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NCI
Cancer
2015 USA

New
Cases and
Deaths

Cancer Type Estimated New Cases

Bladder 74,000

Breast (Female - Male) 231,840 - 2,350

Colon and Rectal (Combined) 132,700

Endometrial 54,870

Kidney (Renal Cell and Renal Pelvis) Cancer

Leukemia (All Types)

Lung (Including Bronchus)

Melanoma

Mon-Hodgkin Lymphoma

Pancreatic

Prostate

Thyroid
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Estimated Deaths

16,000

40,290 - 440

45,700

10,170

14,080

24,450

158,040
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Top cancer drugs based on revenue worldwide 2013

0 1 2 3 Revepue in billion U.S. dpllars 6 7 8 9

Rituxan/MabThera (Roche) 7.78

|

|

Avastin (Roche) 6.75
I

Herceptin (Roche) 6.56

Gleevec (Novartis) 4,69
Alimta (Eli Lilly) 2.7;
Velcade (J&J/Takeda) 26

Erbitux (Merck & Co.) 1.87

Zytiga (J&J) 1.7:

Revlimid (Celgene) 1.09

Further information regarding this statistic can be found on page 8.

|
|
|
‘ Lupron/Eligard (AbbVie) 1.7;3


http://www.statista.com/statistics/288538/top-cancer-drugs-based-on-revenue/

Changes in 5-year Cancer Survival Rates over 20 Years
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Hopefully, recent progress has dramatically improved
survival in the last 5 years?
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ErbB Receptors and Cancer

m Misregulation of ErbBs is strongly correlated with a
variety of cancers: breast, head and neck, non-small cell
lung cancer, etc. :

. 25-30% breast cancer patients overexpress ErbB2.
. 20-45% breast cancer patients overexpress EGFR.

. Co-overexpression of EGFR and ErbB2 are associated
with aggressive malignancy.

EGFR ecd dimer
reveals dimerization
EGFR targeted with arm

Human EGF mouse mAb (225) Phase | I_Ezsi%ls FDA approves FDA approves
identified mAb 225 Herceptin Erbitux

. g Ab 4D5 AB 22
1st growth factor EGFR identified ErbB2 ErbB3 ErbB4 (m ) (m 3 FDA
NGE discovered as 1st RTK discovered discovered| discovered | | approves
| | I I lapatinib

1952 62 65 78 80 83 84 85 87 88 89 92 93 94 95 98 2002 03 04 05 06 O7
TKI FDA FDA

| I
2nd growth factor  EGFR ErbB2 found |described approves approves
EGF discovered discovered _amplified Phasell Phaselll Iressa erlotinib
in breast cancer mAb 4D5 mAb 4D5
EGFR cloned and ErbB2 targeted mAb 2C4 in FDA approves
found amplified with development Panitumumab
in cervical carcinoma mAb 4D5 and 2C4




ErbB Receptors and Cancer
Swain et al. New England J Med, 2015

Addition of Pertuzamab to treat metastatic
breast cancer

A oOwverall Survival
1004t aumy .
o0
&0+
T0-
&0
50
40—
304

20-
Hazard ratio, 0.68 (95% Cl, 0.56—0.84)
104 p<o.001

Pertuzumab, 168 events

Control, 221 events

Overall Survival (%)

| | | | | | T 1
0 10 20 30 40 50 60 70 80

MNo. at Risk



ErbB
Receptors
and
Cancer

Swain et al. New

England J Med,
2015
Addition of
Pertuzamab to
treat metastatic
breast cancer

Adverse Event

Most common events of any grade

— no. of patients (%)
Alopecia
Diarrheaz
Meutropenia
MNausea
Fatigue
Rashi
Asthenia
Decreased appetite
Peripheral edema
Vomiting
Myalgia
Mucosal inflammation
Headache
Constipation
Upper respiratory tract infections
Pruritusz
Febrile neutropenia
Dry skin

Muscle spasmi

Control Group

(N=261)

