THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 44, pp. 30443-30458, October 31, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

A Kinase Inhibitor Screen Reveals Protein Kinase C-
dependent Endocytic Recycling of ErbB2 in Breast

Cancer Cells®

Received for publication, September 1, 2014 Published, JBC Papers in Press, September 15, 2014, DOI 10.1074/jbc.M114.608992

Tameka A. Bailey*', Haitao Luan*°'?, Eric Tom*’, Timothy Alan Bielecki**, Bhopal Mohapatra*¥, Gulzar Ahmad®,
Manju George®*, David L. Kelly*l, Amarnath Natarajan*!, Srikumar M. Raja*l, Vimla Band**!, and Hamid Band**"/°
From the *Epp/ey Institute for Research in Cancer and Allied Diseases, §Departments of Genetics, Cell Biology, and Anatomy, and
Biochemistry & Molecular Biology, College of Medicine, and IFred & Pamela Buffett Cancer Center, University of Nebraska Medical
Center, 985950 Nebraska Medical Center, Omaha, Nebraska 68198-5950

ing compartment.

originate.

\_

(Background: Molecular regulation of breast cancer oncogene ErbB2 is relatively unclear.
Results: An imaging-based screen identified PKC-dependent movement of ErbB2 from cell surface into an intracellular signal-

Conclusion: PKC-«a and -8 are novel regulators of ErbB2 entry into a special compartment where unique oncogenic signals may

Significance: PKC targeting may improve therapy against certain breast cancers.

N
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ErbB2 overexpression drives oncogenesis in 20 -30% cases of
breast cancer. Oncogenic potential of ErbB2 is linked to ineffi-
cient endocytic traffic into lysosomes and preferential recycling.
However, regulation of ErbB2 recycling is incompletely under-
stood. We used a high-content immunofluorescence imaging-
based kinase inhibitor screen on SKBR-3 breast cancer cells to
identify kinases whose inhibition alters the clearance of cell sur-
face ErbB2 induced by Hsp90 inhibitor 17-AAG. Less ErbB2
clearance was observed with broad-spectrum PKC inhibitor Ro
31-8220. A similar effect was observed with Go 6976, a selective
inhibitor of classical Ca®>*-dependent PKCs (a, 81, BII, and ).
PKC activation by PMA promoted surface ErbB2 clearance but
without degradation, and ErbB2 was observed to move into a
juxtanuclear compartment where it colocalized with PKC-a and
PKC-6 together with the endocytic recycling regulator Arf6.
PKC-a knockdown impaired the juxtanuclear localization of
ErbB2. ErbB2 transit to the recycling compartment was also
impaired upon PKC-6knockdown. PMA-induced Erk phosphor-
ylation was reduced by ErbB2 inhibitor lapatinib, as well as by
knockdown of PKC-6 but not that of PKC-a. Our results suggest
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that activation of PKC-« and -6 mediates a novel positive feed-
back loop by promoting ErbB2 entry into the endocytic recy-
cling compartment, consistent with reported positive roles for
these PKCs in ErbB2-mediated tumorigenesis. As the endocytic
recycling compartment/pericentrion has emerged as a PKC-de-
pendent signaling hub for G-protein-coupled receptors, our
findings raise the possibility that oncogenesis by ErbB2 involves
previously unexplored PKC-dependent endosomal signaling.

ErbB2 (HER2/neu) is a member of the epidermal growth fac-
tor receptor (EGFR)® family of receptor tyrosine kinases
(RTKs). ErbB2 overexpression, most often due to gene amplifi-
cation, is causally linked to 20—-30% of breast cancers and
smaller percentages of other cancers (1, 2). ErbB2 overexpres-
sion in breast cancer predicts poor prognosis, a scenario signif-
icantly ameliorated by the introduction of targeted therapy
with humanized monoclonal antibody Trastuzumab (Hercep-
tin; Genentech-Roche Inc.). Frequent de novo and acquired
resistance to Trastuzumab, however, are major issues and have
incited efforts to elucidate the cell biology of ErbB2 receptor to
improve its therapeutic targeting. For example, ErbB2 exhibits
a unique dependence on Hsp90 for its stability (3—6). Accord-
ingly, Hsp90 inhibitors, such as 17-N-allylamino-17-deme-
thoxygeldanamycin (17-AAG), sensitize tumor cells to tradi-
tional chemotherapeutic agents (7-9), and synergize with
Trastuzumab in killing ErbB2-overxpressing breast cancer cells
(10—14). These therapeutic combinations are undergoing clin-
ical evaluation and have demonstrated substantial benefit (11).
Identification of novel ErbB2 regulatory mechanisms could
therefore offer new therapeutic strategies in breast cancer.

© The abbreviations used are: EGFR, epidermal growth factor receptor; ErbB2,
epidermal growth factor receptor family 2; RTK, receptor tyrosine kinase;
PKC, protein kinase C; ERC, endocytic recycling compartment; FACS, fluo-
rescence-activated cell sorting; PFA, paraformaldehyde; MAb, monoclonal
antibody; PAb, polyclonal antibody; 17-AAG, 17-N-allylamino-17-deme-
thoxygeldanamycin; HSP90, heat shock protein 90.
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A fundamental cell biological trait of RTKs is their ligand-
enhanced internalization into the endocytic pathway. Within
the ErbB receptor family, endocytic traffic has been most
clearly elucidated for EGFR. Ligand-activated EGFR is internal-
ized through clathrin-dependent and multiple clathrin-inde-
pendent pathways (15—18). The subsequent endocytic routing
of internalized EGFR and other RTKs has emerged as a major
determinant of their function. The Cbl-family of ubiquitin
ligase-dependent sorting of RTKs for lysosomal degradation
helps terminate signaling (19). Alternatively, EGFR can enter
the endocytic recycling compartment (ERC) from where it traf-
fics back to the cell surface for additional rounds of ligand bind-
ing (20). Furthermore, internalized RTKs continue to signal
within endosomes, thereby sustaining signaling as well as gen-
erating signals distinct from those at the cell surface (15, 21, 22).

Despite critical physiological functions of ErbB2 in multiple
organ systems (23, 24) and its prominent role in highly-preva-
lent cancers (2, 25), molecular determinants of its endocytic
traffic remain unclear. A significant impediment to experimen-
tal analyses has been the lack of a ligand to directly activate
ErbB2. However, the ability of ErbB2 to serve as a preferred
hetero-dimerization partner for other family members, have
prompted studies using indirect ErbB2 activation with ligands
that bind to its heterodimeric partners (18, 26 -28), or those
using chimeric receptors that incorporate extracellular ligand-
binding domains of EGFR (29). For example, ErbB3/4-directed
ligand neuregulin 1 (NRG1)/heregulin 1 (HRG1) has been
shown to induce relatively rapid endocytosis of ErbB2 (as well
as ErbB3 and 4) in neurons and Schwann cells (30, 31). Genetic
and pharmacological evidence suggests that NRG1-induced
ErbB2 endocytosis in neural cell systems is dynamin- and clath-
rin-dependent (32). In general, the fates of internalized ErbB2
in Schwann cells and neurons have not been investigated in
detail. However, ErbB receptor endocytosis was shown to be
required for the activation of specific biochemical pathways, such
as Erk and Akt phosphorylation, and clustering of nicotinic acetyl-
choline receptor at the presynaptic region (31, 33, 34), suggesting
that ErbB2 may enter endosomal signaling compartments. EGF
stimulation of mammary epithelial cells expressing low levels of
endogenous ErbB2 was shown to induce substantial ErbB2 inter-
nalization (35), with subsequent degradation (35, 36), comparable
to that of EGFR. However, when ErbB2 was overexpressed in these
cells, it was internalized but showed reduced degradation and
enhanced recycling (36). NRG1/HRG1 stimulation of ErbB2-over-
expressing breast cancer cells was reported to induce rapid ErbB2
endocytosis as well as ubiquitination and degradation (27). How-
ever, the subcellular itinerary of ErbB2 in these systems has not
been elucidated.

