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Abstract of Thesis

Effects of HER2 Transmembrane and Juxtamembrane Domain Mutations on HER2
Activation of MCF7 cells

ErbB2, also commonly known as HERZ2, is seen in aggressive cases of invasive
breast carcinoma (IBC). It belongs to the EGFR (epidermal growth factor receptor) family,
which functions for cell differentiation, proliferation, and growth of normal cells. The
ERBBZ2 gene encodes HER2, a transmembrane protein, which has the potential to promote
cancer cell growth. Gene amplification, protein overexpression, and mutations are the
principle mechanisms of HER2 alternation making HER2 a major target for clinical
therapies. Correlation of HER2 amplification and overexpression is analogous and is

actively seen in approximately 20-30% of breast carcinoma cases.

Literature establishes that auto-phosphorylation of the tyrosine residues in the
carboxyl tail of HER2 cascades various signals that promote cell survival and proliferation.
The HER2 extracellular domain and kinase domain have major impacts on its downstream
signaling mechanisms. However, smaller sequences of HER2, the Transmembrane domain
(TMD) and the Juxtamembrane domain (JMD) can comprise certain mutations that disrupt
crucial roles leading to tumorigenesis along and subjection of the cell surface to
perturbation and deformation. This paper is an effort towards studying the effects of
specific TMD mutations (V659E and G660D) and JMD mutations (R678Q and Q709L) on
the activation of HER2. R678Q is the third most common mutation in HER2 while other
chosen mutations are not as prevalent as other kinase domain and extracellular domain

mutations. This study is an attempt to analyze the activating mechanisms of TMD and



JMD, hence, the most potent mutations from previous research data in these regions were
selected for the experiment. These mutations are precisely considered due to its specificity
in alteration of the sequence that leads to the gain of function of HER2 enhancing its
expression and signaling. Due to the potent nature established in clinical data, these
mutations are thought to be better candidates in specific cancers for therapy. This study
demonstrates HER2 expression levels in two cell lines: MCF7, a carcinogenic cell line, and
MCF10A, a non-cancerogenic cell line as a vector for analysis. For HER2 protein level
analysis, BCA assay and western blots were used after cloning the desired mutation in Wild

Type (Wt) HER2 plasmid.

From the experiments performed above, a certain pattern of increase in expression
and activation of HER2 is observed in most of the mutations compared to the parental
HER2 in MCF7 cells. The positive control used in the experiment is a high HER2
expressor, SKBR3 cell line. From established research, and theoretical studies performed
on HER2, the mutations are expected to surpass the SKBR3 HER2 expression at a
significant rate. While the results from the experiments post-analysis show increased
expression in this study, the findings have lower confidence in comparison to the
theoretical and supporting documents acquired from research and studies. Nonetheless,
JMD and TMD mutations did show an overall increase and change in the expression level
of HER2 activation as compared to the WtHER2, demonstrating these domains as crucial

regions for the activation of this protein.
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Chapter 1: Introduction

1.1 Breast Cancer

According to the World Health Organization (WHO), breast cancer is by far the
most common cancer found in women worldwide, including both developed and
developing countries. The uncontrolled growth of cells can be due to somatic or germline
mutations, hormonal changes, or, variability in lifestyles of the individual. The extent of
malignancy, site of growth and, subtype of breast cancer can determine the prognosis of
this disease. Studies have indicated only 5-10% of cancers are due to an abnormality or
inheritance at birth, while the remaining cases are attributable to factors like age, changes
in hormones, mutations, carcinogens, and physical attributes. For breast cancer, the milk
ducts and milk-producing lobules are the most common targets (Patel, 2018). An initial
benign hyperplasia of a mammary duct in epithelial cells can successively become atypical
ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS), and invasive ductal carcinoma
(IDC), which eventually metastasizes to distant organs (So et al., 2012).

Breast cancer is an extensive form of cancer, comprising distinct biological
subtypes including the diverse spectrum of clinical and molecular features with different
prognostic and therapeutic implications (Onitilo et al., 2009). Breast cancers are most often
classified based on the levels of expression of three molecules estrogen receptors,
progesterone receptors, and the growth-promoting protein, HER2. Overexpression of
HER?2 is found in 20-30% of human breast cancers and has a strong correlation with more
aggressive tumors (Figurel.2) (Slamon, D.J. et al., 1987). Figure 1.1 shows different levels

of HER2 expression and its structural effect in breast cells in each of the cases. The first



case on the top left is a benign low expressor (0) with a smooth membrane surface and no
deformation. With the ascendance in the HER2 expression (0, 1+, 3+), increasing cell

deformation and separation from the adjacent cells can be seen (orange arrows) (Chung et

al., 2016).
HER2- HER2+ !
Benign breast epithelium Breast ductal adenocarcinoma Breast ductal adenocarcinoma

) Low expresser (0) ) Mid express @ High expresser (3+)

-~

Fig 1.1 Cells expression of HER2 at different levels being compared with respective IHC stains.
The third row shows TEM images representing cell morphologies (Chung et al., 2016).

HERZ2 Overexpression in Breast Cancer

HERZ2 is overexpressed in
~ 25% of breast cancers

Normal (1x)
~ 25,000-50,000 HER2
receptors

=
Overexpressed
HER2 (10-100x)
up to ~ 2,000,000
HER2 receptors

Pegram MD, et al. Cancer Treat Res. 2000;103:57-75.
Ross JS, et al. Am J Clin Pathol. 1999;112(suppl! 1):S53-S71.
Slamon DJ, et al. Science. 1987;235:177-182.

Fig 1.2 Normal v/s overexpressed HER2 receptors on the cell surface (Pegram et al., 1987).

Excessive cellular division



1.2 HER Family Receptors

Erythroblastic Leukemia Viral Oncogene Homolog (ErbB Family) belongs to the
receptor tyrosine kinase (RTK) class consisting of four subtypes found in humans: EGFR
(ErbB1), HER2 (ErbB2), HER3 (ErbB), and HER4 (ErbB4). Each mature ErbB receptor
contains an extracellular ligand-binding region, a single transmembrane domain (TMD),
and an intracellular tyrosine kinase domain lined by regulatory regions (Ullrich et al.,
1990).

