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Introduction

ErbB4 is a member of the signaling network composed of the EGF (epidermal growth
factor) family of peptide hormones and the ErbB family of receptor tyrosine kinases. We have
hypothesized that ErbB4 is a mammary-specific tumor suppressor. Indeed, we have preliminary
data that indicate that overexpression of ErbB4 causes the EGF family hormones EGF and
Neuregulin to inhibit DNA synthesis of a human mammary tumor cell line.

This IDEA award is partially supporting our efforts to elucidate the role of ErbB4 in
mammary tumorigenesis. The five tasks enumerated in the approved Statement of Work are to
(1) generate a constitutively-active ErbB4 mutant; (2) assess whether the constitutively-active
ErbB4 mutant inhibits the proliferation of human mammary cell lines; (3) assess whether the
constitutively-active ErbB4 mutant malignantly transforms the growth of human mammary cell
lines; (4) generate ErbB4 double mutants in the context of the constitutively active mutant that
are either deficient for kinase activity or contain mutations at tyrosine phosphorylation sites; (5)
assess whether ErbB4 kinase activity or specific ErbB4 tyrosine phosphorylation sites are critical
for coupling to biological activity.
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Report Body

1. Generate a constitutively active ErbB4 mutant. The overall goals of the proposed
research are to generate a constitutively active ErbB4 mutant and to use this mutant to probe
ErbB4 function. We attempted to construct a constitutively active ErbB4 mutant by deleting the
extracellular ligand-binding domain. However, we could not stably express this ErbB4 mutant.
We attempted to construct a constitutively active ErtbB4 mutant by replacing the transmembrane
domain of human wild-type ErbB4 with the transmembrane domain of a constitutively active rat
ErbB2/HER2/Neu mutant. However, we could not stably express this ErbB2-ErbB4 chimeric
protein.

Our third attempt to generate a constitutively active ErbB4 mutant involved introducing
single cysteine substitutions at five different locations in the ErbB4 extracellular juxtamembrane
domain. Of these five ErbB4 mutants, three (Q646C, H647C, A648C) appear to be
constitutively active for signaling; they exhibit greater kinase activity in the absence of ligand
than does wild-type ErbB4 and they exhibit more tyrosine phosphorylation in the absence of
ligand than does wild-type ErbB4 [1]. Thus, we have completed this task. These data were
reported in the Annual Report submitted in July 2002. Thus, they are not shown here. However,
they can be found in a reprint included in the appendix (Penington, et al., 2002).

2. Assess whether the constitutively active ErbB4 mutant inhibits the proliferation of
human mammary cell lines. Expression of ErbB4 and its ligands in rodent mammary glands
peaks during a period of mammary gland differentiation late in pregnancy just prior to childbirth
[2]. We have preliminary data that indicate that ErbB4 overexpression in the SKBR3 human
mammary tumor cell line causes the EGF family hormones EGF and NRG1 to inhibit cellular
DNA synthesis (Figure 1). This is consistent with published data from a competing laboratory
demonstrating that ErbB4 expression in a panel of human mammary cell lines correlates with
growth inhibition by NRG1p [3]. These published and unpublished data suggests that ErbB4 is
coupled to growth arrest and that ErbB4 may be a tumor suppressor.

We have developed a simple assay for growth inhibition by the constitutively active
ErbB4 mutants (Figure 2). We have infected cell lines of interest (human breast and prostate cell
lines) with recombinant retroviruses that express the constitutively active ErtbB4 mutants as well
as a selectable marker (the neomycin resistance gene, which confers resistance to the antibiotic
G418). We have also infected these cell lines of interest with control recombinant retroviruses
that contain the neomycin resistance gene alone (vector control) or with retroviruses that contain
the neomycin resistance gene along with either wild-type ErbB4 or a constitutively active ErtbB2
mutant (ErbB2*). Following infection, we have selected for drug resistance. We divide the
number of drug-resistant colonies by the volume of virus used in the infection to determine the
viral titer for each combination of virus stock and cell. In parallel we determine the titer of each
virus stock in the control mouse C127 fibroblast cell line (which has been shown to be
nonresponsive to ErbB4 signaling [1]). Finally, we quantify growth inhibition by each virus by
dividing the viral titer in the cell lines of interest by the viral titer in mouse C127 cells. This
ratio will be reduced for those stocks that are growth inhibitory in the cell lines of interest
(Figure 2).

Using this strategy, we have shown that the Q646C ErbB4 mutant inhibits formation of
drug-resistant colonies in plastic dishes by the DU-145 and PC-3 human prostate tumor cell lines
[4]. These data were reported in the Annual Report submitted in July 2002. Thus, they are not
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shown here. However, they can be found in a reprint included in the appendix (Williams, et al.,
2003).