6 (2.3)
37 (14.2)
13 (5.0)
30 (11.5)
25 (9.6)
21 (8.0)
23 (8.8)
14 (5.4)
32 (12.3)
17 (6.5)
19 (7.3)
4 (L.5)
32 (12.3)
18 (6.9)
32 (12.3)
15 (5.7)
0
10 (3.8)
6 (2.3)

Pertuzumab Group

(N=306)

5 (1.6)
86 (28.1)
10 (3.3)
39 (12.7)
41 (13.4)
56 (18.3)
41 (13.4)
22 (7.2)
28 (9.2)
30 (9.8)
25 (8.2)
11 (3.6)
52 (17.0)
17 (5.6)
56 (18.3)
42 (13.7)
0
10 (3.3)
24 (7.8)




Therapeutics

targeting ErbB

receptors and
their
downstream

activation
partners

¢ Cetuximab
* Panitumumab

EGFR ERBB2 - : ERBBZ ERBB3
- * Trastuzuma -
Z\CI:EHIW?SA \\ / * Pertuzumab
ual-action ;
Ab targeting - M —
EGFR and ERBB3)

* Lapatinib
¢ Neratinib
¢ Afatinib

* Gefitinib
* Erlotinib
* Lapatinib
* Neratinib
» Afatinib

HSP90 inhibitors
(e.g. 17-AAG and
[PI-504)

BRAF inhibitors
(e.g. GSK2118436
and PLX4032)

MEK inhibitors
(e.g. GSK1120212
and AZD6244)

——]
_|

Proliferation Survival

@LM bispecine Ab>
» AMG-388

MEHD7945A
(dual-action

Ab targeting
EGFR and ERBB3)

PI3K inhibitors
(e.g. GDC-0941
and PX-886)

AKT inhibitors
(e.g. MK2206
and GDC-0068)

mTOR inhibitors

(e.g. rapamycin
and INK128)




Signal Transduction Pathways Activated by ErbB Receptors

EGFR, HER2, TGFa
|—Receptor-speciﬁc Iigands—| HER3, or HER4 lnte::éli(:ln%
EGF NRGs NRGs y, EGFR
= / EEE
TGFa B-cellulin ' g

Amphiregulin HB-EGF
B-cellulin ‘\
HB-EGF i

Epiregulin
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Cell proliferation
Cell survival
Invasion and metastasis

Tumor-induced neoan{*enesh



Tethered Conformation of EGFR
Extracellular Domain
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sLigand-induced, receptor-
mediated dimerization
Dimerization a pre-

requisite for activation

‘ Extended Conformation

Tethered Conformation

Mutations to the domain Il
dimerization arm abolish
EGFR homodimerization.

.Dawson, et al. Mol. Cell. Biol.
25, 2005




Current Therapeutics

= Anti-EGFR and Anti-ErbB2 drugs are
among the most advanced breast
cancer therapeutics.

= MADb-based (monoclonal antibody):

m Trastuzumab (Herceptin), pertuzumab,
cetuximab (Erbitux)

= TKI (tyrosine kinase inhibitors):
m Gefitinib, erlotinib, lapatinib



EGFR Homodimerization Interface

Y246/Y251
“Hotspot”

Garrett
Cell
2002,
110, 763-
773
(PDB:1M
OX)




DEVELOPMENT OF CONSENSUS vHTS PROTOCOL
ROB YANG - PH.D. THESIS

AUTODOCK 4.0 WAS USED TO DOCK COMPOUNDS INTO A DOCKING BOX CENTERED ON ACTIVE SITE.

DOCKING POSES WERE SCORED BY EIGHT INDEPENDENT SCORING FUNCTION AND THE CONSENSUS USED.

The Larmackian genetic algorithm with Solis and Wets local search was used to
generate 100 docking poses per compound. All poses were subsequently scored using:
HP, HM, HS (implemented in X-score 1.2.189), D-score, PMF, G-score, Chem-score
(implemented in Sybyl 7.3 CSCORE module), and Dfire90. A consensus score for each
pose was calculated by summing the rankings given by each of the 8 scoring functions.