Use of chimeric receptors, utilizing EGF-binding extracellular
sequences of EGER fused to transmembrane/cytoplasmic regions
of ErbB2, has shown that ErbB2 cytoplasmic sequences confer
reduced efficiency of endocytosis and lysosomal down-regulation
(29, 37), and accentuate recycling (38). Endogenously overex-
pressed ErbB2 in breast cancer cell lines or ectopically-overex-
pressed ErbB2 has been shown to be phosphorylated, and presum-
ably activated, but not targeted for degradation upon activation of
EGFR with EGF; in fact, ErbB2 overexpression reduces EGFR deg-
radation and promotes its endocytic recycling (39, 40). Thus, it
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appears that reduced endocytosis or inefficient lysosomal target-
ing with enhanced recycling promote oncogenic signaling by
ErbB2 (41).

A number of studies have shown that Trastuzumab or other
anti-ErbB2 antibodies induce the internalization of overex-
pressed ErbB2 with slower kinetics than that of ligand-activated
EGER (42-44). Notably, ErbB2 removal from the cell surface
correlates positively with tumor inhibitory activity of anti-
ErbB2 monoclonal antibodies (44). The mechanisms of endo-
cytosis induced by anti-ErbB2 antibodies remain unclear
although clathrin-dependent endocytosis has been invoked
(45). Furthermore, ErbB2 bound to Trastuzumab was shown to
undergo multiple cycles of ErbB2 recycling and to slowly enter
the lysosomes, leading to ErbB2 down-regulation (10, 46). Sim-
ilarly, increased endocytosis and down-regulation of surface
ErbB2 has been observed with artificial peptide and aptamer
ligands (47, 48).

Recent work has shown that HSP90 inhibitors induce rapid
down-regulation of surface ErbB2 together with its ubiquitina-
tion and degradation. A number of studies have now docu-
mented that ErbB2 is targeted to lysosomes upon HSP90 inhi-
bition (10, 46, 49 -55). It is however controversial how this
takes place. Some studies have suggested that Hsp90 inhibi-
tors enhance the clathrin-dependent or clathrin-independent
endocytosis of ErbB2 (54, 55). Other studies suggest that ErbB2
is constitutively internalized, and that HSP90 inhibitors do not
influence this rate but instead promote sorting of ErbB2 away
from the recycling pathway and into lysosomes (46, 51).

Collectively, studies thus far indicate that overexpressed
ErbB2, a driver oncogene in breast and other cancers, is ineffi-
ciently targeted for lysosomal degradation, is less efficiently
endocytosed and is preferentially sorted into recycling. Impor-
tantly, ErbB2-targeted therapeutic approaches appear to pro-
mote ErbB2 sorting into lysosomes and its degradation. Despite
the importance of a balance between recycling and lysosomal
degradation as a determinant of ErbB2 function and therapeu-
tic targeting, mechanisms that regulate ErbB2 recycling remain
unclear.

Prior studies suggest an important regulatory role of down-
stream kinases in modulating the endocytic itinerary of EGFR.
Multiple studies have shown that MAP kinase family member
p38 mediates stress-induced EGER endocytosis into a recycling
compartment (56 —59). Furthermore, PKC-« has been shown
to alter the endocytic fate of activated EGER from lysosomal
degradation to recycling (60). Other studies showed that PKC-6
(61, 62), protein kinase A (61-64), Rho kinase (65), and LIM
kinase (66), as well as lipid kinase diacylglyecerol kinase 6 and
phospholipase D modulate EGFR endocytosis (64, 67, 68,
68 —70). Finally, c-Src has been shown to promote EGFR endo-
cytosis likely into a recycling compartment (71-74). A previous
study showed that PMA treatment of ErbB2-transfected fibro-
blasts induced the juxtamembrane threonine-686 phosphory-
lation of ErbB2, as well as ErbB2 internalization and intra-cyto-
plasmic accumulation, but no further characterization of
intracellular compartments was carried out (75). In another
study, assessment of cell surface levels of ErbB2 by flow cytom-
etry or ErbB2 protein levels by Western blotting implicated
PKC-«a as a positive regulator of cell surface levels of ErbB2 in
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certain breast cancer cell lines that show high surface ErbB2 but
without gene amplification (referred to as Her2 2+ based on
immunohistochemistry) (76). However, no cell biological anal-
yses were carried out and any role of PKC-« in the endocytic
routing of ErbB2 was not examined. Thus, while endocytic
recycling has emerged as a key biological characteristic of
ErbB2, and ErbB2 is well-established to signal through a net-
work of protein and lipid kinases, a potential role for cellular
kinases in endocytic recycling of ErbB2 remains unexplored.

Here, we carried out an imaging-based screen of a subset of
the cellular kinome using available kinase inhibitors to assess
their impact on the removal of ErbB2 from the cell surface that
was induced by the Hsp90 inhibitor 17-AAG. We identify
PKC-a and PKC-6 as positive regulators of surface ErbB2 entry
into the endocytic pathway and show that PKCs promote ErbB2
traffic along a recycling itinerary.

EXPERIMENTAL PROCEDURES

Reagents—The sources for reagents were as follows: Chemi-
cals: Tocriscreen® Kinase Inhibitor Toolbox with 80 Kinase
inhibitor stocks (10 mm in DMSO) (Fig. 2B for inhibitor list and
specificity), Ro 31-8220 mesylate and Fasudil hydrochloride
from Tocris Bioscience (Bristol, UK); 17-N-allylamino-17-de-
methoxygeldanamycin (17-AAG) from Biomol International
(Plymouth, PA); enzyme immunoassay assay-grade BSA, para-
formaldehyde (PFA), Saponin, phorbol myristate acetate
(PMA), and Go 6976 from Sigma-Aldrich.

