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1.1 BREAST CANCER

According to International Agency for Research on Cancer, 1.7 million women were diagnosed
with breast cancer in 2012 alone and about 6.3 million women are alive with breast cancer
diagnosed in the previous five years (Ferley et al., 2015). The GLOBOCAN 2012 report
published by WHO indicates a 20% rise in breast cancer incidence compared to 2008, and a
14% increase in mortality rate. Breast cancer is the second most common cancer and the leading
cause of cancer death among women (522,000 deaths in 2012). The incidence rates vary widely
across the world from 27 per 100,000 in Asian and Middle African countries to 96 in Western
Europe, US, Canada and Australia. It now represents one in four of all cancers in women. With
such high incidence, one out of every eight women now has a chance of developing breast

cancer during their lifetime.

Breast cancer can originate in different areas of the breast — the ducts, lobules, or in some

cases, the tissue in between. Histologically, breast cancer can be classified into the following

types:

1) Ductal carcinoma in situ (DCIS) which is a non-invasive form,

2) Invasive Ductal Carcinoma (IDC) which can be again of different types based on
histology, e.g., tubular, medullary, mucinous, papillary, cribriform

3) Lobular carcinoma in situ (LCIS)

4) Invasive Lobular Carcinoma

5) Inflammatory breast cancer

Another major way of defining breast cancer type is by hormonal receptor profiling of the

tumour.

e Estrogen or progesterone receptor positive

e HER2 positive



e Triple negative (TNBC), negative to estrogen, progesterone, or HER2 receptors
e Triple positive, positive to estrogen, progesterone and HER?2 receptors
The most common treatment includes surgery, radiotherapy and chemotherapy. Most patients
with breast cancer surgically remove the cancerous tissue from the breast. It can be either partial
or total mastectomy. Surgery is mostly accompanied by radiotherapy or chemotherapy to kill
the remaining cancer cells which could not be removed at the time of surgery. Chemotherapy
includes administration of a wide range of drugs that has been approved for breast cancer
treatment. Anti-microtubule agents form an integral component of cancer chemotherapy. Based
on their effect on microtubule polymerization these agents are classified into two types: those
destabilizing polymerization, such as vinca alkaloids and those stabilizing polymerization such
as the taxanes. Both these types however serve the same purpose of disrupting the equilibrium
between microtubule polymers and soluble tubulin subunits, and results in mitotic arrest
followed by apoptosis. Although these drugs have different mechanisms of action, eventually
acquired or de novo resistance fails most cancer treatments. Hormone therapy is a type of
cancer treatment given to hormone-receptor positive breast cancers mostly at early stages or if
the cancer has metastasized, to remove hormones or attenuate their action by blocking their
receptors and inhibiting cancer cells from growing. Hormone therapy with aromatase inhibitors
inhibits the enzyme called aromatase from turning androgens to estrogens and, is the preferred
line of treatment for postmenopausal women. Another type of treatment is targeted therapy
which includes monoclonal antibodies and tyrosine kinase inhibitors that specifically identifies
and attacks cancer cells keeping normal cells unharmed. PARP inhibitors forms a type of
targeted therapy used in the treatment of TNBC. Trastuzumab is a monoclonal antibody that
targets and blocks HER2. Trastuzumab combined with chemotherapy is highly effective and is
prescribed for about one out of four breast cancer patients. Often, Pertuzumab, another

monoclonal antibody is used in combination with trastuzumab and chemotherapy to treat HER2



positive breast cancer patients. In case, trastuzumab treatment fails and cancer progresses,
patients are treated with Lapatinib, a tyrosine kinase inhibitor that blocks HER2 and other

proteins in tumour cells.

1.2 MICROTUBULES

1.2.1. Microtubule structure

Microtubules consist of long, hollow filaments of about 25 nm in diameter, which forms the
key components of the eukaryotic cytoskeleton (Wade and Hyman 1997; Downing and
Nogales, 1998; Kavallaris, 2010). They play important roles in diverse cellular functions
including development and maintenance of cell shape, localization of organelles, intracellular
trafficking, cell signalling and segregation of chromosomes during mitosis (Hoenger et al.,
1994; Jordan and Wilson, 2004; Kalinina et al., 2013).

Microtubules are made up of tubulin monomers that are globular proteins of 50 kD each and
consist of 5 distinct families, the alpha (a), beta (), gamma (y), delta (), epsilon (g) and zeta
(©) tubulin that are encoded in different chromosomes (Dutcher, 2003; Kaur et al,. 2014). All
tubulins share a common ancestor with the distantly related prokaryotic cell division protein,
FtsZ (Pilhofer et al., 2011). Of these tubulins, a- and B- tubulins associate in a head to tail
manner to form a protofilament. Thirteen such protofilaments are sealed by lateral interactions
to form a single hollow microtubule (Tilney et al., 1973). This arrangement of the tubulin
heterodimer gives the polymer a polarity with one end having a-tubulin (minus end) and the
other end having an exposed B-tubulin (plus end; Fig 1). Each tubulin (~450 amino acids)
monomer consists of three functional domains; the N-terminal domain (residues 1-206) which
is involved in nucleotide binding (GTP/GDP), a central domain (residues 207-384) involved in

lateral/longitudinal association between a and B-tubulin monomers to form protofilaments, and



a C-terminal domain (starting from residue 385) which is involved in binding to microtubule
associated proteins (MAPs) and mitotic kinesin Eg5 (Orr et al., 2003; Sui and Downing, 2010).
Although highly conserved, a- and - tubulins show extensive molecular heterogeneity in their
C- terminal domains giving rise to multiple isotypes. Each a- and B- tubulin have 6 isotypes
encoded by distinct genes located on different chromosomes. These tubulin isotypes show
specific tissue and cell expression patterns, and undergo various post-translational
modifications, e.g., phosphorylation, acetylation, detyrosination and glutamylation that alter
the interaction of microtubules with MAPs and therefore, their function. This results in a unique

‘tubulin code’ (Bhalla, 2003; Janke, 2014; Sirajuddin et al., 2014).

protofilament
+

8 nm

+
B- tubulin . — —p
a- tubulin8 dimer

24 nm

13_3 microtubule
lattice

Figure 1. Microtubule structural organisation. Microtubules consist of polymers of a- and B- tubulins which
associate to form protofilaments. 13 such protofilaments together form a hollow microtubule of ~25 nm diameter.
The arrangement of a- and B- tubulins in a head to tail manner gives the microtubule a ‘plus’ end with - tubulin

exposed and a ‘minus’ end with a-tubulin exposed.

1.2.2 Microtubule dynamics
Microtubules are highly dynamic cytoskeletal structures that switch between cycles of

polymerisation and depolymerisation. A precise control over microtubule dynamics has led the



cells to organize and reorganize the cytoskeleton for various cellular functions. The
polymerization of microtubules occurs by a nucleation-elongation mechanism (Voter and
Erickson, 1984; Tassin and Bornens, 1999). In vivo, formation of new microtubules is
nucleated in a region called centrosome or microtubule organisation centre (MTOC). The
centrosome consists of a pair of centriole surrounded of a complex of proteins called
pericentriolar material (PCM) (Moritz et al., 1995). The MT (-) end remains anchored to the
centrosome whereas the (+) ends radiate out into the cytoplasm, towards the cell periphery
(Gorbsky et al.,, 1988). However, higher plant cells lacks such centrosome. The most important
structural component of the centriole is the y-tubulin which form complexes with additional
proteins, termed y-tubulin complex proteins (GCPs).

Several models have been proposed so far for microtubule nucleation mechanism. The two
most widely accepted models are the ‘template model’ and the ‘protofilament model’. In the
template model, y-tubulin molecules laterally interact forming a ring complex, upon which of3-
tubulin heterodimers gets added to grow into a hollow tube. On the other hand, the
protofilament model proposes that y-tubulin ring complexes (y-TuRCs) are short
protofilaments formed by longitudinal association of y-tubulin molecules that curl up due to
the intrinsic curvature of the GTP bound y-tubulin monomers, similar to GDP-bound,
unpolymerized af-tubulin. Unlike a- and B-tubulin heterodimers, GTP-bound y-tubulin can
associate laterally in the y-TURC even with their curved conformation providing a template for
weak lateral interaction between af-tubulin heterodimers. The protofilaments can then grow
rapidly by continuous reversible non-covalent addition of a/B-tubulin heterodimers at their
open plus-end. Concomitantly, lateral association of multiple protofilaments (>11) then leads
to closure of a microtubule. However, microtubule lengthening only occurs when an

energetically lattice is formed, e.g., 13_3 lattice, else it undergoes immediate catastrophe.



However, experimental proof for both models has been found making both models equally
accepted (Aldaz et al., 2005).

Microtubules exhibit two kinds of non-equilibrium dynamics, both in vitro and in vivo, and
require energy in the form of GTP to mediate such dynamicity. One is called ‘dynamic
instability’ proposed by Mitchison and Kirschner in 1984 and the other is called ‘treadmilling’
(Fig 2; Mitchison and Kirschner, 1984b). In dynamic instability, microtubules exist either in a
slow elongation state or a rapid shortening state, with intermittent periods of constricted
dynamics or pause, with no net growth in the microtubules. Polymerization of microtubules
occur when GTP binds to the nucleotide exchangeable site (E-site) in B-tubulin and the non-
exchangeable site (N-site) in a-tubulin. During or soon after polymerization, GTP at the
exchangeable or E-site of B-tubulin is hydrolyzed (David-Pfeuty et al., 1977, MacNeal &
Purich, 1978) resulting in a nonexchangeble GDP at the B-tubulin E-site. Thus, the B-tubulin
in the polymer has a GDP at E-site. Only upon depolymerization, the released B-tubulin
subunits exchange GDP for GTP at E-site for another round of polymerization. On the other
hand, o-tubulin also binds to GTP but at a non-exchangeable site (N-site), which during
polymerization remains unhydrolysed. Although B-tubulin has an exchangeable GTP, it is the
a- tubulin that triggers GTP hydrolysis to GDP+ Pi at the E-site B-tubulin, following which -
tubulin changes to a curved conformation locking the tubulin-GDP to the core of the
microtubule and maintains association between the protofilaments (Carlier et al., 1984;
O’Brien et al., 1987; Alushin et al., 2014). Dynamic instability requires a B-tubulin-GTP cap
at the end of the growing MTs that stabilizes the MTs (Mitchison & Kirschner 1984a). Thus,
stoichiometrically microtubules are polymers of (GTP: a-tubulin /GDP: B-tubulin) », with a
GTP (or GDP- Pi): B-tubulin cap at the growing end which accommodates continuous addition
of tubulin heterodimers (Nogales, 1999). In the presence of the GTP cap, the microtubule plus

end is stabilized and grows rapidly, whereas, once the cap is lost, the GDP-containing polymers



get unstabilised and the protofilaments peel off outwardly (Panda et al., 2002). Also, the
growing (+) end of microtubule can generate high force by converting chemical energy from
GTP hydrolysis to mechanical force, which is required for various forms of cellular motility

(Dogterom and Yurke, 1997).
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Figure 2. Microtubule assembly dynamics and organization. Microtubules shows two kinds of GTP-dependant
dynamic behaviour, dynamic instability and treadmilling. During dynamic instability, tubulin subunits associate
and dissociate from the plus end of the protofilaments, resulting in either growth or shortening of the microtubules.
Treadmilling, on the other hand, occurs when one end of a filament grows in length while the other end shrinks.

Though net growth remains same, it appears like a section of filament "moving" across a stratum or the cytosol.

The second dynamic behaviour is called ‘treadmilling’. At steady state treadmilling, the MT
polymer has constant addition of tubulin heterodimers at one end balanced with simultaneous

loss at the other end, keeping constant net growth (Margolis and Wilson, 1978). This occurs



due to difference in the critical tubulin subunit concentrations at the two ends of the
microtubule (Fig 2; Rodionov and Borisy, 1997). Treadmilling is particularly observed during
mitosis. At a particular time, a specific microtubule population can display either treadmilling,
dynamic-instability or even both, depending on the composition of the microtubule population,
I.e., isotype composition, posttranslational modifications and composition of its associated

proteins.

1.2.3 Role of microtubules in mitosis

The highly dynamic nature of microtubules is crucial for their role in cell division and
chromosomal segregation during mitosis. This, in turn, regulates cell proliferation and cell
migration in tumor progression. During interphase, microtubules grows out from the MTOC
and function as stable protein scaffolds for cellular protein and vesicle transport. Microtubule
turn over, i.e., the exchange rate between the polymerised tubulin with the soluble tubulin pool,
is relatively slow during interphase, with half-times ranging from several minutes to several
hours (Kline-Smith and Walczac, 2004). During G1 to S phase, the two centrosomal centrioles
separate and duplicate. They enlarge in size by late G2 phase and remain attached together till
the beginning of mitosis. With the onset of mitosis, the interphase microtubule network starts
depolymerizing and is replaced by highly dynamic microtubules (Sharp et al., 2000). In
eukaryotic cells, mitosis is initiated when cyclin B1 complexes with the cyclin-dependent
kinase (cdkl) to form maturation promoting factor (MPF). In early prophase, centrosomes
separate to form the spindle poles, and DNA condenses into chromosomes. This is mediated
by kinesin spindle proteins, kinesin Eg5. Based on their roles in mitosis, MTs can be
characterized into three subsets. Firstly, the kinetochore MTs (kMTs), which remain attached
to sister chromatids at the kinetochore by its plus ends. Secondly, interpolar MTs which extends

from the opposite pole and interdigitate at the spindle midzone. Thirdly, astral MTs which



extends out from the spindle. During early prophase, MT are highly dynamic and nucleation
rate at the centrosomes increases by 4-fold. The MT (+) ends starts emanating radially from
the spindle poles. Since the nuclear envelope is still intact, the growth of these MTs is stabilized
by nuclear envelope proteins. Thus, the initial events are regulated by cytoplasmic factors.
Once the nuclear envelope breaks down, chromosomes and nuclear factors are released into
the cytoplasm resulting in a dramatic increase in microtubule (MT) dynamics (Wittman et al.,
2001). During prometaphase, plus ends of kinetochore MTs grows as long as 5-10 pm,
dissociates completely and then re-grow till it probes the cytoplasm to establish a link with a
chromosomal kinetochore, as proposed by the ‘Search-and-Capture’ model of spindle
assembly. The sister chromatid kinetochores can associate with the spindle MTs in a various
ways. The most stable being the ‘amphitelic attachment’ or biorientation, in which both sister
kinetochores simultaneously attach to microtubules emanating from opposite centrosomes

(Channels et al., 2008).

1.2.4 Microtubule binding agents

The significance of microtubules in the process of mitosis and cell division makes them easy
targets for anticancer drugs. These drugs inhibit cancer cell proliferation by interfering with
the correct formation of the mitotic spindle, delayed G2-M phase transition, impaired
chromosome congression and segregation and subsequent initiation of mitochondrial apoptotic
pathway. Microtubule binding agents (TBASs) are classified into two types: those inhibiting
polymerization, such as vinca alkaloids and colchicine, and those stabilizing polymerization
such as the taxanes. TBAs interfere in MT dynamics by either binding to the $-tubulin subunit
of ap-tubulin on the tubulin heterodimer (MT-destabilizing agents) or the MT wall (MT-
stabilizing agents) causing disruption of MT dynamics (Fig 3; Zhou et al., 2005). They mostly
function by disrupting the equilibrium between polymerised microtubules and soluble tubulin

monomers.



1.2.4.1 Microtubule destabilizing agents

Vinca alkaloids are naturally occurring or semi synthetic nitrogenous bases. They were first
isolated in the 1950's by Canadian scientists, Robert Noble and Charles Beer from pink
periwinkle (Catharanthus roseus). Phytochemical analysis of these compounds initially
allowed them to be used for their hypoglycemic activity. Later they were used in medical
research for their cytotoxic effects. Vinca drugs have been used for treating diabetes, reduce
high blood pressure and also as a sterilizer. However, they have been used greatly as cancer
fighters. The four major vinca alkaloids used in medical applications are vinblastine (VBL),
vinorelbine (VRL), vincristine (VCR) and vindesine (VDS), out of which only VCR, VBL and
VRL have been approved for use by the FDA (USA). From 2008, Europe has approved a new
synthetic vinca alkaloid, vinflunine for medicinal treatment (McGrogan et al., 2008). The vinca
alkaloids bind with high affinity to the vinca domain located adjacent to the E-site on -tubulin
at the plus (+) end of the microtubule and with low affinity to the sides of the microtubule
(Kiselyov et al. 2007). This disrupts the GTP cap at the plus end of microtubule leading to its

destabilization.

