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1. General introduction

1.1. Cancer

In general, cancer is defined as uncontrolled cell growth. Besides this, cancer is represented by
various hallmarks, including self-sufficiency in growth signals, anti-apoptosis, evading
immune surveillance, increased angiogenesis, and metastasis (1). Cancer cells may disseminate
from the primary tumor, enter the bloodstream, survive immune assault, and successfully
develop a secondary tumor via a process called metastasis. Depending on their aggressiveness,
tumors can be classified as benign or malignant. A benign tumor is not dangerous and does not
exhibit signs of metastasis, whereas malignant tumors are those that have spread to distant
organs and begun to proliferate and form secondary tumors. Cancer may initiate in any organ
and at any location. Cancers are categorized based on the origin of the tissue, such as breast,
liver, pancreatic, endometrial cancer, and so on.

1.2. Breast cancer (BC)

BC is the most prevalent type of cancer in women, and it begins in the mammary gland.
Because of their various genetic subtypes and heterogeneity, BCs are the most complicated
cancers.

1.2.1. Structure of mammary gland

The mammary gland is a composite, dilated sweat gland that mainly comprises of blood
arteries, lobules, and ducts. In the hollow chamber known as alveoli, milk-secreting cuboidal
cells and surrounding epithelial cells are found. All these alveoli are linked together to create
a clump known as a lobule. The lactiferous duct connects these lobules and opens into the
nipple (Figure 1). Extracellular matrix (ECM) is a complex connective tissue found in the
mammary gland consisting of fibroblasts, stromal cells, adipocytes, and other related
myoepithelial basement membranes. Connective tissue is required to maintain the morphology

of the lactiferous duct, basic mammary gland structure, and overall organ development.
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Figure 1: Structure of mammary gland: The arrangement of the lobules, ducts, and veins in
the mammary gland. A) Frontal image of the breast. B) Sagittal breast cut. C) Breast with
vessels (sagittal cut). (Ref: drawn using Biorender software)

1.2.2. Classification of BC

Based on histology

According to histology and invasiveness, BC is classified into four significant subtypes (2).

(A) Carcinoma in the ducts

Carcinoma in the ducts may be invasive or non-invasive. The non-invasive carcinoma is ductal
carcinoma in situ (DCIS). This form of BC is non-invasive before being diagnosed. Because
altered cells do not metastasize, it is termed as non-invasive. Cancer begins in the lining of the
milk-producing ducts and does not extend to the surrounding tissues. DCIS affects 60,000
people each year, accounting for 25% of all newly diagnosed cancers in the United States.
According to the Indian Council of Medical Research (ICMR), the incidence of DCIS-detected
cancers in India is very low, although the total number of BC cases is significantly higher. This
may be due to lack of early diagnosis, and most cancers are detected at an advanced stage. If
undetected at an early stage, DCIS becomes invasive over a period and is termed invasive

ductal carcinoma (IDC) (Figure 2).
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(B) Invasive type of ductal carcinoma (IDC)

It is the most common form of BC, accounting for 80% of all occurrences. It begins in the ducts
and makes its way through the lymphatic and circulatory systems to distant organs. IDC
accounts for approximately 8 out of every 10 cases of BC. According to the American Cancer
Society, it is the most prevalent type of BC in the United States, with an estimated 0.18 million

cancer cases per year (Figure 2).

A)

Breast duct (healthy) Intraductal Carcinoma Invasive ductal Carcinoma

Figure 2: Various types of breast ductal carcinoma. A) Arrangement of a healthy breast
duct. B) Non-invasive carcinoma in the ducts. C) Carcinoma at the metastatic stage in the ducts
(IDC) (Ref: drawn using Biorender software)

(C) Carcinoma in the lobules

It may be invasive or non-invasive. The non-invasive cancer is called lobular carcinoma in situ
(LCIS), and it begins in the milk-producing tissues of the breast. In general, it is not a carcinoma
as the other subtypes, but it may be referred to as neoplasia since it is non-invasive and not
dangerous. It is not detectable with standard mammography but may be detected with a tissue
biopsy. It has a greater chance of developing BC and will become invasive at a later stage
(Figure 3).