Antibodies: Alexa Fluor® 488- or 647-conjugated mouse
anti-human ErbB2 monoclonal antibodies (mAb) (CD340;
clone 24D2) (cat. 324410 and 3244412, respectively) from Bio-
legend Inc. (San Diego, CA), and Alexa Fluor® mouse mAb
IgG1 (MOPC-21) controls (cat. 400129 and 400130) from Bio-
legend; mAb anti-human ErbB2 (clone Neu 24.7; cat. 554299)
from BD-Pharmingen (Becton Dickinson, San Jose, CA); Goat
anti-human ErbB2 polyclonal antibody (PAb) (cat. AF1129)
from R&D Systems (Minneapolis, MN); rabbit anti-ErbB2-pY-
1248 PAb (cat. sc-293110) from Santa Cruz Biotechnology
(Santa Cruz, CA); Alexa Fluor® 594-conjugated Phalloidin (cat.
A12381) and Alexa Fluor® 594-conjugated concanavalin A (cat.
C11253) (Con-A) were from Invitrogen; mouse anti-Beta-actin
mAb (cat. A5441) from Sigma; rabbit anti-PKC-a mAb (cat.
ab32376), rabbit anti-PKC-8 Mab (cat. ab131478), and rabbit
anti-ARF6 Mab (cat. ab131261) from Abcam (Cambridge,
MA); and rabbit PAb anti-p44/42 MAPK (ERK1/2) (cat. 9102),
and anti-phospho-MAPK (p44/42, Thr202/Tyr204) (cat. 9101)
from Cell Signaling Technology Inc. (Danvers, MA); purified
mouse anti-phosphotyrosine mAb (4G10) from Dr. Brian
Druker (Oregon Health Science University, Portland); HRP-
conjugated secondary antibodies for Western blotting from
Invitrogen (Grand Island, NY).

Transfection Reagents and Plasmids: XtremeGENE 9 transfec-
tion reagent from Roche Applied Science (Indianapolis, IN);
siRNA smartpools and Dharmafect I transfection reagent from
Dharmacon division of Thermo-Fisher (Pittsburgh, PA); pHACE
expression vectors encoding wild type (cat. 21232) and constitu-
tively active (cat. 21234) PKC-« from Addgene; GFP-PKC-« and
GFP-PKC-6 (77) from Dr. Yusuf Hannun (Stony Brook Cancer
Center, Stony Brook, NY). Ds-Red tagged WT ARF6 construct

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

PKC-dependent Endocytic Recycling of ErbB2

was generated by PCR-amplifying human ARF6 sequences
(Forward primer: CACCCTCGAGATGGGGAAGGTGCTA;
Reverse primer: TCGAAAGCTTAGAT) and cloning into DsRed-
Monomer-N1 vector (Clontech Laboratories Inc., Mountain
View, CA). Arf6 T27N construct was generated by site-directed
mutagenesis of Thr-27 in WT Arf6 construct to Asn (sequence
ACA to AAC; mutagenic primers: Forward-GCGGCCGGCAA-
GAC; Reverse: CAACTTCTACAGGATGTTTGTCTTGCCG)
and mutation confirmed by DNA sequencing.

Media—Media and supplements were from Invitrogen and fetal
bovine serum from Hyclone. Other Materials: Hoechst 3342 trihy-
drochloride trihydrate from Invitrogen; and Vectashield mount-
ing medium from Vector Laboratories (Burlingame, CA).

Cell Culture—SKBR-3 cells (ATCC) were cultured in Alpha
Modification of Eagle’s Medium containing 5% fetal bovine
serum, 10 mm HEPES, 1 mm each of sodium pyruvate, nones-
sential amino acids and glutamine, 50 um 2-ME, and 1% peni-
cillin/streptomycin solution at 37 °C under 5% CO,, (10, 78).

High-Content Imaging-based Screening Assay—15,000
SKBR-3 cells were seeded/well in 100 ul medium in Thermo-
Scientific® Nunc® 96-microwell black optical bottom plates,
using a Thermo-Scientific® multidrop 384 automatic dispenser
in the 96-well mode, and the plates were incubated for 48 h at
37 °C in a Thermo-Scientific® Cytomat 6X incubator. To stain
the surface ErbB2 on live cells, ice-cold culture media contain-
ing Alexa Fluor® 488-conjugated anti-human ErbB2 (4 ug/ml)
or mouse IgG1 control antibodies were added using Beckman
Coulter Biomek FX, and plates incubated in the dark on ice.
After 1 h, the culture medium was removed and cells were
rinsed thrice with ice-cold culture media. DMSO (0.01% final),
17-AAG (100 nM final), kinase inhibitors (1 uM final), or a com-
bination of 17-AAG and kinase inhibitors were added in pre-
warmed medium and the cells incubated at 37 °C for 8 h. The
medium was removed, and the cells were rinsed three times
with ice-cold PBS. The cells were then fixed with 4% parafor-
maldehyde for 2 h at room temperature and rinsed with PBS.
The nuclei were stained with Hoechst 3342, according to the man-
ufacturer’s instructions. The fluorescence signals corresponding
to Hoechst 3342 and Alexa 488 were automatically collected from
cell populations with the Cellomics Arrayscan VT1 equipped with
XF53 filters for Hoechst and FITC. Images were obtained from 300
objects (cells)/well (up to 10 fields/well). Cellomics Compartmen-
talization Analysis bio-application software was used to separate
membrane signals from intracellular and nuclear compartments
(schematic and representative image shown in Fig. 1). Surface sig-
nals from the entire imaged population were averaged to provide a
quantitative measure of the mean fluorescence intensity of cell
surface ErbB2. Kinase inhibitors that inhibited the 17-AAG-in-
duced clearance of ErbB2 from the cell surface by >20% were
analyzed further.

Surface ErbB2 Quantification using Fluorescence-activated
Cell Sorter (FACS) Analysis—SKBR-3 cells were seeded in
6-well plates at a density of 300,000 cells/ml and grown for 48 h.
Following drug treatments, cells were rinsed with ice-cold PBS
and released with trypsin/EDTA (Invitrogen). Trypsinization
was stopped by adding excess ice-cold culture medium. Cell
suspensions were transferred to FACS tubes, washed thrice in
ice-cold FACS buffer (2% fetal bovine serum/2% BSA in PBS).
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For live-cell surface ErbB2 staining, cells were incubated for 1 h
on ice in the dark with Alexa Fluor® anti-human ErbB2 mAb or
mouse IgG1 (control) diluted in FACS buffer, followed by three
washes in the same buffer. Cells were fixed at room tempera-
ture in 4% PFA for 10 min, run on a BD FACScalibur flow
cytometer and analyzed with CellQuest® software.

Confocal Immunofluorescence Microscopy—SKBR-3 cells
were seeded at a density of 75,000 cells per well on glass cover-
slips inside 24-well plates and grown for 48 h. For live-cell sur-
face ErbB2 staining, ice-cold culture medium containing Alexa
Fluor® anti-human ErbB2 or mouse IgG1 (control) antibodies
were added, and plates incubated in the dark for 1 h on ice. The
cells were rinsed three times with ice-cold culture medium, and
incubated with pre-warmed medium containing the indicated
drugs. The cell culture medium was removed, and the cover-
slips rinsed three times with ice-cold PBS. Cells were then fixed
with 4% PFA at room temperature for 10 min.

To stain for intracellular proteins, PFA was removed, and the
cells on coverslips were permeabilized for 10 min in immuno-
fluorescence (IF) buffer (2% BSA/PBS) containing 0.2% sapo-
nin, rinsed in 2% BSA/PBS, serially incubated with primary and
secondary antibodies for 1 h each at room temperature with
three rinses (5 min each) in 2% BSA/PBS after each antibody
incubation. The coverslips were then rinsed once with PBS, and
mounted on glass microscope slides with Vectashield mount-
ing media. Images were captured using a Zeiss 710 Meta Con-
focal Laser Scanning Microscope at 63X magnification.
Merged fluorescence pictures were generated using ZEN 2012®
software from Carl Zeiss.

