AWARD NUMBER: W81XWH-04-1-0759

TITLE: Development of an Universal Chemo-Sensitizer to Support Breast Cancer Treatment: Based on the
Heregulin Sequence

PRINCIPAL INVESTIGATOR: Dr. Ruth Lupu

CONTRACTING ORGANIZATION: Evanston Northwestern Healthcare Research Institute
Evanston, IL 60201-1718

REPORT DATE: December 2005

TYPE OF REPORT: FINAL

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



F A d
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
December 2005 Final 30Sep2004 - 290ct2005

4. TITLE AND SUBTITLE Ba. CONTRACT NUMBER
Development of an Universal Chemo-Sensitizer to Support Breast Cancer W81XWH- 04-1-0759

Treatment: Based on the Heregulin Sequence 5. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

Dr. Ruth Lupu 5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: Jupu.ruth@mavyo.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Evanston Northwestern Healthcare Research Institute
Evanston, IL 60201-1718

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

ABSTRACT

14. Breast cancer is a major disease in the Western world affecting a large percentage of adult women. An effort to find potential chemical agents
for the treatment of this disease has been made in many research laboratories. Our studies have focused on a protein called heregulin (HRG),
which is a factor involved in the growth of the tumor mass as well as in the progression of the breast carcinomas to a more aggressive type of
breast cancer. HRG has been shown to induce tumor growth in animal models. Similar to a growing number of growth factors, HRG was also
found in the nuclear compartment of breast cancer cells after the cells were treated with HRG, or in cells in which the HRG protein has been
expressed. An unexpected facet of this protein has been discovered: when cancer cells are treated with HRG, they become more favorably
sensitive to some chemotherapeutic drugs. Interestingly, we found that a specific region of HRG sensitizes breast cancer cells to conventional
chemotherapy, and moreover that it does not promote the growth of breast cancer cells. We hypothesize that HRG and specific regions of HRG
are involved in distinct cellular processes and can be used to develop a universal chemosensitizer. The proposed study will address the
possible mechanism responsible for the sensitization function of the HRG protein and its derived mutants on chemotherapeutic drugs. The
proposed study will advance our understanding of breast cancer progression and will add new targets for improvements in chemotherapy. The
functions of HRG that will be investigated are of great importance to breast cancer treatment, and have not previously been addressed. This
study will confirm the novel idea that this protein does not act only as a growth factor as previously asserted, but also, and significantly, as a
major player involved in other processes. The experiments that we propose will advance our understanding, and open new avenues for
successful chemotherapy of breast cancer.

15. SUBJECT TERMS

Nothing listed
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
B B B Unclassified code)
Unclassified Unclassified Unclassified 9

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Table of Contents

Reportable OULCOMES ... ... e e e e e e ee e

Conclusion.

References.

Appendices



FINAL PROGRESS REPORT
ABSTRACT

BACKGROUND: Heregulin (HRG) expressing cells are markedly more sensitive to doxorubicin (DOXO). Cells
genetically engineered to overexpress HRG are aggressive and have the ability to bypass the normal estrogen
requirements for growth. These HRG expressing cells are antiestrogen independent in vitro and in vivo. It has
been shown that HRG internalizes to the nucleus, its localization from the nucleus to a diffused cytoplasmic
localization modulated by a deletion of the putative nuclear localization signal. Moreover, a deletion of the
transmembrane domain and the NLS confers a marked increased sensitivity to DOXO, a commonly used drug
for the treatment of hormone-independent breast carcinomas. The increased sensitization achieved by this
mutant HRG protein has been attributed to its entrapment in the cells, making it incapable of being secreted to
the media and thereby activating the HER-2 signaling pathway. We identified a minimal sequence derived from
the HRG protein that is capable of sensitizing breast cancer cells to DOXO without any perceptible adverse
effect. Furthermore, we have recently generated small cDNA's sequences derived from the HRG full length
sequence and transfected breast cancer cell lines to conclude that these sequences, which do not contain the
EGF-like domain of HRG, do not promote cell growth but induce the sensitization of breast cancer cells to most
chemotherapeutic drugs used for the treatment of breast cancer including DOXO, Taxol and cisplatin. The
GFP-HRG-mutant-protein was localized to the perinuclear region of breast cancer cells after transfection.
Further experimentation is critical for the full understanding of the mechanism of response to conventional
agents and to evaluate biological compound as chemosensitizer.