More recently, we have shown that the Q646C ErbB4 mutant inhibits formation of drug-
resistant colonies in plastic dishes by the MCF-10A human mammary epithelial cell line and the
MCF-7 and SKBR-3 human mammary tumor cell lines (Figure 3, Figure 4, and Figure 5). The
Q646C ErbB4 mutant typically inhibits colony formation by 60-70% and this inhibition is
statistically significant (p < 0.05 comparing ErbB4 Q646C to the vector control). However, the
Q646C ErbB4 mutant does not inhibit colony formation by the MDA-MB-453 and T47D human
mammary tumor cell lines (Figure 6).

Next, we wished to determine the effect of signaling by the Q646C ErbB4 mutant on
MCF-10A cells. We speculated that ErbB4 signaling is coupled to growth arrest or to apoptosis
in these cells. We distinguished between these two possibilities by modifying an assay that we
had developed to demonstrate that the bovine papillomavirus E2 gene causes growth arrest in
human cervical cancer cell lines [5]. We infected 1000 MCF-10A or C127 cells with 10000
colony-forming units (cfu) of the recombinant retrovirus that expresses wild-type ErbB4 or with
an equal amount of the recombinant retrovirus that expresses the Q646C ErbB4 mutant. At the
time of infection, we circled 20 isolated cells using a permanent marker. Four to seven days
after infection we examined the marked cells to determine whether they remained present as
single cells, whether they were absent, or whether they had formed a colony of cells. This
enabled us to determine whether the Q646C ErbB4 mutant specifically couples to growth arrest
(cell is present), apoptosis (cell is absent), or has no effect on cell behavior (cell forms a colony).

In multiple trials, expression of wild-type ErtbB4 has no effect on colony formation by
MCF-10A cells (Figure 7 and Figure 8). However, compared to mock infected MCF-10A cells,
expression of the Q646C ErbB4 mutant inhibits colony formation by MCF-10A cells by more
than 50% and increases growth arrest of MCF-10A cells by more than 100% (Figure 8). The
inhibition of colony formation and increase in growth arrest by the Q646C ErbB4 mutant is
statistically significant (p<0.005 in both cases — see Figure 8). In contrast, in C127 fibroblasts
the Q646C ErbB4 does not significantly inhibit colony formation or increase growth arrest
(Figure 8). Thus, constitutive ErbB4 signaling inhibits colony formation on plastic by coupling
to growth arrest.

Finally, we attempted to generate stable cell lines following infection of a panel of human
mammary cell lines (MCF-7, MCF-10A, SKBR-3) with the recombinant retroviruses that
express the constitutively active ErtbB4 mutants. We had hoped to assess whether the Q646C
ErbB4 mutant or either of the other two constitutively active ErbB4 mutants affects mammary
cell growth rates or saturation densities. Unfortunately, very few drug-resistant colonies arose
following infection with the recombinant retrovirus that carries the Q646C ErbB4 mutant. This
is not surprising given that the Q646C ErbB4 mutant is growth inhibitory. Furthermore, those
colonies that did arise failed to ectopically express wild type ErbB4 (data not shown). This is not
surprising given that expansion of cells infected by the retrovirus that carries the Q646C ErbB4
mutant would select for those cells that fail to express the Q646C ErtbB4 mutant. In any event,
not only have we been unable to assess the effects of ErbB4 signaling on MCF-7, MCF-10A and
SKBR3 cells, we have also been unable to generate the cell lines necessary for the third task
(below).

3. Assess whether the constitutively active ErbB4 mutant malignantly transforms the
growth of human mammary cell lines. The constitutively active ErbB4 mutants do not
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malignantly transform the growth of rodent fibroblast cell lines [1]. They do not induce growth
in semi-solid medium in an assay for anchorage independence. They do not stimulate the growth
rate or saturation density. Finally, they do not induce foci in an assay for loss of contact
inhibition. These data were reported in the Annual Report submitted in July 2002. Thus, they are
not shown here. However, they can be found in a reprint included in the appendix (Penington, et
al., 2002).

Because the constitutively active ErbB4 mutants fail to malignantly transform the growth
of fibroblasts we believe it is unlikely that the constitutively active ErbB4 mutants will stimulate
or increase anchorage-independent growth human mammary tumor cell lines. Furthermore, as
we stated earlier, we are unable to stably express the Q646C ErbB4 mutant in human mammary
cell lines. So, not only are we unable to pursue the experiments described in this task, there are
no data that suggest that ErbB4 will malignantly transform the growth of human mammary cell
lines. Thus, we believe that we have pursued this task to its conclusion, even though we have
not been able to explicitly complete the task.