The receptor activation can be caused due to gene amplification and protein
overexpression (frequent in cancer) as well as ligand-dependent and ligand-independent
mechanisms (Scaltriti and Baselga, 2006). EGF and TGF-a (transforming growth factor-
a) are two of the eleven known ligands of the EGFR family to date (Fu et al., 2014). The
extracellular component of the HER receptor proteins consists of domains 1-1V. The
activating growth factor binds to domains | and 11, stabilizing a conformation that allows
a dimerization arm to extend from domain Il to interact with another dimer interface. As a
result of dimerization, protein kinase activation, trans-autophosphorylation and initiation
of signaling occur (Roskoski, 2004). It is established that the binding of a dimeric ligand
to its receptor chains increases the proximity and/or stabilizes the receptor chains that will
then be auto phosphorylated through their kinase domains (a process called trans-
phosphorylation). This non-covalent dimerization is associated with conformational
changes that lead to the activation of the cytoplasmic kinase domains of the receptors
(Segaliny et al., 2015).

Ligand-independent receptor activation occurs as a result of cellular stresses, such
as radiation, which silence phosphatases that antagonize the receptor kinase activity,

thereby shifting the equilibrium of basal phosphorylation toward the activated state
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(Scaltriti and Baselga et al., 2006). The activation loop on such cases will promote
autophosphorylation as the tethered conformation inhibits catalytic activity (Segaliny et
al., 2015). In tethered EGFR, the dimerization arm is occluded by auto-inhibitory
intramolecular interactions between domains Il and 1V, which are also observed in
unliganded HER3 and HERA4 but are absent in HER2 (Burgess et al., 2003). Fig 1.3 below
gives a streamlined visual summary of the various functioning domains of the HER family,
while Fig 1.4 provides an assessment of the conformations of truncated HER2 and
truncated EGFR. The 3D structure of EGFR with a ligand (in light blue) has a similar
conformation as that of HER2 without a ligand. ECD domains Il and IV of HER2 do not
have intramolecular interactions but have a significant resemblance to the extended ligand
bound EGFR, with the dimerization arm exposed to drive receptor—receptor interaction.

EGF  BTC
Growh o ugeor NRGT  NRG3

Factors 1o, EpR NRG2Z  NRG4

Domain | |
Domain Il
Domain Il ‘
Domain IV
Transmembrane 1 i 1 ]
segment
Tyrosine
Kinase
C-terminal
phosphorylation
sites

ErbB1  ErbB2
Gene ErbB3  ErbB4
. HER1  HER2 sErbB2
Family pooo oy HERS  HER4

Fig 1.3 The HER family with respective ligands classified in different domains. HER2 does not have a
known ligand and HER3 is kinase dead intrinsically (Roskoski, 2004).

Fig 1.4 The 3D structure comparison of ECD domains of HER2 and EGFR showing the resemblance in the
conformation as EGFR with ligand and ligand independent HER2 untethered conformation (Burgress et
al.,2003).
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1.3 Receptor Tyrosine Kinase

A subclass of tyrosine kinases, receptor tyrosine kinases (RTKSs) are responsible
for cellular communication and regulation of complex biological functions involving cell
growth, motility, differentiation, and metabolism (Du et al., 2018). Generally, RTK
activation is induced by dimerization/oligomerization between two kinases due to receptor-
specific ligand binding. The ligand bound complex induces a conformational change in the
extracellular domain that causes activation and promotes their dimerization consequent to
transphosphorylation (Burgess et al. 2003). A tyrosine kinase domain (TKD) is a common
feature of RTKSs, which are divided into N-lobe and C-lobe, whose relative orientation is
crucial for catalytic activity (Jura et al., 2011). As shown in Fig 1.5, during dimerization,
the C-lobe of the activator kinase (purple) contacts the N-lobe of the receiver kinase (blue)
leading to an allosteric interaction that forms a stable asymmetric dimer conformation
shielding the hydrophobic area for better stability.

Kinases with specificity for either serine, threonine, or tyrosine tend to have a
highly conserved catalytic domain that adopts a highly conserved conformation upon
activation (Hanks et al., 1988; Hubbard and Till, 2000; Knighton et al., 1991; Manning et
al., 2002). As seen in Fig 1.6, the tyrosine residues in the activation loop move to enable
ATP binding and induce autophosphorylation of tyrosine residues located on the opposite
receptor chain. The transphosphorylation of key tyrosine residues present in the activation
loop stabilizes the open conformation disrupting the binding between this tyrosine and the
binding sites to the protein substrates, hence making the C-lobe accessible and sequentially

activating its kinase activity (Segaliny et al., 2015). Fig 1.7 shows the key mechanism of



tyrosine kinase phosphorylation for signal transduction and various downstream of

molecular pathways (Mustelin et al., 2005).

inactive (monomer or dimer) active dimer

) ;xtm.;olm 0 EGF
omain —) —>

doman activaior

7
Cerminal  \ receiver racelver
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@ autophosphoryiation sites
Fig 1.5 Ligand bound EGFR structures forming symmetric ECD dimer and asymmetric KD dimer that will
consequently lead to phosphorylation of the tyrosine residues in the carboxyl tail (Boonyarit, 2014).

) Dimerization
Symmetric

Autophosphorylation

Asymmetric (head-to-tail)

Fig 1.6 EGFR dimerization forming Asymmetric Kinase Domain and activation (Jura et al., 2009)
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Fig 1.7 A schematic representation of the mechanism of tyrosine phosphorylation (Mustelin et al.,2005).
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1.4: HER Family Kinase Domain Activation

All kinases have a highly conserved catalytic domain with a highly conserved
structural conformation. The N-lobe and C-lobe of the TKD of these kinases form an active
site for the substrate phosphorylation in a cleft between them (Jura et al., 2011). An
essential interaction occurs in the active conformation where the C helix is closely packed
to the N-lobe where crucial glutamate (E) contacts a lysine (K) residue in the N-lobe. This
interaction is essential for the coordination of the a and  phosphate of ATP. Furthermore,
studies have shown mutations affecting these residues can lead to kinase activity depletion
(Robinson et al., 1996).

The N-terminal lobe of the activation loop comprises a conserved DFG (aspartate,
phenylalanine, and glycine) motif where the aspartate functions to coordinate Mg?* ion that
is crucial for ATP binding. The latter lobe, C-terminal, serves as a docking site for the
substrate that is exposed in the active structure of a kinase (Jura et al., 2011). Similar to the
activation loop, the catalytic loop has a corresponding motif that consists of HRD
(histidine, arginine, and aspartate), where the aspartate residue serves as the catalytic base
and proton acceptor from the substrate’s hydroxyl group. In order to achieve the
phosphotransfer via ATP to the substrate, each residue has to be aligned precisely in spatial
order to facilitate the transfer (Knight et al., 2007).

