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Signaling through the ErbB family of tyrosine kinase receptors in normal and cancer-derived cell lines
contributes to cell growth and differentiation. In this work, we altered the levels of ErbB2 and ErbB3 receptors,
individually and in combination, by using 6-finger and 12-finger synthetic zinc finger protein artificial tran-
scription factors (ATFs) in an epidermoid squamous cell carcinoma line, A431. We successfully designed
12-finger ATFs capable of coregulating ErbB3 and ICAM-1 or ErbB2 and ErbB3. With ATFs, the effects of
changes in ErbB2 and ErbB3 receptor levels were evaluated by using cell proliferation, cell migration, and cell
signaling assays. Cell proliferation was increased when ErbB2 and ErbB3 were both overexpressed. Cell
migration on collagen was decreased when ErbB2 was down-regulated, yet migration on laminin was signifi-
cantly increased with ErbB3 overexpression. ErbB2 and ErbB3 overexpression also stimulated the phospha-
tidylinositol 3-kinase and mitogen-activated protein kinase pathways. Our ATF approach has elucidated
differences in ErbB receptor-mediated proliferation, migration, and intracellular signaling that cannot be
explained merely by the presence or absence of particular ErbB receptors and emphasizes the dynamic nature
of the ErbB signaling system. The transcription factor approach developed here provides a gene-economical

route to the regulation of multiple genes and may be important for complex gene therapies.

Signaling from ErbB tyrosine kinase receptors influences
diverse aspects of a cell’s biology that include growth, differ-
entiation, migration, and apoptosis (29, 84). ErbB1 (EGFR/
HER1) was the first member of the family identified. Based on
homology to ErbBl1, three additional family members, ErbB2
(HER2/p185), ErbB3 (HER3), and ErbB4 (HER4), were
identified (41, 56, 60, 77). In normal development, binding of
a growth factor ligand induces dimerization of ErbB receptors.
Subsequently, the cytoplasmic tails are transphosphorylated.
Each ErbB receptor has a unique pattern of phosphorylation
sites that recruit various secondary signaling proteins (23, 51,
52, 55, 71). Ongoing research shows that the identity of the
ligand bound, the amount of ligand, and the identities of
dimers formed determine the activation of a particular intra-
cellular signaling pathway such as the mitogen-activated pro-
tein kinase (MAPK), the stress-activated protein kinase, the
protein kinase C, or the Akt pathway (53, 61, 72). The combi-
nation of at least 10 different ligands and 10 possible receptor
dimers of the ErbB system form a signaling network essential
for development (15, 34).

Various cancers, including those of the breast, head and
neck, kidney, prostate, colon, pancreas, bladder, lung, and ova-
ries, are associated with overexpression of ErbB receptors (11,
59, 84). Research using breast cancer models has identified a
dominant role for ErbB2 in tumor cell proliferation and me-
tastasis (35, 64, 73, 74). ErbB2 is the preferred dimerization
partner for all ErbB receptors, and dimers containing ErbB2
have higher ligand affinity and slower endocytosis rates com-
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pared to other dimers (6, 25, 29). Recent work has shown that
down-regulation of ErbB3 inhibits proliferation of breast can-
cer cells to the same extent as inhibition of ErbB2 (33). Addi-
tional studies have established a role for ErbB3 and the ErbB2/
ErbB3 heterodimer in the motility of cancer cells (1, 16, 30, 48,
75).

ErbB2-specific inhibition has been demonstrated by using a
variety of recombinant protein-based strategies, nucleic acids,
and small molecules (3, 5, 17, 18, 26, 57, 70, 83). Significantly,
antibody therapies have proven efficacy in cancer treatment
and small-molecule inhibitors of ErbB2 and ErbB1 are advanc-
ing through clinical trials (27). Specific inhibition of ErbB2 and
ErbB3 at the level of transcription has been achieved with
synthetic zinc finger protein (ZFP) artificial transcription fac-
tor (ATF) technology. This approach allows specific sequences
to be targeted by using designed transcription factors (TFs)
that are composed of zinc finger domains that are predefined
to bind particular 3-bp sequences. For reviews of this technol-
ogy, see the reports of Beerli and Barbas (7) and Blancafort et
al. (10). E2C is a synthetic DNA-binding ZFP that recognizes
an 18-bp binding site in the ErbB2 promoter, while E3 recog-
nizes an 18-bp binding site in the ErbB3 promoter (9). When
ZFPs E2C and E3 were fused to a repressor domain, KRAB,
or to an activation domain, VP64, down- and up-regulation of
receptor expression, respectively, provided the first examples
of transcriptional control of endogenous gene expression (8).
This ATF strategy allows both positive and negative regulation
of gene transcription, in contrast to techniques using antibod-
ies, small-molecule inhibitors, or small interfering RNA
(siRNA) that act via posttranscriptional targeting.