Figure 2.1. Evaluation of the vHTS

protocol against four testing cases shown

in an enrichment curve analysis. In each

case. multiple known ligands were mixed
—o-Cdk2 in with ~2000 random compounds to
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Table 2.1: Efficacy and robustness of the vHTS protocol.

VALIDATION OF vHTS PROTOCOL WITH VARIETY OF TARGETS

ROB YANG = PH.D. THESIS

Targets Covera gelg,;,l Coveragejss; Coveragespe; Coveragesgy, Best’
Cdk2 3% 49% 67% 79% 0.05%
PMII 60% 100% 100% 100% 0.65%

ER 69% 81% 94% 100% 0.05%

HSP20 0% 20% 60% 100% 13.21%

Avg 33% 63% 80% 100% 3.5%

—

ICovera Z€faction — Number of known actives recovered within the given fraction of the database /
Total number of actives present in the database x 100%
’Best = ranking of the best predicted active / database size x 100




SMALL MOLECULE LIBRARY — NCI - 1990 Compounds

l 76 Compounds

J 20 Compounds
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Inhibition of EGFR Activation Assay

m Screened the NCI-diversity database:
s 1990 compounds that is a subset of 140,000 compounds.

m Tested top 80 compounds
m 20/80 inhibited EGFR activation

A

Compound
(uM) 0 0 039

EGF - + + + + + + + + + +

a-pY1173 G ED e e e

+

G-EGFR e M B & B0 B w8 00 S B o a

C
Time (min) - 1 5 10 20 30

s . IC59=12uM | a-pY1173 -
7 0-EGFR % 8 &8 == & =

2.5

% of Control

0.5 1.5
Compound Dose (uM)



Specificity: Other RTKs

RTKS Activating ligands Cell line
Insulin Receptor Insulin 3T3-L1
(IRS-1)

Platelet-derived PDGF NIH-3T3

growth factor
receptors (PDGFR)

= Stimuation with activating ligands - quantify
receptor phosphorylation using antibody pY20 -
record compound effects.




Two compounds inhibited insulin-receptor stimulation

Specificity Test against Insulin Receptor
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Four compounds inhibited PDGF-receptor stimulation

Specificity Test against PDGF Receptor
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Inhibition of Dimer Cross-Linking
11241 309895 56452 303769




FOUR LEADS FROM NCI SCREENING

11241 ++
.

303 769 3 97 +

56452 +




Best Lead from NCI Screening

Initial lead NSCS56452 -
6-[(2-methylnaphthalen-1-yl)methylsulfanyl]-9-(2-
methylpropyl)purin-2-amine

MW = 3.78, LogP = 4.9, H-bond donor =1, H-bond acceptor = 4,
rotatable bonds =5 Achiral!



rief Summary




Apparent Synergy oetween rlotinio and
Dirnerization Inhioition — Inhidition of
rela Cell Growtin
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EGFR has tyrosine-kinase domain omitted; impact of compounds cannot be
due to RTK inhibition
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EGFR EGFR-ErbB2 EGFR-ErbB2
homodimer heterodimer heterodimer

N-Luc C-Luc N-Luc C-Luc

Light No light No light

Only homodimerization of EGFR leads to signal despite presence of other ErbB receptors
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Fishing for Leads with NSC56452

Compounds that shared at least 90% Tanimoto similarity in
structure and composition with NSC56452.

66 compounds were screened with the split-luciferase
assay — one NSC59485 had an IC., = 144 nM

In addition, sixty 6-substituted purine derivatives prepared
by Laufer et al. (J Med Chem, 2005) as potential ATP-
competitive kinase inhibitors that structurally resembled
NSC56452 were screened with the most potent DH199
having an IC,, = 4 pyM. These compounds had been
profiled against a panel of kinases.