The inactive conformation of these kinases in crystal structures resembles that of
CDKJ/Src conformations (Zhang et al., 2006). A small helix partially formed from the
activation loop proximal to the DFG motif of the N-terminal and swung-out C helix
observations can structurally base these conformations (Xu et al., 1999; Schindler et al.,

1999). Additionally, another kinase structure that defines inactive conformation is


https://en.wiktionary.org/wiki/%E1%BD%A5%CF%81%CE%B1#Ancient_Greek

characterized by the DFG-out conformation in which aspartate and phenylalanine have

swapped positions, disturbing the Mg?* binding (Mol et al., 2004, Nagar et al., 2002).

1.5: HER?2 Signaling and Mechanism

The HER family exhibits the archetypal trait as most of the RTKs for its mechanism
of action, except HER2 that has no known ligand. HER2 is an atypical member of the
EGFR family, as its ECD adopts an untethered conformation constitutively (Roskoski,
2014). However, the activation loop of HER2 can self-regulate and bind with other HER
family isoforms resulting in high kinase activity due to an intrinsically active (untethered)
conformation in its ECD. The homologous members of the HER family have the ability to
heterodimerize with HER2 allosterically or homodimerize constitutively. HER2 has no
high-affinity ligand but can bind with other HER family isoforms resulting in high kinase
activity due to an intrinsically active (untethered) conformation in its ECD. HER2 cannot
bind ligands outside the cell, and it can only send a signal within the cell when it first forms
a dimer with another protein from the HER family, which itself must be bound to an
external ligand (Oganesyan, 2018). The ECD of HER2 is constitutively found in untethered
conformation (Roskoski, 2014). This intrinsic property of HER2 accounts for it being the
only HER family member with no ligand, however, it has the ability to heterodimerize with
the ligand-bound members of HER family (preferably HER3 or EGFR), and can also
homodimerize with itself to promote overexpression and signaling.

For EGFR and HERS3, the domain 11 of the ECD will extend a dimerization arm and
tether towards domain 1V of its ECD upon ligand binding. Since HER2 has the extended
conformation similar to that of ligand bound ECD, studies show certainty for HER2 being

self-sufficient for phosphorylation. Fig 1.8 shows HER2 dimerization with another HER
8



protein leading to downstream signaling. HER2-HER2 homodimerization disrupts cell
polarity, whereas, HER2-HER3 drives proliferative, survival, invasive, and metabolic
functions (Moasser et. al, 2000). Dimerization leads to recruitment of adaptor proteins and
autophosphorylation to activate multiple signal transduction pathways, primarily,
PI3K/AKT pathways, RAF/MEK/ERK (ERK cascade) and PI3BK/AKT/mTOR pathways
(Fink et al., 2013). There are several monoclonal antibodies and tyrosine kinase inhibitors
that are approved by FDA to treat the highly prevalent HER2 positive breast cancer. These
therapies are commonly used in combination to target the specific domains to stop
cascading of signals decreasing the kinase activity. Herceptin (Trastuzumab) is the first

anti-HER?2 therapy that improved HER2 positive breast cancer prognosis.

Durnierazatesor acrms

:Cydir\ D1 and oy clarm D2

MY
TWVEGEA
\ 4

AR e riesis FProlfferaton Cell oy <le= Ap-optoses St w rvad
coritrad SO eSS

Nature Roviews | CTancer
Fig 1.8 Brief summary of HER2 signaling mechanisms. HER2-HER3 are the most active dimer partners.
PI3k-AKT-mTOR pathways downstream are observed. (Baselga et al., 2009).



Chapter 2: Role of TMD and JMD mutations in HER2

2.1 Juxtamembrane Domain and Transmembrane Domain of HER2
HER?2 is composed of 1256 base pairs of amino acids with four major domains and

a C-terminal tail (Fig 3.1; Table 1). A summarized domain classification with its

corresponding length is listed below.

)
0&"
&
Tail
1200
& St
Figure 2.1 Major mutations seen throughout HER2 domains (Pahuja et al., 2018)
Domains Peptide Sequence
Extracellular Domain ~23-647 (signal peptide 1-22)
Transmembrane Domain ~648-674
Juxtamembrane Domain ~675-710
Kinase Domain ~710-980 (catalytic domain 721-977)
C-Terminal Tail ~980-1240

Table 1. HER2 Domains and its Sequence lengths in Base Pairs. (Uniprot Database)

HER?2 is a protein-coding gene where its TMD can regulate receptor dimerization

through a specific N-terminal Sm-xxx-Sm motif affecting the JMD conformation and

10



activation status (Bell et al., 2000). Comprising rather short sequences, these domains are
helical structures adjoining the external domain and the activating domain of HER2. The
TMD and JMD play structural roles in the formation of active receptor complexes through
interactions that stabilize the asymmetric KD dimer, where activator kinase allosterically
activates the receiver kinase (Jura et al., 2009; Red Brewer et al., 2009; Zhang et |., 2006).
For this study, as a basis for the hypothesis, the parameters such as domain functionality

and mutations involved are analogous to the paper from Pahuja et al., 2018.

Several studies emphasize HER2 JMD as having almost identical functions to its
homolog EGFR and being an essential domain (Pahuja et al.,2018). In addition, more
studies are currently being done to better understand this mechanism; however, this has not
fully been achieved on a precise molecular level. The C-terminal part in the JIMD (JM-B
or latch) is vital for receptor activation as it binds to the C-lobe of the activator to stabilize
the dimer. The N-terminal part, JM-A, is also necessary on the receiver and the activator
kinase for dimerization and activation. JM-A region asymmetric dimers and KD
asymmetric dimers are thought to symbiotically stabilize each other resulting in activation
(Jura et al., 2009).

Fig 2.2 shows sequence alignment of the TMD sequence of the HER family with
N-terminal motif, Sm-xxx-Sm, that has been suggested to regulate receptor dimerization
(Pahuja et al; 2018). The motif seems to be closely identified for EGFR and HER2, where
G is considered a small amino acid. Clinical studies have shown this particular glycine
from the motif frequently mutates to aspartic acid, which is one of the target mutations
considered for this project; (G660D). From this figure, the proximity in the sequence of

EGFR and HER2 can be observed with all the target mutations aligned in parallel. Fig 2.3
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is retrieved from sequence alignment via the Uniprot database that shows the alignment of
the TMD for all of the HER family. From the sequence analysis of this particular domain,
there has been a similar observation made as the study from Fig 2.2, where HER2 (P04626)

and EGFR (P00533) are closer homologs than other counterparts.