4. Generate ErbB4 double mutants in the context of the constitutively active mutant that
are either deficient for kinase activity or contain mutations at tyrosine phosphorylation sites.
We have constructed an ErbB4 mutant that is deficient for tyrosine kinase activity (K751M) and
subcloned it into the background of the constitutively active ErbB4 Q646C mutant. This ErbB4
double mutant is designated Q646C Kin". We have also constructed an ErbB4 mutant that has all
nine putative tyrosine phosphorylation sites (Y1022, Y1056, Y1150, Y1162, Y1188, Y1202,
Y1242, Y1258, and Y1284) mutated to phenylalanine. This mutant is designated Chg9F. We
have also generated a set of mutants that have all but one of the nine putative tyrosine
phosphorylation sites mutated to phenylalanine. The critical mutant of this set is the mutant that
retains the putative tyrosine phosphorylation site at amino acid 1056 but has had the remaining
putative tyrosine phosphorylation sites mutated to phenylalanine. This mutant is designated
Chg8F-Y1056. Both the Chg9F and Chg8F-Y 1056 mutants have been subcloned into the
background of the constitutively active ErbB4 Q646C mutants. These mutants are designated
Q646C Chg9F and Q646C Chg8F-Y1056.

5. Using the ErbB4 double mutants, assess whether ErbB4 kinase activity or specific
ErbB4 tyrosine phosphorylation sites are critical for coupling to biological activity. The ErbB4
Q646C Kin" mutant does not inhibit drug-resistant colony formation by the MCF-10A human
mammary epithelial cell line or by the MCF-7 or SKBR-3 human mammary breast tumor cell
lines (Figure 2, Figure 3, Figure 4, Figure 5). Thus, ErbB4 tyrosine kinase activity is required
for the constitutively active Q646C ErbB4 mutant to couple to growth inhibition in these three
cell lines.

Preliminary data indicate that the ErbB4 Q646C Chg9F mutant fails to inhibit drug-
resistant colony formation by the MCF-10A and MCF-7 cell lines. In contrast, the ErbB4
Q646C Chg8F-Y 1056 mutant inhibits drug-resistant colony formation by the MCF-10A and
MCF-7 cell lines to the same extent as the ErbB4 Q646C mutant (Figure 9). Thus,
phosphorylation of ErbB4 tyrosine 1056 appears to be necessary and possibly sufficient to
couple ErbB4 to growth inhibition of human mammary cell lines.
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Key Research Accomplishments
Task 1
- Generated a number of putative constitutively active ErbB4 mutants.
- Identified three ErbB4 mutants that exhibit ligand-independent tyrosine phosphorylation
and increased tyrosine kinase activity.

Task 2

- Demonstrated that the constitutively active Q646C ErbB4 mutant inhibits drug-resistant
colony formation by MCF-10A human mammary epithelial cells and by the
SKBR-3 and MCF-7 human mammary tumor cell lines. Demonstrated that none
of the constitutively active ErbB4 mutants inhibits drug-resistant colony
formation by the MDA-MB-453 and T-47D human mammary tumor cell lines.

- Demonstrated that the constitutively active Q646C ErbB4 mutant inhibits drug-resistant
colony formation by the DU-145 and PC-3 human prostate tumor cell lines.

- Tried to generate a panel of human mammary (tumor) cell lines that express the
constitutively active ErbB4 mutants. Demonstrated that the Q646C ErbB4 mutant
is not expressed in infected MCF-10A, MCF-7 or SKBR-3 cell lines.

Task 3
- Demonstrated that the constitutively active ErbB4 mutants do not malignantly transform
the growth of rodent fibroblast cell lines.
- For technical reasons described elsewhere in this report, we have been unable to pursue
this task further.

Task 4 .
- Generated a kinase-deficient version of the constitutively active EtbB4 Q646C mutant.
- Generated versions of the constitutively active ErtbB4 Q646C that lack all or all but one
of the putative sites of ErbB4 tyrosine phosphorylation.

Task 5

- Demonstrated that a kinase-deficient version of the constitutively active ErbB4 Q646C
mutant fails to inhibit drug-resistant colony formation by the MCF-10A, MCF-7,
and SKBR-3 cell lines. Thus, demonstrated that kinase activity is required to
couple the constitutively active ErbB4 Q646C mutant to growth inhibition in
these cells.

- Tentatively demonstrated that the ErbB4 Q646C YChg9 mutant fails to inhibit drug-
resistant colony formation by the MCF-10A and MCF-7 cell lines, whereas the
ErbB4 Q646C YChg8-Y 1056 mutant does inhibit drug-resistant colony formation
by these same two cell lines. Thus, tentatively demonstrated that phosphorylation
of ErbB4 tyrosine 1056 appears to be necessary and possibly sufficient to couple
ErbB4 to growth inhibition of human mammary cell lines.
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Reportable Outcomes

Meeting Abstracts Related to Project

Pitfield, S.E., E.E Williams, L.J. Trout, R.M. Gallo, I. Bryant, D.J. Penington and D.J.
Riese II. “A Constitutively Active ErbB4 Mutant Inhibits Drug-Resistant Colony
Formation By Human Breast and Prostate Cell Lines.” Nineteenth Annual Meeting
On Oncogenes, Hood College, Frederick, MD, June 2003.