(+) Destabilizing (+) Stabilizing (+)

Outer Colchicine Taxanes
surface y -
Vinca Epothilones
alkaloids

V Vinblastine

] Colchicine

O Taxol

Figure 3. Microtubules binding agents. Microtubule binding agents can be either destabilizing, colchicine and

vinca alkaloids, or stabilizing, taxanes and epothilones.

10



Colchicine was originally extracted from the meadow saffron, Colchicum autumnale (Borisy
and Taylor, 1967). Due to its high cytotoxicity to normal tissue, it is not used in the treatment
of cancer. However, it is used extensively in exploring the functional properties of microtubules
and development of drugs against cancer cells. Colchicine binds to a domain located at the j3-
tubulin and a-tubulin interface (Kaur et al., 2014). Other drugs, combretastatin and 2-methoxy-
estradiol (2ME2), can also bind to the colchicine site. Combretastatin (isolated from the South
African willow Combretum caffrum) binds to tubulin, destabilizes microtubule and leads to
mitotic arrest with subsequent apoptosis, whereas, 2ME2 is a metabolite of estradiol, which

inhibits cancer cell growth in vitro (McGrogan et al., 2008).

1.2.4.2 Microtubule stabilizing agents

Paclitaxel is the most commonly used MT-stabilizing drug in anticancer therapy. It was
originally isolated from the bark of the Pacific yew tree, Taxus brevifolia in 1971. It was only
in 1992 that the Food and Drug administration (FDA, USA) approved it for the treatment of
advanced ovarian cancer and subsequently for metastatic breast cancer treatment in 1994,
Electron crystallography revealed that paclitaxel binds within a hydrophobic cleft of B-tubulin
and laterally interact with the tubulin subunits via hydrogen bonding and hydrophobic contact.
The binding of paclitaxel results in lateral polymerization and enhanced microtubule stability
leading to G2-M phase arrest followed by apoptosis (Yared and Tkaczuk, 2012). Details of

paclitaxel action will be discussed in the latter sections.

Epothilones belongs to a new class of MT- stabilizing agent that, were isolated from
myxobacterium Sorangium cellulosum. Like paclitaxel, epothiones stabilizes microtubules by
binding to the B-tubulin, and induces mitotic arrest followed by apoptosis. Although
epothilones and taxanes share overlapping binding sites on B-tubulin, but they are not identical

(Nettles et al., 2004). Clinical trials with epothilone B (Patupilone; Novartis) and an analogue
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of epothilone B (Ixabepilone; Bristol-Myers squibb), have been successful in treating
metastatic breast cancer patients who are resistant to both taxanes and anthracyclines (Sabbatini
and Spriggs, 2009). A clear advantage of epothilones over paclitaxel is that they are undetected
by P-glycoproteins and can bypass the resistance mechanisms associated with drug efflux

pumps in cell lines (Lee and Kelly, 2009).

1.3 TAXOL
1.3.1 History and derivatives

Paclitaxel was discovered as a result of a large-scale screening of plant extracts with anti tumor
properties initiated by the National Cancer Institute in the 1960s (Kumar et al., 2010). It was
originally extracted from a slow growing coniferous Pacific yew tree (Taxus brevifolia) by
Wani and Wall (Wani et al., 1971). The drug underwent slow developmental changes, until in
1979, Peter Schiff and Susan Horwitz discovered that paclitaxel stimulated microtubule
polymerization in vitro, unlike the previously discovered microtubule binding vinca drugs
(Schiff et al., 1979). Eventually, Bristol-Myers Squibb (USA) developed and commercialized
Cremophor EL (CrEL), a polyoxyethylated castor oil, combined with dehydrated alcohol
formulation of paclitaxel. Due to scarcity of naturally occurring paclitaxel, a semisynthetic
more water soluble derivative, docetaxel, was developed from European yew tree (Taxus
baccata). By 1995, both paclitaxel and docetaxel were approved for clinical use and since then
they have been the first line of therapy for treatment of advanced breast and ovarian cancer,
non-small-cell lung cancer and Kaposi’s sarcoma. Presently, for metastatic breast cancer, the
dose and schedule of paclitaxel approved by the FDA (USA) is 175 mg/m? given as 3-hour
infusion every 3 weeks, and docetaxel is 60-100 mg/m? given as a 1-hour infusion every 3

weeks (Sparano, 2000). However, the solvents used for these drug formulations, CrEL for
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paclitaxel and polysorbate 80 (Tween 80) for docetaxel, result in various side effects
specifically the acute hypersensitivity and peripheral neuropathy. Therefore, over the last
decade, various taxane formulations based on albumin nanoparticles (nab-Paclitaxel), drug
analogs (tesetaxel), prodrugs (DHA-paclitaxel), polyglutamate emulsions (Paclitaxel
poliglumex) etc have been developed and even undergoing clinical trials (Fig 4; Yared and

Tkaczuk, 2012).

Paclitaxel Docetaxel

Cabazitaxel Tesetaxel

Figure 4. Structure of Paclitaxel and its derivatives. Paclitaxel structure consists of a diterpene core which forms
the taxane skeleton, 3 phenyl ring-bearing side chains and 2 acetoxy moieties. Docetaxel, cabazitaxel and tesetaxel
has a tert-butoxy group different at C3 position. At C10 position, docetaxel has a hydroxyl group, cabazitaxel has

an acetyl group, and tesetaxel has dimethylaminomethyl group.
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1.3.2 Pharmacokinetics

The uptake and elimination of paclitaxel depend on dose and administration rate. Paclitaxel
uptake is found to be homogenous in liver, spleen, heart, lung and muscles but minimal in brain
and testes, as demonstrated by radiolabeled drug studies (Lesser et al., 1995). Oral
administration of paclitaxel lead to poor bioavailability due to the drug either being effluxed
by the enterocyte P-glycoprotein (P-gp) or being metabolised in the liver before reaching target
cancer cells, therefore requiring parental administration. Early clinical trials with prolonged
slow infusions of paclitaxel (24-hour infusions) showed more linear pharmacokinetics,
whereas, studies with high plasma concentrations or shorter infusions (3-hour infusions)
showed high nonlinearity (Michaud et al., 2000). This nonlinearity can be due to the plasma
concentration of the drug exceeding the eliminating capacity of the body, thereby

disproportionately increasing the area under the plasma-time curve (Walle et al., 1995).

Paclitaxel is majorly eliminated by the liver followed by bile excretion either as unchanged
paclitaxel or metabolites. Renal excretion is as minimal as only 10% of the injected taxol when
recovered in urine over a 24-hour period (Monsarrat et al., 1990). Major metabolites of
paclitaxel are 6a-hydroxy-paclitaxel, formed by hydroxylation of C6 in the taxane ring by
cytochrome P450 2C8, and 3’-para-hydroxypaclitaxel, formed by cytochrome P450 3A4

(Walle et al., 1995; Kumar et al., 2010).

1.3.3 Effect of taxol in vitro and in vivo

Ever since the discovery of taxol and its derivatives as microtubule stabilizing agents,
numerous studies have been carried out to elucidate its mechanism of action. In vitro, taxol
decreases the lag time required for microtubule assembly by shifting the equilibrium towards

microtubule polymers and decreases critical concentration of tubulins required for assembly.
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The microtubules formed are stable and resistant to depolymerisation by cold (4°C) and
CaClz (4 mM) (Schiff et al., 1979). Taxol binds along the surfaces of microtubules, with a
maximum stoichiometry of 1 mol of taxol per 1 mol of tubulin in microtubules (Derry et al.,
1995). The binding is reversible, since [*H] Taxol bound to polymerised microtubules can be
easily replaced by unlabelled taxol. Taxol also leads to a decrease in number of protofilaments

of a microtubule from an average of 13 to 12 (Diaz et al., 1998).

In vivo, at high concentrations, taxol causes extensive microtubule bundling and increase in
polymer mass along with G2-M block followed by apoptosis (Fig 5). However, at low
concentrations taxol acts differently at opposite microtubule ends. Taxol potently block
mitosis, with no change in microtubule polymer mass and no microtubule bundling. This results
from stabilization of growing and shortening dynamics of microtubules at the plus ends by the
binding of very few taxol molecules. At the minus ends however, same substoichiometric ratios
of taxol bound to tubulin did not affect growing, shortening, or dynamicity. Thus, in blocked
mitotic cells, taxol potently suppresses dynamics at plus ends of spindle microtubules, whereas
at minus ends permits continued microtubule depolymerisation at the spindle poles (Derry et
al., 1995). This has led to the observation that centrosomal components that are normally
located at the minus ends of microtubules in the mitotic spindle often become disorganized in

the presence of taxol (DeBrabander et al., 1981).

1.3.4 Taxol binding sites on microtubule

Each tubulin (~450 amino acids) monomer consists of three functional domains. The N-
terminal domain (residues 1-206) has a Rossman fold which is involved in nucleotide binding
(GTP/GDP). The central domain (residues 207-384) is formed by two antiparallel helices (H11

and H12) that fold across to the other two domains. This domain is involved in
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lateral/longitudinal association between o and B-tubulin monomers to form protofilaments by
interacting between the microtubule loop (M-loop; residues 271-286) and the helix H3 and
loop H1-S2. The C-terminal domain (starting from residue 385) is involved in binding to

microtubule associated proteins (MAPs) (Orr et al, 2003).

Taxol has a large complex structure comprising of an oxetene core, three phenyl ring-bearing
side chains and two acetoxy moieties. Some studies suggest that the side chains are responsible
for its effect on microtubules (Miller and Ojima, 2001), whereas, other studies imply that if not
an absolute requirement, these side chains enhances the potency of taxol (Downing, 2000).
Photoaffinity studies with [*H] Taxol revealed that taxol binds to p-tubulin on the inner surface
of the microtubule. Taxol binds to assembled tubulins with greater affinity than soluble tubulin
monomer. It enters the inner lumen through small pores present on the walls of microtubule
polymer. Binding of taxol to the B-tubulin causes conformational changes in the B-tubulin
lattice. Several residues have been identified that make direct contacts with taxol, e.g., Val23
makes hydrophobic contacts with paclitaxel’s N” and 3’ phenyl rings. Asp 26 forms hydrogen
bonding to the nitrogen in paclitaxel’s C13 side chain. Other residues, Leu 215, Leu 217, Leu
228 and His 227 are involved in hydrophobic contacts with the 2-phenyl ring, while Ala 231

and Ser 234 contact the 3’ phenyl group of taxol (Lowe et al., 2000).

Snyder et al has proposed a model based on molecular docking studies, X-ray crystallography
and NMR studies that, taxol binding to tubulin takes T- shape or a butterfly structure (Synder
et al.,2001). This T-shaped or butterfly structure of taxol mimics a portion of the B9-B10 loop
of a-tubulin and even shows functional similarity. In this model, the binding pocket of taxol
resides in a hydrophobic cleft near the surface of B-tubulin formed by Pro358, Arg 359, Gly
360 and Leu 361. From this pocket, taxol can make hydrogen bondings and hydrophobic
contacts with segments of helices H1, H6, H7, and the loop between H6 and H7. The taxol-
binding site is close to the M-loop (residues 271-286), which participates in lateral interactions
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with the H3 helix of the adjacent B-tubulin monomer in the microtubule. It has been proposed
that on taxol binding, a conformational change occurs in the M-loop which mediates stronger
lateral contacts between the protofilaments leading to a rigid taxol bound microtubule

(Nogales, 2000).

Stabilised

Dynamic
y microtubule

4 O
microtubule

Taxol

Cells undergo

normal Cellcycle
metaphaseto arrestat
anaphase metaphase
transition

Viable daughtercells Apoptotic cells

Figure 5: Mechanism of taxol. During cell division, microtubules are highly dynamic. It undergoes disassembly
to form new networks of spindle microtubules, mitotic asters and kinetochore microtubules in a tightly regulated
mechanism. Taxanes bind to the inner surface and stabilizes the spindle microtubules, such that the chromosomes

fail to segregate at metaphase leading to mitotic arrest and finally triggering apoptosis.
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1.3.5 Mechanisms of taxol resistance

Intrinsic and acquired drug resistance to taxanes are a major threat to the success of anticancer
chemotherapy. Various factors underlying taxane resistance include mutations in both a and 3
tubulin, altered B-tubulin isotype expression, P-glycoprotein (P-gp), overexpression and altered
expression of microtubule-associated proteins (MAPS). Moreover, functional aberrations in
multiple molecular pathways, such as cell cycle control, growth promotion and apoptosis can

all contribute to chemoresistance (Jordan and Wilson, 2004).
1) Mutations

Mutations in B-tubulin can cause alteration in microtubule dynamics and stability and affect
taxol binding leading to resistance. Several studies have reported mutations in the f I-tubulin
isotype taxol-resistant cell lines. However, their clinical implication has not yet been proved
(Berrieman et al., 2004). For example, taxol resistant Chinese hamster ovary cells show
alterations in a cluster of leucine residues in the H6-H7 loop region of B- tubulin, an area close
to the paclitaxel-binding site. It was further identified that mutations at L215 confers enhanced
taxol sensitivity (Wang et al., 2006). In another study, epidermoid tumor line KB-3-1 when
exposed to increasing concentrations of paclitaxel resulted in a paclitaxel-resistant clone having
a mutation in the paclitaxel-binding region of B-tubulin (Asp26Glu) and less stable
microtubules (Hari et al., 2006). In another report, mutational analysis of the class | beta-
tubulin in breast cancer patients led to the identification of a somatic mutation codon 306 [Arg
(CGC) to Cys (TGC)], and 2 genetic polymorphisms, codon 217 [Leu (CTG) to Leu (CTA)]
and (C to T) at 57 bases downstream from exon 4 (Hasegawa et al., 2002). However, mutation
of the class I B-tubulin gene is found to unlikely to be instrumental in conferring resistance to

paclitaxel in breast cancer (Maeno et al., 2003).
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2) PB-tubulin isotype

The a- and B-tubulin have multiple isotypes that have tissue and cell-specific expression
(Luduefia, 1998, Dozier et al., 2003). The tubulin isotypes highly homologous but are unique
by their last 20-27 amino acids, carboxy-terminal tails, which forms the putative site for
binding many MAPs. Post-translational modifications of these tubulin can alter the interaction
of microtubules with MAPs and change their functions. Taxol resistance in breast cancer has
been associated with variations in tubulin isotype expression, especially increased expression
of B II-tubulin (Shalli et al., 2005).

Interestingly, dimers composed of BIII-tubulin are found to be less stable and depolymerise
more easily than other B-tubulin isotypes. They also showed increased dynamicity with an
overall increase in rate of exchange of tubulin dimers at the microtubule ends (Panda et al.,
1994). Taxol reaches its binding site on B-tubulin by diffusion through small openings in the
microtubule wall. This requires a transitional step of binding of paclitaxel to an intermediate
site within a nanopore, from which it moves directly to its binding site in the inner surface of
microtubule. Targeted molecular dynamics revealed that paclitaxel utilizes the H6/H7 loop as
a hinge to move directly from this intermediate binding site to its final position in the luminal
binding site. This movement involves formation of a hydrogen bond by serine 275 in all B-
tubulin isotypes, except BIII-tubulin and BVI-tubulin, in which this residue is replaced by
alanine. Thus the difference in taxol binding to different tubulin isotypes is due to the kinetic
effect of this residue (Freedman et al., 2009). The putative role of BIII-tubulin in taxol
resistance and as a cellular survival factor is supported by the fact that BIII-tubulin is induced
under conditions of cellular stress such as hypoxia and glucose deprivation (Raspaglio et al.,
2008; Cicchillitti et al., 2008). Thus, BIII-tubulin can also protect cells from the genotoxic
stress induced by cytotoxic drugs. In silico analysis of Tubb3 promoter identified binding sites

for several transcription factors that are components of cell survival pathways, e.g., HIF1a,
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p53, nuclear factor-«B and the Wilms’tumour protein (Dennis et al., 2002). miR200c
downregulates BIII-tubulin in endometrial cancer cells and sensitises them to taxol. Thus, BIII-
tubulin is a downstream regulator of various cell signalling pathways that play a potential role
in cell survival.

3) MAPS

A plethora of proteins interact with microtubules and regulates microtubule dynamics. Some
of them stabilize microtubules structure (MAP2, MAP4, Tau, STOP, Mip-90 and stathmin),
others modulate microtubule space arrangement (MAP1, MAP2 and Tau) or enable the
organelle migration among microtubules (kinesin, dynein and dynamin). Therefore, aberrant
expression of microtubule associated proteins could impact the sensitivity of cancer cells to

microtubule targeting drugs like taxol.