XX XG G G
EGFR 641 PKIPHIATG -ALLLLLVVALGIGLFMR P.HIVRKRTLRRLLQERELVEPLTPSGEAPNQA 702
HER2 649 SPLTNIISAVV :%ILLVVVLGVVEGILIKREOOKIRKYTMRRLLQETELVEPLTPSGAMPNSA 710
HER3 640 THL LTVIAELVVLFMMLGGTFLYWRGR%..IQNKRAMRRYLERGESIEPLDPS.EKAN@V 699
I

HER4 648 ART AAGVT GLFLLVIVGLTFAVYVRRh.SIKKKRALRRFL.ETELVBPLTPSGTAPN@A 708

S653C G660D R678Q latch Q709L
TMD JMD
Fig 2.2 Sequence alignment showing TMD and JMD of the HER family (Pahuja el al., 2018).
P04ede ERBBZ HOMAN g48 - SPLTSIISAW-GI-LIVWVLGWEGILIKRROOKI RKYTMRRLLOETELVEFLT
P00533 EGER_HIMAN 639 ---NGPKIPSIATGMVGAL-LLLIV GLFMRRR-HIVRERTLRRLLQERELVEFLT
P21960 ERBRI HUMAN 6§38 --—GKTHLTMELTV I1E LY-W-RGRRIONKRAMRRYLERGESIEPLD
(15303 EREB{ HUMEN 643 TLPQHARTPLIRAGVIGGL-FILVIVGLTFAVYVRRE-SIKKKRALRRFL-ETELVEPLT

........... * JogrEr o ow pEss

Fig 2.3 Sequence Alignment of the HER Family with TMD region highlighted via Uniprot analysis

2.2 Point Mutations (V659E, G660D, R678Q, and Q709L)

HER2 mutations have been reported in about 2% of breast cancers (Ding et al.,
2019). The key mechanisms of HER2 mutations are protein overexpression, gene copy
number gain (amplification and polysomy), and gene mutations (Garrido-Castro, 2013).
These mutations cause gain of function alleviating the pathways that leads to oncogenesis.
This study focuses on HER2 mutations in the two potent domains of HER2, the JMD, and
TMD. The basis for analysis of these potential mutations is the saturated mutagenesis
performed by the Pahuja et al, (2018) given the common area of study aimed at testing a
parallel hypothesis on a different cell line. The analysis and identification of 111,176
patient tumors and recurrent mutations in the HER2 TMD and JMD, that includes G660D,
R678Q, E693K and Q709L, by Pahuja et al, (2018) form the foundation of this study.
R678Q is the third most common HER2 mutation observed and Q709L is a constitutively

active mutation. Q709L lies in the JMD latch which forms hydrophobic pockets when in
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the activator kinase. The formation of leucine is preferred over glutamine in this position
and is predicted to stabilize the dimerization interface essential for the allosteric activation

of HER receptor kinase activity. (Pahuja et al., 2018)

The TMD mutation valine to glutamine at codon 659(V659E) corresponds to the
carcinogenic V644E mutation in rodents (Bargmann et al., 1986). HER2 TMD Mutations
V659/G660 are rare oncogenic drivers that stabilize homo/heterodimerization identified in
recurrent studies that extend the TMD polar strip (Ou et al., 2016). TMD V659E can
stabilize the active HER2 homodimer through intermonomeric hydrogen bonding of the
glutamate side chains with the opposite hydroxyl, carboxyl, and carbonyl groups resulting
in uncontrolled receptor activation and subsequent cell transformation (Bocharov et al.,
2008). The mutations induced on these polar characters are suggested to amplify the
intrinsic properties of the native TMD and shown to increase autophosphorylation and
phosphorylation of EGFR, AKT, and MAPK compared to WT-HER2 (Suzawa et al.,
2015). Table 2 from Yamamoto et al (2017) shows clinical studies on patients harboring
G660D and V659E. The paper makes effort to target these TMD mutations as therapy using
Afatinib, which is a landmark for HER2 mutation therapy. The table is a collective study

from various sources, mainly seen for adenocarcinoma cases.

13



Primary ERBB2 Location of
No. Sex Age site Stage mutation mutation  Histology Histological features Source
1 F 5 lung 1B GeeOD  TMD Adenocarcinoma  Mixed invasive mucinous  Yamamoto
and nonmucinous etal (1]
2 F 77 Colon ] G66OD  TMD Adenocarcinoma  NOS, well to moderately  cBioPortal
differentiated
3 M 67 Bladder IV GAEOD  TMD Urothelial High grade papillary, NOS ~ MSK-IMPACT
carcinoma
4 F 52 Ampulla 1B GEEOD +  TMD + Adenocarcinoma  Pancreatobiliary type, Kyoto University
of Vater $310F {0)] well differentiated
5 M 65 OBladder O0a G66OD +  TMD + Urathelial High grade papillary, NOS  MSK-IMPACT
$310F ECD carcinoma
6 M 74 Bladder | GEEOD +  TMD + Urothelial High grade papillary with ~ MSK-IMPACT
5310F ECD carcinoma micropapillary features
7 F 64 Cervix 1B GB6OR ™D Adenocarcinoma  Invasive, endocervical cBioPortal
{usual) type
&8 F 38 lung v VB59E ™MD Adenocarcinoma  N.A, Serra et al. [9]
9 M 56 Lung 1A V659E ™D Adenocarcinoma  Lepidic predominant Yamamoto
etal. [1]
10 M 46 Lung | VB59E ™D Adenocarcinoma  Micropapillary MSK-IMPACT
predominant
11 F 70 Lung 1\ V659E ™D Adenocarcinoma  Acinar, with mucinous MSK-IMPACT
and clear cell features
12 F 62 Llung IA VEB59E ™MD Adenocarcinoma  N.A, Wang et al. [10]
13 F 72 Stomach IIB  VeS9D+ TMD+ Adenocarcinoma  Tubular (intestinal) type  cBioPortal
T862A KD

Table 2. Clinical studies showing collective TMD mutations in patients). This clinical data was significant
in sorting the HER2 TMD G660D and V659E mutations for the project due to its prevalence as activating
mutations in patients (Ou et al., 2017).
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2.3 Results:

JMD/TMD mutations actively comprised in the plasmid

The TMD and JMD mutations were stably generated in the WT-HER2 plasmid via
a series of cloning procedures. For each desired alteration in the codon, the forward and
reverse primer was designed and ordered. After the retrieval of the mutated form of the
plasmid, the concentration was measured for each mutation and stored at 4°C. The table
below shows the forward primer (red) and reverse primer (blue) designed to generate the
point mutation, and successively the sequence achieved after cloning the desired base
change. The amino acid changes are also depicted, where the change in the R groups to
certain bases can cause the sequence to either stabilize or destabilize according to the

intermolecular interactions they hold as homodimers or heterodimers.