(D) Invasive lobular carcinoma (ILC)

It originated in the mammary milk-producing glands (lobules) and may spread to other body

areas. It is less frequent and affects one out of every ten BC patients (Figure 3).
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Figure 3: Different types of lobular carcinoma. A) Arrangement of normal lobules. B)
Carcinoma in the breast lobules. C) Carcinoma at the metastatic stage in the lobules. (Ref:
drawn using Biorender software)

Classification based on the receptor expression

Based on the expression profile of various receptors such as estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), BCs are

categorized as luminal (A and B), HER2+, or TNBC (Figure 4) (3, 4).

Luminal subtype A is the most prevalent form of BC, which expresses ER, has a stronger PR
expression profile, and relatively low HER2 expression. Because of the existence of ER and
PR, it may be treated with hormone or endocrine therapy (3, 4). It accounts for approximately

50-55% of total BCs.

Luminal subtype B expresses ER but has a reduced PR expression profile and is positive or

negative for HER2. It accounts for 20-30% of total BCs.

HER2+ breast carcinomas express HER2 receptor but lack the ER and PR. HER2+ tumors

are usually aggressive and have a high recurrence rate. It is responsible for 12-20% of all BCs.
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Triple-negative breast cancer (TNBC) accounts for 15-20% of all BCs and is distinguished
by the lack of ER, PR, and HER2 receptor expression. These cancers are very aggressive, have
high-grade tumors, and often contain mutations in the p53 and BRCA 1&2 genes. Because of

the lack of receptors, hormone therapy does not affect these tumors (4).

Her2

TR = [ER+|PR+] HER2-Ki67-
= [ER+|PR+] HER2-Ki67+| Luminal
Luminal i u [ER+|PR+] HER2+Ki67+
20.1 TNBC = Her2 overexpression | Her2
12.3 Basal
— . Normal-Like THEE

Figure 4: BC categorization based on receptor expression: Luminol type (A and B); HER2*
type; TNBC type (Ref- Gajulapalli VN et al. Biosci Rep, 2016)

Various other types of BC

In addition to the subtypes listed above, BCs were further classified as inflammatory (1-3%),

medullary (3-5%), metaplastic (MpBC, 0.2-5%), mucinous, tubular, and papillary.
1.2.3. Risk factors for BC

An older age, a family history of BC, genes inherited from the parents, late marriage, late
pregnancy, and never breastfeeding are all the possible risk factors for BC. Mutations in

BRCAL and BRCA2 may increase the chance of developing BC (5).

1.2.4. Screening of BC and possible treatment

Timely detection is the most efficient method of preventing BC. Cancer screening comprises
monthly self-examinations starting at the age of 20, clinical breast exams every three years
starting at the age of 20, and yearly mammograms beginning at the age of 40. A lump, alteration
in the breast, dimpling, and a red scaly patch are signs of BC. It is often diagnosed in its

advanced stages (stage 3 or 4), complicating treatment in developing nations such as India. BC
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patients get a variety of treatment possibilities, including surgery, radiation, chemotherapy, and
targeted treatments such as hormone therapy. Anthracyclines, taxanes, and platinum agents are
among the most recent chemotherapeutic agents used to treat BC (6, 7). Another type of drug,
aromatase inhibitors (Als), which decrease blood estrogen levels, shows promising results in
BC treatment (7, 8). Selective estrogen receptor modulators (SERMs) have been shown to bind
to the ERo/p and activate the signaling against the estrogen. Tamoxifen is a well-known

estrogen receptor antagonist/SERM that is useful in treating BC (9).

1.3. Cancer and breast cancer facts across the world and in India

Cancer is the deadliest disease after cardiovascular disease, and it is the second-largest cause
of mortality globally. Breast cancer is the fifth leading cause of cancer-related fatalities in both
sexes (Table 1) (10). Despite fewer new cases (one-third of western countries), India has a
greater mortality rate than western countries, attributed to a lack of awareness and delayed
illness detection (11, 12). Surprisingly, urbanized areas have a higher prevalence of BC than
rural areas due to lifestyle changes, food habits, late childbearing, increased alcohol use, and
increasing contraceptive usage. Unfortunately, the prevalence of BC is higher in India at a
younger age (30-50) than in western countries (50-70), and tumors in children and adolescents

are more aggressive, necessitating earlier diagnosis and improved treatment.