Stathmin/oncoprotein 18 (opl18) is a major cell signaling phosphoprotein. Structurally,
stathmin has two functional domains consisting of an N-terminal domain which stimulates
microtubule plus end catastrophe, and a C-terminal domain, which sequesters tubulin and
lowers the concentration of soluble tubulin resulting in slow microtubule growth (Cassimeris,
2002). Stathmin is overexpressed in breast cancer and is associated with disease progression
and taxol resistance (Alli et al., 2002). Stathmin inhibition in ER-positive and ER-negative
breast cancer cell lines resulted in inhibition of proliferation associated with increased G2/M
arrest and apoptosis (Miceli et al, 2013). Stathmin overexpression in BT549 breast cancer cells
resulted in decreased microtubule dynamics and paclitaxel sensitivity by 29% and 44%,
respectively (Balasubramani et al., 2011). The activity of stathmin can also be regulated at the

transcriptional level by p53 and E2F (Ahn et al., 1999; Polager and Ginsberg, 2003).

Microtubule associated proteins (MAPS) consist of several subtypes MAP1A, MAP1B, MAP2,

MAP4 and tau proteins. MAP2, MAP4 and Tau have three or four structural repeats in their C-
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terminal microtubule-binding domain. Each MAP has several isoforms reflecting differences
in the number of microtubule-binding repeats (Honore et al., 2005). Tau/MAP2 is
predominantly a neuronal MAP and a key culprit in Parkinson’s disease. However, high Tau
expression is observed in taxol resistant breast cancer (Andre et al., 2007; Rouzier et al., 2005).
Tau has either three- or four-repeat microtubule-binding domains. It strongly binds
longitudinally along the inner and outer surface of the microtubule, between two adjacent
tubulin dimers on the protofilaments, and dissociates slowly (Kar et al., 2003a). In vitro
polymerisation assay of tubulin pre-incubated with Tau resulted in decreased paclitaxel binding
probably due to increased competition for the binding site on B-tubulin. Down regulation of
Tau by siRNA leads microtubules more vulnerable to paclitaxel and makes breast cancer cells
hypersensitive to this drug (Rouzier et al., 2005). Phosphorylation of the microtubule- binding
domain of Tau by various kinases, such as, type 2A phosphatases and GSK-3f3 can regulated
its microtubule binding activity (Credle et al.,2015), which may in turn may play a key role in

taxol resistance.

MAPA4, on the other hand, is a predominant human non-neuronal MAP, ubiquitously found in
all cell types. MAP4 binding to microtubules brings about conformational changes in a- and
B-tubulin that results in stabilization of MT (Xiao et al., 2012). It alters microtubule dynamics
by increasing the rescue frequency, without affecting the catastrophe frequency. MAP4
overexpression has been correlated with increased resistance to paclitaxel. In taxol-resistant
ovarian cells, phosphorylation of MAP4 results in its dissociation from the microtubule
allowing mitosis to proceed, thereby, decreasing taxol sensitivity (Poruchynsky et al., 2001).
Thus, microtubule associated proteins are instrumental is causing taxol resistance in cancer

cells and poses a major hurdle in chemotherapy.
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4) Multidrug resistance (MDR)

A major factor causing resistance to antimitotic drugs is multidrug resistance (MDR)
phenomenon, whereby, resistance to one drug can result in cross-resistance to other structurally
unrelated drugs. The key mechanism of MDR is the overexpression of a class of membrane
transporter proteins known as ABC-transporters (ATP-dependent drug efflux pumps). The first
of many identified was P-glycoprotein, the product of the human MDR1 gene, on chromosome
7 (Safa, 2004). These P-gp can bind to a wide spectrum of hydrophobic drugs including
paclitaxel, doxorubicin, vincristine and vinblastine. On drug-binding, the ATP-binding domain
of P-gp is activated causing hydrolysis of ATP. This results in a conformational change in P-
gp, causing drugs to be effluxed out of the cell limiting their activity (Ramachandra et al.,
1998). Therefore, new microtubule targeting drugs that are being developed requires
circumventing this common mode of resistance. Several analogues are being developed
including TPI-287, cabazitaxel and sagopilone, that are poor substrates of P-gp or drugs that
can covalently link to microtubules and therefore would not be effluxed by P-gp e.g.,

zampanolide, cyclostreptin and the taccalonolides (Rohena and Mooberry, 2014).

Another class of drug efflux pumps implicated in taxanes resistance is the multi resistance-
associated protein (MRP) family of transport proteins also referred to as ABCC (adenosine
triphosphate-binding cassette C group) transporters, which include several subfamily members
(Borst et al., 2000). These have been implicated in imparting drug resistance in epithelial

ovarian cancer and lung cancers (Cole et al., 1992; Bagnoli et al., 2013).

5) Post translational modifications

Microtubules undergo various post-translational modifications e.g., polyglutamylation,
polyglycylation, phosphorylation, acetylation, and detyrosination/tyrosination, which regulates

the binding of various MAPs, resulting in a signature ‘tubulin code’ (Verhey and Gaertig,
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2007). This in turn, regulates the dynamic property of microtubules. All of the post-

translational modifications, except acetylation, occur within carboxy tail of a- and B-tubulin.

Microtubules undergo detyrosination of the C-terminal tyrosine of a-tubulin by an unidentified
carboxypeptidase (Westermann and Weber, 2003). However, the Nnal/CCP1 family of
cytosolic carboxypeptidases share some similarities with this tubulin carboxypeptidase
(Kalinina et al., 2007). The reverse tyrosination reaction of the C-terminal glutamate residue
of a-tubulin is catalyzed by tubulin tyrosine ligase (TTL) (Verhey and Gaertig, 2007). The
detyrosination/tyrosination cycle differentially recruits two types of microtubule-binding
proteins, molecular motors and plus-end tracking proteins (+TIPs). Multiple studies have
shown that TTL is downregulated in human cancers, and correlate with increased
tumorigenisis, tumor invasiveness, and poor prognosis (Mialhe et al., 2001; Soucek et al.,

2006).

Glutamylation and glycylation occurs at glutamate residues in the C-terminal tails of both a-
and B-tubulin. However, these modifications has not yet been implicated for cancer propagation
and taxol resistance. Glycylation is mainly observed in axonemes of cilia and flagella, whereas
glutamylation is commonly seen in neuronal cells, centrioles, axonemes, and the mitotic
spindles. These modifications has been implicated in the intra-flagellar transport of structural

and membrane components within cilia and flagella (Hammond et al., 2008).

Microtubules get acetylated at Lys 40 of a-tubulin on the luminal side. The enzymes
deacetylating tubulins are histone deacetylase 6 (HDAC6) and Sirtuin 2 (SIRT2), and
acetylating tubulin is a-tubulin acetyl transferase (a-TAT, also termed MEC-17). MTs are
highly acetylated in mitotic cells and acetylation results in stable microtubules. During
metaphase, acetylated tubulin (Ac-tubulin) is enriched at interpolar and kinetochore MTs, but
not at astral MTs, and Ac-tubulin becomes concentrated on the midbody during telophase and

cytokinesis. Increased acetylation of a-tubulin was observed in taxol resistant small lung cell
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carcinoma (Ohta et al., 1994). Elevated levels of a-tubulin acetylation is observed in metastatic
and basal- like breast cancer, and is associated with promotion of microtentacles and
invasiveness (Boggs et al., 2015). To date, however, there is little or confirmed evidence that
altered post-translational modifications is a major determinant of cellular sensitivity towards

taxol or any tubulin-directed antimitotic agent.

1.4 HEMATOPOIETIC PBX-INTERACTING PROTEIN

Hematopoietic PBX interacting protein, also known as pre B-cell leukemia homeobox
interacting protein (PBXIP1), was initially identified as a non-homeodomain containing
interacting partner of PBX1 in a yeast two-hybrid screening of a foetal hematopoietic cDNA
library using PBX1 as a bait (Abramovich et al., 2000). It contains a nuclear export signal and
two functional nuclear localization signals, which accounts for its localisation mostly in the
cytosol and in few amounts in the nucleus (Fig 6). This also implies that HPIP can act as a
shuttle protein and is responsible for repressing the transcriptional activity of PBX, by
inhibiting the ability of PBX-HOX complexes to bind to their target DNA sequences and also
the transactivation activity of E2A-PBX (Abramovich et al., 2000). Recent studies revealed
that HPIP induces erythroid differentiation in K562, a multipotent erythro-megaloblastic
leukemia cell line, and displays stem cell property by activating the PI3K/AKT/GSK3p
signaling pathway. Furthermore, the erythroid lineage-specific transcription factor, GATAL,
binds to the HPIP promoter and activates HPIP gene transcription in a CTCF-dependent
manner (Manavathi et al., 2012). HPIP has also been shown to involve in germ cell
proliferation by inhibiting functional interaction between ERP and Tex11 (Yu et al., 2012).
Although HPIP was initially discovered in context of embryonic development, a number of
studies have implicated its role in cancer scenario. HPIP is overexpressed in astrocytoma and

is responsible for promoting tumor growth and migration (van Vuurden et al, 2014). HPIP
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Figure 6. Structural domains of HPIP. HPIP has a nuclear export signal (NES) from 402-731 aa. It has two nuclear
localisation signals (NLS) from 485-505 aa and 695-720 aa. The 560-630 aa region is the Pbx-interacting domain
(PBX). HPIP binds to the microtubules by its 190-218 aa region (MTBD)

promotes liver cancer cell proliferation through activation of G2/M checkpoint by increasing
the cyclin B1 and inhibiting GADD45a levels in liver cancer cells (Xu et al., 2013). HPIP over
expression is also found in various cancer tissues including breast, ovarian, and endometrial
cancers (Uhlen et al., 2005). In breast cancer, Manavthi et al. has identified HPIP as a novel
estrogen receptor (ERa) interacting protein that also binds to microtubules and tethers ERa to
the microtubules and thereby triggering cytoplasmic signaling by activation of AKT and
MAPK pathways (Manavathi et al, 2006). The activated AKT and MAPK further leads to ERa
phosphorylation and estrogen-responsive gene expression (Wang et al., 2008). Recent studies
also revealed that in breast cancer cells HPIP is phosphorylated by estrogen-activated kinase
TBK1, and it leads to MDM2-dependent HPIP degradation in breast cancer cells. In addition,

HPIP is identified as a novel downstream target of P53 transcription factor (Shostak et al.,
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2014). Furthermore, over expression of HPIP in breast cancer cells promotes adenocarcinomas

in mice (Manavathi et al., 2006). Cellular functions of HPIP has been summarised in Figure 7.

HPIP is involved in cancer cell proliferation, migration and invasion in various cancers, and

that HPIP activates AKT on paclitaxel treatment (Manavathi et al, 2006). HPIP localises with

the microtubules in the cytosol, via its N-terminal leucine—rich region between 190-218 amino

acids. Based on these facts, we have examined whether HPIP can act as a microtubule

associated protein, and whether it has any impact on taxol resistance in breast cancer.
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Figure 7. Functions of HPIP in various cell types. HPIP interacts with various cell signalling molecules, e.g., ER

in breast cancer, mMTORCL1 in liver cancer, Tex11 in germ cells, and GATAL and CTCF in blood cells. Under

normal physiological conditions it plays a role in erythroid differentiation in blood cells and cell proliferation in

germ cells. In cancerous cells, it can cause cell migration and proliferation.
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Chapter 2
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\A HPIP confers taxol resistance in
\ breast cancer cells



2.1 HYPOTHESIS AND OBJECTIVE

From previous literature, it is established that HPIP is an oncoprotein (Manavathi et al., 2006;
Feng et al., 2015 a and b). Microtubules, on the other hand, play an instrumental role in
tumourogenic property of cancer cells (Ertych et al., 2014). HPIP is known to interact with
microtubules, however, its role in microtubule dynamics is still unknown. Manavathi et al.,
have shown that breast cancer cells overexpressing HPIP were found to activate AKT on
treatment with taxol, indicating that HPIP can trigger an intricate cell signalling pathway on
taxol treatment (Manavathi et al., 2006). We have further checked for reports of HPIP
expression in taxol resistant cancer patients in publicly available databases through NCBI
based Gene Expression Omnibus (GEO) profiles. We found out that in a dataset of 61 breast
cancer patients, 41 patients who were taxol resistant and had recurrent invasive breast cancer

exhibited a higher expression of HPIP in their tumours than patients sensitive to taxol (Fig 8A).
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Figure 8: HPIP expression in GEO datasets. A) NCBI based GEO profile microarray of taxol resistant (n=41)
and taxol sensitive (n=20) breast cancer patients were used to analyse HPIP mRNA expression (GEO profile ID:
77509457). B) Microarray data of taxol resistant prostate cancer cells (n=6) and untreated prostate cancer cells
(n=6) (GEO profile ID: 74575277). HPIP expression was represented as logzratio of fold change and were graphed
by a box plot.
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Similarly, from GEO profiles we found a data set of taxol resistant prostate cancer cell lines
DU-145 and PC-3, wherein HPIP expression was higher in the taxol resistant samples (Fig 8B).
From these facts we hypothesize a putative role for HPIP conferring taxol resistance in breast

cancer.

2.2 INTRODUCTION

Breast cancer treatment currently requires various alternative treatments integrating
chemotherapy, hormone therapy and immunotherapy along with surgery and radiotherapy,
considering the patient and the clinical and molecular characteristics of the tumour. In 90% of
primary breast cancers and 50% of metastases, these systemic agents are effective at the initial
stages of therapy. However, cancer recurs resulting in poor survival rates after a period of time
(Gonzalez-Angulo et al., 2007).

Taxanes, both paclitaxel and docetaxel, have been an integral part of breast cancer
chemotherapy ever since its approval by the FDA, USA in 1995. They are used extensively
either as single agents or in combination with anthracyclines or trastuzumab, or radiotherapy
for the treatment of breast cancer patients, particularly those unsuitable for hormone therapies
as well as metastatic patients. During mitosis, microtubules undergo massive reorganisation
leading to the formation of spindle fibres, mitotic asters and kinetochore, which is essential for
chromosomal attachment and segregation. Taxanes bind preferentially to polymerized
microtubules rather than tubulin dimers. It functions by reducing depolymerisation and
suppressing spindle microtubule dynamics. This fails to satisfy the spindle assembly
checkpoint (SAC) that surveys the bipolar attachment of chromosomes to the mitotic spindle
before the onset of anaphase. This leads to a delay or block at the metaphase—anaphase

transition during mitosis that eventually results in cell death (Kallavaris, 2010).
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Today, due to the drug resistance associated with taxanes and other systemic agents,
approximately 30% of early-stage breast cancer have recurrent disease, and in most cases it is
metastatic in nature. Taxane resistance is acquired by multiple mechanisms including altered
intracellular drug levels resulting from overexpression of drug efflux proteins including P-
glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP-1) (Safa, 2004),
mutations in a- and B-tubulin and overexpression of B-111 tubulin I isotype (Kamath et al., 2005)
leading to unstable microtubule formation, altered signal transduction and apoptotic pathways
(Fig 9; Fojo, 2007). Microtubule dynamics is regulated precisely by a battery of proteins
collectively known as microtubule-associated proteins (MAPs) (Cassimeris, 1993; Szakacs et
al., 2006). For instance, MAP2, MAP4, Tau (Dehmelt and Halpain, 2005), STOP (Margolis,
1990), and Mip-90 are known to stabilize microtubules, whereas, Op18/stathmin (Cassimeris,
2002; Walczak, 2000) and katanin (McNally, 2000) destabilizes the microtubules. There are
others such as kinesin, and dynein, which restrict organelle migration on the microtubules
(Wang et al., 2015; Asthana et al., 2012). Thus, it is possible that resistance to taxanes is the

result of malfunctioning of any of these proteins.

HPIP has been implicated as an oncoprotein in various cancer e.g., hepatoma (Xu et al., 2013),
colorectal cancer (Feng et al., 2015a and b), oral carcinoma (Okada et al., 2015), pleomorphic
sarcomas and leiomyosarcomas (Silveira et al., 2013) and breast cancer (Manavathi et al.,
2006; Wang et al.,2008; Uhlen et al.,2010; Shostak et al.,2014). Although, HPIP is known to
bind to the microtubules (Abramovich et al., 2002; Manavathi et al., 2006), its role in
microtubule dynamics and microtubule related cell signalling is largely unknown. It is found
that HPIP tethers ERa to the cytosol in the presence of microtubule stabilizers, taxol and
inhibits its translocation into the nucles, thereby interrupting its nuclear transcriptional activity.
However, in the presence of microtubule destabilizers, nocodazole, this property of HPIP is

greatly interrupted (Manavathi et al., 2006). This indicates the interaction between
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microtubules and HPIP. Also, cancer cells overexpressing HPIP were found to activate AKT
on treatment with taxol. Activation of PI3K/AKT pathway is known to cause taxol resistance.
For example, PARP inhibition triggers PI3K/AKT pathway leading to ineffectiveness of taxol
(Szanto et al., 2009). TWIST, a basic helix-loop-helix transcription factor, induced taxol
resistance due to the positive involvement of AKT pathway (Zhang et al., 2007). Again,
ecotropic viral integration site 1 (Evil) confers resistance to both TGFp and taxol-induced cell
death by activating AKT pathway in intestinal epithelial and colon cancer cells (Liu et al.,
2006). This implicates that HPIP could play a role in taxol activity on microtubules. In this part
of the study we determine whether HPIP expression can confer taxol resistance like other

MAPs, e.g., Tau.