Fishing for Leads with NSC56452

In addition, sixty 6-substituted purine derivatives prepared
by Laufer et al. (J Med Chem, 2005) as potential ATP-
competitive kinase inhibitors that structurally resembled
NSC56452 were screened with the most potent DH199
having an 1IC;, = 4 pyM. These compounds had been
profiled against a panel of kinases with minimal activity.
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Figure 5.1. Graphical summary of the screening results. Compound 47 is the control
with DMSO; compound 53 (*) is the tyrosine kinase inhibitor erlotinib. Compounds
showing effect below 25% was denoted as (+++) in Table 5.1, 50% denoted as (++),
75% denoted as (+). Experiment was done 1in triplicate of 3 wells at concentration of
25 uM compound.
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Hypothesis: Treatment with dimerization inhibitors
will be less likely to lead to recurrance of drug-
resistant cancer

Rationale: Mutation in dimerization-arm recognition
domain (“armpit”) to block drug will require a
compensatory mutation in dimerization arm to
maintain function

QED: Blocking dimerization exploits an Achille’s
heel of ErbB receptors



Other dimerization inhibitors >10 uM found by virtual
screening of 100,000 compounds
Petch et al. Bioorg Med Chem, 2012, 5901-5914

The Yang et al. paper is quoted, but very indirectly!




Intracellular Messengers Recruited by ErbB Family Members

ErbBl1 ErbB3 ErbB4
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ErbB receptors and their cytoplasmic partners. The interaction of various proteins containing Src homology 2 and
phosphotyrosine binding domains has been mapped to specific ErbB carboxy-terminal tyrosines. Autophosphorylation
sites are shown in red, interaction sites demonstrated by phosphopeptide competition analyses are in black, and sites

identified as Src phosphorylation sites are in blue. The receptor-associated late transducer (Ralt) and the PDZ proteins
PSD-95, Erbin and Pick1 interact with the receptors in a phosphorylation-independent manner.
(Olayioye, Breast Cancer Res 2001, 3:385-389)




Why do receptors heterodimerize?

“* ErbB2 (HER2) does not homodimerize - Why?

“* ErbB2 preferentially heterodimerizes with EGFR, ErbB3 and
ErbB4 receptors - Why?

*» ErbB2 does not require ligand activation - Why?

* Are there differences in structure of extracellular domains?

EGF/EGFR EGF/EGFR Dimer HER2/ErbB2




Synthetic Transmemebrane Segments of ErbB Receptors

Used to Estimate Dimerization Affinities of TM Segments

Table 1: Hierarchy of Dimerization Atfimties?

dimeric species Kaapp M)  AG® (kJ/mol) AAG® (kJ/mol)

EGFRtm—2tm 0.20 £ 0.05 38.3 0

HER2tm—3tm 0.85 £ 0.25 34.6 3.6
EGFRtm—3tm 20x=0.9 32.4 5.9
HER2tm—2tm 2205 32.3 6

EGFRtm—EGFRtm 2.3 £ 0.8 32.1 6.1
HER2tm—4tm 26 £0.5 31.9 6.4
EGFRtm—4tm 2907 31.6 6.6
HER3tm—3tm 40+05 30.8 7.5
HER3tm—4tm 6.2+ 1.6 29.7 8.6
HER4tm—4tm 70 £ 20 23.7 14.6

Duneau, J. P.; Vegh, A. P.; Sturgis, J. N. A dimerization hierarchy in the

transmembrane domains of the HER receptor family. Biochemistry 2007, 46, 2010-9.
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Development of
resistance to
ErbB-pathway
targeted
pathways for
cancer therapies.
(Wang & Greene,
J Clin Invest,
2008. 118(7): p.
2389-92)

Inactivation of ErbB signaling by monoclonal antibodies
i il
Induction of Disruption of
internalization dimerization