RATIONALE/PURPOSE: The identification of a region within the HRG sequence capable of sensitizing breast
cancer cells to a wide variety of chemotherapeutic agents without inducing growth prompted us to recognize
this molecule as a potential “universal chemosensitizer” to be use clinically in combination with many of the
chemotherapeutic clinically used today for the treatment of breast cancer. We propose to develop a
“biomolecule” derived from these HRG sequences, conjugate it to a protein delivery reagent and test it in
breast cancer cells. The purpose of developing such compound is to use it in chemotherapeutic regimens in
order to minimize the dosage and systemic toxicity of chemotherapeutic drugs, thus improving their efficacy in
breast cancer treatment. We are entering an era in which basic research and clinical medicine are being united
by molecularly directed therapeutic decisions. These experiments will allow the effective and use of tools while
also suggest the optimum way in which to combine new biological agents with older established drugs.
OBJECTIVES: The objective of this concept proposal is to prove the theory of generating a chemosensitizer
for breast cancer cells. To develop a biomolecule based on the HRG-mutant-protein as a “universal
chemosensitizer” commonly used chemotherapeutic drugs based therapies for the treatment of breast cancer
patients, and to determine its ability to sensitize breast cancer cells in vitro and in vivo.

METHODS: The putative “universal chemosensitizer’ derived the HRG-mutant-protein will be generated in
large quantities as recombinant protein using conventional baculovirus technology, already used in our
laboratory. The protein will then delivered into cells in culture using the protein delivery system “Chariot” using
the BioPorter protein delivery system. This delivery system has a unique lipid formulation that allows direct
translocation of proteins into living cells. We will perform anchorage-dependent and -independent growth
assays in the presence of the “putative chemosensitizer” and chemotherapeutic drugs, including DOXO, Taxol,
cisplatin (CDDP), VP-16, 5FU and others. IC50’s will be determined for the drugs in the presence and absence
of increasing concentrations of the “chemosensitizer”. After in vitro assays are concluded, we will extend our
studies to the in vivo models generated in our laboratory (1, 2). For the in vivo studies we will take two
approaches, initially we will use the breast cancer cells developed to expressed the chemosensitizers cDNA
(already generated in our laboratory) and treat the mice with chemotherapeutic drugs in a dose and time
dependent manner. Tumor growth, regression and sensitization will be some endpoints.

BENEFIT: The benefit of this study will be the generation of “universal chemosensitizer” specific for breast
cancer. The use of this compound in combination with chemotherapeutic drugs should result in the increased
efficacy of a diverse type of chemotherapeutic regimens by lowering their systemic cytotoxicity and preventing,



or delaying the acquisition of drug-resistance. At a minimum, we will prove that that this HRG-mutant sequence
sensitizes three chemotherapeutic drugs used today for the treatment of breast cancer.

RESULTS:

1: Generation of HRG deletion mutants and recombinant HRG mutant proteins: We have generated four
deletion mutants of HRG, as illustrated in Figure 1. Two strategies were followed: 1) we generated deletion
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a green fluorescence protein (GFP).
HRG: Wild type (WT), HRG-M4: This mutant is lacking the C-terminal and N-terminal domains of HRG. NH2
terminal deletion will prevent this mutant from exerting intracrine action. Deletion of the C-terminal region,
which is variable among different HRG subtypes, might affect binding preferences of HRG to different subtypes
of its receptors, and thus modulate its physiological effects as mediated through erbB receptors.

2. HRG exhibits nuclear-associated functions. It well-characterized autocrine action involving
transactivation of the erbB-2 orphan receptor, we and others previously demonstrated that HRG can also
localize in the nuclei of actively dividing cells transfected with the HRG cDNA or in cells treated with **I-HRG
protein. These findings strongly suggest that HRG may be a novel member of the nuclear matrix proteins
and/or a DNA-binding protein. Moreover, considering that HRG

on its own actively modulates breast cancer chemosensitivity in a
erbB-2-independent manner, it is reasonable to suggest that its
nuclear localization may be a key molecular feature determining
the ability of HRG to regulate breast cancer cell sensitivity to
DNA-damaging agents through the regulation of a nuclear
component differentially responding to these agents. We recently
envisioned that the nuclear localization of HRG may be a key v HTHEEHE  Fcoon
molecular feature determining its ability to enhance DOXO- RO
induced cytotoxicity. We have concluded that HRG must have a | .- N
NLS at the NH,-terminal. We have identified a novel NLS in the R,KEGRGKGKKKERGSG}ER
extracellular domain of the HRG-protein between the fourth and
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the sixteenth amino acids, which does not fully resemble any of the known nuclear localization sequences, but
has close homology to the NLS that is found in the p53 protein (Figure 2).