Mutations Primer design
V659E CCCTCTGACGTCCATCATCTCTGCGGTGgagGGCATTC TGO
GEEAGACTGCAGGTAGTAGAGRACGCCACCTCCCGTARAGACS

G660D CCTCTGACGTCCATCATCTCTGCGGTGETTgacATTCTECTEGE
AGACTGCAGGTAGTAGAGRACEGCCACCARCTGTAAGACEACZC

Ll
Ll

R678Q GETEGETCTTTGEEGATCCTCATCAAGCGhcagCAGTAGRILGR
CCACCAGRRRCCCTAGGAGTAGTTCGCTGTCGTCSTCTTCT

Q709L GCTGEACACC TAGCEGEGAGCGATGCCCARC ctgECECAGATEC
CEACTETGEATCGCCTCGC TACGEETTGGACCECSTCTACS

Table 2. Primers designed for each mutation for cloning and transfection using NEBuilder from the HER2
backbone provided from the lab (Chung Lab).
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Mutations Alignment with WT HER2

V659E (GTT->GAG) )
W Y CGGTGEGTTGGCATTCTGC
ot > o LI (il
I £t COGTEGAGGGCATTCTGC
Valine Glutamic acid
G660D (Gac-> GGe)
ﬂ% Hu'
H > '|: GTGGTTGACATTCTGCT
- oo [ILLINE IILETTT]]
Aipartic acid GTGGTTGGCATTCTGCT

R678Q (cce->cAG)

o o0, M  CGACGGCAGCAGAAGAT
- T LI BTl
b 2 » c:n, CGACAGCAGCAGAAGAT
g THI'

m.a.:'::.-.e Glutamine

Q709L (cac->CTG)

g™ gt ATGCCCAACCAGGCGCA
dw. > L IRRRRERIEIRERER
e L|f ATGCCCAACCTIGGCGCA

Glutamine ELCine

Table 4. Point mutation sequence results with respective changes in amino acid. Each result shows the
discrepancy in the amino acid sequence after cloning indicating that the mutation has successfully
established in the WtHER2 plasmid now making it a mutated HER2 sequence.
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Chapter 3: Cell lines used to establish the desired mutations

3.1 MCF7, MCF10A and SKB3

Cell lines used for transfection of WT HER2

The molecular mechanisms of breast cancer progression can be comprehensively
studied using different cell lines. For this study, three cell lines were considered based on
their traits and correlation with HER2. MCF7 and MCF10A were taken as parental vectors
to see the consequent effects of the mutations on the activation of the protein. SKBR3 cells
were used as a positive control as is common in numerous studies seeking to overcome

Herceptin resistance in HER2-overexpressing breast cancers.

MCF10A and MCF7 are used in-vitro to induce and analyze the various aspects of
the experiment. Michigan Cancer Foundation, MCF-7 cells were first isolated from the
pleural effusion of a 69-year-old woman with metastatic disease (Soule et al., 1970).
MCF10A is a series of breast epithelial cell lines including the parental and benign
MCF10A, premalignant MCF10AT, and malignant MCF10CA1la (Peng et al., 2004). For
this study, the benign or “normal-like” breast epithelial cell MCF10A is used to observe its
potential of showing HER2 expression. MCF10A is considered benign because it does not
show any characteristic of invasiveness or form tumors when transplanted into
immunodeficient (SCID) mice (So et al., 2012). SKBR3 cell lines have amplified HER2
gene product which makes it a suitable cell line for positive control (MSKCCC). The table

below is a structured description of the cell lines that have been used in this study.
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Cell Lines [Tumor Type| Subtype Source Origin HER2
Amplification

MCF10A | Fibrocystic | Basal B Reduction Mammary Normal
disease Mammoplasty Gland

MCF7 ER + Luminal Pleural Mammary Normal
Luminal A Effusion Gland

SKBR3 Adeno Luminal Pleural Mammary +++

carcinoma Effusion Gland

Table 3. Cell lines comparing its properties with various parameters (Kao et al., 2009).

3.2 Results:

MCF7 and MCF10A are widely used in research for breast cancer study
demonstrations. This study was performed to compare the cell lines used in the experiment
and observe the constituent nature of the parental cells without any mutations involved.
The MCF7, MCF10A, and SKBR3 cells were lysed for protein extraction to perform
western blot experiments with GAPDH as a housekeeping gene. The molecular weight of
HER2 is approximately 185kDa which was referenced using the standard Bio-Rad
precision plus ladder. The HER2 expression for each cell line was observed between 150-
250kDa, with SKBR3 showing significant band for HER2 expression. MCF10 has a more
subdued presence of HER2 as compared to MCF7, which shows its low expressor trait.

The graphical representation on the right does not include HER2 expression for SKBR3 as

it was difficult to normalize such a strong protein expression.
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Fig 3.1. WB data of the three cell lines with HER2 and pYHER2 expression levels. SKBR3 shows
significant expression in HER2 and pYHER2 levels. Minimal HER2 expression is seen in MCF7 and but no
phosphorylation is seen in parental MCF7 and MCF10A cell lines. There is higher expression of HER2 in
MCF?7 cell line intrinsically than MCF10A. MCF10A is a non-cancer cell line with low HER2 expression.