While ATFs have been shown to provide targeted up- and
down-regulation of gene expression, the delivery of transgenes
in a therapeutic setting is limited, depending on the vector
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strategy used. For example, the capacity of retroviral vectors is
limited to transgenes of less than 7 kb (44). Here we have
studied the potential of linking independent TFs so that they
can be expressed as a single gene cassette. Compared to the
coexpression of two independent factors, this approach re-
quires only a single promoter governing the fused TF and thus
is more gene economic. This approach is predicted to facilitate
the study of biological systems related to the coregulation of
multiple genes.

To investigate the roles of ErbB2 and ErbB3 in driving cell
proliferation and cell migration, a system using A431 cells and
synthetic TFs was established. A431 cells were derived from an
epidermoid squamous cell carcinoma and express ErbBlI,
ErbB2, and ErbB3 receptors (8, 24). In this work, we charac-
terize a fusion of ATFs, E2C and E3, to create a novel TF that
allows simultaneous regulation of ErbB2 and ErbB3 receptor
expression (E2/3). To investigate the effects of changing ErbB
receptor expression levels, ATFs with 6 (E2C or E3) and 12
zinc fingers (E2/3) were used to transcriptionally activate or
repress ErbB2 and ErbB3 gene expression individually or in
combination. Cell proliferation, cell migration, and intracellu-
lar signaling of transduced cells were evaluated. Dual regula-
tion also allowed us to investigate whether synergistic or addi-
tive effects are a characteristic of ErbB expression in A431
biology.

MATERIALS AND METHODS

Cloning of 12-finger ZFPs. The E2C and E3 six-finger ZFP constructs were
previously defined (9). 310PT was previously defined (46). The pMal-c2 vector
was modified to include the following restriction sites and linker region (from 5’
to 3): Sfi, Xhol, BsrFI, Xmal, 15L, BsrFI, Xmal, Spel, and Sfi. The first ZFP was
inserted by using the Xhol and 5" Xmal sites. The second ZFP was inserted by
using the 3’ Xmal and Spel restriction sites. By using the flanking Sfi sites, the
12-finger cassette was ligated into a modified pMX vector for retroviral expres-
sion (45). The SS fragment codes for a single-chain Fab modified with stop
codons that prevent expression.

Retroviral infection and flow cytometry analysis. Infections were performed
48 and 63 h following transfection as described by Lund et al. (45). The anti-
bodies used for staining were as follows: ErbB1, EGFR (R1) (5 ng/ml; Santa
Cruz Biotechnology); ErbB2, FSP77 (2.5 pg/ml; N. H. Hynes laboratory); ErbB3,
SGP1 (3 pg/ml; Lab Vision/NeoMarkers); ICAM-1, 310PT (5 ng/ml; BD
Pharmingen); control immunoglobulin G (IgG), mouse F(ab’), IgG1-UNLB
control antibody (2.5 pg/ml; Southern Biotech). The secondary antibody used for
all flow cytometry staining was 100 pl of 1:400-diluted, Cy-5 labeled, affinity-
purified donkey F(ab’), anti-mouse IgG (Jackson ImmunoResearch).

Proliferation assay. Cells were harvested from culture dishes after starvation
overnight. Cells were plated in a 96-well tissue culture plate at a density of
1,500/well in 50 pl of medium. Cells were allowed to adhere for 1.5 h at 37°C, and
then 50 pl of 20 ng/ml epidermal growth factor (EGF; Sigma) and/or 50 .l of 200
ng/ml heregulin-B (HRG) were added (R&D Systems). After addition of growth
factors, cells were incubated for another 2.5 h at 37°C before adding 0.5 wCi per
well (1 Ci = 37 GBq) of [*H]thymidine (ICN Radiochemicals) for the remaining
20 h of incubation. The cells were frozen at —80°C overnight and subsequently
processed on a multichannel automated cell harvester (Cambridge Technology,
Cambridge, MA) and counted in a liquid scintillation beta counter (Beckman
Coulter). All experiments were performed in sextuplet, and the highest and
lowest values were dropped from mean and standard deviation calculations.

Migration assay. Cells were starved overnight in Dulbecco modified Eagle
medium (DMEM)-0.5% fetal calf serum (FCS). Cells were trypsinized and
washed once with phosphate-buffered saline (PBS), and their concentration was
adjusted to 6 X 10°/ml in assay medium (DMEM, 10 mM HEPES, 0.5% FCS).
One hundred microliters of cell solution was added to the upper well of a 24-well
Costar Transwell chamber (6.5 mm, 8-um pore size). The undersides of the
chambers were precoated with rat tail collagen or mouse Engelbreth-Holm-
Swarm-derived laminin (Sigma) at 1 pg/ml and 0.25 wg/ml, respectively, in PBS
overnight at 4°C and then washed twice with assay medium. Cells were allowed
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to migrate for 5.5 h at 37°C by using DMEM-5% FCS as a chemoattractant. For
the inhibition studies, L'Y294002 (40 pM) and PD98059 (50 uM) (InvivoGen,
San Diego, CA) were added to the cells 1 h prior to trypsinization and main-
tained in the medium of the migration assay. Before fixing and staining of the
migrated cells with crystal violet (0.2 M boric acid, 0.05 M disodium tetraborate,
95% ethanol, PBS), cells that did not migrate were removed from the upper
surface of the filters and cell migration was quantitated by counting and taking
the sum of cells that migrated in four separate fields of at least three individual
wells.