To confirm its functionality, we deleted the first 33 amino acids [ g

of the HRG sequence, containing the putative NLS. Then, the Full-length ARG
ANLS-HRG construct was cloned into a mammalian expression
vector as fusion protein with the green fluorescence protein
(GFP) to allow its visualization. The HRG-negative, mammary
epithelial breast cancer cell line MCF-7, was transiently
transfected with the ANLS-HRG-GFP or full-length HRG-GFP
fusion expression plasmids, and the localization of the fusion
proteins was analyzed using indirect immunofluorescence and
confocal microscopy. Remarkably, the deletion of the putative
NLS domain of HRG completely prevented its transport to the
nucleus. Moreover, a striking peri-nuclear accumulation of the
HRG protein lacking the NLS sequence was clearly seen in
most cases (Figure 3a).

Figure 3

Immunofluorescence
Microscopy

ConfocalMicroscopy

This cellular localization of ANLS-HRG was markedly different
from the evidently nuclear localization of the full-length HRG
protein (Figure 3b). These results confirm that HRG contains a
functional NLS, which is essential for the translocation of the
growth factor to the nucleus in breast cancer cells. We have
previously shown that breast cancer cells engineered to
overexpress HRG exhibit an enhanced susceptibility to the
lethal effects of the topoisomerase Il inhibitor DOXO. To
determine whether the impairment of the NLS-dependent
nuclear localization of HRG negatively regulated the ability of
the full-length HRG protein to sensitize breast cancer cells to DOXO-induced cytotoxicity, MCF-7 cells were
retro-virally transduced with the full-length HRG cDNA (MCF-7/HRG cells), with the structural deletion mutant
of HRG (MCF-7/ANLS-HRG), or with the empty vector (MCF-7/pBabe). Stable cell lines were characterized.

Immunofluorescence
Microscopy

ConfocalMicroscopy

3. PM2 Blocks Erbb-2 Tyrosine Phosphorylation: After the identification of the minimum PM sequence that
would still block the activation of the erbB-signaling pathway induced by HRG. In this way we conducted
phosphorylation assays and treated cells with HRG in the presence or absence of increasing concentrations of
PM2 (A). We used PM1 (B) as a control. As seen in Figure 4, inhibition of erbB-2 phosphorylation was
determined by inducing transactivation of the erbB receptor by HRG and the blockage using PM2 inhibitor: (A-
top panel) while it does not block phosphorylation of EGFR (A- bottom panel).
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From these studies we concluded that PM2 is a potential candidate to block erbB2 signaling and
perhaps develop it as a therapeutic targeted therapy. We further determined that PM2 blocks
dimerization of erbB2 with other erbB- receptors and that PM2 blocks cell growth induced by
heregulin. In addition, we showed that PM2 blocks tumor formation of erbB2 overexpressing breast
cancer cells when inoculated in athymic nude mice.




4. HRG induces the sensitivity of breast cancer cells to DOXO requires a nuclear localization:
Exponentially growing cells were incubated with increasing concentrations of DOXO for 60 minutes. After drug
incubation and rinse, cells were incubated in drug-free media for 1 hour repair period. Then, a single-cell

suspension was prepared by a 5-min exposure to 0.1% trypsin in PBS,
~500-1,000 cells/200 pl/well were re-plated in 96-well plates, and cell

viability was determined after 7 days using a MTS assay.

MCF-7 cells stably overexpressing the full-length HRG protein became
more sensitive to DOXO, when compared to the parental or the empty
vector-transduced MCF-7 cells. This sensitization effect was particularly
significant when very low concentrations of DOXO (50 and 100 nM)
Interestingly, the cells transduced with the ANLS-HRG
mutant did not show any increase in DOXO sensitivity. Indeed, the

were used.