Penington, D.J., E.E. Williams, S.S. Hobbs, J. Vanderpoel, R. M. Gallo, S. Slavik, E.M.
Cameron, I. Bryant, A.T.D. Le, E.N. Blommel, S. Shukla, R.P. Hammer, V.J. Watts,
and D.J. Riese II. “Multifaceted Approach to Study and to Target ErbB Family
Receptor Signaling and Coupling to Biological Responses.” Era of Hope Meeting,
Orlando, FL, September 2002.

Williams, E.E., I. Bryant, S. Slavik, S. Shukla, J. Martin, D.J. Penington, and D.J. Riese
II. “A Constitutively-Active ErtbB4 Mutant Inhibits Colony Formation by Human
Breast and Prostate Cell Lines.” Era of Hope Meeting, Orlando, FL, September 2002.

Bryant, I., E.E. Williams, L.J. Trout, S. Pitfield, S. Shukla, J. Martin, R.M. Gallo, D.J.
Penington, and D.J. Riese II. “A Constitutively Active ErbB4 Mutant Inhibits Colony
Formation by Human Breast and Prostate Cell Lines.” Tyrosine Phosphorylation and
Signal Transduction Meeting, Salk Institute, La Jolla, CA, August 2002.

Williams, E.E. and D.J. Riese II. “A Constitutively Active ErbB4 Mutant Inhibits Colony
Formation by Human Prostate Tumor Cell Lines.” American Association of Colleges
of Pharmacy Annual Meeting, Kansas City, MO, July 2002.

Byrant, L, S. Shukla, E.E. Williams, J. Martin, D.J. Penington, and D.J. Riese II. “A
Constitutively Active ErbB4 Mutant Inhibits Colony Formation by Human Breast and
Prostate Cell Lines.” American Society for Microbiology Annual Meeting, Salt Lake
City, UT, May 2002.

Penington, D.J., S. Shukla, I. Bryant, J. Vanderpoel, E.E. Williams, S.S. Hobbs, E.M.
Cameron, A.T.D. Le, E. Blommel, C. Denson, S. Sajan, A. Morris, S. Slavik, G. Park,
F. Cruz-Guilloty, R.P. Hammer, D. Beussman, and D.J. Riese II. “Multifaceted
Approach to Study and to Target ErbB Family Receptor Signaling and Coupling to
Biological Responses.” Gordon Conference on Protein Phosphorylation and Second
Messengers, June 2001.

Penington, D.J., I. Bryant, S. Shukla, E.E. Williams, G. Park, F. Cruz-Guilloty, and D.J.
Riese II. “Construction and Analyses of Constitutively Active ErbB4 Mutants.”
Tyrosine Phosphorylation and Signal Transduction Meeting, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, May 2001.
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Reportable Outcomes (continued)

Publications Related to Project

Penington, D.J., . Bryant, and D.J. Riese II. “Constitutively Active ErbB4 and ErbB2
Mutants Exhibit Distinct Biological Activity.” Cell Growth Differentiation 13:
247-256 (2002).

Williams, E.E., L.J. Trout, R. M. Gallo, S.E. Pitfield, I. Bryant, D.J. Penington, and D.J.
Riese II. “A Constitutively-Active ErbB4 Mutant Inhibits Drug-Resistant Colony
Formation by the DU-145 and PC-3 Human Prostate Tumor Cell Lines.” Cancer
Letters 192: 67-74 (2003).

Bryant, L., S.E. Pitfield, R.M. Gallo, G. Park, D.J. Penington, and D.J. Riese II. “ErbB4
Kinase Activity and Phosphorylation of ErbB4 Tyrosine 1056 Couple A
Constitutively-Active ErbB4 Mutant to Growth Inhibition in Human Mammary
Cell Lines.” Manuscript in Preparation.

Funded Grant Applications Related to Project

A grant application submitted to the USAMRMC PCRP for additional funding to
support our efforts to analyze ErbB4 function in prostate cancer cells was selected
for funding (DAMD17-02-1-0130, Dr. David J. Riese II, PI).

We were awarded an undergraduate research fellowship by the American Association of
Colleges of Pharmacy to support our efforts to analyze ErbB4 function in prostate
cancer cells (Mr. Eric Williams, PI; Dr. David J. Riese II, mentor).

We were awarded an undergraduate research fellowship by the American Society for
Microbiology to support our efforts to analyze ErbB4 function in breast and
prostate cancer cells (Ms. Ianthe Bryant, PI; Dr. David J. Riese II, mentor).

Degrees Earned Related to Project
Mr. Desi Penington wrote and successfully defended a master’s degree thesis entitled
“Construction and analysis of constitutively-active mutants of the ErbB4 receptor
tyrosine kinase” that is based on the results of the studies described in Task 2.
Mr. Penington was awarded an MS in August 2001.
Mr. Eric Williams was awarded a PharmD in May 2003. His PharmD project was
entitled, “Role of ErbB4 Signaling in Prostate Tumorigenesis.”