Western blot assay. Cell lysates were collected in RIPA lysis buffer (100 mM
Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% deoxycholic acid, 1% Triton
X-100, 0.1% sodium dodecyl sulfate [SDS]) with freshly added 1 mM orthovana-
date, 50 mM NaF, and protease inhibitor cocktail (Roche). Protein concentra-
tion was determined by the bicinchoninic acid assay (Pierce). Twenty micrograms
of cell lysate was loaded in each lane, resolved by SDS-polyacrylamide gel
electrophoresis (4 to 12% or 10%; Invitrogen), transferred to nitrocellulose
membranes, and probed with specific antibodies. The antibodies used included
ErbB3 C-17 (Santa Cruz Biotechnology), c-erbB-2 Ab-17 (Lab Vision, NeoMar-
kers), anti-B-actin (Sigma), Akt (Cell Signaling), phospho-Akt (Ser-473) (Cell
Signaling), ERK1+2 (p42/44) (Cell Signaling), and phospho-ERK1+2 (Thr-202/
Thr-204) (Cell Signaling). The secondary antibodies used were anti-mouse or
anti-rabbit antibodies conjugated to horseradish peroxidase (HRP). Visualiza-
tion of antibody binding was done by enhanced chemiluminescence (ECL; Am-
ersham Pharmacia Biotech).

RESULTS

Design and validation of a dual-specificity ATF strategy. By
using well-characterized ATFs, we designed a 12-finger ZFP
that has two 6-finger ZFPs connected by a 15-amino-acid
linker, 15L (TGGGGSGGGGTGEKP) (Fig. 1). The linker
peptide was designed to be flexible and to have sufficient length
to allow the linked six-finger ZFPs to function independently.
To test the ability of a 12-finger ATF to regulate the expression
of two independent target genes, a 12-finger ZFP was created
by using two 6-finger ZFPs, E3 and 310PT, that have speci-
ficity for regulatory elements in the ErbB3 and ICAM-1 genes,
respectively (8, 9, 46). These two targets were selected because
of their robust regulation by these ATFs and because they have
not been shown to associate on the cell surface.

To inhibit gene transcription, the E3-15L-310PT cassette
was fused to an N-terminal repression domain, KRAB (Kriip-
pel-associated box protein), and the 12-finger ATF was ex-
pressed from a retroviral vector in A431 cells (47). The flow
cytometry analysis in Fig. 2A shows that A431 cells expressing
the KRAB-E3-15L-310PT protein exhibit a population of cells
with reduced fluorescence intensity, a peak shifted to the left,
compared with untransduced A431 cells. Reduced fluores-
cence indicates a decrease in the number of receptors that
bound the fluorescently labeled receptor-specific antibody
complex. The ability of a 12-finger ATF to increase gene ex-
pression was evaluated by using the dual-specificity 12-finger
protein fused to the activation domain, VP64. A431 cells ex-
pressing E3-15L-310PT-VP64 protein showed a peak with flu-
orescence intensity shifted to the right, indicating up-regula-
tion of receptor levels compared with untransduced A431 cells
(Fig. 2A). Expression of both 12-finger ATFs provided coregu-
lated expression of ErbB3 and ICAM-1 receptors.

Twelve-finger proteins were also assembled with a five-ami-
no-acid TGEKP linker (5L) between E3 and 310PT. Flow
cytometry analysis of A431 cells expressing both the activation
and repression versions of E3-5L-310PT did not show a sig-
nificant difference in the regulation of ErbB3 or ICAM-1 ex-
pression (data not shown). Based on the successful regulation
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FIG. 1. Illustration of the general assembly of 12-finger ZFP TFs. Two six-finger proteins that have binding sites independent of each other at
two different promoters are linked by a 15-amino-acid linker (TGGGGSGGGGTGEKP). An effector domain can be attached at the N terminus
(KRAB) or C terminus (VP64) of the ATF for repression or activation (shown here) of gene transcription, respectively.

achieved with ATFs linked with the 15-amino-acid linker, we
hypothesize that the longer linker allows the six-finger ZFPs to
function independently, whereas the five-amino-acid linker en-
gages the proteins to make contiguous DNA contacts. Valida-
tion of this system encouraged us to examine the potential of
this approach in a coregulatory strategy involving ErbB2 and
ErbB3.

Regulation of ErbB2 and ErbB3 expression with a 12-finger
ATF. A 12-finger ATF containing E2C and E3 ZFPs was as-
sembled by using the 15-amino-acid linker peptide and fused
to the KRAB repressor domain (KRAB-E2/3). This ATF was
expressed from a retroviral vector in three different cell lines:
A431 (ErbB2" ErbB3™); SKOV-3, an ovarian cancer cell line
(ErbB2" ErbB37); and MDA-MB-436, a breast cancer cell
line (ErbB2~ ErbB3™"). The effect of KRAB-E2/3 on expres-
sion of ErbB2 and ErbB3 in each of these cells lines is shown
in Fig. 2B. ErbB2 expression was reduced in SKOV-3 cells, and
ErbB3 expression was reduced in MDA-MB-436 cells. These
studies further demonstrate that two ZFPs fused with a single
effector domain can effectively regulate the expression of two
different genes.