3.3 Discussion and Summary:

The IHC of SKBR3 shows +++ HER2 expression, which has been established in
numerous studies. MCF7 and MCF10A have HER2 at normal levels, however, this study
indicates that MCF10A is weaker than MCF7 in terms of HER2 expression. The
phosphorylation is comparable except when cells are not activated unless stimulated or
altered by external factors like mutations. Fig 3.1 shows western blot data of HER2 and
PYHERZ2 levels on the three cell lines with the GAPDH levels. MCF7 and SKBR3 are both
derived from metastatic pleural effusion sites whereas MCF10A is classified as a non-
tumorigenic epithelial cell line.

The MCF10A and MCF7 comparison was done to show the HER2 levels in parental
cells which will further help to analyze data with mutations, as MCF7 cell line have shown
higher HER2 expression in comparison to MCF10A. For the pYHER2, MCF7 and
MCF10A do not show any signs of activation while SKBR3 still shows a prominent band
indicating that SKBR3 cell line is oncogenic and have the potential to drive further

signaling. These representations provided the basis to understand the efficacy of HER2

19



levels and activity in MCF7 and MCF10A cell lines, which was important in setting up the

experiments in the sections below.

Chapter 4: WtHER?2 expression in MCF10A cell lines and HER2 TMD and JMD

Mutant expressions in MCF7 cell line

4.1 MCF10 with WtHER?2 expression in different conditions

For this experiment, three concentrations of WtHER?2, 2ug/ul, 3ug/ul, and 4pg/ul
were used to determine the optimal level of HER2 expression in a non-cancer cell line. The
data below shows optimal results when 2pg/ul of WtHER?2 and 6 pl of lipofectamine were
used for transfection. The higher concentrations tended to show a higher intensity of bands;
However, quantitative analysis of the overall number of cell populations, MCF10A with
2ng and 3X volume was determined the best data acquired; these conditions were then
chosen as the optimal parameter for further experiments on the MCF7 cell line.

The western blot data below shows HER2 and pYHER?2 expressions with GAPDH
as the housekeeping gene. The index in the figure provides a description for each lane for
both of the blots. Fig 4.1 A shows HER2 expression in the order of negative control (1),
positive control (2), and WtHER2 with different concentration and volumes of
lipofectamine (3-8). SKBR3, which showed a high intensity of HER2 and pYHER2
expression, was used as a positive control (Fig 4.1, lane 2). However, this experiment was
done to determine the optimal concentration of HER2, so SKBR3 was normalized and
eliminated for the graph analysis. The graph shown in Fig 4.1 B shows the activation of

HER?2 for each sample with the standard error bar showing the precision of the data.
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Figure 4.1 A) MCF10A with WtHER2 expression at different concentrations. The top half of the figure
shows the WB data of MCF10A at various concentrations of WtHER2 and volumes of Lipofectamine for
transfection.
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Fig 4.1 B) This figure shows the level of expression of HER2 activation for each condition in MCF10A cells.

4.2 MCF7 with IMD and TMD mutations
MCF7 cells were transfected with the TMD and JMD mutations. Each mutation

was confirmed to have the specific point mutation after cloning and before transfection into
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the MCF7 cells. Previous analysis on MCF10A cell line showed 2ug/ul of WTH2 to have
optimal results with 6pul (3X) of lipofectamine and 9ul (3X) of P3000 for transfection. The
TMD and JMD mutations also showed similar traits as WtHER2, hence 2ug/ul was used
as the optimal plasmid concentration.

The western blot data below shows HER2 and pYHER?2 expressions with GAPDH
as the housekeeping gene. In Fig 4.2 A, the negative control (1), WTH2 (2), and mutation
R678Q (5), are seen to have a lower transfection rate leading to less pYHER?2 effects.
However, the V659E (3), G660D (4), and Q709L (6) mutations have a comparable HER2
and pYHER?2 levels to that of the positive control (7). With GAPDH as the reference, a
graphical representation for each sample is given in Fig 4.2 B. The graph assists in
improving the understanding of this correlation, as the overall phosphorylation, in

comparison to HER2 expression for the mutations are higher than that of the controls.

H2 and GAPDH pH2 and GAPDH

Indlex

Kda 17 3 4 56 7 IMon P 123 456 7

200 2MCFT WTH2

SO e B 3VGTVEE 90
150 4) MCF7 G660 - ‘-‘
b ey
siMcrReisg 190 -
0 6) MCF7 Q709L

5
— 7) K683
37 bkl L L L 0 g e - o -
37

Fig 4.2 A) Western Blot results showing MCF7 with control, WT, and the mutations (V659E, G660D,
R678Q, and Q709L). The index identifies each sample with GAPDH used as a housekeeping gene.
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HER2 and pYHER2 Expression in MCF7 Cell lines
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Control WT V659E G660D R678Q Q709L SKBR3
MCF7 cell lines

mHER2 m®mpYHER2

Fig 4.2 B) From the graphs above, all four mutations are compared to the positive control (SKBR3) and
negative control (MCF10A parental). The results indicate an overall increase in activation for the mutated
HER2 in both the domain regions.

4.3. Comparing data with established datasets

Extensive studies on the oncogenic HER2 can be found in abundance worldwide.
However, the paper chosen as the foundation and outline for this project is based on the
work done by Pahuja et al, 2018 based at Genentech. TMD and JMD regions of HER2 are
recognized to be crucial. However, the therapy targets and research are highly based on the
ECD and KD of HER2. The research and clinical data compiled by the paper was a
blueprint for this project. For the project at Genentech, saturated mutagenesis was
performed as shown in Fig 4.3. The TMD/JMD region (~641-684) was mutagenized by
replacing each amino acid using pools of oligonucleotides resulting in a library of 836
HER2 mutants. Out of 836 mutants, 466 mutant alleles were identified after deep
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sequencing. For their experiment, BAF3 cells were used, which shared a similar
characteristic to 32D cells, i.e. HER2 null. The stable BAF3 cells that survived were
amplified to assess the prevalence of mutation for each amino acid. The figure below

represents a brief pipeline for the workflow performed by the researchers at Genentech.

841 684
HER? s O
-
/
y 4 \\ Elution/
e oligo ampification  Vector assembly 3(\ Retroviral
e - ? packaging
—— ——- Mutagenic oligos q w
L
> Deep
oc SEQUENCING Pooled
goé el ~ PCR amplification Q -IL3 selection @{ nlockon
. 8 " - WG @ — O A «—
123456 ~—-
Mutant BaF3 stable generation

Amplicons

Figure 4.3 Saturation mutagenesis of HER2 TMD/JMD region in BAF3 cells (Pahuja el al., 2018).