Mutations of a- and B-
tubulins = I Alterations of MAP

expression

Or overexpression of
B- Il tubulin isotype

Disruption of

microtubule
dynamic

Y- actin and actin- i I
regulating proteins

Mitotic arrest

l b . Anti apoptotic and

signalling factors
Apoptosis
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Figure 9. Mechanisms of taxol resistance. Taxol resistance can arise due to efflux of the drug as a result of
overexpression of membrane bound P-glycoproteins, mutations in a- and - tubulins and B-111 tubulin isotype that
prevents the drug from binding to tubulin subunits of the microtubule, alterations in MAPs, defects in other
cytoskeletal proteins and apoptotic regulators.
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2.3 METHODOLOGY

2.3.1 Plasmid constructs

The full length HPIP in T7-tagged mammalian expression vector, pcDNA 3.1A and Flag-
tagged retroviral expression vector, pMIG were generated as previously described (Manavathi
et al., 2006, 2012). HPIP shRNA 5’-AAGGCTGAGCACTGGAAACATAAGAAGGA-3’ in
pGIPz vector was used. For generation of HPIP silencing in MCF7, HPIP shRNA in pGIPz
vector was provided by Dr. Sam Aparicio, University of British Columbia, Canada. Plasmids

used in this chapter is summarised in Table 1.

Name Description Insert size Reference
Manavathi et al.,
BM 023 pcDNA 3.1 ] vati
BM 022 PcDNA3.1/T7-HPIP 2196 bp Mana\é?)tgé etal.,
BM 250 pMIG control vector - Manavathi et al.,
2012
BM 119 pMIG/flag-mHPIP 2196 bp In this study
BM 123 pGIPZ-control shRNA ) Dr. Sam Aparicio,
Canada
BM 255 pGIPz-HPIP ShRNA 29 bp Dr. Sam Aparicio,
Canada

Table 1. Plasmids used in this chapter

2.3.2 Cell culture

Immortalized, non-transformed breast epithelial cells, MCF-10A were a kind gift from Dr.
Srigiridhar, I1ICT, Hyderabad, India, and breast metastatic adenocarcinoma cells, MCF7 were
procured from National Centre for Cell Science (NCCS), Pune, India. HEK293T cells were
used to produce packaging virus for viral transduction of plasmid constructs and were also
procured from NCCS, Pune. All cell lines were cultured in humidified incubators with 5% CO-
and maintained at 37°C. MCF7 and HEK293T cells were cultured in Dulbecco's Modified

Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10 units/ml
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penicillin and 10 pg/ml streptomycin. MCF10A were cultured in a growth medium of Ham’s
F12:DMEM (50:50) (GIBCO, USA), supplemented with 2.5 mM I-glutamine, 20 ng/ml
epidermal growth factor (EGF) (Sigma), 0.1 pg/ml cholera toxin (CT) (Sigma), 10 pg/ml
insulin (Sigma), 500 ng/ml hydrocortisone (Sigma) and 5% horse serum (GIBCO, USA). For
passaging, cells were harvested by removing the culture medium and washing with phosphate-
buffered saline (PBS), pH 7.2-7.4, followed by incubating with trypsin-EDTA (0.05% trypsin)
with constant monitoring under microscope. Over-incubation was avoided to prevent
degradation of membrane bound proteins. Once cells started detaching from the culture plate,
trypsinisation was stopped by addition of fresh growth medium and cells were transferred into
15 ml tubes for 2-3 minutes at 1500 rpm. The supernatant was removed and cell pellet was
suspended in fresh growth medium and split in a 1:3 ratio. Cryopreservation or freezing of cells
were carried out by harvesting the cells by trypsinisation and then suspending them in their
respective growth medium containing 20% FBS and 10% dimethyl sulfoxide (DMSO). The
cryovials were stored in a cryo box containing isopropanol in -80°C freezer overnight before

storing permanently in liquid nitrogen tanks.
2.3.3 Transient transfection and viral transduction of MCF-7 cells

Packaging virus was produced for pMIG vector, pMIG-HPIP, pGIPz control shRNA vector,
and pGIPz-HPIP shRNA using a standard four-plasmid packaging system by calcium
phosphate transfection method in HEK293T cells. Virus-containing supernatants were
harvested and concentrated by ultracentrifugation at 25,000 rpm for 90 minutes each to achieve
titers of 0.5x10° to 1x10° infectious units/ml. The resultant virus concentrated soup was added
to the MCF7 cells along with fresh growth medium. For achieving higher transduction
efficiency, aliquots of viral titers was added to the cells for next three days. Transduction
efficiency was verified by checking for green fluorescence under Olympus F100 microscope.

Positively transduced cells were further selected with puromycin (Sigma).
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Transfection was carried out using 5 pg of plasmids using Lipofectamine™ 2000 (Invitrogen,
USA) following the manufacturer’s protocol. The cells were seeded onto plates one day before
transfection such that 70-80% growth confluency is reached at the time of transfection.
Transfection complexes were prepared by mixing DNA (ug) and Lipofectamine™ 2000 ()
at a ratio of 1:1 for most of the cell lines used. The plasmids and the appropriate amount of
lipofectamine reagent were diluted in 100 pl of Opti- Minimum Essential Medium (Opti-MEM;
GIBCO, USA) separately. After 5 minutes of incubation, the plasmid and the lipofectamine
were mixed gently and incubated for 20 minutes at room temperature. Following incubation,
transfection mix was added to culture plates containing serum and antibiotic- free growth
medium. Cells were incubated in a humidified atmosphere containing 5% CO, at 37°C for 6
hours following which the medium was replaced with fresh medium containing serum and

antibiotics. Expression of transfected plasmids were verified after 48 hours.

2.3.4 Western blotting

Cell lysate preparation: Cells were scraped from culture plates and lysed with Radio-
immunoprecipitation assay buffer (RIPA buffer; 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40) containing 1% sodium deoxycholate, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and complete mini protease inhibitor mixture (Roche Applied Science). The
cell lysate was centrifuged at 12000 rpm for 15 minutes in a cold centrifuge to remove cell
debris. When probing for phosphorylated proteins, RIPA buffer was supplemented with
phosphatase inhibitors e.g, 10 mM sodium fluoride, 0.2 mM sodium orthovanadate and
phosphatase inhibitor cocktails 1 and 2 (Sigma Aldrich, USA). The protein concentration was
estimated by RC-DC assay kit (Bio-Rad). Approximately 100 pg of protein was used for

loading onto SDS polyacrylamide gel (SDS-PAGE).
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Casting SDS-PAGE gel: SDS-polyacrylamide gel was casted following Sambrook and
Russell’s Molecular cloning: a laboratory manual. 10 ml of 10% resolving SDS-
polyacrylamide gel was prepared by adding 3.33 ml of 30% acrylamide, 2.5 ml of 1.5 M Tris
(pH 8.8), 0.1 ml of 10% SDS and 10% ammonium persulphate (APS), 0.004 ml of
tetramethylethylenediamine (TEMED) and 4 ml of double-distilled water. A stacking gel of 3
ml (0.51 ml of 30% acrylamide, 0.375 ml of 1.5 M Tris (pH 8.8), 0.3 ml of 10% SDS and 10%
APS, 0.003 ml of TEMED and 2 ml of double-distilled water) was layered on the resolving gel

and was allowed to solidify.

Running protein samples: Equal concentrations of protein ~100 pg were prepared in 4x loading
buffer (50 mM Tris pH 6.8, 400 mM dithiothreitol (DTT), 8% SDS, 0.4% bromophenol blue,
40% glycerol) and denatured for 8-10 minutes at 95°C before loading in the gel. The SDS-

PAGE was run at 100 V in a buffer containing 25 mM Tris, 250 mM glycine, 0.1% SDS.

Blotting: Proteins separated on the SDS-PAGE gel were blotted onto a nitrocellulose
membrane (Pal Lifesciences, USA) by wet transfer by using Towbin transfer buffer (3.03 g of
25 mM Tris, 14.4 g 192 mM glycine) at 30V, overnight. The quality of transfer was verified

by Ponceau S in 5% (v/v) acetic acid.

Immunoblotting: The blot was washed with TBS buffer (20 mM Tris pH 7.5, 150 mM NacCl)
to remove ponceau stains and then blocked for 1 hour with 5% of skimmed milk or 3% of BSA
in TBS in case of phosphoproteins at room temperature. It was probed with specific primary
antibodies in 3% BSA in TBS containing 10% sodium azide (NaNs), overnight at 4°C. After
washing the blot thrice for 15 minutes with TBST (TBS containing 0.1% Tween 20), it was
incubated with Horseradish Peroxidase (HRP) conjugated secondary antibodies (GE

Healthcare, USA) for an hour at room temperature. Finally, blot was developed with enhanced
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chemiluminescence (ECL) detection reagents (GE Healthcare, USA) and visualized by

Chemidoc imaging system (Bio-Rad, USA).
2.3.5 Cytotoxicity assay

Cells were seeded in 96-well plate (Corning, USA) at a density of 1x 10°and incubated at 37°C.
Cells in triplicate wells were treated with increasing concentrations of paclitaxel (Sigma)
ranging from 0.01-5 uM and DMSO as vehicle control in a final volume of 100 ul for 48 hours.
After drug treatment, 10 ul of WST-1 (Clonetech, USA) was added to each well and incubated
for 30 minutes to 4 hours at 37°C, depending on intensity of colour development. The formation
of formazan product was quantified by measuring absorbance at wavelength between 420-480
nm (maximum absorbance at 440 nm) and at a reference wavelength of >600 nm. The 50%

inhibitory concentration (ICso) was calculated by using Sigma Plot software.
2.3.6 Annexin V Apoptosis assay

Cellular apoptosis was analysed by Annexin V kit (Clontech, USA) as per the manufacturer’s
protocol. MCF7 cells were plated on 60 mm dish at a density of 1x10° cells. On reaching 70-
80% confluency, indicating an exponential growth phase, the cells were treated with 100 nM
of paclitaxel for 24 hours. Cells were harvested and washed twice with cold PBS to remove
paclitaxel and then diluted with a binding buffer to a concentration of 1 x 108 cells/ml. 100 pl
of the cell suspension (1 x 10° cells) were taken in a 5 ml culture tube and treated with
phycoerythrin-labelled Annexin V and 7-aminoactinomycin. Cells were vortexed and
incubated at room temperature for 15 minutes in the dark. The final volume of the cell mixture
was made up to 500 pl and subjected to FACS analysis. Based on appropriate gating of the
cells with respect to control samples, percentages of cell population at early apoptosis stage
(Annexin V positive, 7-AAD negative) and late apoptosis stage (Annexin V positive, 7-AAD

positive) of apoptosis were determined.
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2.3.7 Cell cycle analysis by FACS

The percentage of cells in various stages of the cell cycle was determined by quantifying their
cellular DNA content in a flow cytometric analysis of propidium iodide (PI)-labelled cells.
MCF-7 cells were seeded at a density of 1x10° cells in 60-mm dish, and cultured till they
reached a confluency of 70-80%. Cells were treated with 100 nM of paclitaxel (Sigma) and
harvested after 24 hours of incubation. Cells were fixed in ice-cold 70% ethanol and stored at
4°C overnight. The next day, cells were washed with PBS twice, treated with 25 mg/ml RNase
A at 37°C for 1 hour, and stained with 50 mg/ml PI for 20 minutes. For flow cytometric
analysis, a BD LSR Fortessa flow cytometer (Becton Dickinson, USA) equipped with 4 argon
ion laser was used. For PI, the yellow/green laser with excitation wavelength of 561 nm was
used, and the emission filter was 610/20 nm. A minimum of 10,000 cells were monitored per
analysis. Using CellQuest software, appropriate size gates were established on the basis of
forward light scatter, which is correlated with the size of the cell, and side scatter, which is
correlated with the complexity of the cytoplasm. Cellular debris was excluded and not taken
into account. Different stages of the cell cycle were analysed based on the DNA content of the

cells which is indicated by the PI fluorescence intensity.
2.3.8 RNA isolation by Trizol method

Total RNA was extracted from cells by TRIzol Reagent (Life technologies, USA). TRIzol®
Reagent is a monophasic solution of phenol, guanidine isothiocyanate, and maintains the
integrity of the RNA by effectively inhibiting RNase activity while disrupting cells. The growth
medium was removed from culture dishes and the cell monolayer was rinsed once with ice cold
PBS. Cells were lysed directly in the culture plates by adding 1ml of TRIzol reagent and
pipetting the cells up and down several times. Phase separation was carried out by adding 200

pl of chloroform and incubating the samples at room temperature for 5 minutes. The cell
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suspension was centrifuged at 12000 rpm for 15 minutes at 4°C so that the mixture separates
into lower red phenol- chloroform phase, an interphase and an upper aqueous layer containing
RNA. The aqueous upper layer was carefully removed and transferred into fresh tubes,
followed by RNA precipitation with 0.5 ml of isopropanol for 15 minutes at room temperature.
Samples were centrifuged at 12000 rpm for 20 minutes at 4°C and the supernatant was
discarded. The pellet was washed with 70% ethanol and traces of ethanol was removed by air
drying. The pellet was then dissolved in RNase free, DNase free ultra-pure water (Life
technologies, USA). The quality of RNA extracted was verified by running 1-2 pl of sample

in 1% agarose gel.
2.3.9 Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

First strand cDNA synthesis was carried out using 1 ug of RNA by using First Strand cDNA
Synthesis Kit from Takara Bio Inc, Japan which uses a MMLV (Moloney Murine Leukemia
virus)-derived reverse transcriptase. In the first step, RNA was incubated with 0.5 mM dNTP,
2.5 uM of oligo dT for 5 minutes at 65°C. The second step involves incubation with 20 units
of RNase inhibitor and 200 units of M-MuLV Reverse Transcriptase for 90 minutes at 42°C
followed by enzyme inactivation at 95 °C for 5 minutes. PCR reactions were setup using 1 pl
of the synthesized cDNA using FastStart SYBR Green Master kit from Roche Life Sciences,
USA in Roche LightCycler® 96 instrument. The primers used for amplification were, HPIP
forward, 5’-GTCCCCTCGAGGAGTTGTGT-3" and reverse 5’-ATCTTCCATCATCTGAG
GGC-3’, GAPDH forward 5’- GTCCCCTCGAGGGAGTTGTGT-3’ and reverse, 5’- ATCTT
CCATCATCTGAGGGC-3". The data was analysed by using 224 method in which median
cycle threshold value was considered for analysis, and all cycle threshold values were
normalized to the expression of the housekeeping gene, GAPDH. The normalized mRNA level
in control sample is arbitrarily given as 1, and the relative mRNA levels in test samples were

compared to the levels in the control sample.
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2.3.10 Biostatistical analysis

Microarray data of taxol resistant breast cancer patients and prostate cancer cell lines were
obtained from NCBI based GEO profiles. Box plot was used to show HPIP expression in taxol
sensitive vs taxol resistant samples. All results are expressed as means +standard deviation,
and differences between groups were analyzed by either t-test or one-way ANOVA using

GraphPad Prism software.