Selective down- and up-regulation of ErbB2 and ErbB3.
Retroviral transduction of A431 cells was used to integrate
6-finger or 12-finger ATF DNA cassettes for stable expression
of ATF protein. The expression levels of ErbBl1, -2, and -3
were analyzed by flow cytometry 5 days after retroviral trans-
duction. Six different populations of ATF-expressing A431
cells were characterized by study of their expression of cell
surface ErbB1, ErbB2, and ErbB3 receptors as shown in Fig.
3A and B. The fluorescence-activated cell sorter (FACS) pro-
files represent the ErbB protein expression profiles of the
transduced population of cells which were used in the subse-
quent assays described. When A431 cells were transduced to
express KRAB-E2C, 79% of the cells transduced showed a
10-fold reduction in ErbB2 expression and no change in ErbB1
or ErbB3 receptor expression. Expression of ErbB3 was com-
pletely inhibited in 82% of the A431 cells transduced with

KRAB-E3. Transduction of KRAB-E2/3 resulted in 68% of
the cells showing down-regulation of both ErbB2 and ErbB3,
with no change in ErbB1 expression. Transduction of the ac-
tivation-associated TFs showed a 10-fold increase in ErbB2
expression in the 66% of the transduced A431 cells transduced
and no change in ErbB1 or ErbB3 expression levels. Expres-
sion of ErbB3 was increased 10-fold in 92% of cells transduced
to express E3-VP64, accompanied by a slight increase in ErbB2
expression (8%) and no change in ErbB1 expression. When
E2/3-VP64 was delivered by transduction, 61% of the cells had
increased levels of both ErbB2 and ErbB3, with up-regulation
of ErbB3 achieved in a greater number of cells than ErbB2
up-regulation. Controls were also evaluated that included a
stuffer fragment of DNA fused to either the KRAB or the
VP64 effector domain and a 12-finger protein with two ZFPs
that do not have binding sites in the ErbB promoters. These
controls demonstrated that either the KRAB or the VP64
domain by itself or in the context of an irrelevant ATF does not
change the level of endogenous ErbB2 or ErbB3 expression
(data not shown). To confirm the ErbB receptor regulation
shown by FACS analysis (Fig. 3A and B), Western blot anal-
yses of cell lysates derived from ATF-expressing cells were
performed by using anti-ErbB2 and anti-ErbB3 antibodies
(Fig. 3C). ErbB2 and ErbB3 protein level changes, as mea-
sured by blotting, corresponded to the levels of ErbB receptor
expression observed by flow cytometry analysis.
Up-regulation of ErbB3 increased cell proliferation. Prolif-
eration of ATF-expressing A431 cells in the absence or pres-
ence of exogenous growth factors was monitored by using
[*H]thymidine incorporation assays (Fig. 4). EGF, with speci-
ficity for ErbB1, and HRG, which binds to ErbB3 or ErbB4,
were used to evaluate ligand-induced proliferation of A431
cells (36). A431 cells showed no significant change in prolifer-
ation with addition of EGF or HRG, which is consistent with
studies with squamous cell carcinoma cell lines (76). However,
when expression of ErbB2 and/or ErbB3 was altered by using
ATTFs, the proliferation profiles in the absence and presence of
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FIG. 2. FACS analysis of 12-finger ATF-expressing cells. (A) Flow
cytometry analysis of A431 cells transduced with ATF KRAB-E3-15L-
310PT or E3-15L-310PT-VP64. (B) Flow cytometry analyses of
MDA-MB-436, SKOV-3, and A431 cells transduced with ATF KRAB-
E2C-15L-E3. Three days after transduction, cells were stained with
ErbB3-, ICAM-1- or ErbB2-specific primary antibodies, followed by a
Cy5-labeled secondary antibody. In all panels, the thin line represents
the background fluorescence distribution of A431 cells stained with the
IgG1 isotype control antibody, the dotted line is the fluorescence
distribution for the level of ErbB2, ErbB3, or ICAM-1 expressed by
untransduced A431 cells, and the bold line is the fluorescence distri-
bution of A431 cells transduced with the ATF indicated.