For the western blot results, the data are comparable to the quantitative data
achieved in this study. Fig 4.4 shows the results of BAF3 cells with several mutations
achieved after deep sequencing. The data for mutations G660D, R678Q, and Q709L are
analogous to the data from section 3.1 and 3.2 above. The data achieved in BAF3 cells
were much more defined and comparable to WtHER2 as compared to the results obtained
in their experiment. The pYHER2 expression in G660D, R678Q, and Q709L are
significantly higher than in the WT, hence implying these mutations to be potent and likely
drivers for the activation of HER2. Another set of data retrieved from Pahuja’ s paper is
the MCF10A stabilized mutants to observe acinar formation as suggested by prior studies.

The mutational targets G660D, R678Q, and Q709L in the exogenous WtHER?2 in MCF10A
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cells formed large acinar cell spheroids as seen in the second row of Fig 4.5. Comparing
the spheroid formation in the mutations to the WT and EV conditions, there is a significant
increase in acinar formation. These results strongly suggest these mutations to be potential
oncogenes and possible candidates of targeted therapy for HER2 positive patients (Pahuja

etal., 2018).

gD-HER2

Flag-HER2

pHER2

Actin

-WT HER2

+WT HER2

Figure 4.4 WB data of HER2 and pYHER2 expression in BAF3 cells with mutants (Pahuja el al., 2018).
Fig 4.5 MCF10A expressing HER2 mutants in the presence and absence of WtHER2 (Pahuja el al., 2018).

4.4 Discussion and Summary

HER2 is a potent proto-oncogene with the ability to proliferate and metastasize
under abnormal conditions. The purpose of this study was to understand the underlying
effects of the activation of HER2 due to TMD and JMD mutations. Clinical studies have

identified a few recurring mutations in these regions to have a gain of function and act as
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oncogenic drivers (Pahuja et al., 2018). After further analysis, recurring mutations V659E,
G660D, R678Q, and Q709L were mutagenized and transfected into MCF7 cell line. MCF7
cells, considered to be a cancer cell line shows low HER2 expression, hence MCF7 was
the optimal cell line for this project. Due to the significance of HER2 in breast cancer cells,
a non-tumorigenic MCF10A cell line was chose as another control for analysis. MCF10A
cell was used to stabilize WtHER2 expression as it has low HER2 expression and is a non-
cancer cell line. Both these cell lines have normal HER2 functionality allowing them to
function as growth receptors. For this study, the high HER2 expressor, SKBR3 was used
as a positive control to compare the level of HER2 expression with and without mutation
in the context of parental cells and SKBR3 cells.

Upon stabilization of the mutagenized plasmids in the cell lines, an increase in
HER2 phosphorylation was expected. For both the cell lines, the HER2 expression in
parental cells was much more controlled than the HER2 positive SKBR3 cell line. The goal
was to achieve HER2 phosphorylation and signaling activation in the proximity of the
SKBR3 cell’s activity. After introducing the mutations to the cell lines, there was an
increase in HER2 phosphorylation in MCF7 cells. Western blots were employed to
determine the HER2 levels and phosphorylation in the cell lines. The data presented in
section 4.2 shows that MCF7 cell lines after mutation have much more phosphorylation,
which will eventually lead to a cascade to downstream of intracellular signaling for MAPK,
PI3K, PKC, and STAT.

In MCF7 cells, the effects of mutations V659E, G660D, and Q709L shows
activations in HER2. The level of phosphorylation for TMD mutants V650E and G660D

are comparable to the SKBR3 cell line. JMD mutant Q709 shows higher levels of
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phosphorylation than SKBR3 concluding this mutation to be the most potent among all
other mutation in this study. R678Q has a discrepancy compared to V59E, G660D, and
Q709L regarding HER2 activation and shows. The plasmid concentration after purification
for the mutations was in the range of 700ng/ul-1ug/ul. R678Q had a lower concentration
yield, which can be the reason for the lower quality data and lesser phosphorylation.

The attempt to retrieve further data with HER3/pYHER3 antibody and use a novel
approach of transfection via electroporation was not attained due to the present
circumstances (COVID-19). The activation of HER3 along with HER2 would have given
a more comprehensive idea of the HER2 overexpression and possibly the increased
heterodimerization and activation with HER3. Since HERS3 is the preferred dimerization
partner for HERZ2, this study would be a better alternative for a comparative study.

The project is based on the western blot results achieved after the transfection of
the mutated HER?2 plasmid. In normal cell lines, this method is highly favored for the data
efficiency, however, there was an attempt made to test a HER2 null cell line 32D. These
hematopoietic cells do not have HER2 intrinsically, hence, electroporation, a rather
invasive procedure was attempted in this study to achieve HER2 expression. The
parameters for the specific electroporator in the department were rather hard to achieve due
to the model. There were several attempts to stabilize the HER2 expression, however, 32D
HER2 expression was not achieved during the research period in the lab. If the 32D HER2
cells were stabilized, similar approach of study as applied on MCF7 cells could be
implemented to show the mutational effects in the activation of HER2. Furthermore, the
difference in activity between the HER2 null cell line to the normal (MCF7, MCF10A) and

high expressors (SKBR3) would be performed comprehensively.
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The observations and studies performed above support these mutations to be
significant and likely oncogenic drivers. With the given rate in increase in phosphorylation
of HERZ in the target cells, there is likelihood in increase of angiogenesis, cell survival,
cell cycle progression, and proliferation. A thorough analysis of this experiment with
HER3 dimer and establishing HER2 mutations in a non-cancer cell line MCF10A, and
HER2 null cell lines like 32D would help us understand the potency and invasiveness of
this mutation to a deeper level. Anti-HER2 targeted therapies are becoming familiar as the
prognosis improves with new research and development. With a deeper understanding of
each domain function and their mutational consequences, this approach is an effort to
achieve a comprehensive perspective and knowledge based on these crucial factors.
Clinical data and samples show these mutations being prevalent in patients, and that efforts

are being made to understand these domains as possible targets for therapy.
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Chapter 5: Methods and Materials
Cell Lines

All the cell lines were retrieved from ATCC (MCF10A, MCF7 and SKBR3).
MCF10A was cultured in DMEM/F12 with 5% horse serum, 1% penicillin, 20ng/ml EGF,
0.5 pg/ml hydrocortisone, 10ug/ml insulin and 100ng/ml Cholera toxin. MCF7 and SKBR3

were cultured in DMEM/F12 with 10% fetal bovine serum and 1% penicillin.