exclusion of HRG from the nucleus returned breast

sensitivity to DOXO to the levels observed in wild-type MCF-7 and

matched control MCF-7/pBabe cells (Figure 5).
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6: ANLS-HRG deletion mutant (HRG-M4) sensitizes

erbB2 activation: We tested whether HRG-M4 was seq
autocrine fashion. To do so, we performed experiments
using HRG-M4 recombinant-protein and tested the auto-
activation of erbB2 receptor. HRG and Maltose binding
protein (MBP) were used as positive and negative
controls, MDA-MB-453 cells were treated with
conditioned media (CM) derived from the different M4
clones, to assess the ability, if any, of the secreted HRGH
M4 protein to induce erbB2 tyrosine phosphorylation, and
to assess whether the HRG-M4 secrete a biologically
active HRG mutant, MCF-7/V (CM), c) we analyzed theg
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place, cell lysates derived from MCF-7 parental cells, (MCF-7-WT, MCF-7 cells transfected with the full-length
HRG cDNA (MCF-7/HRG), and MCF-7 cells transfected with ANLS-HRG deletion mutant cDNA (MCF-
7/HRG/M4) were collected in after 24 hours of serum free conditions (Figure 6A) Our results demonstrated
that a decrease in erbB2 expression with an increase in perbB2 phosphorylation. Determining that

while HRG downregulates the expression of erbB2 it induces its transactivation.

MCF-7 cells stably

transfected with the HRG-M4 construct were assessed for the sensitivity to Doxo and cell viability using the
MTS assay Figure 6B. As a comparison we have added an additional figure in which we are comparing side by




side the sensitivity achieved via the introduction of either the HRG full length CDNA and the HRG mutant into
MCF-7 cells. Although the wild type HRG does induce DOXO sensitivity of breast cancer cells, itis tis
important to emphasize that the HRG mutant induces a much higher degree of sensitization. This was
achieved merely by the deletion of the NLS and the COOH domains. Other HRG mutants generated in
the laboratory did not induce DOXO sensitivity. We have also demonstrated a similar increase in DOXO
sensitivity.

7. A deletion mutant of HRG lacking N-terminus sequence and the cytoplasmic domain of the HRG
protein (MCF-7/HRG/M4) enhances CDDP effectiveness. HER-2 activation in HRG-promoted CDDP
resistance: It was not clear, however, which functions can be attributed to the nuclear HRG and which
functions, if any, can be independent of HER receptor activation. Therefore, we finally investigated whether
secretion of HRG and therefore activation of HER-2/neu receptor are necessary and/or sufficient events in the
HRG-promoted cellular resistance to CDDP. To determine whether a HGR-dependent transactivation of HER-2
was required for HRG-promoted resistance to CDDP, we constructed a structural mutant of HRG that lacks N-
terminus sequences (a putative nuclear localization signal —NLS- that will be discussed later in the preliminary
data section) and the cytoplasmic domain of HRG (HRG/M4). HRG/M4 protein, although stably expressed in
MCF-7 cells, is sequestered into a cellular

compartment and is not secreted into the culture |  MCF-THRG b

ia, i ' i : Figure 7
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These results demonstrate that deletion of the : : 4 | i _.——
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the capability of HRG to promote CDDP '
resistance in breast cancer cells. Figure 7a: Top :
panel: Herceptin exposure significantly down- T e S T
regulate HRG-promoted transactivation of erbB2 CDDP (M)
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receptor in erbB2-negative MCF-7/HRG cells after

exposure to 20 pg/ml Herceptin for 24, 48, and 72 h. Bottom panel: Analysis of the nature of interaction
between Herceptin and CDDP in MCF-7/HRG cells. For each pair of columns, the height of the columns of the
left represents the sum of the effect of each agent alone and, therefore, the expected cell toxicity if their effect
is additive when used in combination. The total height of the columns on the right indicates the observed cell
toxicity when the agents are used in combination. The difference between the heights of the paired columns
reflects the magnitude of synergism on cell toxicity (‘(p< 0.05; ~ p< 0.005, Student’s t test). Figure 7b: MTT
assays on MCF-/PBabe and MCF-7/M4 cells in the presence and absence of increasing concentrations of
CDDP.

Overall, these data derived from MCF-7/HRG, MCF-7/HRG-M4 cells strongly suggest that activation of
the erbB-2 signaling is sufficient to induce a prominent degree of resistance to CDDP in breast cancer
cells. Moreover, transactivation of erbB-2through the —COOH region of the HRG structure is necessary
for trastuzumab-induced sensitization to CDDP-induced cytotoxicity and apoptosis. Nevertheless, it
should be noted that a largely unknown function of the nuclear HRG is necessary to promote the
highest level of cell protection against CDDP-induced cell death.