growth factors were altered. When ErbB2 expression was
down-regulated, a 27% decrease in proliferation was observed
upon addition of EGF. Down-regulation of ErbB3 decreased
proliferation 23% in the absence of growth factors. Addition of
EGF decreased the basal proliferation another 24%, while
addition of HRG increased basal proliferation by 40%. Addi-
tion of both EGF and HRG did not change proliferation from
basal levels. Simultaneous down-regulation of ErbB2 and
ErbB3 (E2/3) resulted in a proliferation profile similar to that
of untransduced A431 cells, although basal proliferation was
increased. Overall, up-regulation of ErbB2 and/or ErbB3 in-
creased basal proliferation. Up-regulation of ErbB2 increased
the proliferation of A431 cells 22%. Up-regulation of ErbB3
increased basal proliferation 59%, and dual up-regulation of
E2/3 increased basal proliferation of A431 cells 106%.
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FIG. 3. FACS analysis of 6-finger and 12-finger ATF-expressing
A431 cells. (A and B) Flow cytometry analysis shows A431 cells trans-
duced with ZFPs fused to an N-terminal KRAB repression domain
(A) or to a C-terminal VP64 activation domain (B). Three days after
transduction, cells were stained with ErbB1-, ErbB2-, and ErbB3-
specific primary antibodies, followed by a Cy5-labeled secondary an-
tibody. In all panels, the thin line represents the fluorescence distri-
bution of cells stained with the IgG1 isotype control antibody, the
dotted line is the fluorescence distribution for the level of ErbB2 or
ErbB3 expressed by untransduced A431 cells, and the bold line is the
fluorescence distribution of A431 transduced with the ATF indicated.
(C) Western blot analysis of 6-finger and 12-finger ATF-expressing
A431 cells. Cell lysates were separated on 4 to 12% SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes. After incu-
bation with ErbB2-, ErbB3-, and B-actin-specific primary antibodies,
followed by HRP-conjugated anti-mouse antibodies, protein-antibody
complexes were detected by using the ECL system. SS refers to the
control stuffer DNA fragment.
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FIG. 4. Proliferation of A431 cells expressing ATFs. After over-
night incubation of cells in assay medium, cells were plated in 96-well
plates. Cells were left untreated or incubated with 10 ng/ml EGF, 100
ng/ml HRG, or 10 ng/ml EGF plus 100 ng/ml HRG for 4 h before
addition of [*H]thymidine for an additional 20 h. Data are expressed as
the mean counts per minute in quadruplicate samples of each cell
population. Error bars represent the average standard deviation.
(A) From left to right, proliferation of A431 cells with down-regulated
ErbB2 expression (KRAB-E2C), wild-type A431 cells, and A431 cells
with up-regulated ErbB2 expression (E2C-VP64). (B) From left to
right, proliferation of A431 cells with down-regulated ErbB3 expres-
sion (KRAB-E3), untransduced A431 cells, and A431 cells with up-
regulated ErbB3 expression (E3-VP64). (C) From left to right, prolif-
eration of A431 cells with down-regulated ErbB2 and ErbB3
expression (KRAB-E2C/E3), untransduced A431 cells, and A431 cells
with up-regulated ErbB2 and ErbB3 expression (E2C/E3-VP64).
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FIG. 5. Migration of ATF-expressing A431 cells on collagen and
laminin. Cell migration assays were performed in Transwell chambers
precoated with 1 pg/ml collagen or 0.25 pg/ml laminin. Cells were
starved overnight in assay medium prior to plating in assay medium in
the top chamber. Bottom chambers contained medium with 5% FCS.
Cells were incubated at 37°C for 5.5 h. Migration was quantified by
counting cells that had migrated through the filters. The bar graphs
illustrate the percent cell migration relative to that of wild-type A431
cells (100%) determined from the average of triplicate assays for each
sample. Error bars represent the average standard deviation. (A) Ef-
fect of ErbB down-regulation on migration. From left to right, un-
transduced A431 cells, A431 cells with down-regulated ErbB2 (KRAB-
E2C), A431 cells with down-regulated ErbB3 (KRAB-E3), and A431
cells with both ErbB2 and ErbB3 down-regulated (KRAB-E2/3).
(B) Effect of ErbB up-regulation on migration. From left to right,
untransduced A431 cells, A431 cells with up-regulated ErbB2 (E2C-
VP64), A431 cells with up-regulated ErbB3 (E3-VP64), and A431 cells
with both ErbB2 and ErbB3 up-regulated (E2/3-VP64).

Up-regulation of ErbB2 or ErbB3 increased cell migration
on laminin. Growth factor receptor-mediated signaling has
been shown to coordinate with integrin-mediated signaling (12,
42). Immunoprecipitation studies have shown an association
between ErbB1 and ErbB2 receptors with integrins a3, and
ae, in carcinoma cell lines overexpressing ErbB2 (22). Based
on studies with keratinocytes that showed an effect of ErbB2
expression on integrin-mediated migration, we evaluated the
haptotactic migration of ATF-expressing A431 cells on two
major components of the extracellular matrix, collagen and
laminin (31). The data are shown in Fig. 5. ErbB2 down-
regulation significantly reduced A431 migration on collagen
(by 80%) and laminin (by 96%). Down-regulation of ErbB3
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and dual down-regulation of E2/3 both resulted in a 40%
decrease in migration on collagen and a 16% or 26% decrease
in migration on laminin, respectively. When ErbB2 was up-
regulated, migration on collagen was inhibited 25% and mi-
gration on laminin increased 180%. When ErbB3 alone or
both ErbB2 and ErbB3 were up-regulated, no difference in
migration on collagen was observed, yet migration on laminin
was significantly increased by 530% and 230%, respectively.
Additional migration assays were done to investigate the in-
creased migration on laminin observed with ErbB overexpres-
sion. Migration assays with E2C-VP64, E3-VP64, E2/3-VP64,
SS-VP64, and untransduced A431 were repeated with and
without the presence of the phosphatidylinositol 3-kinase
(PI3K) inhibitor LY294002 and the MAPK inhibitor PD98059.
The results of these assays were complete inhibition of migra-
tion in all of the samples in the presence of LY294002 and no
change in migration in the presence of PD98059 (data not
shown). Thus, migration of A431 cells on laminin is PI3K
dependent and not MAPK dependent.