SiRNA and Transient Transfections—Wet reverse transfection
with Dharmafect 1 transfection reagent was used to introduce
Dharmacon siRNA Smartpools (80 nm final) into SKBR-3 cells,
and transient transfections were accomplished using Xtremegene
9, both according to the manufacturer’s instructions.

Western Blotting—Following cell culture and drug treat-
ments, SKBR-3 cells were rinsed twice with ice-cold PBS, and
attached cells were lysed in ice-cold Triton X-100 lysis buffer
(0.5% Triton X-100, 50 mm Tris (pH 7.5), 150 mm sodium chlo-
ride from (Fisher), 1 mm phenylmethylsulfonyl fluoride, 1 mm
sodium orthovanadate, and 10 mm sodium fluoride) (Sigma) for
20 min. The lysates were transferred to pre-cooled Eppendorf
tubes, spun at 13,000 rpm for 10 min at 4 °C, and supernatants
collected and assayed for protein concentration using the
Thermo-Scientific Pierce® BCA assay. The indicated amounts
of protein lysates were resolved by 9% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blotted with antibodies, as previously described (79).

RESULTS

Substantial evidence indicates that overexpressed ErbB2
traffics through the endocytic recycling pathway (15-18). As
endocytic recycling of ErbB2 is thought to critically contribute
to its oncogenic signaling (18, 80), and enhanced lysosomal deg-
radation of ErbB2 is seen with ErbB2-targeted therapeutics (10,
78), a better understanding of the biochemical pathways that
regulate ErbB2 recycling is of substantial interest. Analyses of
the related family member EGFR suggest an important role of
cellular kinases (62). However, the role of protein kinases in
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ErbB2 recycling is unclear. To investigate such a role, we per-
formed a kinase inhibitor screen using high-content cell
imaging.

Kinase Inhibitor Screen Using a High-content Fluorescence
Microscopy Imaging Assay of ErbB2 Clearance from the Cell
Surface—We reasoned that cellular kinases could positively or
negatively regulate endocytic traffic of ErbB2. Therefore, we
developed an immunofluorescence imaging assay in which the
cell surface pool of ErbB2 on live SKBR-3 cells was labeled with
an Alexa-Fluor 488-labeled anti-human ErbB2 antibody on ice
and then allowed to internalize at 37 °C, in the absence or pres-
ence of 17-AAG. The level of cell surface ErbB2 at the end of the
assay (8 h) was quantified on individual cells using high-content
fluorescence microscopy imaging followed by compartmental
analysis to specifically demarcate the membrane-associated
signals (Fig. 1A). The surface ErbB2 signals in untreated cells
completely colocalized with fluorescent concanavalin A used as
a stable surface marker (Fig. 1B) as well as with signals obtained
with concurrent indirect staining using a second anti-human
ErbB2 antibody (data not shown). To validate this approach, we
carried out concurrent high-content image analysis (Fig. 1C)
and FACS analysis (Fig. 1D) of SKBR-3 cells that were either left
untreated, or treated with DMSO (vehicle) or increasing con-
centrations (5-500 nm) of 17-AAG. FACS analysis of live cells
with anti-ErbB2 Alexa Fluor® 488 demonstrated the expected
dose-dependent reduction in the cell surface ErbB2 levels that
mirrored the effects seen with high-content imaging (Fig. 1, C
versus D). Under these conditions, 17-AAG induced the
expected dose-dependent degradation of ErbB2 as shown by
Western blotting (Fig. 1E). Thus, we concluded that the high-
content imaging assay was suitable for a kinase inhibitor screen.

Kinase Inhibitor Screen Identifies PKCs as a Potential Regu-
lator of ErbB2 Surface Down-regulation—We utilized a com-
mercial kinase inhibitor library composed of inhibitors against
asubset of tyrosine, serine/threonine and lipid kinases (Fig. 2, A
and B) to assess the role of the kinome in regulating ErbB2
clearance from the cell surface of SKBR-3 cells, using the assay
described above. The inhibitors were tested at 1 uM final con-
centration, with or without concurrent treatment with 100 nm
17-AAG. High content images were obtained 8 h post-treat-
ment, and the levels of ErbB2 remaining at the cell surface fol-
lowing treatments were quantified. Among the inhibitors that
reduced the 17-AAG-induced clearance of surface ErbB2, three
met the 20% cutoff limit: Fasudil (no. 25) an inhibitor of Rho-
dependent protein kinase; Ro 31-8220 (no. 28), a broad inhibi-
tor of PKC family of kinases; and Genistein, a relatively nonspe-
cific protein tyrosine kinase inhibitor (Fig. 2, A and B and
associated legend). Genistein was not considered further due to
its broad effects (115). FACS analysis of the remaining two hits
showed that Fasudil did not affect the 17-AAG-induced ErbB2
clearance from the cell surface (Fig. 2C) while the effect of Ro
31-8220 was reproducible (Fig. 2D). Confocal imaging con-
firmed this result by showing that Ro 31-8220 diminished the
17AAG-induced clearance of ErbB2 from the cell surface (Fig.
2E). A second broad inhibitor of PKCs, GF109203X (Fig. 2, A
and B, No. 33) also inhibited the effect of 17-AAG on ErbB2
down-regulation although its effect was below the cutoff.
Therefore, the role of PKC in ErbB2 down-regulation from the
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FIGURE 1. Development of an automated high-content fluorescence imaging-based assay for the measurement of surface levels of ERBB2. A-C, SKBR-3
cells were seeded in duplicate in the inner wells of 96-well plates (B, schematic at the top), labeled with Alexa Fluor® 488-conjugated anti-ErbB2 for 1 h at 4 °C,
treated with DMSO (vehicle control), or increasing concentrations (5-500 nm) of 17-AAG for 8 h and fixed in 4% paraformaldehyde. The plates were scanned in
a Cellomics™ Arrayscan VTl fluorescent microscope imager (4, B) and the Cellomics™ compartmental analysis software was used to quantify the fluorescence
intensity of ErbB2 at the plasma membrane (C). The Y-axis represents the mean fluorescence intensity = S.D. The presented data are from a single experiment
representative of three. D and E, SKBR-3 cells were seeded in 6-well plates for 72 h and treated with DMSO (vehicle control) or increasing concentrations (5-500
nm) of 17-AAG for 8 h. In D, cells were trypsinized, washed in FACS buffer, and live cells stained with Alexa Fluor® 488-conjugated anti-ErbB2 for 1 h on ice. Cell
surface levels of ErbB2 were quantified using flow cytometry and analyzed using BD Cellquest™ software. X-axis, mean fluorescence intensity; Y-axis, cell
counts. In E, Triton X-100 lysates were prepared, and 25-pug aliquots of lysate protein resolved by SDS-PAGE followed by immunoblotting with anti-ErbB2 and
anti-CHIP (loading control) antibodies.

cell surface was considered further. Several kinase inhibitors
promoted the 17-AAG-induced ErbB2 down-regulation (Fig. 2,
A and B). These candidates are being characterized indepen-
dently and are not described here.

