normalized to 18 S rRNA levels and expressed relative to vehicle control, are averages of three independent experiments �S.E.
Asterisks signify statistically different (p � 0.05) from control (*), from control and PMA alone (**) or from PMA alone (***).
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PKC� activation (as indicated by robust association of PKC�
with the plasma membrane). Thus, Id1 is positioned both as a
regulator of epithelial cell growth/differentiation in the intes-
tine and as a target of PKC� control.

Although our localization data are consistent with known
functions of Id1 as a growth-promoting transcription factor,
they differ from those of previous studies in which Id1 was
reported to be a cytoplasmic protein, either uniformly ex-
pressed along the crypt-to-villus axis or present at higher levels
in post-mitotic cells (29, 35, 36). These discrepancies likely
reflect the lack of specificity of the polyclonal anti-Id1 antibod-
ies used in earlier studies (37, 38). Because biochemical analysis
of fractionated intestinal epithelium confirmed that Id1 expres-
sion is restricted to crypt cells, it is likely that the cytoplasmic
staining detected in previous studies represents cross-reacting
proteins. To our knowledge, our study is the first to report Id1
localization in the intestine using the well characterized Bio-
check anti-Id1 reagent.
PKC� knock-out mice provided direct evidence that Id1 is

regulated by PKC� in the intestine in vivo. Both immunohisto-
chemical and biochemical analyses revealed that Id1 is overex-
pressed in PKC�-deficient crypt cells relative to corresponding
cells in wild-type mice. PKC� loss was also associated with dis-
rupted compartmentalization of Id1 in the intestinal mucosa,
with Id1 expression frequently extending onto the villus/sur-
face mucosa in PKC��/� mice. Together, these data indicate
that the regulation of Id1 by PKC� seen in intestinal cell lines is
a true reflection of the relationship between these proteins in
vivo and support the use of cell lines for studying the underlying
mechanism(s) involved.
Although the mechanism of activation of the PKC�-Id1 axis

in the intestine remains to be identified, accumulating evidence
indicates that PKC�-mediated signaling is likely to interact
with the canonical Wnt/�-catenin pathway. Cross-talk be-
tweenWnt signaling and pathways involving Notch and EphB/
ephrinB plays a critical role in regulation of cell proliferation/
differentiation, compartmentalization, and migration in the
intestine and is of fundamental importance in intestinal home-
ostasis and tumor development (69). Notably, activation of
PKC� and accompanying down-regulation of Id1 inversely cor-
relate with the activity of the Wnt/�-catenin pathway in intes-
tinal crypts. Furthermore,Wnt5a, which antagonizes canonical
Wnt signaling and inhibits intestinal epithelial cell growth, has
recently been reported to activate PKC� in a variety of cell types
(70–73). In the intestine, Wnt5a is expressed in the mesen-
chyme underlying the crypt-villus junction and villus/colonic
surface mucosa and thus coincides with PKC� activation (74).
These findings point to Wnt5a as a potential upstream regula-
tor of PKC� activity in the intestine, initiating a growth arrest
and tumor suppression program involving inhibition of Wnt/
�-catenin signaling and loss of Id1/cyclin D1. It is also interest-
ing to note that the Wnt/�-catenin target, SOX9, has been
implicated in negative regulation of PKC� in intestinal crypts
and colon cancer cells (75) and that Id1 can function both as a
target and an activator of Wnt signaling (76, 77). Together,
these findings place the PKC�-Id1 axis identified here within a
network of interacting signaling pathways that cooperate to
maintain intestinal homeostasis.

Deregulation of Id1 is likely to contribute to the proliferative
defects seen in the intestinal epithelium of PKC��/� mice (10).
Consistent with Id1 being limiting for cyclin D1 expression, the
up-regulation of Id1 seen in the context of PKC� deficiency in
vivo appeared to be accompanied by increased levels of this
potent mitogenic cyclin in crypt cells. In addition, microarray
analysis of the PKC�-deficient intestine revealed enhanced
EGFR signaling (10), a pathway that is also enhanced with Id1
overexpression (35, 78, 79) and is a critical regulator of crypt
cell proliferation (80). Thus, the increase in Id1 expression in
PKC��/� crypts would be expected to be an important media-
tor of the increased proliferation seen in this model (10).
Forced expression of Id1 promotes adenoma formation in