2.4 RESULTS

2.4.1 Correlation of HPIP expression in mammary cells

Previously, HPIP overexpressing MCF7 cells when treated with taxol was found to activate
AKT (Manavathi et al, 2006). Several studies have correlated the activation of AKT pathway
to taxol resistance (Yun et al., 2015; McCubrey et al., 2006), therefore we hypothesize that
HPIP expression may play a role in taxol resistance in cancer. Previous reports have shown
that taxol resistant breast cancer patients show overexpression of a number of proteins, e.g.,
Tau (Rouzier et al., 2005), Nlp (Zhao et al., 2012), whereas patients sensitive to taxol showed
a higher expression of proteins e.g., EB1 (Luo et al., 2014), FOXM1, KIF20A (Khongkow et
al., 2015), Clip-170 (Sun et al., 2012) and Parkin (Wang et al., 2009). HPIP is found to be
overexpressed in infiltrative ductal breast carcinoma (Bugide et al., 2014), however, its status
in taxol resistant breast cancer patients have not been reported. To verify our hypothesis that
HPIP can cause taxol resistance, we analysed its expression in mammary epithelial cell lines.
We have utilised MCF10A, an immortalized non-tumorigenic epithelial mammary cell line,
and MCF7, a metastatic breast adenocarcinoma cell line, for HPIP expression. Western blot

analysis of HPIP shows that the normal MCF10A has a lower expression than MCF7 breast
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Figure 10. Correlation between HPIP expression and taxol sensitivity in mammary cells. A) Western blot analysis
of HPIP expression in non-tumorigenic mammary cells, MCF10A versus metastatic mammary adenocarcinoma,
MCF7. B) Cell viability assay of MCF10A and MCF7 cells on treatment with increasing concentration gradient
of paclitaxel. The percentage of cell survival was plotted as a function of drug concentration. C) The 50%

inhibitory concentration (1Cs) was calculated with Sigma Plot software.

cancer cells (Figure 10A). To check the sensitivity of both the cell lines to taxol, we checked
cell viability with WST-1 reagent on treatment with increasing concentrartions of paclitaxel
ranging as low as 0.01 uM to 2.0 uM. The MCF7 cells having a higher HPIP are more viable
and shows greater resistance to taxol than non-cancerous MCF10A (Fig 10B). The I1Cso value
of taxol in MCF7 cells was determined to be 0.79 uM, almost 11 folds greater than that of
MCF10A, ICso value is 0.069 uM (Fig 10C). These results indicates that expression of HPIP

correlates with taxol sensitivity in breast cancer.
2.4.2 HPIP alters taxol sensitivity in breast cancer cells, MCF7

In the recent past, several reports have identified different proteins involved in taxol resistance.
The best strategy followed by these researchers has been to check the functionality of the
protein on taxol resistance by either ectopically overexpressing them in a taxol sensitive cell
line or silence them in a taxol resistant cell line, and vice versa. Lai et al. has identified Taz, a

transcription factor to mediate taxol resistance. Therefore, for most of their studies they have
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overexpressed Taz in taxol sensitive MCF10A and knocked down Taz in taxol resistant MCF7
(Lai et al., 2011). We have utilised a similar strategy to check how taxol resistance varies with
alteration in HPIP expression. To address this, we have silenced HPIP with shRNA in MCF7
by lentiviral transduction. pGIPz control shRNA vector, and pGIPz-HPIP shRNA constructs
were used for this purpose. The percentage of transduced cells were observed under
immunoflourescent microscope (Fig 11A). The silencing of HPIP was confirmed by western
blotting using human anti-HPIP antibody (Sigma, USA) and was found to be more than 50%
(Fig 11B). To test whether HPIP silencing affects the resistance of breast cancer cells to
paclitaxel, HPIP silenced and control shRNA clones of MCF-7 were treated with increasing
concentrations (0, 0.01, 0.1, 0.5, 1 and 2 pM) of paclitaxel for 48 hours and cell viability was
determined by tetrazolium salt based WST-1 reagent. HPIP silenced cells were found to be
more sensitive to the drug than the control cells (Fig 12A). HPIP silencing significantly
reduced the ICsg value from 0.25 uM in control shRNA cells to 0.059 uM in HPIP shRNA

transfected MCF7 cells which accounts for almost a ~4.2 fold change (Fig 12B). Similarly to

Ctrl shRNA HPIP shRNA

'| Control shRNA
‘ HPIP shRNA

HPIP

MCF7 cells

B-TUBULIN

Figure 11. Effect of HPIP silencing on taxol resistance in MCF7 cells. A) Fluorescence of the inherent GFP tag
in pGIPz vector and pGIPz-HPIP shRNA showing the rate of successful transduction. B) Western blot analysis
of HPIP silencing in MCF7 cells.
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Figure 12. Effect of HPIP silencing on taxol resistance in MCF7 cells. A) Cell viability assay of control and HPIP
shRNA stable MCF7 cells on treatment with gradient concentrations of paclitaxel. The percentage of cell survival
was plotted as a function of drug concentration. B) The 50% inhibitory concentration (1Cso) was calculated with

Sigma Plot software.

understand the effect of ectopic overexpression HPIP in MCF-7 cells, lentiviral transfection of

either pMIG control vector or pMIG-HPIP was carried out to generate stable clones. Successful
transduction was observed under immunoflourescent microscope (Fig 13A) and
overexpression of HPIP in MCF-7 cells was confirmed with human anti-HPIP antibody in

western blot analysis (Fig 13B).

A) FLAG-Vec FLAG-HPIP B)

FLAG vector

' Flag HPIP
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YW 9| GAPDH

Figure 13. Effect of HPIP overexpression on taxol resistance in MCF7 cells. A) Fluorescence of the inherent GFP
tag in pMIG vector and pMIG-HPIP showing successful transduction. B) Western blot analysis of HPIP silencing
in MCF7 cells
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Figure 14. Effect of HPIP overexpression on taxol resistance in MCF7 cells. A) Cell viability assay of control
and HPIP overexpressed MCF7 cells on treatment with increasing concentration of paclitaxel. The percentage of
cell survival was plotted as a function of drug concentration. B) The 50% inhibitory concentration (ICso) was
calculated with Sigma Plot software.

Cell viability assay with increasing concentrations of paclitaxel shows that HPIP
overexpression made the MCF7 cells more robust and resistant to paclitaxel (Fig 14A). The
ICso value increased by ~4.5 folds from 0.87 uM in control cells to 3.86 uM in HPIP
overexpressing stable MCF7 clones (Fig 14B). These results confirm that HPIP is instrumental

in causing taxol resistance in breast cancer cells.
2.4.3 HPIP knockdown in MCF7 cells enhances paclitaxel induced apoptosis

Taxol mediates its antitumor effect by promoting tubulin polymerisation and formation of
stable non-functional microtubules. This disrupts the spindle microtubules dynamics resulting
in chronic activation of spindle-assembly checkpoint causing a delay or block at the
metaphase—anaphase transition during mitosis (Kavallaris, 2010). The exact mechanism by

which taxol induced mitotic arrest results in cell death is still unclear.

Yeung et al. has proposed that depending upon taxol concentration, cells undergo apoptosis or
necrosis (Yeung et al., 1999). Therefore, to understand the possible mechanism by which HPIP

causes taxol resistance and hence evade cell death, we treated HPIP silenced MCF7 cells with
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100 nM of paclitaxel for 24 hours and assessed for apoptosis using Annexin V-PE/7 amino
actinomycin D (7-AAD) staining by flow cytometry. This assay can distinguish necrotic cells
from apoptotic cells. Annexin V binds to the phosphatidyl serine of plasma membrane when it
loses its symmetry during early apoptosis, whereas, 7AADs bind to the cleaved DNA marking
late apoptosis. The percentage of apoptotic cells that stained positive for both Annexin V and
7AAD increased from 14.0 % in shRNA-control group to 31.4 % in shRNA-HPIP group
(Fig.15 A and B). Therefore, at low paclitaxel concentration apoptosis is induced and HPIP

silencing results in induction of apoptosis.

2.4.4 HPIP knockdown in MCF7 cells causes paclitaxel induced cell cycle arrest

Taxol is previously known to stabilize microtubules and thereby, interfere in spindle
microtubule dynamics leading to cell cycle arrest between metaphase and anaphase. This
prolonged mitotic block finally triggers the apoptotic signalling pathway leading to cell death.
Mitotic arrest is due to the chronic activation of SAC and degradation of cyclin B1 (Brito and
Reider, 2006). We, therefore, investigated if this apoptosis is a result of mitotic arrest. As
implicated in previous literature we compared the DNA content of paclitaxel-treated control
and HPIP silenced MCF7 cells by flow cytometry, as a function of the propidium iodide
retained by them. In order to evaluate actively dividing cells before the onset of extensive
apoptosis, we harvested cells at 24 hours, rather than at 48 hours. Paclitaxel-treated HPIP
silenced MCF7 cells exhibited an increase in the number of cells at G2/M (55.5%) compared
to the control cells (36.9%). Concomitantly, the number of these paclitaxel treated HPIP
silenced cells entering into GO/G1 has decreased to 23.3% (Fig 16A and B). This implies that
on silencing HPIP, MCF7 cells are more susceptible to taxol mediated G2/M cell cycle arrest

and fails to enter the G1 phase.
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2.4.5 HPIP alters p-tubulin 111 isotype expression in MCF7 cells

Abnormal and high levels of B III-tubulin expression has been related to more aggressive and
taxane-resistant cancers (Seve and Dumontet, 2008). Microtubules formed of these B-11I
tubulin are unstable and even on drug binding to the microtubules, these cells succeed to
surpass the mitotic arrest checkpoint. Here, we have utilised this fact to determine whether
alterations in HPIP can alter taxol sensitivity. We have ectopically over expressed HPIP by
transient transfection. Quantitative RT-PCR was carried out for both HPIP overexpressing and
HPIP silencing cells. Results were analysed by 224 method and expressed in terms of relative
folds. Indeed we found a 1.5 fold increase in HPIP overexpressed cells and silencing of HPIP
resulted in decrease in B-tubulin Il expression by ~5 folds compared to the control cells (Fig

17).

P<0.0001
2 - r—

1.58

P=0.0063

Relative folds of TUB3

Figure 17. Effect of HPIP on B-tubulin 11 expression, as a measure of taxol resistance in MCF7 cells. Quantitative

RT-PCR was carried out and results were analysed by 222¢t method.
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2.5 DISCUSSION

Acquired resistance of cancer cells to chemotherapy has become a major hindrance in effective
treatment of breast cancer. Although tremendous effort has been made to understand the
mechanism of such resistance, a clear picture of taxol resistance or strategy to evade cellular
resistance to chemotherapy is far from reality. So far multiple factors has been implicated to
play a role in taxol resistance. MAPs such as Stathmin, Tau and MAP4 are known to play a
key role in taxol resistance by interfering with the taxol binding to microtubules. For example,
high Tau expression is observed in taxol resistance in breast cancer (Rouzier et al., 2005). Tau
protein binds to the microtubule at the same site as taxol, promotes polymerisation and
stabilizes microtubules but with greater reversibility. However, Tau overexpression leads to
enhanced polymerization but with reduced cell flexibility (Dye et al., 1993). Stathmin, a p53
regulated protein, destabilises microtubules by causing microtubule catastrophe.
Overexpression of stathmin is associated with decreased binding of paclitaxel and taxol
resistance (Alli et al., 2002). CLIP-170, a cytoplasmic linker protein of 170 kD binds to
microtubules and causes microtubule rescue. However overexpression CLIP-170 causes
microtubules to form thick ring like bundles and sensitizes cancer cells to taxol (Sun et al.,
2012). Several signalling proteins that are components of cell signalling pathways regulating
cell cycle arrest and apoptosis has been implicated in taxol resistance. Taz, a component of
Hippo-LATS pathway that regulates apoptosis, causes taxol resistance (Lai et al., 2011). Nlp
(ninein like protein), which is involved in centrosome maturation and spindle formation, when
overexpressed promotes G2-M arrest and attenuates taxol-mediated apoptosis coupled with
elevated levelsof anti-apoptotic protein, Bcl-2 (Zhao et al., 2012).

HPIP is known to promote breast cancer (Manavathi et al., 2006; Shostak et al., 2014). HPIP
has been associated with poor clinical outcome in patients with invasive breast cancer. HPIP is

known to promote cell migration by altering focal adhesion dynamics (Bugide et al., 2014).
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HPIP is known to bind to the microtubules and also activate AKT pathway when overexpressed
HPIP MCF7 cells were treated with taxol (Manavathi et al., 2006). A number of studies
associate the activation of AKT pathway with taxol resistance (Yun et al., 2015; McCubrey et
al., 2006). Thus, we hypothesized that HPIP can act as a microtubule associated protein similar
to tau and stathmin, and can cause taxol binding. Being an upstream regulator of AKT/MAPK
pathway (Manavathi et al, 2006; Wang et al., 2008), HPIP can trigger anti-apoptotic signalling

pathways to escape cell death.

Our findings from publicly available databases imply that HPIP is overexpressed in breast
cancers patients that are resistant to taxol therapy compared to patients sensitive to taxol. It is
also overexpressed in taxol resistant prostate cancer cell line, DU-145 and PC-3. Previous
literature shows that proteins that have been reported to play a role in taxol resistance show
variable expression in mammary cell lines, e.g., Taz (Lai et al., 2011). We therefore, verified
the expression of HPIP in breast cancer cell lines. Since, the duration of mitotic arrest and
extent of cell death vary considerably among human non-transformed cells and cancer cells
(Brito and Reider, 2009), we have further checked HPIP expression in both metastatic breast
cancer cells (MCF7) and non-transformed cells (MCF10A). Similar to Tau (Rouzier et al.,
2005) and Nlp (Zhao et al., 2012) that are found to be overexpressed in taxol resistant breast
cancer, HPIP expression is found to be more in the cancerous MCF7 cells in western blot
analysis. Concomitantly, MCF7 cells showed a greater cell viability on taxol treatment than
non-cancerous MCF10A cells. Thus, HPIP overexpression is observed in taxol resistant breast

cancer cells.

Taxanes have been more successful in treating estrogen receptor (ER) negative breast cancer
patients than ER positive. Previous studies has reported that taxol resistance is mediated by an
ER responsive pathway (Tabuchi et al., 2008). Since HPIP is an ER interacting protein, there

is a possibility of involvement of HPIP in taxol resistance. Therefore, we have utilised MCF7,
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a cell line long established as a taxol resistant, estrogen receptor positive (ER+) breast cancer
cell line as our model system and pursued our investigations. Previous studies have shown that
the fate of the cells after taxol treatment depend on the concentration of the drug used. At low
concentrations, paclitaxel stabilizes mitotic spindle and activates mitotic checkpoint leading to
anaphase block and mitotic arrest. This prevents cell proliferation block and induces apoptosis.
At higher concentrations, paclitaxel promotes microtubule bundle formation during interphase,
which inhibits S phase entry, which in turn, prevents cell proliferation and induces necrosis
(Yeung et al., 1999). We have therefore, determined the 1Cso value of paclitaxel in HPIP
silenced and overexpressed MCF7 cells and found that silencing of HPIP makes cells more
sensitive to paclitaxel, whereas, overexpression leads to resistance. Thus, alterations in HPIP

levels can lead to changes in sensitivity of the cells towards taxol.

The exact mechanism by which taxol exerts its effect is still unknown. Various reports show
that, depending on the drug concentration used in vitro, cells can die at the G1 phase of the cell
cycle, or arrest in mitosis and die or escape by mitotic slippage. Gascoigne and Taylor has
proposed that fate of the cancer cell is dependent on two competing networks: the activation of
caspase dependant cell apoptotic pathway and another pathway that degrades cyclin B1 and
exit from mitosis (Gascoigne and Taylor, 2009). Denning and Hirose has proposed that
chemotherapeutic drugs like taxol mediates apoptotic cell death by an evolutionarily conserved
signalling pathway involving DEPDC1 and JNK to inhibit the anti-apoptotic Bcl-2 family
proteins CED-9 and MCL1, resulting in caspase activation and apoptosis (Denning and Hirose,
2014). Thus, several signalling molecules that activates the apoptotic pathways have been
found to effect taxol sensitivity in cancers. TAZ, a component of the emerging Hippo—LATS
tumour suppressor pathway, which plays important roles in regulating cell proliferation and
apoptosis in both drosophila and mammals, has been found to taxol resistance in breast cancer

(Lai et al., 2011). On the other hand, cancer cell lines overexpressing pro-apoptotic protein
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BIM are found to be more sensitive to taxol (Li et al., 2005). Paclitaxel-induced apoptosis is
found to be BAK-dependent in breast tumour (Miller et al., 2013). Interestingly, recent studies
have shown that the hypoxic microenvironment of cancer tumours can oppose taxol-induced
apoptosis and instead activates autophagy (Notte et al., 2013, 2015). Although HPIP
overexpression leads to taxol resistance, the ICso value still remains low. This arises question
whether HPIP causes taxol resistance by evading the apoptotic pathways. On carrying ut
Annexin V assay, we found that HPIP indeed mediates taxol resistance by allowing the cells
to escape apoptosis. Silencing of HPIP leads to a higher percentage of cells undergoing

apoptosis.