PKC Inhibition, Activation, and Genetic Manipulations
Implicate PKC-a in Regulating ErbB2 Entry into Endocytic
Pathway—As PKC-a has been implicated in regulating the
endocytic traffic of EGFR (81), we compared Ro 31-8220, which
has broad inhibitory activity for PKCs and also certain other

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

kinases (82— 85), with a more selective PKC inhibitor Go 6976
(selective for classical Ca”>"-dependent PKC isozymes «, B1,
BIL, and ). We also assessed the effect of PMA, an activator of
classical and novel PKC isoforms (86— 88). FACS analysis indi-
cated that GO 6976, similar to Ro 31-8220, reduced the
17-AAG-induced clearance of ErbB2 from the cell surface (Fig.
3A). Furthermore, PMA by itself reduced the surface levels of
ErbB2 and further increased the 17-AAG-induced clearance of
ErbB2 from the cell surface (Fig. 3A, top panel). Western blot
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analysis revealed that PKC inhibitors modestly inhibited the
17-AAG-induced ErbB2 degradation (Fig. 3A, bottom panel).
However, treatment with PMA, which reduced the surface
ErbB2 levels substantially (Fig. 34, top panel), did not induce
any destabilization of ErbB2 protein nor did it enhance the
17-AAG-induced ErbB2 degradation (Fig. 3A, bottom panel).
Western blotting for PKC-« levels showed the expected PMA-
induced down-regulation (Fig. 3A, bottom panel), indicating
that PMA was able to activate its target.

Overall, the use of an additional PKC inhibitor and PMA further
established that Ca®>*-dependent PKCs regulate the internaliza-
tion of surface ErbB2. Previous studies of SKBR-3 cell line have
shown that it expresses PKC-a but not detectable levels of PKC-f3
or PKC-vy (89). Therefore, to further establish the role of PKC-q,
we transfected SKBR-3 cells with plasmids encoding wild type or
constitutively-active PKC-a. The levels of surface ErbB2 on trans-
fected cells were quantified using FACS analysis. Expression of
constitutively-active PKC-« led to a reduction in the level of cell
surface ErbB2 compared with that with WT PKC-« (Fig. 3B). Alto-
gether, these results strongly suggest that PKC-a promotes ErbB2
entry into the endocytic pathway.

PMA-induced Down-regulation of Cell Surface ErbB2 Requires
ErbB2 Kinase Activity—Results with PMA treatment and
ectopic PKC-« expression (above) suggested that PKC-« acti-
vation results in the removal of ErbB2 from the cell surface. To
assess whether the internalization process requires the ErbB2
kinase activity, we carried out FACS analysis of SKBR-3 cells
treated with PMA in the presence or absence of ErbB2 kinase
inhibitor lapatinib at concentrations that effectively reduced
the ErbB2 tyrosine phosphorylation (data not shown; also see
Figs. 7B and 8D). While SKBR-3 cells that were not pretreated
showed a substantial PMA-induced reduction in surface ErbB2
levels (Fig. 4A), pretreatment with lapatinib essentially com-
pletely eliminated this effect (Fig. 4B). These results suggest
that ErbB2 kinase activity is required for activated PKC-a-de-
pendent ErbB2 internalization.

PKC-a-dependent Entry of ErbB2 into a Juxtanuclear Com-
partment—The ability of PMA to reduce the surface levels of
ErbB2 without inducing ErbB2 degradation (Fig. 3A) suggested the
possibility that PKCs may regulate ErbB2 entry into a non-degra-
dative endocytic compartment. To assess if this is the case, we
carried out confocal imaging of untreated and PMA-treated
SKBR-3 cells for endogenous ErbB2 and PKC-c. In untreated cells,
ErbB2 expectedly showed the predominant surface localization,
while PKC-a showed a predominantly diffuse cytoplasmic and
some plasma membrane localization (Fig. 54, top panel). In con-
trast, PMA-treated SKBR-3 cells showed a substantial accumula-
tion of ErbB2 in a juxtanuclear compartment (Fig. 54, lower left
panel). In these cells, PKC-a became localized to the same region

PKC-dependent Endocytic Recycling of ErbB2

(lower middle panel), with substantial colocalization with ErbB2
(lower right panel). Next we transfected SKBR-3 cells with non-
targeting control siRNA or PKC-a-directed siRNA, and examined
the localization of ErbB2 following PMA treatment. Staining for
PKC-a demonstrated the specific knockdown of PKC-« with
PKC-a-targeted siRNA (Fig. 5B, compare upper versus lower mid-
dle panel). Substantial, albeit incomplete, PKC-a knockdown was
confirmed by Western blotting (Fig. 5C); some variability of
knockdown in individual cells was seen by immunofluorescence
analysis (data not shown). Notably, while control
siRNA-transfected SKBR-3 cells treated with PMA exhibited a
juxtanuclear pool of ErbB2 (Fig. 5B, left upper panel) that co-local-
ized with PKC-« (Fig. 5B, middle and right upper panels), this pool
was not seen in cells with effective PKC-a knockdown (left lower
panel). These results indicated that PKC-« promotes the entry of
ErbB2 into a juxtanuclear endocytic compartment.

The PKC-a-dependent Juxtanuclear ErbB2 Localization Rep-
resents Entry into an Arf6-regulated Endocytic Recycling
Compartment—Prior studies have identified a PKC-dependent
juxtanuclear compartment “pericentrion,” which was further
characterized as a subset of the ERC (67, 90, 91). Arf6 has been
established as a critical small GTPase regulator of endocytic
recycling (92), and recent studies have shown that PKC-« and
Arf6 exhibit functional cross-talk and colocalize in the ERC (67,
93, 94). Therefore, we considered the possibility that PKC-a-
dependent internalization of ErbB2 into a juxtanuclear com-
partment represented its entry into Arf6-regulated ERC. To
assess this possibility, we co-transfected SKBR-3 cells with
dsRed-tagged WT or dominant-negative Arf6-T27N mutant,
known to prominently localize to ERC (92), together with GFP-
PKC-a. Cells were either left untreated or were PMA-treated
for 1 h followed by confocal imaging. Notably, cells co-trans-
fected with either WT (Fig. 6A4) or dominant-negative mutant
Arf6 (Fig. 6B) together with PKC-a (positive for red and green
fluorescence) exhibited substantial juxtanuclear localization of
ErbB2 even without PMA treatment (Fig. 6A, top panels).
Importantly, juxtanuclear ErbB2 colocalized with transfected
WT or mutant Arf6 as well as PKC-« (Fig. 6, A and B, right
panels). Biochemical assessment of transfected Arf6 proteins
by Western blotting confirmed their similar expression levels
(Fig. 6C). To further confirm the findings above, SKBR-3 cells
were transfected with GFP-PKC-« and treated with PMA, fol-
lowed by confocal microscopy analysis for colocalization of
endogenous ErbB2 and Arf6 with transfected GFP-PKC-a.
Indeed, transfected GFP-PKC-a colocalized with endogenous
Arf6 and ErbB2 in the juxtanuclear region (Fig. 6D). Together,
these results demonstrate a PKC-a-dependent localization of
ErbB2 in Arf6-regulated ERC.