Diagnosed in 2020- Projected cases by 2040-
worldwide/India (millions) | worldwide/India (millions)
Cancer 19.3/1.32 30.2/2.09
Breast cancer | 2.26/0.178 3.19/0.272
Deaths in 2020- Projected deaths by 2040-
worldwide/India (millions) | worldwide/India (millions)
Cancer 9.96/0.85 16.3/1.38
Breast cancer | 0.68/0.09 1.04/0.147

Table 1: Cancer and breast cancer statistics across the world and in India
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2. Review of literature

2.1. Cancer and its microenvironment

Cancer is characterized by uncontrolled cell growth, resistance to apoptosis, and metastasis to
other body regions. Hanahan et al., proposed six unique characteristic features to comprehend
the complexity of cancer (1). These may be acquired throughout the many stages of human
tumor growth. They include maintaining a higher proliferative rate, escaping the growth
inhibitors, reducing cell death, aiding replicative immortality, increasing angiogenesis, and
promoting invasion and metastasis (1). Cancer has gained various features due to its complexity
and heterogeneity, including altering cellular energy metabolism and aggressively avoiding
immune cell assault. In the emerging hallmarks of cancer, Pavlov et al. included altered tumor

metabolism as one of them (13).

2.1.1. Tumor microenvironment (TME)

The tumor ecosystem consists of a varied population of cancer cells and stroma that create a
distinct microenvironment. It also contains immune cells, adipose cells, and cancer-associated
fibroblasts (CAFs) in addition to cancer cells (Figure 5). The progression of a tumor depends
on the microenvironment and its interaction with tumor cells. The interaction of
microenvironment with tumor cells dictates cellular fate, including proliferation, metastasis,
apoptosis, or elimination (14). For instance, tumor-associated macrophages (TAM) are
generated in response to tumorigenesis, and their primary role is to inhibit the development of
the tumor. On the other hand, TAM promotes tumor cell invasion through a paracrine signaling
loop involving the colony-stimulating factor (CSF-1), which is derived from tumors, and
epidermal growth factor (EGF) derived from macrophages (14, 15). Myeloid-derived
suppressor cells (MDSC) originate from the myeloid lineage that behaves as tumor suppressor

cells. They are another kind of immune cell that helps cancer cells evade the immune system
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and are reliant on the microenvironment (16). CAFs are distinct from normal fibroblasts in the
TME. When CAFs are associated with cancer cells, they cause intraepithelial neoplasia, while
normal fibroblasts cannot form tumors. Additionally, they induce a mesenchymal-like
phenotype and facilitate metastasis. This shows the complexity of fibroblast activity in
developing cancer cell proliferation and metastasis (17). In addition to the specific cell types
involved in carcinogenesis, the ECM may promote disease progression. Likewise, extracellular
TME composition is a significant predictor of clinical outcomes. Tumors with increased levels
of protease inhibitors in their ECM have a better prognosis, while tumors with higher integrins
and matrix metalloproteinases (MMPs) have a worse prognosis and are more likely to relapse
(18, 19). Based on this analysis, it is possible to believe that the TME is central environment

in cancer progresson and metastasis.

At various stages of the disease, solid tumors exhibit different microenvironments. They began
with a single transformed cell and then multiplied by autocrine signaling to synthesize multiple
growth factors that are required for angiogenesis. Tumor regions are those that are close to
blood vessels and receive an abundance of nutrients and oxygen. In contrast, hypoxic areas are
those that are far from blood vessels and receive a deficiency of nutrients and oxygen (20). In
this scenario, the metabolic and signaling pathways show variations from hypoxic to normoxia,
with more rewired metabolic pathways observed in hypoxic regions for proliferation and
survival. Under conditions of hypoxia and other stresses, cancer cells upregulate certain
transcriptional factors like hypoxia-inducible factor 1-alpha (HIF-1a), the primary metabolic
adaptive mechanism before angiogenesis (21). Cancer cells exposed to metabolic stress exhibit
altered cell growth and survival pathways such as glycolysis and oxidative phosphorylation
(OXPHQOS), and for metastatic destinations, both glycolysis and OXPHOS pathways are
prominent (22). The tumor microenvironment exhibits heterogeneity in the population,

signaling molecules, downregulation of tumor suppressor genes (TSGs), upregulation of
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oncogenes, and expression of various metabolic pathway enzymes. For example,
monocarboxylate transporter 1 (MCT1) is abundant in cancer cells but is absent or extremely
low in tumor-associated macrophages in the same environment (23). In order to manage cell
survival, tumor cells have several altered pathways such as increased glycolysis, TCA cycle
for anaplerosis, and glutaminolysis for the supply of glutamine to nucleic acid synthesis than
normal cells (24). Cancer cells exhibit not only metabolic differences but also variations in
other phenotypes such as immune escape. Most cancer cells, for example, exhibit substantially
reduced amounts of major histocompatibility complex-1 compared to normal cells (25). This

suggests that the TME is an essential regulator of cancer development and migration.
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Figure 5: Tumor microenvironment showing the varied population of immune cells, fibroblast,
heterogeneous tumor cells, ECM, and other signaling molecules.