Page 10




Final Report
David J. Riese II, PI
DAMD-17-00-1-0416

Conclusions

We have made significant progress on the proposed research plan. We have generated
three constitutively active ErbB4 mutants. These mutants do not malignantly transform the
growth of fibroblasts. Indeed, one of these mutants (Q646C) is coupled to growth arrest and
inhibition of drug-resistant colony formation in human breast and prostate cell lines. These data
suggest that ErbB4 may act as a tumor suppressor gene in the mammary and prostate glands.
Growth inhibition by the ErbB4 Q646C mutant requires ErbB4 kinase activity and
phosphorylation of ErbB4 at tyrosine 1056. Thus, we have adequately addressed all five tasks of
the approved statement of work.
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Appendices: List of Documents (27 pages total)

Figures (9 pages)

Figure 1. Overexpression of ErbB4 in the SKBR3 human breast tumor cell line causes
inhibition of DNA synthesis by EGF and NRGIp.

Figure 2. An assay for inhibition of drug-resistant colony formation can be used to identify
growth inhibitory ErbB4 mutants.

Figure 3. The constitutively active Q646C ErbB4 mutant inhibits drug-resistant colony
formation by the MCF-10A human mammary epithelial cell line.

Figure 4. The constitutively active Q646C ErbB4 mutant inhibits drug-resistant colony
formation by the MCF-7 human mammary tumor cell line.

Figure 5. The constitutively active Q646C ErbB4 mutant specifically inhibits drug-resistant
colony formation by the MCF-10A human mammary epithelial cell line and the MCF-
7 and SKBR3 human mammary tumor cell lines.

Figure 6. The constitutively active Q646C ErbB4 mutant does not inhibit drug-resistant
colony formation by the T47D and MDA-MB-453 human mammary tumor cell lines.

Figure 7. The constitutively active Q646C ErbB4 mutant causes growth arrest of MCF-10A
human mammary epithelial cells.

Figure 8. The constitutively active Q646C ErbB4 mutant causes growth arrest, but not
apoptosis, of MCF-10A human mammary epithelial cells.

Figure 9. Phosphorylation of tyrosine 1056 is necessary and possibly sufficient to couple the
ErbB4 Q646C mutant to inhibition of drug-resistant colony formation by MCF-10A
cells.

Journal Articles (18 pages)

1. Penington, D.J., I. Bryant, and D.J. Riese II. “Constitutively Active ErbB4 and
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2. Williams, E.E., L.J. Trout, R. M. Gallo, S.E. Pitfield, I. Bryant, D.J. Penington, and
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Colony Formation by the DU-145 and PC-3 Human Prostate Tumor Cell
Lines.” Cancer Letters 192: 67-74 (2003).
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Figure 1. Overexpression of ErbB4 in the SKBR3 human breast tumor cell line causes inhibition
of DNA synthesis by EGF and NRG1p.
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. SKBR3 Control . SKBR3/ErbB4

Control SKBR3 cells and an SKBR3 cells transfected with an ErbB4 expression vector
(SKBR3/ErbB4) were starved overnight in serum free medium. They were then stimulated for
48 hours with 10 ng/mL EGF or NRG1p in fresh serum-free medium. DNA synthesis was
assayed by measuring incorporation of *H-Thymidine. Results are expressed as a percentage of
DNA synthesis observed following mock stimulation with phosphate buffered saline (PBS).
Unpublished data.
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Figure 2. An assay for inhibition of drug-resistant colony formation can be used to identify '
growth inhibitory ErbB4 mutants.
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2000 CFU/ml 19000 CFU/ml 6000 CFU/ml 17000 CFU/ml
10.5% Efficiency 35.3% Efficiency

Q646C Mutant Inhibits Colony Formation by ~ 70%

We have infected cell lines of interest (human breast and prostate cell lines) with recombinant
retroviruses that express the constitutively active ErbB4 mutants as well as a selectable marker
(the neomycin resistance gene, which confers resistance to the antibiotic G418). We have also
infected these cell lines of interest with control recombinant retroviruses that contain the neomycin
resistance gene alone (vector control) or with retroviruses that contain the neomycin resistance
gene along with either wild-type ErbB4 or a constitutively active ErbB2 mutant (ErbB2*).
Following infection, we have selected for drug resistance. We divide the number of drug-resistant
colonies by the volume of virus used in the infection to determine the viral titer for each
combination of virus stock and cell. In parallel we determine the titer of each virus stock in the
control mouse C127 fibroblast cell line (which has been shown to be nonresponsive to ErbB4
signaling [1]). Finally, we quantify growth inhibition by each virus by dividing the viral titer in
the cell lines of interest by the viral titer in mouse C127 cells. This ratio will be reduced for those
stocks that are growth inhibitory in the cell lines of interest. In the example shown in the figure
above, the Q646C mutant inhibits drug-resistant colony formation by approximately 70%. This
value is calculated by dividing 10.5% by 35.3% and by subtracting this result from 100%. This
strategy is described in detail in reference 4.
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Figure 3. The constitutively active Q646C ErbB4 mutant inhibits drug-resistant colony
formation by the MCF 10A human mammary epithelial cell line.