the adult mouse intestinal epithelium (29), pointing to Id1 as a
potential oncogene in the intestine. Although it has been
reported that Id1 levels are increased in human colon adeno-
carcinomas (35, 36, 57), this conclusion was based on immuno-
histochemical analysis using a polyclonal antibody of question-
able specificity in the intestine (see above). Our analysis using
the Biocheck reagent indicated that (a) Id1 is also a nuclear
protein in intestinal tumor cells, and (b) levels of Id1 are con-
sistently higher in tumors than in adjacent normal mucosa in
mouse models and human patient samples.
Recent immunohistochemical analysis of a variety of tumor

types supports the idea that the oncogenic properties of Id1 are
largely mediated by its expression in stromal tissue rather than
in tumor cells and that its major role may be in promoting
tumor angiogenesis (50, 61). However, our studies clearly dem-
onstrate robust and widespread expression of Id1 in the nuclei
of intestinal tumor cells. Therefore, in the intestine, altered Id1
expression appears to be related to increased tumorigenic
potential of epithelial cells themselves. Down-regulation of Id1
is therefore likely to contribute directly to the tumor suppres-
sive activity of PKC� in this tissue.

Several lines of evidence point to a role for disruption of
PKC�-mediated regulation of Id1 in intestinal tumorigenesis.
Our immunohistochemical analysis revealed that Id1 up-regu-
lation coincides with loss of PKC� in both human and mouse
tumors. This relationship is also seen in Affymetrix microarray
data for normal and neoplastic intestinal tissue from 32 human
patients (DataSet Record GDS2947 and Ref. 32) and from the
APCmin/� mouse model (DataSet Record GDS389 and Ref. 33)
available in theNCBIGEOdata base; in both data sets therewas
a statistically significant inverse correlation between expres-
sion of PKC� and Id1 (r � �0.503, p � 0.001 and r � �0.715,
p � 0.005, respectively). The ability of PKC� re-expression to
down-regulate Id1 in colon cancer cell lines establishes a direct
relationship between expression of these factors during intesti-
nal tumorigenesis. PKC�-induced loss of Id1 was observed in
colon cancer cell lines with diverse genetic backgrounds, differ-
ing in the status of APC, �-catenin, K-Ras, and/or p53. Thus,
the effects of PKC� on Id1 expression parallel its ability to pro-
mote tumor suppression in colon cancer cells irrespective of
other underlying defects (4). Notably, microarray analysis iden-
tified Id1 as the second most down-regulated known gene in
colon cancer cells with restored expression of PKC� (Table 1),
further highlighting the importance of regulation of this factor
in the effects of PKC� signaling.
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In summary, we demonstrate that PKC� signaling is an
important regulator of Id1 in the intestinal epithelium and that
a PKC�3 Erk � Id13 cyclin D1 signaling axis is likely to be a
key player in maintenance of intestinal homeostasis.
Addendum—Since submission of this article, a study has

been published demonstrating PKC�-induced, MEK-depen-
dent down-regulation of Id1 mRNA in association with senes-
cence in SSeCKS/Gravin/Akap12-deficient mouse embryonic
fibroblasts (60).
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H.C., August, C., Pavenstädt,H., andBek,M. J. (2006)Am. J. Physiol. Renal
Physiol. 291, F654–F662

52. Cameron, A. J., Procyk, K. J., Leitges, M., and Parker, P. J. (2008) Int. J.
Cancer 123, 769–779

53. Martiny-Baron, G., and Fabbro, D. (2007) Pharmacol. Res. 55, 477–486
54. Ozeki, M., Hamajima, Y., Feng, L., Ondrey, F. G., Schlentz, E., and Lin, J.

(2007) J. Neurosci. Res. 85, 515–524
55. Ciarrocchi, A., Jankovic, V., Shaked, Y., Nolan, D. J., Mittal, V., Kerbel,

R. S., Nimer, S. D., and Benezra, R. (2007) PLoS ONE 2, e1338
56. Prabhu, S., Ignatova, A., Park, S. T., and Sun, X. H. (1997)Mol. Cell. Biol.