2.1.2. Metabolic stress

Due to rapid cell proliferation and poor angiogenesis, solid tumors lack essential elements such

as glucose and oxygen, resulting in metabolic stress. To cope with metabolic stress, cancer
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cells develop a variety of adaptations. For instance, when oxygen levels in solid tumors are low
(0.3-2 percent), cells use the HIF-1a pathway to promote cell survival by transcriptionally
upregulating glycolytic, glutaminolysis, and glucose transporters (26). These elevated
metabolic pathways deplete the glucose levels in mammalian cells, inducing the onset of
glucose stress (0.4-0.6 mM). Under metabolic stress, cancer cells rewire their metabolic
pathways with alternative pathways such as glutaminolysis and lipolysis (27). Glucose is a rich
carbon source, and glutamine is the rich nitrogen source for rapidly dividing cells (13). These
nutrients are the necessary materials for synthesizing the macromolecules of the cell. In normal
cells, glucose is used systematically via glycolysis, the TCA cycle, and OXPHQOS. On the other
hand, rapidly proliferating cells utilize glucose through glycolysis though in the presence of
oxygen, a process known as the Warburg effect (28). Increased glycolysis results in the
formation of a variety of glycolysis intermediates. They are used in rapidly dividing cells to
produce nucleic acids, lipids, proteins, and other macromolecules. Glutamine is another
essential energy nutrient in the rapidly dividing cells, and it is utilized in the TCA cycle by
entering as an anaplerotic substance. Cancer cells prefer glutamine as an alternate carbon
source under conditions of glucose stress. For this pathway to operate in cancer cells under
nutrient-depleted conditions, they need to suppress the TSGs while activating oncogenic
pathways (29). Tumors that succumb to nutritional deficiency upregulate transcription factors
such as MYC and kinases such as AMPK, the metabolic sensor of cancer cell survival. Cancer
cells utilize these transcription factors and kinases to control metabolic pathways like
glycolysis, glutamine metabolism, TCA cycle, and OXPHOS (29). For example, MYC
transcriptionally upregulates the glutamine metabolizing enzymes like glutaminase (GLS),
glutamate dehydrogenase (GDH), glutamic-oxaloacetic transaminase 1/2 (GOT 1/2), and a-
ketoglutarate dehydrogenase (aKGDH) (30). MY C is also important in glutamine metabolism
and up-regulation of glutamine transporters such as SLC1A5, which is required for glutamine

import in cancer cells under glucose deprivation conditions (31). AMPK is also identified to
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control various pathways, including glycolysis, TCA cycle, and glutaminolysis, both under
metabolic stress as well as in normal conditions, suggesting a role in tumorigenesis (32). To
summarise, cancer cells reorganize metabolic pathways in response to metabolic stress as part

of their survival adaptation.

2.1.3. Survival strategies by cancer cells under metabolic stress

A) Metastasis as one of the survival mechanisms

Most birds and animals migrate from one location to another for various reasons. To escape
from an unfavorable climate, to enable them to discover the abundance of food available
throughout the year, to lay their eggs, or give birth to newborn animals in a safe and hygienic
environment. Similarly, cancer cells may migrate from their original site to other sites for
various reasons, including evading immune attacks in which cancer-specific antigens are
neutralized by immune cells, overcoming metabolic stress such as nutrient deficiency and
hypoxia, and forming secondary colonies at distant sites with more favorable conditions. One
of the critical aspects of cancer progression is metastasis, which depends on the invasive
phenotype. When cancer cells are deprived of nutrients due to an inadequate blood supply,
subjected to an immune assault, or exposed to other variables in their environment, they prefer
to move to distant parts of the body to replenish and multiply (33). Most cells avoid being
attacked by the immune system during metastasis by masking or mutating the necessary
signaling (34). Cancer cells have been shown to develop a phenotype that can protect or hide
them from the immune system when subjected to evolutionary pressure. Steinert et al.,
demonstrated that circulating tumor cells (CTC) exhibited a distinct non-immunogenic
phenotype by overexpressing the cluster of differentiation 47 (CD47) (35). This protein inhibits
the cytotoxic and phagocytic activity of activated immune cells and has a significant
downregulation of calreticulin (35, 36). Increased expression of programmed death-ligand 1