FIGURE 2. Small molecule kinase inhibitor library screen identifies protein kinase C as a potential regulator of ErbB2 down-regulation from the cell
surface. A, SKBR-3 cells seeded and labeled with Alexa Fluor® 488-conjuagated anti-ErbB2 as in Fig. 1. Pre-warmed medium containing various inhibitors (1 um
final), with or without 17-AAG (100 nm final) was added, and cells were incubated at 37 °C for 8 h. Cell surface ErbB2 levels were computed and are presented
as mean fluorescence intensity of duplicates. Inhibitors that reduced the 17-AAG-induced clearance of ErbB2 (i.e. more ErbB2 remaining at the cell surface) by
>20% are indicated in red: Fasudil (no. 25), Ro-31-8220 (no. 28), and Genistein (no. 41). B, list of kinase inhibitor library (specificity per vendor is shown). Cand
D, to validate the selected inhibitors, SKBR-3 cells were treated with DMSO (vehicle control) or 1 um final concentrations of Fasudil (C) or Ro 31-8220 (D), with
or without 100 nm 17-AAG for 8 h, and cell surface ErbB2 levels analyzed by FACS-staining with Alexa Fluor® 488-conjugated-anti-ErbB2 antibody. E. SKBR-3
cells were seeded in 6-well plates and live cells stained with Alexa Fluor 488® conjugated anti-ErbB2 antibody for 1 h at 4 °C. Stained cells were pre-treated
without or with Ro 31-8220 (1 um) at 37 °Cfor 1 h followed by addition of DMSO (vehicle) or 17-AAG (25 nm) for 8 h. Cells were paraformaldehyde-fixed followed

by imaging under a confocal microscope.
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FIGURE 3.Role of PKC-«in ErbB2 clearance from the cell surface. A, SKBR-3
cells were pre-treated with DMSO, Ro 31-8220 (1 um), Go 6976 (1 um), or PMA
(100 nm) for 1 h, and incubations continued without or with 17-AAG (25 nm)
for 8 h. Cells were trypsinized, stained with Alexa Fluor® 488-anti-ErbB2 anti-
body, and analyzed by FACS to quantify cell surface ErbB2 levels. The bars
represent mean fluorescence intensity values + S.D. Triton X-100 lysates were
prepared from parallel cultures treated as those used for FACS and 25-ug
aliquots of lysate protein resolved by SDS-PAGE followed by immunoblotting
with anti-ErbB2, anti-PKC-«, and anti-B-actin (loading control) antibodies.
The presented data are from a single experiment representative of three. B,
SKBR-3 cells were transiently co-transfected with expression constructs
encoding wild-type or constitutively active (CA) PKC-« together with dsRed
plasmid. Live cells were stained with Alexa Fluor® 488 conjugated-anti-ErbB2,
and cell surface levels of ErbB2 on ds-Red-negative (light bars) and ds-Red-
positive (dark bars) cells were quantified using FACS. The mean fluorescence
intensity values = S.D. are presented; asterisks indicate statistically significant
differences (p < 0.005). The presented data are from a single experiment
representative of three.
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PMA-induced Activation of Erk in SKBR-3 Cells Is ErbB2
Kinase-dependent—Analysis of PKC-orchestrated pericen-
trion/ERC has demonstrated that it is a site of activation of
signaling pathways downstream of a number of receptors (67,
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FIGURE 4. Requirement of ErbB2 kinase activity for PMA-induced down-
regulation of cell surface ErbB2. SKBR-3 cells were cultured in low serum
(0.5% FBS) medium without (A) or with (B) Lapatinib (100 nm) for 24h followed
by further incubation in the absence (DMSO) or the presence of PMA (25 nw)
for 8 h. Live cells were stained with Alexa Fluor® 488-conjugated anti-ErbB2
antibody and cell surface ErbB2 levels quantified using FACS.

95). The Erk pathway is prominent among those activated at the
pericentrion. Since Erk pathway activation is a prominent com-
ponent of overexpressed ErbB2-dependent oncogenic signaling
in breast cancer cells (96), we investigated if Erk activation
induced upon PKC activation exhibits ErbB2 kinase-depend-
ence. Treatment of SKBR-3 cells with PMA at a concentration
as low as 10 nM led to a substantial increase in p-Erk level while
total Erk level remained unchanged (Fig. 7A). In SKBR-3 cells
pre-treated with lapatinib, blotting with anti-ErbB2-pY1248
showed a nearly complete loss of ErbB2 phosphorylation (Fig.
7B, top panel), and reduced the basal p-Erk levels (Fig. 7B,
fourth panel), confirming that treatment with lapatinib effec-
tively inhibited the ErbB2 kinase activity and drive for Erk acti-
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FIGURE 5. PKC-a-regulates surface ErbB2 translocation into a jux-
tanuclear compartment. A, live SKBR-3 cells on coverslips were stained with
Alexa Fluor® 488-conjugated anti-ErbB2 antibody in cold, followed by treat-
ment with DMSO (vehicle control) or PMA (100 nm) at 37 °C for 1 h. The cells
were paraformaldehyde-fixed, permeabilized with saponin (0.2% in PBS),
stained for PKC-« (red) and imaged under a confocal microscope. B, SKBR-3
cells were transfected with a non-targeting siRNA (control) or a PKC-a-spe-
cific siRNA (a smartpool or siRNA no. 2) for 48 h. Live cells were stained with
Alexa Fluor® 488-conjugated anti-ErbB2 antibody in cold and treated with
PMA (100 nm) for 1 h at 37 °C. The cells were stained for PKC-a (red) and
imaged as in A. C, SKBR-3 cells were transfected with a non-targeting siRNA
(control) or a PKC-a-specific siRNA smartpool for 48 h as in B, and 40-ug
aliquots of Triton X-100 lysate protein subjected to Western blotting with
anti-PKC-« and B-actin (loading control) antibodies.

vation. Notably, lapatinib pretreatment markedly reduced the
magnitude of PMA-induced increase in p-Erk levels compared
with that in the absence of lapatinib pretreatment (Fig. 7B,
Sfourth panel).

PMA-induced Activation of Erk in SKBR-3 Cells Is Mediated
by PKC-6—To test if the PMA-induced Erk activation was
mediated through PKC-a, we transfected SKBR-3 cells with
control siRNA, or a PKC-a-specific siRNA pool or an individ-
ual siRNA (no. 2) selected out of several tested for effective
knockdown. Both PKC-a-specific siRNAs induced substantial
PKC-a knockdown, as shown by Western blotting (Fig. 7B,
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third panel). However, this knockdown had little impact on the
extent of PMA-induced p-Erk levels, suggesting that Erk path-
way activation occurs through other classical or novel PKCs.

Since previous studies of SKBR-3 cell line have shown it to
lack the expression of the remaining classical PKCs, PKC-f3, or
PKC-vy (89), it appeared more likely that PMA-induced Erk
activation occurred through novel PKCs. A previous study
examining the mechanism of estrogen-induced Erk activation
in MCF?7 breast cancer cell line implicated an autocrine loop
involving HRG1 activation of ErbB2; in this system, Erk activa-
tion appeared to be mediated by PKC-8 (97). More recently,
PKC-6 was shown to mediate Erk activation from ErbB2 in
ErbB2-overexpressing breast cancer cell lines and PKC-6 gene
knock-out delayed oncogenesis in an ErbB2 transgenic mouse
model (98). These findings pointed to PKC-§ as a potential
mediator of PMA-induced Erk activation in our system. To
assess the role of PKC-§, we first examined if PKC-6 also colo-
calized with ErbB2 in the ERC. First, we co-transfected SKBR-3
cells with GFP-PKC-6 and either WT Arf6 or Arf6-T27N. A
fraction of GFP-PKC-6 colocalized with WT Arf6 (Fig. 84) or
Arf6-T27N mutant (Fig. 8B) both in DMSO-treated and PMA-
treated cells. Notably, a small fraction of ErbB2 colocalized with
GFP-PKC-6 and WT Arf6 in a juxtanuclear region in PMA-
treated SKBR-3 cells (Fig. 84). Also, a small fraction of ErbB2
co-localized with juxtanuclear GFP-PKC-6 and Arf6-T27N in
untreated as well as PMA-treated cells (Fig. 8B). To assess if
PKC-6 colocalizes with ErbB2 and the role of PKC-8 in ErbB2
localization to ERC, we carried out confocal immunofluores-
cence analysis of PMA-treated SKBR-3 cells transfected with a
control siRNA or a PKC-8-specific siRNA. Juxtanuclear ErbB2
was seen to colocalize with PKC-8 in control siRNA transfected
cells (Fig. 8C). Juxtanuclear localization of ErbB2 was reduced
in cells transfected with PKC-6-specific siRNAs (Fig. 8C; see
effective knockdown under Fig. 8D).