17, 5888–5896
57. Wilson, J. W., Deed, R. W., Inoue, T., Balzi, M., Becciolini, A., Faraoni, P.,

Potten, C. S., and Norton, J. D. (2001) Cancer Res. 61, 8803–8810
58. Kebebew, E., Treseler, P. A., Duh, Q. Y., and Clark, O. H. (2000) Surgery

128, 952–957
59. Peddada, S., Yasui, D. H., and LaSalle, J. M. (2006) Hum. Mol. Genet. 15,

Suppression of Id1 by PKC� Signaling in the Intestine

18116 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 20 • MAY 20, 2011



2003–2014
60. Akakura, S., Nochajski, P., Gao, L., Sotomayor, P., Matsui, S., and Gelman,

I. H. (2010) Cell Cycle 9, 4656–4665
61. Perk, J., Iavarone, A., and Benezra, R. (2005) Nat. Rev. Cancer 5, 603–614
62. Yeh, J. J., Routh, E. D., Rubinas, T., Peacock, J., Martin, T. D., Shen, X. J.,

Sandler, R. S., Kim, H. J., Keku, T. O., and Der, C. J. (2009) Mol. Cancer
Ther. 8, 834–843

63. Kress, T. R., Raabe, T., and Feller, S. M. (2010) Cell Commun. Signal. 8, 1
64. Ushio, K., Hashimoto, T., Kitamura, N., and Tanaka, T. (2009)Mol. Can-

cer Res. 7, 1179–1188
65. Ohtani, N., Zebedee, Z., Huot, T. J., Stinson, J. A., Sugimoto, M., Ohashi,

Y., Sharrocks, A. D., Peters, G., and Hara, E. (2001) Nature 409,
1067–1070

66. Jedlicka, P., Sui, X., and Gutierrez-Hartmann, A. (2009) BMC Cancer 9,
197

67. Jones, J. M., Montcouquiol, M., Dabdoub, A., Woods, C., and Kelley,
M. W. (2006) J. Neurosci. 26, 550–558

68. Leow, C. C., Romero, M. S., Ross, S., Polakis, P., and Gao, W. Q. (2004)
Cancer Res. 64, 6050–6057

69. de Lau, W., Barker, N., and Clevers, H. (2007) Front. Biosci. 12, 471–491
70. Lee, J. M., Kim, I. S., Kim, H., Lee, J. S., Kim, K., Yim, H. Y., Jeong, J., Kim,

J. H., Kim, J. Y., Lee, H., Seo, S. B., Kim, H., Rosenfeld,M. G., Kim, K. I., and

Baek, S. H. (2010)Mol. Cell 37, 183–195
71. Yang, D. H., Yoon, J. Y., Lee, S. H., Bryja, V., Andersson, E. R., Arenas, E.,

Kwon, Y. G., and Choi, K. Y. (2009) Circ. Res. 104, 372–379
72. Sheldahl, L. C., Park,M.,Malbon, C. C., andMoon, R. T. (1999)Curr. Biol.

9, 695–698
73. Weeraratna, A. T., Jiang, Y., Hostetter, G., Rosenblatt, K., Duray, P., Bitt-

ner, M., and Trent, J. M. (2002) Cancer Cell 1, 279–288
74. Gregorieff, A., Pinto, D., Begthel, H., Destrée, O., Kielman, M., and Clev-

ers, H. (2005) Gastroenterology 129, 626–638
75. Dupasquier, S., Abdel-Samad, R., Glazer, R. I., Bastide, P., Jay, P., Joubert,

D., Cavaillès, V., Blache, P., and Quittau-Prévostel, C. (2009) J. Cell Sci.
122, 2191–2196

76. Lee, J. Y., Kang, M. B., Jang, S. H., Qian, T., Kim, H. J., Kim, C. H., Kim, Y.,
and Kong, G. (2009) Oncogene 28, 824–831

77. Nakashima, A., Katagiri, T., and Tamura, M. (2005) J. Biol. Chem. 280,
37660–37668

78. Ling, M. T.,Wang, X., Lee, D. T., Tam, P. C., Tsao, S.W., andWong, Y. C.
(2004) Carcinogenesis 25, 517–525

79. Zhang, X., Ling, M. T., Feng, H., Wong, Y. C., Tsao, S. W., and Wang, X.
(2004) Br. J. Cancer 91, 2042–2047

80. Howarth, G. S., Bastian, S. E., Dunbar, A. J., and Goddard, C. (2003)
Growth Factors 21, 79–86

Suppression of Id1 by PKC� Signaling in the Intestine

MAY 20, 2011 • VOLUME 286 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 18117