(PDL1) on the membrane of various cancer cells causes epithelial-mesenchymal transition
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(EMT) as well as stem cell-like features in cancer cells, indicating that the intrinsic mechanism
of PD-L1 promotes cancer progression and metastasis (37, 38). Furthermore, human leukocyte
antigen G (HLA-G) expression was significantly related to tumor immune evasion, invasion,
and disease progression. It inhibits immune cell cytolysis, proliferation, suppresses cytokine
production, induces immune cell death, and stimulates myeloid-derived suppressor cells
(MDSCs) (39). These lines of evidence indicate that the expression of many markers during

EMT and metastasis leads to immune escape, enabling cancer cells to survive.

B) Autophagy as an adaptive mechanism of cell survival

Autophagy is a catabolic process that degrades damaged cellular components into small
molecules with the help of lysosomes. The autophagy process is aided by around thirty
autophagy-associated (ATG) proteins (40). Autophagy serves as the primary source of amino
acids, fatty acids, and nucleotides for cells that are unable to get sufficient nutrients from the
external environment to support adenosine triphosphate (ATP) synthesis and biogenesis (41).
Autophagy has dual functions in cancer, as it both stimulates and inhibits tumor formation,
depending on the level of autophagy in cells. Autophagy and its related mechanism in cancer
cell survival in metabolic stress have received significant interest. Conditions in the TME, such
as unavailability of glucose or hypoxia, activate autophagy in cancer cells to ensure cell
survival. According to recent research, depletion of ATGs cause cancer cells to become more
sensitive to hypoxia-induced cell death (42). In another study, Beclin 1 depletion leads to cell
death under conditions of metabolic stress (43). Under metabolic stress and genotoxic stress,
autophagy improves cell survival by inhibiting p62-mediated p38 activation, which may enable
tumor growth (44). According to recent studies on the role of autophagy in metastatic
evolution, autophagy promotes the development of numerous ladders across the metastatic
cascade (45, 46). Autophagy is enhanced in RAS-transformed cancer cells, increasing their

growth, carcinogenesis, proliferation, and metastasis (47-49). Defects in mitochondrial
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metabolism, as well as the consequent sensitivity to stress, are considered to be essential
components in RAS-driven cancers. These findings imply that malignancies associated with
RAS may be "autophagy-dependent™ (49-51). CAFs trigger autophagy to enhance survival in
some cancers. As a result, combining anti-cancer drugs with autophagy inhibitors has a
synergistic effect on cancer treatment (52). Additionally, several drugs have been discovered
that are effective in treating cancer by targeting autophagy, demonstrating that autophagy is a
factor in carcinogenesis (52, 53). These discoveries laid the groundwork for a more in-depth
examination of autophagy to better understand how carcinogenesis and autophagy addiction

are selected for and operated in cancer cells.

C) Mitochondrial biogenesis

Mitochondrial biogenesis is the phenomenon by which cells increase the number of
mitochondria (54). Various mechanisms stimulate mitochondrial biogenesis in response to
cellular stress or external stimuli such as aerobic exercise (55). The functions of mitochondrial
biogenesis in cancer are manifested via several factors, including metabolism, tissue
composition, microenvironment, tumor phase, and heterogeneity. Cancer cells often use an
enormous quantity of ATP in order to grow and spread. This inherent property of malignant
cells necessitates a competent adaptation that will keep them alive in the presence of metabolic
stresses such as hypoxia, an unfavorable pH, and so on. Since the primary purpose of
mitochondria is to generate additional ATP, cancer cells utilize specific proteins such as MYC
or PGC-1a to initiate this biogenesis, allowing the cancer cells to proliferate even in stressful
conditions (56). Cancer cells use a variety of mechanisms to activate tumor promoter genes
and deactivate TSGs (57). When glucose levels are low, for example, cancer cells activate
AMPK, which enhances the production of PGCla and mitochondrial transcription factor A
(TFAM), promoting cellular energy levels through the increase in mitochondrial number in

cancer cells (58, 59). An increase in mitochondrial biogenesis is observed not only in acute
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stress but also in chronic stress. Chronic energy restriction activates AMPK, which upsurges
the expression of nuclear respiratory factor-1 and stimulates mitochondrial biogenesis (60).
These data indicate that cancer cells may survive under metabolic stress circumstances via the

stimulation of mitochondrial biogenesis.