We therefore assessed the impact of PKC-6 siRNA on PMA-
induced Erk activation in SKBR-3 cells. PKC-8-specific siRNA
effectively reduced the endogenous PKC-6 levels compared
with non-targeting siRNA (Fig. 8D, third panel). PMA induced
a substantially lower level of p-Erk in SKBR-3 cells with PKC-6
knockdown compared to non-targeting siRNA-transfected
cells, although the reduction was somewhat less robust than
that seen with lapatinib (Fig. 8D, fourth panel). These results
suggest that while PKC-a and PKC-8 promote the entry of
ErbB2 into ERC, PKC-6 is the predominant mediator of ErbB2
signaling into Erk pathway.

DISCUSSION

Overexpressed ErbB2 drives oncogenesis in breast and other
cancers, and provides a target for clinically used targeted ther-
apies in breast cancer. An important determinant of the onco-
genicity of ErbB2 is its propensity to avoid lysosomal degrada-
tion and to instead traffic via the endocytic recycling pathway
(15-18). Molecular pathways that regulate ErbB2 recycling
however remain unexplored. Here, we developed and used a
high-content imaging-based screen to interrogate a focused
kinase inhibitor library to identify candidate protein/lipid
kinases that might facilitate cell surface ErbB2 internalization
in an ErbB2-overexpressing breast cancer cell line SKBR-3. Our
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FIGURE 6. ErbB2 in the juxtanuclear compartment co-localizes with PKC-« and ERC marker Arf6. A and B, SKBR-3 cells were transiently transfected to
co-express GFP-tagged wild-type PKC-«, ds-Red-tagged WT Arf6 (A) or Arf6-T27N mutant (B). The cells were stained with Alexa Fluor® 647-conjugated
anti-ErbB2 antibody, treated with DMSO (vehicle) or PMA (100 nm) for 4 h, paraformaldehyde-fixed and permeabilized as in Fig. 5, and imaged under a confocal
microscope. C, SKBR-3 cells were transiently transfected to co-express GFP-tagged wild-type PKC-«, and ds-Red-tagged WT Arf6 or Arf6-T27N mutant as in A
and B, and 40-ug aliquots of Triton X-100 lysate protein were used for Western blotting with anti-Arf6 and B-actin (loading control) antibodies. D, SKBR-3 cells
transiently transfected and stained as in A were treated with PMA (100 nm) for 4 h, paraformaldehyde fixed, stained with an anti-Arf6é antibody and imaged

under a confocal microscope.

screen revealed the ability of a broad-spectrum PKC inhibitor,
Ro 31-8220, and to a lesser extent another PKC inhibitor GF
109203X, to reduce the clearance of ErbB2 from the surface of
cells treated with 17-AAG. Detailed biochemical and imaging-
based studies presented here provide evidence that PKC-« pro-
motes the ErbB2 entry into the endocytic recycling compart-
ment (ERC), where PKC-a colocalized with ErbB2. We show
that ErbB2 entry into this compartment requires the kinase
activities of ErbB2 and PKC-«. Furthermore, we show that
PKC-6 can also localize to the same compartment and colocal-
ize with ErbB2. Finally, we show that PKC-8, but not PKC-q, is
key to PKC-mediated Erk activation. These findings carry sig-
nificant implications for our understanding of ErbB2 biology
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and suggest new links between ErbB2 traffic and oncogenic
signaling.

The PKC family of serine-threonine kinases is well-estab-
lished as a pivotal mediator as well as regulator of signaling
downstream of RTKs, G-protein-coupled receptors, and other
cell surface proteins, and members of this family have emerged
as critical regulators of physiological processes as well as dis-
ease pathogenesis (86 —88). Various PKCs have been shown to
play important roles in human and experimental oncogenesis
(86—88). Pertinent to our results, PKC-«a has been linked to
critical pro-oncogenic traits, including proliferation, migra-
tion, epithelial-mesenchymal transition, and resistance to anti-
estrogens in cellular and animal-based experimental studies of
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FIGURE 7. ErbB2 kinase activity but not PKC-« are required for PMA-in-
duced ERK phosphorylation. A, SKBR-3 cells seeded in 6-well plates were
treated with DMSO (vehicle) or the indicated concentrations of PMA for 8 h.
25-ug aliquots of Triton X-100 lysate proteins were subjected toimmunoblot-
ting for p-ERK 1/2, total ERK 1/2, and B-actin (loading control). B, SKBR-3 cells
were transfected with a non-targeting siRNA (control) or PKC-a-specific
siRNAs (a smartpool or siRNA no. 2) for 48 h, treated without or with Lapatinib
(1 wm) for 1 h, and furtherincubated in the presence of DMSO (vehicle control)
or PMA (100 nm) for 1 h. Western blotting with anti-ErbB2-pY-1248, anti-
ErbB2, anti-PKC-q, anti-p-ERK 1/2, anti-ERK 1/2, and anti-B-actin (loading con-
trol) antibodies was carried out as in A.

breast cancer (99). Recent clinical correlative studies also sug-
gest that overexpression of PKC-« is associated with poor prog-
nosis in breast cancer (100-102). PKC-86 is also known to be
overexpressed in a subset of breast cancers and meta-analysis
of expression data revealed its specific association with poor
survival in ErbB2+ breast cancer (98). The same study also
established that PKC-8 gene knock-out delayed tumor develop-
ment in MMTV-ErbB2 transgenic mice by reducing cellular
proliferation.

While cellular, animal and clinical studies strongly support a
pro-oncogenic role of PKC-a and PKC-8 in breast cancer, the
mechanisms by which they play such roles in ErbB2-driven
breast cancer remain less certain. Prior cellular and biochemi-
cal studies suggest an important functional role of PKC-« in
ERbB2-driven oncogenic traits. HRG-induced apoptosis of
SKBR-3 cells was shown to be potentiated by inhibition of
PKC-«a activity (89). PKC-a was shown to be activated in
ErbB2-overexpressing breast cancer cell lines and to promote
uPAR expression and invasive behavior in concert with c-Src
(102). ErbB2 overexpression was also found to down-regulate
the expression of extracellular matrix component biglycan in a
PKC-dependent manner; biglycan down-regulation was dem-
onstrated to be critical for oncogenesis (103). Furthermore,
PKC-a was found to be one of the key downstream mediators of
ErbB2-induced cysteine cathepsin expression and breast can-
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cer cell invasiveness (104). Reduction of PKC-« levels upon
treatment with anti-ErbB2 antibody Trastuzumab was shown
to contribute to cardiomyocyte death, further supporting a role
of PKC downstream of ErbB2 (105). ErbB2 was shown to induce
primordial ovarian follicle growth in a PKC-dependent manner
(106). While these lines of evidence support a clear role for
PKC-« in ErbB2-driven oncogenesis, a role for PKC-a as a
determinant of ErbB2 endocytic traffic has not been demon-
strated. Given the strong collective evidence that endocytic
recycling of ErbB2 is a major determinant of its oncogenic
potential as an ErbB receptor family member (80, 107), our
studies provide a new cell biological mechanism to link PKC-«
to ErbB2-driven oncogenesis.