Mock
<
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Q646C AB48C  QB46C Kin-

MCF-10A human mammary epithelial cells were infected with recombinant retroviruses that
express the neomycin resistance gene along with one of the three constitutively active ErbB4
mutants (Q646C, H647C, and A648C). As controls, MCF-10A cells were infected with a
recombinant retrovirus that expresses only the neomycin resistance gene (LXSN), or the neomycin
resistance gene together with either wild-type ErbB4 (ErbB4) or a constitutively active ErbB2
mutant (ErbB2*). MCF-7 cells were also mock infected or infected with a recombinant retrovirus
that expresses the neomycin resistance gene along with a kinase-deficient, Q646C ErbB4 double
mutant (Q646C Kin-). Following infection, cells were incubated in 600 pg/mL to select for
infected, drug-resistant cells. After approximately 10 days of selection, colonies of drug-resistant
cells were visualized by staining the tissue culture plates with Giemsa. The plates were rinsed,
dried, and digitized using a UMAX Astra 24008 flatbed scanner set for a resolution of 300 dots
per inch (dpi). This composite figure was assembled using Adobe Photoshop. This figure is taken
from reference 5 and is representative of at least five independent sets of infections.

N
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Figure 4. The constitutively active Q646C ErbB4 mutant inhibits drug-resistant colony
formation by the MCF7 human mammary tumor cell line.
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MCF-7 human mammary tumor cells were infected with recombinant retroviruses that express the
neomycin resistance gene along with one of the three constitutively active ErbB4 mutants
(Q646C, H647C, and A648C). As controls, MCF-7 cells were infected with a recombinant
retrovirus that expresses only the neomycin resistance gene (LXSN), or the neomycin resistance
gene together with either wild-type ErbB4 (ErbB4) or a constitutively active ErbB2 mutant
(ErbB2*). MCF-7 cells were also mock infected or infected with a recombinant retrovirus that
expresses the neomycin resistance gene along with a kinase-deficient, Q646C ErbB4 double
mutant (Q646C Kin-). Following infection, cells were incubated in 600 pg/mL to select for
infected, drug-resistant cells. After approximately 10 days of selection, colonies of drug-resistant
cells were visualized by staining the tissue culture plates with Giemsa. The plates were rinsed,
dried, and digitized using a UMAX Astra 24008 flatbed scanner set for a resolution of 300 dots
per inch (dpi). This composite figure was assembled using Adobe Photoshop. This figure is taken
from reference 5 and is representative of at least five independent sets of infections.
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Figure 5. The constitutively active Q646C ErbB4 mutant specifically inhibits drug-resistant
colony formation by the MCF-10A human mammary epithelial cell line and the MCF-7
and SKBR3 human mammary tumor cell lines.

Viral titers Colony formation efficiency

Virus Celt line Ratios

Stock c127 MCF 7 MCF 10A SKBR3 MCF 7/C127 MCF 10A/C127 SKBR3/C127
Vector 7.41E405 6.89€+04 3.85E404 5.64E+04 9.7% £ 1.4% 5.1% + 0.8% 7.3% £ 1.3%
ErbB2" 3.22E+405 4.15E+04 1.63E+04 2.44E404 15.2% + 3.0% 5.1% + 0.9% 7.0% £ 0.7%
ErbB4 WT 2.03E+05 2.49E+04 1.22E+04 1.51E+04 15.0% + 3.2% 5.5% + 0.5% 81% ¢+ 1.7%
Q646C 7.18E+405 2.01E+04 1.43E+04 1.60E+04 *3.0% £ 0.5% *1.7% 2 0.2% *22%+0.3%
H647C 9.79E+05 B.01E+D4 7.10E+04 5.21E+04 9.6% + 1.4% 7.6% +0.8% 5.5% 1 0.9%
A648C 2.41E+05 2.91E+04 2.17E+04 1.75E+04 13.3% + 2.0% 8.6% 1 0.7% 6.8% + 0.9%
Q646C Kin- 4.96E+05 5.92E+04 3.20E+04 4.05E+04 14.7% + 2.6% 56% 1 0.7% 91% £ 21%

P < 0.05 {Comparing Q646C to Vector )

MCF-7, MCF-10A, and SKBR3 cells were infected with recombinant retroviruses that express the
neomycin resistance gene along with one of the three constitutively active ErbB4 mutants
(Q646C, H647C, and A648C). As controls, these cells were infected with a recombinant
retrovirus that expresses only the neomycin resistance gene (Vector), or the neomycin resistance
gene together with either wild-type ErbB4 (ErbB4 WT) or a constitutively active ErbB2 mutant
(ErbB2*). These cells were also mock infected or infected with a recombinant retrovirus that
expresses the neomycin resistance gene along with a kinase-deficient, Q646C ErbB4 double
mutant (Q646C Kin’). Following infection, cells were incubated in 600 pg/mL to select for
infected, drug-resistant cells. In parallel, mouse C127 cells were infected and 1 mg/mL G418 was
used to select for infected cells. After 10-20 days of selection, colonies of drug-resistant cells
were visualized by staining the tissue culture plates with Giemsa.