In summary, a decrease in migration was associated with
down-regulation of ErbB3 and especially with down-regulation
of ErbB2, where migration was almost completely abolished
(Table 1). In contrast, a laminin-specific increase in migration
was observed when ErbB2 or ErbB3 was overexpressed, and
migration on laminin requires signaling through the PI3K
pathway. The most dramatic increase in migration was associ-
ated with ErbB3 up-regulation alone. The role of ErbB2 in
migration confirms results of previous studies (4, 20, 48, 65),
while to the best of our knowledge, this is the first study to
point to a role for ErbB3 in laminin-specific migration.

Effect of ErbB2 and ErbB3 regulation on Akt and ERK1/2
phosphorylation. The PI3K and MAPK signaling pathways are
associated with ErbB receptor signaling (79, 80). Akt is a
signaling intermediate of the PI3K pathway, and ERK1 and -2
are signaling intermediates of the MAPK pathway (50, 58). We
monitored the effects of ErbB2 and ErbB3 expression on the
PI3K and MAPK signaling pathways by evaluating the phos-
phorylation levels of these intermediates. Addition of EGF to
untransduced A431 cells (data not shown) or to effector do-
main control cells, KRAB-SS or SS-VP64, increased the phos-
phorylation of ERK1/2, and addition of HRG increased the
phosphorylation of Akt (Fig. 6D). Figure 6A shows the signal-
ing profile of A431 cells with altered ErbB2 expression in
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FIG. 6. Phosphorylation of Akt or ERK1/2 in ATF-expressing
A431 cells. Transduced cells were incubated overnight in assay me-
dium before addition of the following growth factor(s): 10 ng/ml EGF,
100 ng/ml HRG, or 10 ng/ml EGF plus 100 ng/ml HRG. Cells without
addition of growth factors were used as a control. After incubation
with growth factors, cells were lysed, separated on 10% SDS-polyacryl-
amide gels, and transferred to nitrocellulose membranes. After incu-
bation with phosphorylated-Akt- and phosphorylated-ERK1/2-specific
primary antibodies, followed by HRP-conjugated anti-mouse antibod-
ies, protein-antibody complexes were detected by using the ECL sys-
tem. Detection of unphosphorylated Akt and ERK1/2 served as con-
trols for changes in phosphorylation. (A) Western blot analysis of cell
lysates with ErbB2 down-regulated (KRAB-E2C) and ErbB2 up-reg-
ulated (E2C-VP64). (B) Western blot analysis of cell lysates with
ErbB3 down-regulated (KRAB-E3) and ErbB3 up-regulated (E3-
VP64). (C) Western blot analysis of cell lysates with ErbB2 and ErbB3
down-regulated (KRAB-E2C/E3) and cell lysates with ErbB2 and
ErbB3 up-regulated (E2C/E3-VP64). (D) Western blot analysis of cell
lysates following transduction with KRAB-SS and SS-VP64 control
vectors.

response to the presence and absence of EGF and HRG.
When ErbB2 expression was reduced, there was a slight in-
crease in the phosphorylation of Akt in the presence of HRG.
ErbB2 down-regulation also resulted in a decrease in ERK1/2
phosphorylation in the absence of added growth factors and
increasing levels of phosphorylated ERK1/2 with HRG, EGF,

TABLE 1. Summary of data from ErbB2 and ErbB3 regulation in A431 cells using ATFs”

) % % Migration o
Regulation Proliferation o N Signaling?

Down

ErbB2 (KRAB-E2C) 106 20 4 Akt, NC; ERK1/2, |

ErbB3 (KRAB-E3) 77 60 84 Akt, | ; ERK1/2, |

ErbB2 + ErbB3 (KRAB-E2C-15L-E3) 106 60 74 Akt, | ; MAPK, |
Up

ErbB2 (E2C-VP64) 122 75 180 Akt, | ; ERK1/2, NC

ErbB3 (E3-VP64) 159 105 530 Akt, ]; ERK1/2, 1

ErbB2 + ErbB3 (E2C-15L-E3-VP64) 206 106 230 Akt, NC; ERK1/2, |

“ All values were calculated by using the value of untreated A431 cells as 100% of the effect.

> COL, collagen.
¢ LIN, laminin.
9 Signaling was evaluated in the absence of growth factors. NC, no change.