Previous studies have shown that PKC-dependent jux-
tamembrane phosphorylation regulates the endocytic traffic of
EGEFR by reducing the sorting of EGFR toward lysosomes while
promoting its traffic into the ERC (60). Thus, our findings that
PKC-a promotes the entry of ErbB2 into the ERC and that this
requires the kinase activities of ErbB2 as well as PKC-a indicate
that PKC activation provides a common regulatory control for
the dichotomous fate of activated ErbB receptors into lyso-
somal degradation versus endocytic recycling. Consistent with
our findings, PMA treatment of ErbB2 transfected fibroblasts
has been reported to induce ErbB2 juxtamembrane threonine-
686 phosphorylation, as well as ErbB2 internalization and intra-
cytoplasmic accumulation, although no further characteriza-
tion of intracellular compartments was carried out (75).
Distinct from our conclusions, another study has shown that
PKC-a is required to maintain high cell surface levels of ErbB2
in breast cancer cell lines that lack gene amplification (referred
to as Her2 2+ based on immunohistochemistry) (76). Since no
cell biological analyses of ErbB2 endocytic traffic were per-
formed in that study, a direct comparison with our results is
difficult at the present time, although it is quite plausible that
ErbB2 traffics distinctly based on the levels of overexpression,
as studies discussed under the introduction section suggest.

Our results also show that PKC-& colocalizes with ErbB2 in
SKBR-3 cells, although further analyses are needed to assess how
critical a role this isozyme plays relative to PKC-a. The role of
PKC-8in ErbB2 endocytic traffic has not been clarified previously.
Inhibition of PKC-8 was previously shown to relieve the block of
EGER traffic from early to recycling endosome that was imposed
by a calmodulin inhibitor (61). Our initial findings, together with
the key role of PKC-6 in ErbB2-driven oncogenesis recently iden-
tified using transgenic mice (98) raise the possibility that PKC-8
may also regulate endocytic recycling of ErbB2, especially under
conditions of cancer-associated overexpression.

Recent studies of the G-protein coupled receptor internaliza-
tion and its linkage to signaling have defined a critical role of PKCs
in organizing a special juxtanuclear organelle, the pericentrion,
whose further characterization has led to its identification as a
subset of the ERC (90, 108). Detailed analysis of this organelle have
revealed it to serve as an intracellular hub for the accumulation of
internalized cell surface receptors prior to their redirection to
other destinations such as recycling back to cell surface or target-
ing to the lysosome. Indeed, the down-regulation of PKC-a upon
its sustained activation with bryostatin or PMA has also been
linked to endosome-lysosome traffic (109) and this effect is
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FIGURE 8. PKC-6 co-localizes with ErbB2 in the Arf6-positive juxtanuclear compartment and is required for PMA-induced Erk phosphorylation. A and B,
SKBR-3 cells were transiently transfected to co-express GFP-tagged wild-type PKC-6 and ds-Red-tagged WT Arf6 (A) or Arfe-T27N mutant (B). The cells were stained
with Alexa Fluor® 647-conjugated anti-ErbB2 antibody and treated with DMSO (vehicle) or PMA (100 nm) for 1 h. The cells were paraformaldehyde-fixed and
permeabilized as in Fig. 5, and imaged under a confocal microscope. C, SKBR-3 cells were transfected with a non-targeting control siRNA or a PKC-8-specific siRNA
smartpool for 48 h. Live cells were stained with Alexa Fluor® 488-conjugated anti-ErbB2 antibody in cold and treated with PMA (100 nm) for 1 h at 37 °C. The cells were
stained for PKC-6 (red) and imaged as in A. D, SKBR-3 cells were transfected with a non-targeting control siRNA or a PKC--specific siRNA smartpool for 48 h, treated
without or with Lapatinib (1 um) for 1 h, and further incubated in the presence of DMSO (vehicle control) or PMA (100 nm) for 1 h. Western blotting with anti-ErbB2-
pY-1248, anti-ErbB2, anti-PKC-8, anti-p-ERK 1/2, anti-ERK 1/2, and B-actin (loading control) antibodies was carried out as in Fig. 7.

enhanced by 17-AAG (110). Biochemical characterization of the
pericentrion/ERC compartment revealed that it contains a num-
ber of cell surface receptors including EGFR (67). As has been
observed in the PKC-dependent GPCR entry into pericentrion,
we observed that endogenous ErbB2 in SKBR-3 cells colocalizes
with endogenous as well as ectopically expressed PKC-q, that the
colocalization requires the kinase activity of both, and that this
compartment is regulated by a known ERC regulatory small
GTPase Arf6 which in turn colocalizes with ErbB2 and PKC-a.
Furthermore, PKC-8 also colocalizes with Arf6 and ErbB2 in this
compartment. Notably, enhanced signaling downstream of PKCs,
measured as PMA-induced Erk activation, was ErbB2 kinase activ-
ity-dependent. This is of interest, since PKC-dependent Erk acti-
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vation in the GPCR system requires their entry into the pericen-
trion. Our results show that PKC-8 is more dominant in mediating
PMA-induced Erk activation, while PKC-« appears to be dispen-
sable, distinct from a requirement of PKC-« for ErbB2 localization
to ERC. Further studies are needed to directly establish a potential
requirement of the pericentrion/ERC co-localization of ErbB2/
PKC in PKC-mediated signaling and biological responses in
ErbB2-overexpressing cancer cells.

It is of note that c-Src is an essential downstream signaling
component in ErbB2-driven oncogenesis (111), and Src is one
of the downstream effectors of ErbB2 signaling whose activa-
tion has been shown to be linked to PKC-« or PKC-6 (98, 102).
We have shown that c-Src interacts with oncogenic EGFR
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mutants in non-small cell lung cancer cells in the ERC, an inter-
action required for mutant EGFR-mediated oncogenic trans-
formation (112, 113). Src has been shown to be a component of
the pericentrion (67), suggesting that ErbB2 may signal in col-
laboration with Src in the ERC.

Together, our results suggest a novel positive feedback loop
in ErbB2 signaling involving the PKC activation-dependent
entry of ErbB2 into the ERC, establishing an endosomal signal-
ing hub for ErbB2 signaling through ERC-localized PKCs, espe-
cially PKC-8, and other signaling partners. This suggestion is
consistent with an increasing appreciation of the critical role of
endosomal signaling downstream of RTKs (114), although such
a role for ErbB2 has not yet been investigated. This model is
further supported by a large body of literature that has estab-
lished a role for PKCs in the spatiotemporal regulation of recep-
tor signaling (88).
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