The number of drug-resistant colonies was divided by the volume of virus used in the infection to
determine the viral titer for each combination of virus stock and cell line. Colony formation
efficiency for each combination of virus stock and cell line was calculated by dividing the viral
titer in the cell lines of interest by the viral titer in mouse C127 cells. (The viral titer data for
C127 cells can be found in Figure 5.) This ratio will be reduced for those stocks that are growth
inhibitory in the cell lines of interest. In the figure shown above, the Q646C mutant inhibits drug-
resistant colony formation by the MCF-7 cell lines by approximately 70%. This value is
calculated by dividing 3.0% by 9.7% and by subtracting this result from 100%. This figure is
taken from reference 5 and represents at least 5 independent sets of infections.
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Figure 6. The constitutively active Q646C ErbB4 mutant does not inhibit drug-resistant colony
formation by the T47D and MDA-MB-453 human mammary tumor cell lines.

Viral titers Colony formation efficiency

Virus Cell line Ratios

Stock MDA-MB453 T-47D MDA-MB 453/C127 T-47D/C127
Vector 2.30E+04 1.71E+04 31% +0.7% 1.9% + 0.6%
ErbB2* 1.80E+04 9.08E+03 6.7% + 1.8% 2.5%+0.7%
ErbB4 WT 1.13E+04 4.36E+03 6.2% + 1.4% 2.0% + 0.4%
Q646C 1.72E+04 7.28E+03 *2.9% + 1.0% **0.8% + 0.2%
H647C 3.17E+04 1.66E+04 3.6%+1.0% 1.5% + 0.5%
AB648C 7.95E+03 5.74E+03 4.0% +1.1% 2.2% + 0.6%
Q646C Kin- 2.15E+04 1.18E+04 5.9% + 2.0% 2.0% + 0.6%

*p=0.848 **p=0.096

(Comparing Q646C to Vector)

MDA-MB-453 and T-47D cells were infected with recombinant retroviruses that express the
neomycin resistance gene along with one of the three constitutively active ErbB4 mutants
(Q646C, H647C, and A648C). As controls, these cells were infected with a recombinant
retrovirus that expresses only the neomycin resistance gene (LXSN), or the neomycin resistance
gene together with either wild-type ErbB4 (ErbB4) or a constitutively active ErbB2 mutant. These
cells were also mock infected or infected with a recombinant retrovirus that expresses the
neomycin resistance gene along with a kinase-deficient, Q646C ErbB4 double mutant. Following
infection, cells were incubated in 600 ug/mL to select for infected, drug-resistant cells. In parallel,
mouse C127 cells were infected and 1 mg/mL G418 was used to select for infected cells. After
10-20 days of selection, colonies of drug-resistant cells were visualized by staining the tissue
culture plates with Giemsa.

The number of drug-resistant colonies was divided by the volume of virus used in the infection to
determine the viral titer for each combination of virus stock and cell line. Colony formation
efficiency for each combination of virus stock and cell line was calculated by dividing the viral
titer in the cell lines of interest by the viral titer in mouse C127 cells. This ratio will be reduced
for those stocks that are growth inhibitory in the cell lines of interest. However, as shown in the
figure shown above, the Q646C mutant fails to inhibit drug-resistant colony formation by the
MDA-MB-453 and T-47D cell lines. This figure is taken from reference 5 and represents at least
five independent sets of infections.
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Figure 7. The constitutively active Q646C ErbB4 mutant causes growth arrest of MCF -10A
human mammary epithelial cells.

ErbB4 Q646C

We infected 1000 MCF-10A or C127 cells with 10000 colony-forming units (cfu) of the
recombinant retrovirus that expresses wild-type ErbB4 or with an equal amount of the
recombinant retrovirus that expresses the Q646C ErbB4 mutant. At the time of infection, we
circled 20 isolated cells using a permanent marker. Four to seven days after infection we
examined the marked cells to determine whether they remained present as single cells, whether
they were absent, or whether they had formed a colony of cells. Photomicrographs were taken of
representative fields. This figure is taken from reference 5 and is representative of the results of
three independent sets of experiments.
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Figure 8. The constitutively active Q646C ErbB4 mutant causes growth arrest,

but not apoptosis, of MCF-10A human mammary epithelial cells.