We have further confirmed whether this apoptosis is a result of cell cycle arrest or not. Taxol
is found to downregulate Weel kinase expression, which phosphorylates and inactivates
cyclinB/Cdc2, and induce the activity of cyclin-dependent kinase inhibitor, p21WAFCIPL (Choi
and Yoo, 2012). Taxol resistance is also imparted by Timp-1 protein which decreases the
stability of cyclinB1 (Wang et al., 2010). Taxol resistance also occurs as a result of suppression
of checkpoint genes, Mad2 and BubR1 that abolished checkpoint function (Sudo et al., 2004).

We found that on silencing HPIP, higher number of cells are undergoing G2/M arrest.

Previous reports shows that increased B-tubulin class Il were associated with poor outcomes
for cancer patients. Infact it is considered as a biomarker for taxol resistance (Roque et al.,
2014). Overexpression of TUBB3, a brain-specific tubulin isotype, leads to reduced
microtubule assembly and resistance to taxol. There are several proteins that are reported to
confer taxol resistance also mediates overexpression of Class III B-Tubulin, e.g., mitotic
centromere-associated kinesin (MCAK), a kinesin-related protein that destabilizes
microtubules (Ganguly et al., 2011). HPIP is also found to alter the expression of Class III -

tubulin. Overexpression of HPIP results in increase in Class III B-tubulin levels and vice versa.
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Thus, in this study we have established a novel function of HPIP of conferring taxol resistance

in breast cancer.

Our findings implicate that HPIP is not only an oncoprotein inducing cancer properties to cells
but can also be an important determinant of taxol sensitivity of breast cancer cells. Also, in a
recent report, focal adhesion kinase (FAK) was found to be up-regulated in taxol-resistant
cancer cells. These resistant cells adhered nearly two-fold faster, had higher integrin expression
and dramatically reduced focal adhesions, both in size and number (McGrail et al., 2015). Thus
we can draw a link between HPIP and FAK with respect to taxol resistance. Thus, like Tau and
Stathmin, HPIP can bind to microtubules and cause taxol resistance or, can activate FAK to
alter adhesion dynamics leading to resistance to chemotherapeutics and progression in cancer
metastasis. Further investigations are, therefore, required to elucidate a functional mechanism

for HPIP mediated taxol resistance in breast cancer.
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Chapter 3

KA Mechanism of HPIP- mediated
| taxol resistance in breast cancer
cells



3.1 HYPOTHESIS AND OBJECTIVE

After establishing the role of HPIP in taxol resistance to breast cancer cells, we next intend to
examine the mechanism that underlie in this phenomenon. Being a microtubule binding
protein, we hypothesize that the direct physical interaction between HPIP and microtubules
might affect the taxol binding affinity towards microtubules. Both Abramovich et al. and
Manavathi et al. have shown that HPIP interacts with microtubules (Abramovich et al., 2002;
Manavathi et al., 2006). In fact, Abramovich et al. has identified the 190-218 aa region to be
specifically interacting with microtubules. In this part of the study, we tried to validate whether

this region is responsible for imparting taxol resistance.
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3.2 INTRODUCTION

Microtubules are highly dynamic cytoskeletal structures made of o/fB-tubulin heterodimers. As
described earlier, the highly dynamic nature of microtubules is attributed to dynamic
instability, in which the ends of the microtubules undergo cycles of slow growth and rapid
shortening, as well as treadmilling, in which tubulin gets added at one end of a microtubule
and net loss at the other end. Both these phenomena are crucial for cell signalling, migration,
transport of proteins, vesicles, mitochondria and other organelles, and in mitosis. During
mitosis, microtubules are responsible for the capture and alignment of chromosomes on the

metaphase plate followed by their segregation to the two daughter cells at anaphase.

Taxanes are microtubule binding drugs and has been extensively used as a first line of
chemotherapy against ovarian cancer, advanced breast cancer, lung cancer and Kaposi
sarcoma. Taxol binds to a hydrophobic pocket in the central domain of B-tubulin, wherein it
assumes a T-shaped or butterfly structure mimicking a part of the B9-B10 loop in the a-tubulin
(Snyder et al., 2001). This eight amino acid loop (residues 362-369) of a-tubulin designated as
the stabilizing loop or L-loop promotes the lateral association between protofilaments. Also,
the taxol binding site lies close to the M-loop which makes lateral contacts with the H3 helix
of the adjacent B-tubulin monomer. On binding to this pocket, conformational changes occur
in the microtubule lattice such that the M-loop, now makes stronger bonds (Fig 18; Nogales,
2000). Another possible mechanism is that taxol binding holds the GTPase and second globular
domains of B-tubulin in an orientation favourable to maintain the straight protofilament

conformation, which is otherwise be altered by hydrolysis of GTP (Amos and Lowe, 1999).

Several microtubule associated proteins have been implicated to cause taxol resistance, e.g.,

Tau, Stathmin and EB1. Tau binds to microtubules both from inside and outside. It contains a
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A)  Empty binding pocket Taxol fits neatly into
on B-tubulin the available space

Taxol

(Source: Snyder et al., 2001)

B) C-term. (+)
domam

activation
domain

(-)

(Source: Amos and Schlieper, 2005)

Figurel8. A) Structure of binding site of taxol on B-tubulin. The dotted line marks the empty hydrophobic pocket to
which taxol binds. B) Ribbon diagram of ap-tubulin heterodimer. Pink indicates the GTPase domains, blue indicates
activation domains, yellow indicates the core helix that connects the two globular domains in each monomer, and

green indicates the C-terminal domain on the external surface.
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negatively charged N-terminal domain that projects out from the outer surface. It also contains
a microtubule-binding domain with one to five copies of a semi-conserved, hydrophobic,
proline-rich motif that binds to the internal surface of the microtubules. Atleast one of the
repeating motif in tau overlaps with the taxol-binding site (Kar et al., 2003a), and shows
sequence THVPGGGN similarity with the conserved TVVPGGDL of the L-loop of a-tubulin
(Kar et al., 2003b). Under normal conditions, Tau binds to the microtubule at the same site as
taxol, promotes polymerisation and stabilizes microtubules but with greater reversibility. Tau
overexpression leads to competition for the binding site, enhanced polymerization and

reduction in cells flexibility attributing to taxol resistance (Dye et al., 1993).

End binding 1 (EBL1) is reported to cause taxol sensitivity in breast cancer (Luo et al., 2014).
EB1 is a plus-end-tracking protein (+TIP) that is known to contain a single tubulin binding
calponin homology (CH) domain in its N-terminal domain (Vitre et al., 2008; Hayashi and
Ikura, 2003). Although it is known to promote taxol binding in vitro, the exact molecular
mechanism by which EB1 causes taxol sensitivity still remains elusive. It can be either by
promoting taxol induced microtubule stabilisation or recruiting other factors e.g., CLIP-170

(Dixit et al., 2009).

Stathmin, a p53 regulated protein, binds exclusively to tubulin heterodimers and not
microtubules (Orr et al., 2003). It runs along a pair of tubulin heterodimers and its amino-
terminal domain sequesters one of the a-tubulin subunits, preventing any further interactions
thus leading to destabilisation of microtubules and causing microtubule catastrophe. It also
increases the GTPase activity of tubulins by causing a conformational rotation between the
GTPase and activation domains within each tubulin subunit (Wang et al., 2007).
Overexpression of stathmin is associated with decreased binding of paclitaxel and taxol

resistance. (Alli et al., 2002).
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HPIP is a multi-nodal protein which plays a role as oncoprotein promoting tumor formation
and focal adhesion dynamics (Manavathi et al., 2006; Bugide et al., 2014), activate erythroid
differentiation in heamatopoietic cells (Manavathi et al., 2012), germ cell proliferation (Yu et
al., 2012), embryonic development in embryonic stem cell (Shiraki et al., 2014) and activates
various cell signalling pathways, e.g., Akt-MAPK, PI3K-GSk3[3 pathways. Here, we report
that HPIP is also responsible in determining taxol resistance in breast cancer cells. Thus, it is

important to investigate the mechanism by which it causes taxol resistance.

Considering that taxol resistance has been implicated by a number of factors, HPIP can confer
taxol resistance by directly interacting with microtubules or by activating cell signaling
pathways that eventually activates anti-apoptotic proteins and evade cell death. HPIP was
shown to co-localise in the cytoplasm and interact with microtubules (Abramovich et al., 2002;
Manavathi et al., 2006). Abramovich et al. have reported that the 190-218 amino acid region
is the microtubule binding domain of HPIP (Abramovich et al., 2002). This 28 amino acid
sequence does not show homology with any of the known tubulin binding domains that
competes for the taxol binding site, e.g., Tau repeats (Kar et al., 2003b), human doublecortin
DCX domain (Kim et al., 2003), CAP-Gly domain in CLIPs (Li et al., 2002), and calponin
homology (CH) domain of EB1 (Hayashi and Ikura, 2003). However, all these domains shows
one similar characteristic, i.e., they are all hydrophobic in nature and has binding sites either
that of taxol or close to the hydrophobic pocket of B-tubulin. Hydropathy plot of HPIP sequence
shows that the 190-218 residues shows maximum hydrophobicity (Fig 22A). Thus, we
hypothesized that this region is capable of interacting with the hydrophobic pocket of B-tubulin
and thereby, compete with taxol causing taxol resistance. If our hypothesis proves to be correct,
an anti-peptide against this 190-218 region can in turn prevent HPIP from binding to

microtubules rendering cancer cells sensitive to taxol. This can be used as a therapeutic for
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treating cancer in combination with taxol. Thus, in this study we have tried to explore whether

HPIP mechanically binds to microtubules and imparts taxol resistance.

3.3 METHODOLGY

3.3.1 Plasmid constructs

The microtubule domain deletion mutant of HPIP (HPIPAMT) in T7-tagged mammalian
expression vector, pPcDNA 3.1 was generated by using the following strategy (Fig 19). First,
we have amplified the regions immediately adjacent to the 190-218 region that is to be deleted,

as two separate fragments. Using pcDNA-HPIP as template, we have PCR amplified the 1-190

BamHI EcoRV
Full length FP MTFP
— —
MTBD
1 1!|)D 218 31
-~ -~
MTRP Full length RP
EcoRV Xhol
PCR PCR
amplification amplification

Fragment 1 Fragment 2

Restriction digestion
with BamHI and EcoRV

Restriction digestion
with EcoRV and Xhol

Ligation

Figure 19. Strategy for cloning pcDNA- HPIPAMT. The regions adjacent to 190-218 were amplified separately,
ligated together and the resultant product was ligated into the pcDNA 3.1A vector.
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S.No Primer name Sequence restriction
site

1. WT-HPIP (1-731) 5’ACTTCTCGAGAAATGGCCTCCTG Xhol
Forward c3

2. WT-HPIP (1-731) 5’TTAACGGGATCCTCAGCCCCGG BamHI
Reverse TGGTGGT 3’

3 HPIPAMT 5’GTAAGATATCGAAGAGCGTCCC EcoRV
Reverse T3

4 HPIPAMT S’TTACGATATCATGGCCTCCTGCC EcoRV
Forward c3®

5 HPIP (1-160) 5’TTAACGGGATCCCCTCTCTAACT BamHlI
Reverse CTTGC 3’

6 HPIP (1-400) 5’TTAACGGGATCCGTCTCCAAAG BamHlI
Reverse AAGTGGCT 3’

7 HPIP (1-695) 5S’TTAACGGGATCCGTCTCCAAAG BamHI
Reverse AAGTGGCT 3’

8 HPIP (400-731) 5’ACTTCTCGAGAACAGCGACGGC Xhol
Forward TGCTG 3’

Table 2. List of primers used in this study

region of HPIP with WT-HPIP full length forward primer with BamHI site and HPIPAMT
reverse primer. with EcoRV site. Similarly, the 218-731 region of HPIP was PCR amplified
using WT-HPIP full length reverse primer with Xhol and HPIPAMT forward primer with
EcoRV site. The sequence of the primers have been catalogued in Table 2. The amplified
fragments were digested with appropriate restriction enzymes separately and then ligated
together to generate the HPIP- HPIPAMT. The final product was then ligated into pcDNA 3.1C

vector (Fig 19).
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Name Description Insert size Reference
BM 22 pcDNA3.1/T7-HPIP 2196 bp Manavatbhi et al., 2006
BM 115 pGEXAT1-HPIP 2196 bp In this study
BM 36 pcDNA HPIPAMT 2166 bp In this study
BM 107 pEGFP-HPIP 2196 bp In this study
BM 110 pPEGFP-HPIP (1-160) 480 bp In this study
BM 111 pPEGFP-HPIP (1-400) 1200 bp In this study
BM 109 pEGFP-HPIP (1-695) 2085 bp In this study
BM 113 pEGFP-HPIP (400-731) 993 bp In this study
BM 119 pGFP-V-RS-HPIP shRNA 1 - OriGene, USA
BM 120 pGFP-V-RS-HPIP shRNA 2 - OriGene, USA
BM 123 pGFP-V-RS-control sShRNA - OriGene, USA
BM 260 mCherry-Tubulin 1771 bp Addgene, USA

Table 3. List of plasmids used in this study

For generating GST-tagged recombinant protein, the full-length HPIP sequence was released

from pcDNA-HPIP plasmid by restriction digestion with BamHI and Xhol (Fermentas, USA),

and cloned into pGEXA4T1 vector.

Size deletion mutants of HPIP were generated by polymerase chain reaction (PCR)

amplification using pcDNA-HPIP as template using the primers mentioned in the Table 2.

These fragments were then ligated into pEGFP-C1 vector after being digested with Xhol and

BamHI (Fig 24B). The mCherry-Tubulin was procured from Addgene, USA. HPIP gene

specific 29-mer shRNA and nonspecific scrambled shRNA were procured from OriGene, USA.

Plasmids used in this study has been listed in Table 3.
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3.3.2 Cell culture

All the experiments were carried out either in MCF7 or HEK293T cells. These cells were
procured from NCCS, Pune and cultured in a humidified atmosphere containing 5% CO. and
maintained at 37°C in Dulbecco's Modified Eagle's medium (DMEM) medium supplemented

with 10% fetal bovine serum (FBS), 10 units/ml penicillin, and 10 pg/ml streptomycin.

3.3.3 Transient transfection of cells

Transient transfection was carried out using Lipofectamine™ 2000 (Invitrogen, USA)
following the manufacturer’s protocol. Cells were seeded onto plates in complete DMEM
medium and allowed to grow till 70-80% growth confluency. Transfection complexes were
prepared with plasmid DNA (pg) and Lipofectamine™ 2000 (pl) in a 1:1 ratio in 100 pl of
Opti-MEM and incubated for 20 minutes at room temperature. Following incubation,
transfection mix was added to culture plates containing serum and antibiotic- free DMEM
medium. Cells were incubated in a humidified atmosphere containing 5% CO; at 37°C for 6
hours following which the medium was replaced with fresh DMEM containing serum and
antibiotics. Expression of transfected plasmids were verified after 48 hours either under the

microscope or by western blotting.

3.3.4 Drug accumulation assay

Stabilization of microtubules by paclitaxel was studied by quantifying drug uptake by the cells.
Cells sensitive to paclitaxel show a greater binding of the drug to the microtubules and this can
be measured as fluorescent intensity of cells taking up drugs labelled with a fluorescent dye.
Equal number of MCF7 cells were seeded in 60 mm culture dishes. Next day, the cells were
transfected with control shRNA vector and HPIP- silencing ShRNA plasmid respectively. After

48 hours of transfection, cells were incubated with 1 pM of fluorescent Oregon Green
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paclitaxel (Molecular Probes Inc., USA) for 1 hour and were immediately analysed by FACS

Calibre (BD Biosciences, USA).

3.3.5 Immunofluorescence microscopy

Cells were seeded on coverslips in 6-well plates. After completion of experimental procedures,
the medium was removed and cells washed with the PBS buffer. Fixation was carried out with
paraformaldehyde (4%) at room temperature for 20 minutes followed by washing with TBS
thrice, 5 minutes each time, under shaking. Pre-chilled acetone and methanol (1:3) mixture was
used to permeabilize cells for 20 minutes followed by washing with TBS thrice for 15 minutes
each. This was followed with blocking with 3% BSA in TBS for 1 hour at room temperature
followed by incubation with primary antibody (1:200 dilution) in 3% BSA at 4°C overnight.
Washings were carried out using TBS, TBS with triton-X (TBST) and TBS buffer, each time
for 15 minutes, under shaking. Appropriate Alexa Fluor- tagged secondary antibody
(Molecular Probes Inc., USA) in 3% BSA was added and incubated in dark at room temperature
for 1 hour followed by washings with TBS buffer. Excess buffer was removed and the
coverslips were mounted on glass slides with prolonged gold anti-fade reagent with DAPI
(Invitrogen Life technologies, USA). The cover slip is incubated for 16 to 24 hours in dark at
room temperature and edges are sealed with nail polish. Images were acquired at 20%

magnification with Olympus F100 microscope (Olympus, USA).