D) Metabolic reprogramming

Otto Warburg identified abnormal glucose metabolism as a distinguishing feature of cancer
cells almost a century ago (61). He discovered that growing tumor cells convert most of their
glucose to lactate even when oxygen is available and speculated that this was related to
mitochondrial metabolic inefficiency since the aerobic glycolysis pathway is inefficient (28,
61). However, further study showed that mitochondrial metabolism is not defective in terms of
its ability for OXPHOS but rather reprogrammed to meet the requirements of tumor cells (62).
At first, metabolic rewiring was thought to occur in response to proliferation and survival.
Actively proliferating cells exhibit increased transcription and translation, reducing the ATP:
ADP ratio. Reduced ATP altered the allosteric properties of metabolic enzymes. However, in
response to growth factor signaling, metabolic pathways reprogramme in order to meet the
increased macromolecule synthesis associated with cell growth and proliferation (62).
Increased glycolysis, glutaminolysis, amino acid and lipid metabolism, activation of the
pentose phosphate pathway (PPP), and macromolecule synthesis are all examples of typically
altered pathways in tumor cells (29, 63). These results prompted considerable study into
cancer-related metabolic changes, metabolic reprogramming emerging as a characteristic

feature of cancer.

(i) Glycolysis

Glucose is catabolized to pyruvate in normal cells by a series of biochemical reactions

catalyzed by various enzymes. In the presence of oxygen, pyruvate is transformed to acetyl Co-
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A and enters the mitochondria to drive the TCA cycle in normal cells. The NADH and FADH>
produced as a result of this process are subsequently utilized to enhance OXPHQOS and improve
energy output while the normal cells catabolize pyruvate to lactate under anaerobic
circumstances (64). However, even in the presence of oxygen, pyruvate to lactate conversion
is the most common pathway in cancer cells, a process known as the Warburg effect. Pyruvate
is the end product of glycolysis, and it provides a rich supply source for the pathway that
transforms pyruvate into lactate. In cancer cells, glycolysis is preferred over OXPHOS, despite
generating less ATP (63). As a result, the glycolysis pathway is more active in cancer cells,
and the rate of glucose absorption must be raised to compensate for tumor cells' inadequate
energy generation and satisfy their metabolic requirements for growth and proliferation. Cancer
cells activate oncogenes while suppressing tumor suppressor genes in order to promote glucose
metabolic reprogramming. HIF-1a is one such oncogene, and it is the primary regulator of
glucose metabolism during hypoxic stress. HIF-1a regulates aerobic glycolysis by elevating
the transcription of glucose transporters and glycolytic genes (65, 66). MYC is another
significant proto-oncogene that induces the transition from anaerobic to aerobic glycolysis in
tumor cells. Regardless of hypoxia, MYC increases the expression of a most glycolytic genes,

glucose transporters and glutamine import and metabolism related genes (67, 68).

Additionally, oncogenic AKT activation enhances glucose uptake and aerobic glycolysis in
transformed cells (69-71). EGFR mutation enhances PISBK/AKT/mTOR activation in lung
cancer cell lines, maintaining GLUT1 membrane localization and de novo pyrimidine synthesis
(72). On the other hand, TP53 inhibits glycolysis in several ways. TP53 has been found to
decrease GLUT1 and GLUT4 transcription, and a cancer-associated p53 mutation has been
demonstrated to reverse these inhibitory effects (73). Furthermore, TP53 reduced hypoxia-
induced glycolysis by increasing Ras-related glycolysis inhibitor and calcium channel regulator

(RRAD) expression, reducing GLUT1 translocation to the plasma membrane and total aerobic
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glycolysis (74). Another study discovered that deleting TP53 enhanced aerobic glycolysis and
GLUTS3 synthesis via activating the IKK-NF-B pathway (75). These pieces of evidence
demonstrate that glycolysis is a critical pathway for cell survival under metabolic stress and is

cancer cells' most common metabolic adaptation.