Cell Fate Following Infection

Cell Line  Virus Present  Absent Colony

c127 Mock 3.0 0.0 17.0
ErbB4 5.0 0.5 14.5
ErbB4 Q646C 5.5 0.0 14.5
ErbB4 vs Q646C p=0.841 p=0.978

MCF 10A  Mock 6.0 2.3 11.8
ErbB4 4.5 2.8 12.8
ErbB4 Q646C 13.3 1.3 5.5
ErbB4 vs Q646C p=0.003 p=0.001

We infected 1000 MCF-10A or C127 cells with 10000 colony-forming units (cfu) of the

recombinant retrovirus that expresses wild-type ErbB4 or with an equal amount of the

recombinant retrovirus that expresses the Q646C ErbB4 mutant. At the time of infection, we
circled 20 isolated cells using a permanent marker. Four to seven days after infection we
examined the marked cells to determine whether they remained present as single cells, whether
they were absent, or whether they had formed a colony of cells. The results were tabulated and
averages from three independent sets of infections were calculated. This enabled us to determine
whether the Q646C ErbB4 mutant specifically couples to growth arrest (cell is present), apoptosis
(cell is absent), or has no effect on cell behavior (cell forms a colony). This figure is taken from

reference 5.
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Figure 9. Phosphorylation of tyrosine 1056 is necessary and possibly sufficient to couple the
ErbB4 Q646C mutant to inhibition of drug-resistant colony formation by MCF-10A and

MCEF-7 cells.
Viral Titers Colony Formation Efficiency

Virus Cell Line Ratios

Stock C127 MCF-10A MCF-10A/C127

Vector 5.43E+05 1.13E+04 2.01%

ErbB4 WT 7.37E+05 1.63E+04 2.16%

Q646C 1.24E+06 5.50E+03 0.43%

Q646C Chg8F-Y1056 2.98E+06 9.15E+03 0.22%

Q646C Chg9F 1.93E+04 5.85E+02 3.24%

MCEF-10A celis were infected with recombinant retroviruses that express the neomycin resistance
gene along with one of the three following ErbB4 mutants: Q646C, Q646C Chg8F-Y1056, or
Q646C Chg9F. As controls, these cells were infected with a recombinant retrovirus that expresses
only the neomycin resistance gene (LXSN), or the neomycin resistance gene together with wild-
type ErbB4 (ErbB4 WT). These cells were also mock infected. Following infection, cells were
incubated in 600 ug/mL to select for infected, drug-resistant cells. In parallel, mouse C127 cells
were infected and 1 mg/mL G418 was used to select for infected cells. After 10-20 days of
selection, colonies of drug-resistant cells were visualized by staining the tissue culture plates with
Giemsa.

The number of drug-resistant colonies was divided by the volume of virus used in the infection to
determine the viral titer for each combination of virus stock and cell line. Colony formation
efficiency for each virus stock was calculated by dividing the viral titer in the MCF-10A cells by
the viral titer in mouse C127 cells. This ratio will be reduced for those stocks that are growth
inhibitory in the cell lines of interest. In the figure shown above, the Q646C mutant inhibits drug-
resistant colony formation by the MCF-7 cell lines by approximately 80%. This value is
calculated by dividing 0.43% by 2.01% and by subtracting this result from 100%. This figure is
taken from reference 5 and represents two independent sets of infections.
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Constitutively Active ErbB4 and ErbB2 Mutants Exhibit

Distinct Biological Activities'

Desi J. Penington, lanthe Bryant, and
David J. Riese II?

Department of Medicinal Chemistry and Molecular Pharmacology,
Purdue University, West Lafayette, Indiana 47907-1333

Abstract

ErbB4 is a member of the epidermal growth factor
receptor (EGFR) family of tyrosine kinases, which
includes EGFR/ErbB1, ErbB2/HER2/Neu, and ErbB3/
HERS3. These receptors play important roles both in
normal development and in neoplasia. For example,
deregulated signaling by ErbB1 and ErbB2 is observed
in many htiman malignancies. In contrast, the roles
that ErbB4 plays in tumorigenesis and normal
biological processes have not been clearly defined. To
identify the biological responses that are coupled to
ErbB4, we have constructed three constitutively active
ErbB4 mutants. Unlike a constitutively active ErbB2
mutant, the ErbB4 mutants are not coupled to
increased cell proliferation, loss of contact inhibition,
or anchorage independence in a rodent fibroblast cell
line. This suggests that ErbB2 and ErbB4 may play
distinct roles in tumorigenesis in vivo.

Introduction

ErbB4 (HER4/p180°4) is a member of the EGFR® (EGFR/
ErbB) family of receptor tyrosine kinases. These receptors
play important roles in the embryonic development of heart,
lung, and nervous tissues (1-4), and they have been impli-
cated in the progression of metastatic disease. For example,
EGFR/ErbB1 is overexpressed, amplified, or mutated in a
number of human malignancies including breast, ovary,
prostate, and lung cancers (5-7). ErbB2 overexpression cor-
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relates with tumor aggressiveness and poor prognosis in
node-positive breast cancer patients (reviewed in Ref. 8).
Finally, ErbB3 overexpression is observed in a subset of
human mammary and gastric cancers (9, 10).

Some reports indicate 