3.3.6 Isolation of tubulins

Tubulin was isolated and purified from mammalian brain following a modified Weisenberg
procedure (Andreu, 2007; Weisenberg, 1972). Bovine brains were homogenized in PMS buffer
(10 mM sodium phosphate, 0.5 mM MgCl., and 0.24 M sucrose, pH 7.0) to remove cell
membrane followed by successive ammonium sulphate fractionation of 32% and 43%
saturation, respectively. Centrifugation at every step was carried out at 19000xg for 45 minutes,
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4°C. The pellet was dissolved in PMG buffer (10 mM sodium phosphate, 0.5 mM MgCly, 0.1
mM GTP, pH 7.0) and subjected to batch DEAE sephadex anion exchange using 0.4M KCI-
PMG buffer and finally eluting with 0.8 M KCI-PMG buffer. The elutant was saturated and
precipitated with 43% ammonium sulphate. The pellet was dissolved in PMG buffer and gel
exclusion chromatography was performed using Sephadex G25. Fractions of 0.5 ml were
collected and precipitated with 40 mM MgCl.. The fractions which showed rapid turbidity were
considered as active tubulin, and were pooled and centrifuged followed with dialysis against
tubulin polymerization buffer (10 mM sodium phosphate pH 6.5, 3.4 M glycerol, 1 mM GTP).

Purified tubulin was stored in 50 pl aliquots at -80°C.

3.3.7 Recombinant protein purification

Recombinant His-tagged wild-type HPIP (WT-HPIP) and mutant HPIPAMT (HPIP lacking
microtubule binding domain 192-218 amino acids) were purified by affinity chromatography
with TALON® metal affinity resin (Clontech, USA). Human Embryonic Kidney 293T cells
(HEK293T) grown on 100 mm dishes were transfected with 10 pug each of pcDNA-HPIP and
pcDNA-HPIPAMT using Lipofectamine 2000 (Invitrogen, USA) following the manufacturer’s
protocol. After 48 hours post transfection, cells were lysed using Nonidet P-40 (NP-40 buffer;
150 mM NaCl, 1% NP-40, 50 mM Tris-Cl, pH 8.0) and centrifuged at 13000 rpm. The
supernatant was incubated with TALON® beads for 1 hour under rotation at 4°C. The beads
were pre-washed with equilibration buffer (50 mM sodium phosphate, 300 mM NacCl, pH 8.0).
After incubation with supernatant, beads were washed thrice for 15 minutes with wash buffer
(50 mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 7.0). Imidazole concentration
was increased upto 40 mM to remove non-specifically bound proteins. Finally, bound proteins
were eluted with buffer containing 50 mM sodium phosphate, 300 mM NaCl and 150 mM

imidazole. The eluted protein was dialysed against BRB80 buffer (80 mM PIPES, 1 mM
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EGTA, 1 mM MgCl,, pH 6.9) The dialysed protein was concentrated in Amicon ultra tubes
(Millipore, USA) with a molecular weight cut off (MWCO) of 30 kD following the
manufacturer’s protocol. The protein solution was centrifuged 3-4 times at 3000 rpm at 4°C for
10 minutes, each time adding 3-4 ml of BRB80 buffer. After adding glycerol (10%) to the

purified protein, it was stored at -80°C for further use.

Recombinant GST and GST-HPIP were purified from pGEX4T1 and PGEXA4T1-HPIP
transformed E. Coli BL21 clones, respectively. Positive clones were induced with ImM IPTG
in late log phase at 30°C. Bacterial cultures were centrifuged and lysed with buffer containing
20% glucose, 10% glycerol, 50 mM tris pH 8, 2 mM DTT, 4 mM PMSF, 20 mM sodium
fluoride and proteinase inhibitor cocktail. Lysate was further sonicated at 20% amplitude
followed by centrifugation at 12000 rpm for 20 minutes at 4°C. The supernatant was incubated
with GST-agarose beads (GE healthcare, USA) at 4°C and kept under rotation for 3 hours.
These beads were extensively washed with NP-40 buffer (50 mM tris, 150 mM NacCl, 0.5%
Np-40, 10% glycerol, 3 mM MgClz, 1 mM EDTA), and finally eluted with buffer containing
50 mM tris pH 9.5 and 10 mM glutathione. The protein purity was checked by running on SDS-

PAGE and immunoblotting.

3.3.8 In vitro polymerisation Assay

Tubulin polymerization assay was performed in 100 ul volumes at 37°C in PEM buffer (80
mM PIPES, 1 mM EGTA, 1 mM MgCl, pH 6.9) using 1 mM GTP and 10 mg/ml of either
purified goat brain tubulin or purified tubulin from Cytoskeleton Inc., USA. Polymerisation of
tubulins with various concentrations of either wildtype HPIP or mutant HPIP-AMT in the
presence and absence of paclitaxel was monitored spectrophotometrically at ODs40 and
readings were taken every 30 seconds for 30 minutes. Results are presented graphically as

change in turbidity (percentage) over time (seconds).

63



3.3.9 Transmission electron microscopy (TEM)

For electron microscopy, the sample reaction of tubulin polymerization assay was used. After
30 min of incubation, the samples were fixed with prewarmed 2% glutaraldehyde overnight at
4°C. The samples were diluted 25X and applied to carbon-coated electron microscopy grids
(300 mesh). The grids were allowed to dry and washed with MiliQ water to remove excess
sample. Subsequently, the grids were negatively stained with 2% phosphotungstate acid. The

images were acquired using a Tecnai G2 transmission electron microscope (Fei, USA).
3.3.10 Immunoprecipitation

Cell lysates were prepared in nonidet P-40 (NP40) lysis buffer (20 mM Tris pH 8.0, 137 mM
NaCl, 10% glycerol, 1% NP40, 2 mM EDTA and protease inhibitor cocktail). Approximately
1 mg of cell lysate was pre-cleared with agarose A/G beads and immune-precipitated with the
indicated antibodies for overnight at 4°C. Agarose A/G beads were added (Santa Cruz
Biotechnology, Texas, USA), incubated for 1 hr at 4°C under rotation. The beads were pelleted
by brief centrifugation and washed at 4°C using NP40 lysis buffer. Finally, the beads were
pelleted by centrifugation and dissolved in 2x SDS loading dye and then subjected to western

blotting with respective antibodies.

3.3.11 Cell viability assay

Cells were seeded in 96-well plate (Corning, USA) at a density of 1x 10°and incubated at 37°C.
Cells in triplicate wells were treated with increasing concentrations of paclitaxel (Sigma)
ranging from 0.01-5 uM and DMSO as vehicle control in a final volume of 100 pl for 48 hours.
After drug treatment, 10 ul of WST-1 (Clonetech, USA) was added to each well and incubated
for 30 minutes to hours at 37°C, depending on colour development. The formation of formazan

product was quantified by measuring absorbance at wavelength between 420-480 nm
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(maximum absorbance at 440 nm) and at a reference wavelength of >600 nm. The 50%

inhibitory concentration (ICso) was calculated by using Sigma Plot software.

3.4 RESULTS

3.4.1 HPIP interferes with taxol binding to microtubules

Taxol diffuses into the microtubule lumen through small openings and binds to the internal
wall of the microtubule, enhancing lateral contacts between protofilaments thereby restricting
microtubule dissociation (Nogales, 2001). Therefore, we wanted to check whether HPIP can
interfere with the binding of taxol to microtubule. This would directly affect the
pharmacological accumulation of the drug. We have utilised a fluorescent labelled paclitaxel,
Oregon Green® 488 Paclitaxel (Life technologies, USA; Fig 20A). Thus the fluorescence
intensity is directly proportional to the amount of taxol bound to the microtubules (Rouzier et
al., 2005). Here, we have used two different HPIP targeting sShRNA plasmid constructs for
silencing HPIP in MCF7. We found that the HPIP silenced MCF7 cells when treated with
Oregon Green® 488 Paclitaxel showed a bimodal distribution of fluorescence intensity
compared to the control cells that showed unimodal distribution (Fig 20B). Thus, HPIP silenced
cells showed an extra population of cells with high fluorescence intensity assuming that these
represent the successfully transfected cells. A graphical representation showed that only 4.28%
of the control cells showed high fluorescence whereas, percentage of MCF7 silenced with HPIP
shRNA1 and HPIP shRNA2 with high fluorescence were 39.44% and 34.17% respectively (Fig
20C).

3.4.2 HPIP affects taxol-induced microtubule polymerisation and stability

Microtubules are highly dynamic structures undergoing reversible cycles of polymerisation and

depolymerisation. This phenomenon is known as dynamic instability (Mitchison and
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Figure 20. HPIP interferes with taxol binding to microtubules. A) Structure of Oregon green ® paclitaxel B) FACS
analysis of transfected cells C) Percentage of cells showing high fluorescence.

Kirschner, 1984a). However, taxol lowers the critical tubulin concentration required to drive
microtubule polymerisation and stabilises microtubule (De Brabander et al., 1981), which
finally results in mitotic arrest and apoptosis. We, next checked whether HPIP affects the taxol
induced microtubule polymerisation and stabilization. We have carried out a
spectrophotometric assay based on the fact that microtubules scatter to an extent that is
proportional to the concentration of microtubule polymer (Shelanski et al., 1973). Thus, tubulin
polymerisation can be observed by monitoring the optical absorbance of the tubulin solution at

340 nm.

We have generated GST-tagged HPIP by cloning HPIP into pGEX4T1 vector (Fig 21A), and

isolated and purified GST-HPIP recombinant protein using GST-sepharose beads (Fig 21B).
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Initially, we had isolated and purified tubulins from mammalian brain following a modified
Weisenberg procedure (Andreu, 2007; Weisenberg, 1972; Fig 21C). Thus, tubulin
polymerisation was carried out with paclitaxel in presence and absence of GST-HPIP. As
expected, the resulting polymerization curve represented the three phases of microtubule
polymerization, namely nucleation, growth and steady state equilibrium. We observed that in
the presence of GST-HPIP, the growth phase was reduced by ~16% indicating that HPIP
interferes with the microtubule polymerisation activity of taxol (Fig 21D). Previous reports
showed that microtubule associated proteins are capable of making morphological changes in
the microtubule sheet, e.g., EB1 induces sheet closure as observed under electron microscopy
(Vitre et al., 2008). Therefore, we have subjected the tubulin polymerisation reaction mixture
under TEM. Even at a resolution of 50 nm we failed to observe any structural changes in the

microtubules as a result of HPIP.

3.4.3 Does 190-218 amino acid region of HPIP interact with microtubules?

Previously, HPIP is known to locate along with the microtubules (Manavathi et al., 2006).
Infact, Abamovich et al., has mapped the microtubule binding region (MBD) to be between
190-218 amino acids of HPIP and claimed it to be sufficient to retain the protein into the
cytoplasm (Abramovich et al., 2002). ProtScale computation of hydrophobicity of HPIP using
the Kyte and Doolittle scale revealed that the region of 190-218 amino acid shows highest
hydrophobicity (Kyte and Doolittle, 1982; Fig 22A). We hypothesized that this leucine region
of HPIP is capable of interacting with the hydrophobic pocket of the B-tubulin where taxol
binds. This may lead to a competition for the binding site between HPIP and taxol accounting
for the HPIP mediated taxol resistance. If our hypothesis is proved true then an anti-peptide
targeting the 190-218 region would inhibit the binding of HPIP to the taxol binding site on

tubulins. This, in turn, can sensitise the cells towards taxol. Therefore we have generated a
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Figure 21. Effect of HPIP on taxol induced polymerization. A) Confirmation of HPIP insert in pGEXA4T1 vector
by restriction digestion with BamHI and Xhol on 1% agarose gel. B) SDS-PAGE showing purified GST-HPIP.
C) Purification of tubulin from bovine brain and immunoblotting with anti —f tubulin antibody. D) In vitro tubulin
polymerization assay with taxol in the presence and absence of GST-HPIP. E) Transmission electron microscopy
of tubulin polymers.

MBD deletion mutant of HPIP (HPIPAMT) and cloned into pcDNA 3.1 vector (Fig 22B). We
have transfected both wildtype and mutant HPIP into HEK293T cells, and extracted and
purified His-tagged WT-HPIP and His- tagged HPIPAMT using metal TALON® beads (Fig.
22C). We have repeated in vitro tubulin polymerisation assay to check whether the mutant
HPIP can reverse the effect of the wildtype HPIP on taxol induced tubulin polymerisation.
Contradicting our expectations, the His- tagged HPIPAMT had a similar effect as the His-
tagged WT-HPIP. Mutant HPIP showed 35.56% whereas wildtype showed 43.46% reduction

in taxol- induced microtubule polymerisation (Fig 22D).
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HPIP (WT-HPIP) and microtubule binding domain (MBD) deleted mutant (HPIPAMT). C) Expression and
purification of His-tagged WT-HPIP and HPIPAMT. D) In vitro tubulin polymerisation assay with taxol in the
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To verify that the 190-218 amino acid region of HPIP is truly a microtubule binding region or
not, we have checked the co-localisation of the wildtype and mutant HPIP. We have transfected
pcDNA-HPIP and pcDNA-HPIPAMT into MCF7 cells. Anti-rabbit His antibody was used to
probe His-tagged proteins (Invitrogen, USA) and anti-rabbit a-tubulin antibody (Sigma, USA)
was used to probe microtubules. After reprobing with appropriate secondary Alexa Fluor
antibodies (Invitrogen, USA), the coverslips were observed under fluorescent microscope. The
mutant HPIPAMT was found to co-localise along with microtubules in a way similar to WT-
HPIP (Fig 23A). Also, when wildtype or mutant his-tagged HPIP were incubated with MDA

MB 231 cell lysates, mutant HPIP was found to interact and pull down tubulins along with it
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similar to wildtype HPIP (Fig 23B). This makes the authenticity of the microtubule binding

domain of HPIP (190-218 amino acids) highly debatable.
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Figure 23: A) Co-localisation of WT-HPIP and HPIPAMT along with a-tubulin in MCF7 cells. B) Pull down
assay of tubulins by Ni-Talon beads bound with His-tagged WT-HPIP and HPIPAMT

3.4.4 ldentification of microtubule binding region of HPIP

Since our initial hypothesis that the 190-218 region of HPIP interacts with the taxol binding
site failed, it became important that we map the region of HPIP that is involved in the nteraction
between HPIP and microtubules. We have generated different GFP-tagged deletion mutants of
HPIP, namely, 1-160, 1-400, 1-695 and 400-731 (Fig 24A). These clones were confirmed with
restriction digestion with BamHI and Xhol followed with sequencing (Fig 24B). To map the

region interacting with tubulins, we performed co-immunoprecipitation using HEK293T cell
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lysate. We have co-transfected HEK293T cells with mcherry-tubulin C-18 plasmid along with
the GFP tagged mutants of HPIP and immunoprecipitated GFP antibody and immunoblotted
with a-tubulin. 10% input of cell lysated were also immuno blotted with GFP antibody to verify
the transfection efficiency (Fig 24C). All the mutants expressed highly except for the C-
terminal 400-731 amino acid plasmid, which showed low expression levels. Co-
immunoprecipitation with GFP showed that all the mutants that retain the C-terminal were able
to interact with tubulins (Fig 24D). Thus, we concluded that HPIP interacts with tubulins

through its C-terminal domain.
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Figure 24. Identification of microtubule binding region of HPIP. A) HEK293T cells were co-transfected with
mcherry-Tubulin-C18 and different size deletions lysates on SDS-PAGE and immunoblotting with specific proteins.
B) Schematic diagram of the size deletion mutants generated during the course of the study. C) Cell extracts were
immunoprecipitated with GFP antibody and immunoblotted first with anti- a-tubulin and then anti-GFP antibodies.