(ii) Glutaminolysis

Glutamine is found in higher levels in blood and muscles, and it supports cell growth in both
normal and cancerous conditions; however, cancer cells are more addicted to glutamine (76).
Glutaminolysis is a metabolic process in which glutamine is converted to glutamate and further
converted to a-ketoglutarate, which is then utilized to produce amino acids, cholesterol lipids,
and other essential metabolites (77). In glutamine-dependent cancer cells, mitochondrial
glutaminase (GLS) converts glutamine to glutamate, which is then metabolized to a-
ketoglutarate by glutamate dehydrogenase (GDH) (77). During GDH flux, a reduced form of
NADH or NADPH is produced, coupled with ammonium and a cofactor. Rather than
continuing the process of OXPHOS and ATP synthesis, ketoglutarate serves as an anaplerotic
substrate. For example, malate, a TCA intermediate, may be exported from the mitochondria
to the cytoplasm via malic enzyme 1 (ME1) to generate pyruvate and NADPH. Citrate is
another critical molecule that links mitochondrial metabolism to lipid synthesis. Citrate
generated during the TCA cycle is promptly exported to the cytoplasm, or a-ketoglutarate is
transported to the cytoplasm and converted to citrate and NADPH by isocitrate dehydrogenase

(IDH).

Furthermore, glutamine is the primary nitrogen source for the production of purines and
pyrimidines. MYC is often involved in glutaminolysis. MYC promotes the transcription of
several high-affinity glutamine transporters, including SLC1A5/ASCT2 and SLC38A5/SN2
(78). GLS expression was elevated in MY C-induced liver tumors (79, 80). Additionally, MYC

enhanced the expression of lactate dehydrogenase A (LDH-A), rerouting glucose-derived
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pyruvate to lactate. MYC-mediated mitochondrial reprogramming resulted in glutamine
addiction in cancer cells, which was required to maintain mitochondrial integrity and TCA
function (79, 81). Multiple shreds of evidence indicate that glutaminolysis is essential for cell
survival under metabolic stress and is the most prominent metabolic response of cancer cells.
According to the findings shown above, cancer cells use any of these mechanisms for

proliferation and survival under metabolic stress (Figure 6).
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Figure 6: Cancer cells utilize various cellular adaptive mechanisms under metabolic stress for
their survival and proliferation.

E) AMPK acts as a contextual oncogene in promoting cell survival under metabolic stress
Structure of AMPK

AMPK is a highly conserved, heterotrimeric protein made up of three subunits, namely a, f,
and vy, each of which has various isoforms produced by distinct genes. The a forms a catalytic

monomer, whereas B and y serve as regulatory subunits. Humans have two isoforms of the
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catalytic subunit-a, namely subunit ol encoded by PRKAAL and subunit a2 encoded by
PRKAAZ2. Similarly, the regulatory subunit-B has two isoforms B1 and 2, which are encoded
by PRKAB1 and PRKAB?2 genes, respectively, and the subunit-y has three isoforms 1, 2, and 3,
which are encoded by PRKAG1, PRKAG2, and PRKAG3, respectively. Twelve different
functional AMPK complexes can be formed by the amalgamation of any three different

isoforms mentioned but comprising one each from a, 3, and y subunits (Figure 7).
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Figure 7: A) AMPK is made up of a catalytic protein subunit (o) and two regulatory protein
subunits (B and y). B) Under low energy conditions, AMP binds to the CBS domain present in
the y subunit, inducing conformational changes in the catalytic domain of the subunit-a, which
is then phosphorylated at T172 by upstream kinases such as LKB1 and CaMKK. C) Crystal
structure of AMPK (Ref: K.O. Cameron, and R.G. Kurumbail, Bioorganic & Medicinal
Chemistry Letters, 2016).
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AMPK activation mechanisms

AMPK is a serine/threonine kinase that functions as a metabolic detector, activated when low
cellular ATP levels. Many metabolic stresses induce AMPK activation, including amino acid
deficiency, oxygen or glucose insufficiency, ECM loss, strenuous exercise, and mitochondrial
damage (82-86). When the ATP: AMP ratio is low, AMP binds to the CBS domain present in
the y-subunit. This binding leads to a conformational shift in the heterotrimeric protein complex
and exposes the catalytic domain in the subunit-a. Kinases present upstream of the AMPK,
such as Liver kinase B1 (LKB1), calcium/calmodulin-dependent protein kinase kinase 1
(CaMKK1), or TGF1 activated kinase (TAK1), phosphorylate AMPK at T172, resulting in
AMPK activation. Once AMP or ADP binds to the AMPK v subunit, protein phosphatase 2C
(PP2A), PP2A, and PPMI1E cannot deactivate the AMPK resulting in prolonged AMPK
activation (87). Sirtuin-1, a NAD-dependent deacetylase, deacetylates LKB1, and this
deacetylation increases LKB1 activation, suggesting a link between the two different energy-
sensing regulators, AMPK and Sirtuin-1 (88, 89). Another study shows that myristoylation of

the AMPK B subunit is required for AMPK activation (90).