Cloning
NEBuilder was used to design the primers design and induced the desired mutations
in the wild type HER2. Q5 ® Site-Directed Mutagenesis protocol was followed and the

step-by-step preparations of the 4 targeted clones are listed below.

PCR Preparations, Conditions and Treatment

Exponential Amplification

25ul RXN  Final Concentration

Q5 Hot Start High-Fidelity 2X Master Mix  12.5ul 1X
10uM Forward Primer 1.25ul 0.5uM
10uM Reverse Primer 1.25ul 0.5uM
Template DNA (1-25ng/ul) Tl 1-25ug
Nuclease-free water 9.0ul

Thermocycling conditions

Step Temperature Time
Initial Denaturation 98°C 30s
98°C 10s
25 Cycles 65°C 10-30s
72°C 20-30s/kb
Final Extension 72°C 2minutes
Hold 4-10°C o0
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Kinase, Ligase & Dpnl (KLD) Treatment

10ul RXN Final Concentration
PCR Product imi
2X KLD Reaction Buffer ~ 5ul 1X
10X KLD Enzyme Mix Tul 1X
Nuclease-free water 3ul
: 1. Exponential Amplification 2. Treatment and Enrichment: 3. High-Efficisncy
> h_‘\ (PCR) Kinass, Ligaes and Dpnl Transformation
Je| "\ » 05 Hot Start - 10X KLD - NEB 5-alpha
2X Master Mix Enzyme Mix Competent Cals

Transformation:

NEB 5-alpha Competent E. coli were used after completely thawing on ice.
Following that, Sul of the KLD mix from above was added on the E. Coli tube, after being
flicked 5 times, and then placed in the mixture on ice for 30 minutes. Heat shock was
applied at 42°C for 30 mins then placed on ice immediately for 5 minutes. Now, 950ul of
SOC mixture was used at RT was introduced to the mixture. The solution was then
incubated at 37°C for an hour with 250rpm shaking. The mixture was thoroughly mixed
and was spread on a selection plate (50-100ul). The plate was incubated the plate at 37°C

overnight and colonies were selected the following day for purification.
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Purification (Midi Prep):

After picking the clones (4 of each mutation), LB nutrient broth was added to
selected colonies and incubated overnight in the shaker. The following day, these tubes
were centrifuged to obtain the pellet after getting rid of all supernatant The Invitrogen
protocol was followed; The volumes of buffers from the kit with the process time are listed

below:

Buffer Volume(ul) | Centrifugation time

Resuspension * | 250 -

Lysis** 250 -
Neutralization | 350 5mins
Wash(X2) 500 1min
Elution 50 2mins

*After adding the Resuspension buffer, pipette the pellet with the buffer thoroughly. **Invert until you see
a clear solution.

Now, after centrifugation with the Neutralization buffer, the pellet was eluted by
using the GenelJet column. After elution, collect the centrifuged solution and label it to be
stored. The concentration of each sample was measured and recorded using the nanodrop.
The purified plasmid DNA solution was sent to GENEWIZ sequencing to determine the
success of mutation. For GENEWIZ, samples were prepared for each mutation. Firstly,
10ul of 80ng/ul of each sample and add 2.5ul of Nuclease free water were mixed together.
Then 2.5ul of respective primers (10uM) for each mutation was added. After completing
the sample preparations, the package was tightly sealed and dropped off for sequencing to

be done by GENEWIZ.
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Transfection

Depending on cell size and traits, specific cell population was seeded in a 6 well
plate and retrieved the next day after reaching approximately 40-70% confluence. The
Invitrogen transfection kit was used in order to establish the cell lines with plasmid with
target mutations. The plasmid concentration was 2pg/pl, and the lipofectamine and P3000
were used as 3x factor of the plasmid volume in 250l of Opti-MEM solution. The solution
is introduced to the corresponding cell line medium and incubated as needed. The
incubation for the transfection procedure for this experiment was 24-48 hours (typically

36hours) which was then lysed and used for Western Blot analysis.
Western Blotting

For protein sample preparation, cell pellets (approximately 2x10° cells) were
suspended in a lysis buffer and incubated on an ice bath for 10 minutes. The lysis buffer

was made by adding the reagents below:

10 mM Tris, pH 7.4 1M 0.5ML
100 mM NaCl 5M imL
1mM EDTA 0.5M 100ul
1ImM EGTA 0.5m 100ul
1% triton X-100 100% 0.5ml
10% glycerol 100% 5ml
0.1% SDS 20% 0.25ML
0.5% deoxycholate 0.25¢

Now, the suspensions of cells were sonicated using a Branson 2800 sonicator with
1 short burst of 7 seconds followed by centrifugation for 15 minutes at 4°C. Using the
Pierce BCA protein assay kit, the standard was used to establish a graph for the samples
used to determine the protein concentration.
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For sample preparation for the western blot, 65ul of lysate sample was retrieved,
with the addition of 25ul of LDS buffer, and 10ul of reducing agent making the WB sample
volume to be 100ul. Now, use the previous analysis from the BCA kit to calculate the
volume of sample that needs to be loaded. For the ladder, use Bio-Rad (5ul), and the
commercially available gel and buffers are Bolt. Protein bands were detected using the
following primary antibodies and dilution ratios: mouse anti-human B-actin (1:5000
dilution; cat. no.; Sigma-Aldrich, MO, USA), rabbit anti-human HER2/ErbB2 (29D8)
(1:1000 dilution; cat. no. 2165). After the transfer was complete, the nitrocellulose blots
were incubated in primary antibody for 24 hours. Next day, the blots were washed prior to
adding secondary antibodies with an incubation time of 1 hour. After the incubation, the
blots are washed one more time proceeding to chemiluminescence (ECL) analysis where
the bands are detected with respective horseradish peroxidase-conjugated secondary

antibody.

Electroporation

BTX ECM 800 series electroporator was used with 0.4cm gap cuvettes for
electroporation methods. 32D cells were seeded on a 6-well plate to collect 2.5M cells
concentrated in 500ul PBS. The PBS solution with 2.5M 32D cells was transferred to the
BTX cuvette with lug WT HER2 plasmid. The parameters for the electroporation were
300V for 3ms; After electroporation, the cuvettes were put on ice for 15 mins before adding

it with cell culture medium in the T-75 flask.
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