8. Alanine Modifications of PM2 to PM2-congers and Activity as measured by blockage of erbB-2
phosphorylation. Each of the amino acids of the core PM2 will be replaced with alanine as shown in Table 1.
After each replacement, peptide mimetics were generated and tested for activity. As seen, changing the four
first amino acids does not change the great activity to inhibit erbB-2 phosphorylation.

With that | nd decided t Table 1 Table 2

i at in mind we decided to

develop more stable peptide PM2-CONGER ACTIVITY PM2-CONGERS ACTIVITY
mimetic congers and design LGLRSLRE s

modifications at the N-terminal, LGLRSLRA . LGLRSLRE il
C-terminal and both. As seen in LGLRSLAE -

Table 2, the modifications at the LGLRSARE - LGLRSLRE-(NH2)

C-terminal retain the activity of LGLRALRE +-

the PM2-congers. It remains to LGLASLRE -+ Ac-LGLRSLRE it
determine what other LGARSLRE 4+

modifications could be achieve LALRSLRE N Ac-LGLRSLRE:-(NH2)

to attain a much stable PM- AGLRSLRE .

Conger that will still block activation of the erbB pathway and induce sensitization to chemotherapeutic drugs.

9. Generation of PM2-C-modification: To reach the best PM2

conger and the best chemosensitizer we generated and tested +

many peptide-mimetic compounds and screen them initially in a
kinase assay. Second, we tested the leading PM-congers to
block phosphorylation of the erbB signaling pathway. An
example of six different PM2-C (Congers) tested (Figure 8). Our
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results show that while PM2-C2 and C4 fail to inhibit erbB-2 +

phosphorylation, PM2-C1 and C3 significantly inhibit the

erbB2 phosphorylation.
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10. PM2 induces breast cancer cell sensitivity Cisplatin (CDDP) or Doxorubicin (DOXO): CDDP
cytotoxicity in breast cancer cells was determined following a 5-days treatment with graded concentrations of

CDDP (5 > 75uM) or DOXO (50-
1000 uM). The metabolic status of
CDDP-treated cells was  first
evaluated using a MTT-based cell
viability assay and constructing dose-
response curves. CDDP
concentrations required to produce
the median effect (D, analogous to
the 1Cso value) were calculated using
the Chou & Talalay approach. CDDP
sensitivity was significantly induced
(Table 3) as well as the sensitivity to
DOXO (Table 4).

Table 3 Dm % Iensitivity Table 4 Dim % Sensitivity
to COOP te DOXO
Pri1-C1 55 12 P 1-C1 75 12
PI1-CE &7 b PH1-C2 a9 1
PR 2-C2 L 19 P2.C2 T2 18
Pl 2-C4 ) 21 Pi2-C4 a0 a1
PMZ-C1 10 a7 PM2-C1 3 9a
PM2-C3 8 Ch PM2-C3 2 94
PM2-C5 ] 23 PM2-C5 4 a7

A median effect plot of CDDP in cells where f, = the fraction of cells, f, = the fraction of cells unaffected, and D
= drug dose. Dy, is the dose required to produce the median-effect (a dose required for 50% decrease of cell
viability; analogous to the 1Cs, value) and it was obtained from the of the X-intercept of the median-effect plot X
= log (D) versus Y = log [fu/f,] or D, = 107 "ereerm “\vare £, is the fraction affected by dose D (e.g., 0.9 if cell
viability is decreased by 90%) and f, is the unaffected fraction (thus, f, = 1-f;). m is the Hill coefficient. r is the




linear regression correlation coefficients (r-values) of the median-effect plots reflect that the dose-effect
relationships for CDDP conform to the principle of mass action (in general, r-values > 0.9 confirm the validity of
this methodology)

In addition, we performed assays, Taxol, VP-16 and 5FU. We determined the IC50’s for each one of the drugs
in the presence and absence of increasing concentrations of the best PM2-Cogerns. The overall conclusion
was that PM2-C3 had the chemosensitization effect using three different chemotherapeutic drugs: CDDP,
DOXO and Taxol. A more stable PM2-C3 would need to be sensitized to continue with in vivo experiments.

During the year of our studies we accomplished the generation of a universal chemosensitizer specific
for breast cancers resistant tee mayor chemotherapeutic agents. The identification of this compound
results in the possible increased efficacy of a diverse type of chemotherapeutic regimens by lowering
their systemic cytotoxicity and preventing, or delaying the acquisition of drug-resistance. At a
minimum, we will prove that that this HRG-mutant sequence sensitizes three chemotherapeutic drugs
used today for the treatment of breast cancer.