9088 LUND ET AL.

and EGF plus HRG, respectively. For ErbB2 overexpression,
the levels of phosphorylated Akt were lower compared with
control cells, while levels of phosphorylated ERK1/2 were in-
creased when EGF was present (Fig. 6A). Figure 6B shows the
signaling profile of A431 cells with decreased and increased
ErbB3 expression. As expected with down-regulated ErbB3
expression, Akt signaling was greatly diminished. Strong
ERK1/2 activation was observed, except in the absence of
growth factors or in the presence of HRG alone. When ErbB3
was up-regulated, induction of phosphorylated Akt was ob-
served in the presence of HRG and EGF, unlike in the other
ErbB samples. Phosphorylation of ERK1/2 also showed less
induction from basal levels with addition of EGF or HRG.
When ErbB3 expression was altered, either up or down rela-
tive to untransduced A431 cells, there was a striking decrease
in unphosphorylated ERK1/2 levels. Effects on the phosphor-
ylation of Akt and ERK1/2 in A431 cells with increased or
decreased expression of both ErbB2 and ErbB3 is shown in
Fig. 6C. When ErbB2 and ErbB3 expression was down-regu-
lated, Akt and ERK1/2 phosphorylation was reduced. How-
ever, in the presence of EGF, the phosphorylation of ERK1/2
increased. When both receptors were up-regulated, there was
no difference in Akt phosphorylation from control samples.
ERKI1/2 phosphorylation was decreased in the absence of
growth factors, and induction of phosphorylation was strongest
with addition of EGF alone. Figure 6D shows the similar
signaling profiles of the KRAB-SS and SS-VP64 control trans-
duced cells, indicating that these controls did not affect signal-
ing. Overall, the signaling data demonstrate that altering
ErbB3 expression has a greater effect on the PI3K and MAPK
signaling pathways than changing ErbB2 expression. Consis-
tent with the data collected in the migration studies, signaling
observed in cells with both ErbB2 and ErbB3 affected showed
different dominant contributions from ErbB2 versus ErbB3.
For example, when both ErbB2 and ErbB3 were down-regu-
lated, the signaling profile paralleled the signaling profile of
cells with only ErbB3 down-regulated. In contrast, when both
ErbB2 and ErbB3 were up-regulated, the resulting signaling
profile paralleled that of cells with up-regulated ErbB2. These
results emphasize the utility of evaluating the effects of chang-
ing ErbB2 and ErbB3 at the same time and illustrate the
sensitivity of the ErbB signaling system to changes in the ratio
of ErbB receptor expression.

DISCUSSION

In this study, dual regulatory ATFs were prepared by linking
well-defined TFs that target two independent genes for tran-
scriptional regulation. This approach was validated with the
construction and testing of ATFs that target both the ErbB3
and ICAM-1, or the ErbB2 and ErbB3, cell surface receptors.
The bispecific ATFs carried either an activation (VP64) or a
repression (KRAB) domain in order to overexpress, or re-
press, the two different genes by using the same TF. While the
repression and overexpression that we produced could have
been achieved by using combinations of several siRNAs or
cDNAs, these methods are limited. For example, in various
tumor cell lines, alternatively spliced variants of oncogenic
proteins have been observed (21, 37, 66, 67). Alternatively
spliced ErbB2 proteins have been shown to mediate effects
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that differ from those of the full-length receptor protein (2, 62,
82). Even if several ErbB2 cDNAs were used for overexpres-
sion, it would be difficult to mimic the effects of a single ATF.
Similarly, when inhibiting gene expression by using RNA in-
terference, multiple regions of the mRNA are generally tar-
geted by using multiple siRNAs to ensure successful target
down-regulation; this increases the potential for undesirable
off-target effects (13, 39). Zinc finger TFs allow either up-
regulation of all splice variants or efficient down-regulation
through targeting of a single sequence. In this study, bispecific
ErbB2 and ErbB3 regulators were used to investigate the ef-
fects of singular or coordinate regulation of these genes.