A =

EGFR

ErbB2

EGFR or ErbB3

iii
Dual-antibody

A &

v Y

Degradation No signaling
Inactivation of ErbB signaling by TKls
i i
Single TKI Dual-TKI

\

No signaling

i
Pan-specific TKI

/

No signaling No signaling

\

No signaling



Downregulation of
IGFBP-3 and IGFBP-4

XL
ﬁ.ﬁ?f 5‘_JIGF

EGFR

or ErbB2 Other RTKs

TKI |
. B2
Inactivation of - -~ v
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A Tumor cell

prolderaton,
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Development of resistance to ErbB-pathway targeted pathways for cancer

therapies. (Wang & Greene, J Clin Invest, 2008. 118(7): p. 2389-92)




Therapeutic Opportunity?

Overall Hypothesis: Cancers that recur following
treatment with mAB therapeutics (trastuzumab,
cetuximab, etc.) targeting the ECDs, or tyrosine
kinase domains (gefitinib, erlotinib, lapatinib, etc.),
of ErbB receptors will respond to treatment with
dimerization inhibitors.

Rationale: Dimerization inhibitors target a unigue
interface that is not modified by mutations causing
resistance to mABs or TKIs.



Oncogenic Mutations in ErbB2 Receptors in
Different Cancers

Gallbladder Cancer
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Oncogenic Mutations in the Extracellular Domain of
ErbB2 Receptors in Different Cancers

EGFR

HER2 ECD Dimer. EGFR ECD
afm

Breast Cancer Associated ECD Mutations

S319F (39)

7 Lung

6 Unknown

5 Bladder

3 Bile Duct

3 CRC

2 Kidney

2 Stomach

2 Small Intestine
2 Qvary

1 Gall Bladder

1 Uterus

1 Liver

1 Gastroesophageal
1 Duodenum

1 Cervix

1 Breast

S319Y (5)

2 Bladder

1 Kidney

1 Unknown

1 Salivary Gland




Oncogenic Mutations in the Extracellular Domain of

Arm region Vo

EGFR 246 - YNPTTYQOMDVNPEGK - 260
ErbB2 253 - YNTDTFESMPNPEGR - 267

ErbB3 YNKLTFQLEPNPHTK
ErbB4 YNPTTFOQLEHNFNAK

Armpit region
EGFR 282 - SCVRACG - 288
ErbB2 289 - SCTLVCP - 295

ErbB3 SCVRACP
ErbB4 SCVRACP



Syntheses of two lead inhibitors of Yang et al.

Scheme for NSC 56452.

DIEA, DMSO-DMF(1:1), DMSO-DMF(1:1),
rt, 8 h, 95% 85%

D ——

K,CO;
500C,12h H,N~ "N

DMF, rt J\/[ DMF, 80 °C 20h
N K,CO
cho /1\ ? /J\)i p -
j less

ore

6.9 gm crude
> 7 gm column pure




Syntheses of two lead inhibitors of Yang et al.

Patient-Derived Xenograft Cancer Models in Mice at
WUSM HAMLET Center

Molecular?

Subtypel HER2-targeted®herapy®fumor?

(PAM50) prioro@Engraftmentintoinice
WHIMS8 HER2-E Herceptin,Aapatinib
WHIM22 HER2-E Trastuzumab

WHIM38 HER2-E treatmentihaive

WHIMA49 HER2-E Herceptin,Aapatinib

eg ' =

WHIM35 HER2-E treatmentihaive
eg iti -

HER2-E treatmentihaive




Superposition of Main Chain Traces for ErbB2 (1-509, blue)
and activated EGFR (1-501, yellow). Note the overlap of

dimerization arms between activated EGFR and unliganded
ErbB2.




Ribbon diagram of the contacts between the dimerization arm
of EGFR molecule A with “armpit” recognition site of EGFR
molecule B at the dimer interface
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§ Red:-ErbB2
Representative (= Blue:EGFR

snapshots of the arm-armp)'g
interface between A) ErbB2
arm-EGFR armpit, B)
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