Cell extracts immunoprecipitated with 1gG antibody was used as control.
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3.4.5 Role of C-terminal domain in taxol resistance

We have determined that the C-terminal domain (400-731) amino acid region of HPIP is crucial
for interacting with microtubules. We, therefore, wanted to know if this region is involved in
imparting taxol resistance in breast cancer. We have carried out cell viability assay with WST-
1. We have used wildtype pEGFP-HPIP as a positive control and N-terminal pEGFP-HPIP (1-
400) as a negative control. We have transfected MCF7 cells with wildtype pEGFP-HPIP, N-
terminal pEGFP-HPIP (1-400) and C-terminal pEGFP-HPIP (400-731). After 24 hours of
transfection, cells were seeded into 96 well plate and next day onwards cells were treated with
increasing concentrations of taxol for 24 hours. We observed that the C-terminal region showed
a better resistance and a higher cell viability than wildtype HPIP (Fig 25A). The ICso value of
taxol in C-terminal pEGFP-HPIP (400-731) transfected cells were 0.61 uM, whereas in peGFP-
HPIP transfected cells it is 0.45 uM and 0.08 uM in N-terminal pEGFP-HPIP (1-400)
transfected cells (Fig 25B). This proves that, the C-terminal region of HPIP from 400-731
amino acid region is important for interaction with microtubules and also responsible for

causing taxol resistance.
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Figure 25. Effect of C-terminal domain of HPIP on taxol resistance. A) Cell viability assay of cells transfected
with WT-HPIP, N-terminal (1-400 residues) of HPIP and C-terminal (400-731 residues) on treatment with
increasing concentrations of paclitaxel. The percentage of cell survival was plotted as a function of drug

concentration. B) The 50% inhibitory concentration (ICsg) was calculated with Sigma Plot software.
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3.5 DISCUSSIONS

Various microtubule binding proteins when overexpressed in cancer cells have been implicated
to confer taxol resistance, namely, Tau, EB1 and Stathmin. These proteins under normal
conditions play important roles in cellular functioning. For instance, Tau is expressed
abundantly in neuronal cells where it stabilizes microtubules as well as provides flexibility in
the distal portions of axons (Scholz and Mandelkow, 2014). EB1 is a master regulator of
microtubule plus ends and regulates dynamic instability. It is a cofactor or forms a scaffold for
various other microtubule interacting proteins (Akhmanova and Steinmetz, 2008). STOPS are
calmodulin binding proteins that functions in nerve cells and stabilise microtubules (Amos and
Schlieper, 2005). All these proteins bind to microtubule by well-defined hydrophobic domains
that seem to occupy a pocket in B-tubulin that corresponds to an extended loop (L-loop) in a-
tubulin. These structures stabilise lateral contacts by holding the important M-loop in place

(Amos, 2004).

HPIP is known to cause tumor progression, cell migration enhance focal adhesion dynamics
and activation of cell signalling pathways. Previous literature shows that it has all the
characteristics attributed to an oncoprotein. Various oncoproteins are known to cause resistance
to chemotherapeutics. In this study, we have shown that HPIP is overexpressed in taxol
resistant breast cancers. It confers resistance to taxol by promoting G2/M arrest followed by
apoptosis. HPIP overexpression also leads to activation of AKT signalling on treatment with
taxol. Previously, Abramovich et al. and Manavathi et al. have shown that HPIP is a
microtubule interacting protein by immunofluorescence studies (Abramovich et al., 2000,
2002; Manavathi et al., 2006). Fluorescence spectrophotometric studies and competitive
binding experiments with [3P]-GTP in our lab shows that HPIP binds to GTP (unpublished
data by Manavathi et al.). Also, Abramovich et al. has reported that the 190-218 amino acid
residues of HPIP are responsible for interacting with microtubules. Therefore, these data
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suggests that HPIP not only interacts with microtubules but also plays a role in microtubule

dynamics.

In this study we found that HPIP interferes with taxol binding with microtubules and also
reduces the taxol induced microtubule polymerisation. Therefore, we investigated the role of
the 190-218 amino acid region in interfering with taxol activity on microtubules. We
hypothesized like other microtubule stabilizing proteins like Tau and STOPs, whether this
region can occupy the hydrophobic site in B-tubulin. In this case, a peptide targeting this region
can be used as a therapeutic supplementary along with taxol to treat breast cancer. We found
that this region exhibits maximum hydrophobicity in HPIP. This region does not show
homology with any known microtubule binding protein, neither does it possess any well-known
domain or motif that binds to microtubules, e.g., Tau proline-rich repeats, EGGP motif of

STOP protein, etc.

We have generated a mutant with the 190-218 residues deleted in HPIP protein. We observed
that the mutant has an effect similar to the wildtype in reducing microtubule polymerisation
and stabilisation induced by taxol. We have further verified whether this mutant interacts with
microtubules. Our results contradict with that reported by Abramovich et al. and hence, we
conclude that this domain is probably not the true microtubule binding domain of HPIP. This
contradiction of results may be because, firstly, Abramovich et al. has shown the localisation
of the microtubule binding domain of HPIP in the cytoplasm as a result of the GFP
fluorescence, they didn’t show any colocalisation with microtubule Secondly, they have
concluded that the 190-218 residues bind to microtubule as a result of it lacking the NES and
it being exported from the nucleus by the CRM1 receptor. They did not show any direct
interaction. Here, we found that, even with the 190-218 residues deleted, the mutant still co-

localise with microtubules and can pull down microtubules in vitro indicating direct interaction
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with the microtubules. Further, when we have mapped the region binding to microtubules by
co-immunoprecipitation with different deletion mutants of HPIP, the C-terminal region of
HPIP (400-731 residues) interacts with microtubules, whereas, Abramovich et al. has reported
the N-terminal region between 120-263 residues are important for microtubule binding
(Abramovich et al., 2002). We have shown that N-terminal region (1-400 residues) shows taxol
sensitivity whereas, the C-terminal region (400-731 residues) shows better resistance than the
wildtype full length HPIP. It has been reported that C-terminal domain is also important for
other functions of HPIP, e.g., FAK interaction and activation (Bugide et al., 2014). Further
studies are required to elucidate the residues in the C-terminal region that interacts with

microtubules.

Thus, HPIP is an important oncoprotein and can be a promising single gene marker of
sensitivity to paclitaxel-containing chemotherapeutic regime. However, several questions still
needs to be addressed, e.g., the cell signalling pathway that is triggered by HPIP as a result of
taxol resistance and whether HPIP can show resistance to other chemotherapeutic drugs like
vincristine and colchicine. Since, drug resistance is a multifactorial phenomenon in cancer,
targeting HPIP alone may not be a good strategy to increase taxol resistance. Thus it’s also

important to identify other proteins interacting with HPIP that can also cause taxol resistance.
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3.6 CONCLUSIONS

The conclusions drawn from this study can be summarised as given below.

e HPIP is overexpressed in breast cancer cell line, MCF7 which shows higher resistance
to taxol when compared to non-transformed epithelial mammary cells, MCF10A.

e Alterations in HPIP can affect the cell’s sensitivity to taxol. Silencing of HPIP in MCF7
cells makes it more sensitive to taxol while overexpression increases resistance.

e Taxol induced cell apoptosis is facilitated by silencing of HPIP in MCF7 cells.

e Increased cellular apoptosis in HPIP silenced MCF7 cells is a result of increased G2/M
cell cycle arrest.

e Alteration in HPIP expression is associated with concomitant alterations in pB-tubulin
I11 expression. Overexpression leads to increased expression of B-tubulin 11 and vice
versa.

e HPIP interferes with taxol binding to microtubules, therefore resulted in decreased
accumulation of the drug in MCF7 cells.

e HPIP interferes with the stabilizing effect of taxol on microtubule polymerisation.

e The 190-218 amino acid region of HPIP, previously known to be the microtubule
binding region, is found not to be the microtubule interaction region.

e The C-terminal region of HPIP is responsible for interacting with microtubules and

causing taxol resistance
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3.7 IMPORTANCE OF STUDY AND FUTURE PERSPECTIVE

Ever since taxol has been approved by FDA, USA, it has been used extensively for metastatic
breast cancer, ovarian cancer, colon cancer and non-small cell lung cancer. Infact, taxane-
based chemotherapy forms the first line therapy for metastatic breast cancer, especially, triple
negative breast cancer (Mustacchi and Laurentiis, 2015). However, heterogeneity of the disease
leads to resistance towards taxane therapy that results in recurrence of breast cancer, and in
most cases it tends to be metastatic in nature. Over the last two decades, several new
oncoproteins have been identified that were later found to cause taxol resistance as well. HPIP
is one such protein. It was first identified as a PBX-interacting protein that inhibits PBX1-HOX
complexes from binding to DNA (Abramovich et al., 2000). Later, several others identified
HPIP as an oncoprotein in breast cancer (Bugide et al., 2014; Manavathi et al., 2006; Wang et
al., 2008), hepatoma (Xu et al., 2013), colorectal cancer (Feng et al., 2015), oral carcinoma
(Okada et al., 2015), pleomorphic sarcomas and leiomyosarcomas (Silveira et al., 2013).
Although its role in cancer has been established, its response to cancer therapy has not been
studied. In this study, we have established that HPIP plays a crucial role in imparting taxol
resistance to breast cancer cell, making it clinically important. We further identified the region
of HPIP, i.e., the C-terminal region that imparts resistance towards taxol. However, further
studies needs to be done to identify the amino acid residues in the C-terminal region that
interacts with microtubules and impairs taxol from binding to microtubules. Xenograft studies
with HPIP in mouse can further warrant our data and prove the importance of HPIP in taxol
resistance in vivo. This can help us to design a peptide against HPIP that prevents HPIP from
blocking taxol. This can be used clinically as a supplement in taxane-based chemotherapy.
Although, we have elucidated that HPIP triggers the cellular apoptotic pathways, the exact
mechanism by which it does still remains to be elucidated. This can also throw light in

developing new taxane- based chemotherapy.
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hematopoiesis.

mechanisms.

erythropoiesis.
\_

(Background: HPIP is a pre-B-cell leukemia homeobox 1 (PBX1) interacting protein with unknown function in
Results: The HPIP gene is a target of GATA1 and CTCF and regulates erythroid differentiation involving PI3K/AKT-dependent

Conclusion: HPIP is a novel downstream target of GATA1 and serves as an essential regulator of erythroid differentiation.
Significance: A new regulator of erythroid differentiation is discovered. This finding may help in better understanding

J

Pre-B-cell leukemia homeobox interacting protein 1 or
human PBX1 interacting protein (PBXIP1/HPIP) is a co-repres-
sor of pre-B-cell leukemia homeobox 1 (PBX1) and is also
known to regulate estrogen receptor functions by associating
with the microtubule network. Despite its initial discovery in the
context of hematopoietic cells, little is yet known about the role
of HPIP in hematopoiesis. Here, we show that lentivirus-medi-
ated overexpression of HPIP in human CD34™* cells enhances
hematopoietic colony formation iz vitro, whereas HPIP knock-
down leads to a reduction in the number of such colonies. Inter-
estingly, erythroid colony number was significantly higher in
HPIP-overexpressing cells. In addition, forced expression of
HPIP in K562 cells, a multipotent erythro-megakaryoblastic
leukemia cell line, led to an induction of erythroid differentia-
tion. HPIP overexpression in both CD34" and K562 cells was
associated with increased activation of the PI3K/AKT pathway,
and corresponding treatment with a PI3K-specific inhibitor,
LY-294002, caused a reduction in clonogenic progenitor num-
ber in HPIP-expressing CD34" cells and decreased K562 cell
differentiation. Combined, these findings point to an important
role of the PI3BK/AKT pathway in mediating HPIP-induced
effects on the growth and differentiation of hematopoietic cells.
Interestingly, HPIP gene expression was found to be induced in
K562 cells in response to erythroid differentiation signals such
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as DMSO and erythropoietin. The erythroid lineage-specific
transcription factor GATA1 binds to the HPIP promoter and
activates HPIP gene transcription in a CCCTC-binding factor
(CTCF)-dependent manner. Co-immunoprecipitation and co-
localization experiments revealed the association of CTCF with
GATA1 indicating the recruitment of CTCF/GATA1 transcrip-
tion factor complex onto the HPIP promoter. Together, this
study provides evidence that HPIP is a target of GATA1 and
CTCF in erythroid cells and plays an important role in erythroid
differentiation by modulating the PI3K/AKT pathway.

The human hematopoietic system is composed of a hetero-
geneous population of cells that range in function from mature
cells with limited proliferative potential to pluripotent stem
cells known as hematopoietic stem cells (HSC)* with extensive
proliferation, differentiation, and self-renewal capacities (1, 2).
This process is governed by the interplay of a number of tran-
scription factors and various signaling pathways, which alto-
gether facilitate proper hematopoietic development (3, 4).
Emerging evidence indicates that human leukemias, lympho-
mas, and possibly myelodysplastic syndromes are initiated at
the level of HSCs and/or early multipotent progenitors that
have been transformed due to genetic/chromosomal aberra-
tions or deregulation of gene expression (5). Of several regula-
tors of HSC, PBX transcription factors play an important role in
the establishment and maintenance of definitive hematopoie-
sis, and PBX overexpression has been linked to leukemia devel-
opment (6). PBX proteins mainly act as cofactors for HOX pro-

“The abbreviations used are: HSC, hematopoietic stem cell; PBX1, pre-B-cell
leukemia homeobox 1; PBXIP1 or HPIP, pre-B-cell leukemia homeobox
interacting protein 1; Epo, erythropoietin; q, quantitative; CFC, colony-
forming cell assay; E/Meg, erythroid and megakaryocyte; 4-OHT, 4-hy-
droxytamoxifen; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; CTCF, CCCTC-binding factor.
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Estrogen or 17B-estradiol, a steroid hormone, plays a critical role in the development of mammary gland via
acting through specific receptors. In particular, estrogen receptor-a (ERa) acts as a transcription factor and/or
asignal transducer while participating in the development of mammary gland and breast cancer. Accumulating
evidence suggests that the transcriptional activity of ER« s altered by the action of nuclear receptor coregulators
and might be responsible, at leastin part, for the development of breast cancer. In addition, this process is driven
by various posttranslational modifications of ERq, implicating active participation of the upstream receptor
modifying enzymesin breast cancer progression. Emerging studies suggest that the biological outcome of breast
cancer cells is also influenced by the cross talk between microRNA and ERa signaling, as well as by breast cancer
stem cells. Thus, multiple regulatory controls of ERa render mammary epithelium atrisk for transformation upon
deregulation of normal homeostasis. Given the importance that ERasignaling hasin breast cancer development,
here we will highlight how the activity of ERa is controlled by various regulators in a spatial and temporal
manner, impacting the progression of the disease. We will also discuss the possible therapeutic value of ERa
modulators as alternative drug targets to retard the progression of breast cancer. (Endocrine Reviews 34: 1-32,

2013)
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l. Introduction

reast cancer is heterogeneous in nature that originates
from the mammary epithelial cells. Despite advances
made in the understanding of the molecular and cellular
events that underlie the disease, it remains the leading
cause of cancer deaths among females worldwide (1). A
woman’s risk of breast cancer is influenced by her re-
productive history, i.e., lifetime exposure to reproduc-

Abbreviations: AIB1, Amplified in breast cancer-1; AKT, serine/threonine protein kinase;
ALDH, aldehyde dehydrogenase; ATM, ataxia telangiectasia mutated; ATR, ataxia telan-
giectasia and rad3-related protein; BCAS3, breast carcinoma amplified sequence 3;
BRCAT1, breast cancer 1; BrCSC, breast cancer stem cell; BT-IC, breast tumor-initiating cell;
CDK4, cyclin-dependent kinase; Ciz1, CDKN1A-interacting zinc finger protein 1; DACH1,
dachshund homolog 1; DBC1, deleted in breast cancer 1; DNAPK, DNA-dependent protein
kinase; E2, estrogen or 17B-estradiol; Efp, estrogen-responsive finger protein; EGFR, epi-
dermal growth factor receptor; EMT, epithelial-mesenchymal transition; ER, estrogen re-
ceptor; ERE, estrogen response element; GPR30, G protein-coupled receptor 30; GREB1,
growth regulation by estrogen in breast cancer 1; GSK3, glycogen synthase kinase 3p;
HAT, histone acetyl transferase; HDAC, histone deacetylase; HPIP, hematopoietic PBX-
interacting protein 1, MaSC, mammary stem cell; miRNA, microRNA; MTA,
metastasis-associated protein; MTA1s, MTA1 short form; NCOR1, nuclear receptor core-
pressor 1; NUuRD, nucleosome remodeling and histone deacetylation complex; PAK1, ser-
ine/threonine p21-activated kinase; PELP1, proline, glutamic acid and leucine-rich protein;
PHB, prohibitin; PI3K, phosphatidylinositol 3 kinase; PKA, protein kinase A; PR, proges-
terone receptor; PRMT1, protein arginine N-methyltransferase 1; REA, repressor of ER
activity; SAFB, scaffold attachment factor B; SCID, severe combined immunodeficiency;
SERM, selective ER modulator; SIRT1, sirtuin 1; S6K1, S6 kinase 1; SP, specificity protein;
TFF1, trefoil factor 1; UTR, untranslated region.
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