ErbB2 and ErbB3 are relevant cancer targets based on the
successful use of ErbB2 blocking antibodies in the treatment of
breast cancer patients and based on studies that associate
ErbB3 with a role in cancer progression (3, 33, 75, 78). Recent
studies suggest that the role of ErbB2 in proliferation is a
result of signaling through an ErbB2/ErbB3 heterodimer (33).
In this study, we made the observation that increased expres-
sion of ErbB3 was associated with increased proliferation.
More interestingly, we found that simultaneous overexpression
of ErbB2 and ErbB3 produced a greater increase in prolifer-
ation than overexpression of ErbB3 in cells that already have
ErbB2 expressed on the cell surface. Differences in ErbB re-
ceptor trafficking with overexpression have been observed to
alter ErbB2/ErbB3 dimerization patterns (81). Consistent with
the role for ErbB3 in increased proliferation, down-regulation
of ErbB3 expression produced a decrease in basal prolifera-
tion. When both ErbB2 and ErbB3 were down-regulated, the
basal proliferation of cells was largely unaffected. Down-regu-
lation of ErbB2 alone, or ErbB2 and ErbB3 simultaneously,
resulted in levels of proliferation that were comparable to
untransduced A431 cell proliferation. This result is consistent
with siRNA inhibition of ErbB1 in A431 cells and studies of
proliferation in other squamous cell lines that show that the
ErbBl1 receptor plays a key role in maintaining cell prolifera-
tion (28, 49, 63). With growth factor stimulation, the most
dynamic changes in proliferation were observed with down-
regulation of ErbB3. When ErbB3 was down-regulated, cells
showed a proliferative response to the combined stimulation of
EGF and HRG that was greater than that observed for EGF
alone. Other samples did not show a response to the combi-
nation of growth factors that was greater than the stimulation
observed with the addition of either single factor. Although
ErbB3 is considered the main receptor for HRG on A431 cells
in the absence of detectable levels of ErbB4 expression (68),
even with ErbB3 down-regulation, proliferation was stimulated
in response to HRG.

Advanced stages of cancer are characterized by the metas-
tasis of the primary tumor to secondary sites in the body. A key
step in this process is the migration of cancer cells. We eval-
uated changes in migration as a result of changes in ErbB
receptor expression. Collagen and laminin are central proteins
in the extracellular matrix of the epidermis and have been
associated with cancer cell motility (32, 54). Previous studies
have demonstrated the role of ErbB2 in cell motility by using
an intrabody for the down-regulation of ErbB2 expression (48,
65). Consistent with these studies, we observed that down-
regulation of ErbB2 significantly inhibited migration on both
collagen and laminin. As also shown by Kawahara et al., de-
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creased MAPK activity, as a result of ErbB down-regulation,
correlated with decreased migration (38, 43). Surprisingly, si-
multaneous down-regulation of ErbB2 and ErbB3 did not in-
hibit migration to the extent observed for down-regulation of
ErbB2 alone. These results were unexpected yet are consistent
with the differences in signaling we observed (Fig. 6). The
specific role of ErbB3 in migration has not, to our knowledge,
been investigated. When ErbB3 was down-regulated, migra-
tion on collagen and laminin decreased. However, with ErbB3
overexpression, significant increases in migration on laminin
were observed. Migration on laminin, even at basal levels, was
PI3K dependent, as determined by using a PI3K inhibitor. The
increase in migration observed with ErbB3 overexpression is
consistent with efficient coupling of ErbB3 signaling with the
PI3K signaling pathway (23) and may represent increased
ErbB2/3 heterodimer formation and signaling through PI3K. A
similar disparity in migration profiles between KRAB-E2C and
KRAB-E2/3 and between E3-VP64 and E2/3-VP64 was noted.
In these samples, migratory changes were greater in the cells
that were modulated in their expression of a single receptor.
Therefore, by using the bispecific TFs, we were able to deter-
mine that changes in the expression of one receptor were not
independent of changes in other ErbB receptor populations.
Although studies have examined the effect of stimulated sig-
naling through ErbB1 versus ErbB3, or through activation of
particular integrins on migration (31, 38, 48, 65), bispecific
ATFs provide a new set of tools for further study of the mo-
lecular details of ErbB receptor expression and the motility of
cancer cells.

The signal transduction data from our study confirmed the
differences observed between one-gene versus two-gene regu-
lation. For example, cells that overexpressed ErbB3 showed
differences in migration on laminin compared to cells that
overexpressed both ErbB2 and ErbB3; differences were also
evident in basal MAPK signaling and GF-induced signaling
(Fig. 6). Overexpression of ErbB3 in cells stimulated with EGF
activated both the PI3K and MAPK pathways, whereas EGF
stimulation of cells that overexpressed both proteins stimu-
lated only MAPK signaling. These types of differences empha-
size that ErbB receptor signaling is based not on absolute
levels of receptor expression but rather on the ratio of ErbB
receptors expressed and the dynamic nature of homodimeric
and heterodimeric interactions.

The ability to regulate two receptors at a time was a result of
novel TF design and provided insight into the dynamics of the
ErbB receptor signaling network in A431 cells. Our data high-
lighted the synergistic relationship between ErbB2 and ErbB3
in cell proliferation, identified a role for ErbB3 in laminin-
mediated migration, and provided signaling data that showed
that ErbB receptors respond to dimer-inducing growth factors
differently, depending on the ratio of ErbB receptors ex-
pressed. Characterization of the ErbB receptor network in
additional cell lines will refine the model of ErbB receptor
interactions in both normal and cancer cells and will further
our understanding of the contribution of these receptors to the
initiation, progress, and metastasis of various cancers. The
application of bispecific ATF technology also has the potential
to provide insight into other signaling pathways since current
zinc finger technology allows any gene to be targeted (7, 10). In
addition, the application of bispecific ATFs with dual regula-
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tory abilities is promising for cancer therapy, as evidenced by
multiple studies that show the efficacy of drug combinations in
chemotherapy (14, 19, 40, 69).
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