Numerous pharmacological compounds, including AICAR and metformin, have been shown
to activate AMPK. An exciting study by Zong et al. (2019) unveiled that different levels of
nutritional stress activate different pools of AMPK in a hierarchal and spatiotemporal manner
in the cells, leading to varied phosphorylation substrates that could have important
physiological implications (91). Nutrient and non-nutrient components of one’s diet, such as a
linoleic acid, monounsaturated fatty acids, berberine, curcumin, etc., can also regulate AMPK
activation (92). Various direct and indirect activators of AMPK have potential therapeutical
significance. Their mode of action with respect to the structure of AMPK has been previously
described (93). In recent studies, for instance, a PAN-AMPK activator, 0304, has been shown

to suppress the dephosphorylation of AMPK, thereby increasing its activity. O304 has shown
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promising effects in both animals and phase Ila clinical trials in type Il diabetes patients treated

with metformin (94). AMPK activation has also been shown to have roles in bone metabolism

and its consequent roles in osteoporosis, also known as diabetes mellitus induced bone fragility

(95). Osteocalcin that is secreted by osteoblasts is known to be possibly involved in glucose

metabolism (96). It has been shown that metformin, an AMPK activator, stimulates osteocalcin

expression in osteoblasts, implicating AMPK activation as a prospective for osteoporosis

treatment (95). Metformin’s cardioprotective roles via AMPK activation have also been

recently explored (97). Table 2 describes all of the activators that either directly or indirectly

activate AMPK.
Name Mechanism Target Reference
AICAR Acts as AMP Binds with CBS domain of AMPKy (98)
analog subunit
Benzimidazole AMPKS subunit (99)
Berberine Increases AMP Complex | of Electron transport chain (100)
(ETC)
Compound 13 AMPKa subunit (101)
Cryptotashinone | Increases AMP (102)
Curcumin Increases AMP Complex V of ETC (103)
Epigallocatechin | Increases AMP Complex V of ETC (104)
3-gallate
Genistein Increases AMP Complex V of ETC (105)
Ginsenoside Rb1 | Increases AMP (106)
Metformin Increases AMP P Complex 1 of ETC (95)
MT63-78 AMPKSB subunit (107)
Pioglitazone Increases AMP Complex 1 of ETC (108)
PT1 AMPKy subunit (109)
Quercetin Increases AMP Complex V of ETC (110)
Resveratrol Increases AMP Complex V of ETC (111)
Rosiglitazone Increases AMP Complex 1 of ETC (112)
Salicylate AMPKJ subunit (113)
AT769662 AMPKSB subunit (114)
Troglitazone Increases AMP Complex 1 of ETC (115)
a-Lipoic acid Increases AMP (116)
Magnolol Translocates LKB1 (102)

to the cytoplasm

Targets LKB1

Table 2: List of AMPK activators and their mechanism of action in various cellular functions
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Role of AMPK in metabolic transformation in various cancers

AMPK is a stress response kinase that can function as either friend or foe in a context-
dependent manner. In response to metabolic stress, AMPK activation increases energy-
producing pathways while decreasing energy-consuming pathways, thus establishing energy
homeostasis (117). In order to maintain energy production under glucose deprivation, AMPK
promotes mitochondrial biogenesis through the AMPK-p38-PGC-1a axis. Interestingly, it
functions as a tumor promoter in response to various stresses, such as hypoxia or glucose
deprivation, and allows cancer cells to adapt metabolically to ensure growth and survival. Data
from both in vitro and in vivo studies have shown a significant connection between AMPK
activation and cancer progression. The LKB1-AMPK signaling pathway, for example, has been
shown to regulate glucose starvation-induced oxidative stress in cancers, inducing matrix
metalloproteinase-9 (MMP-9) expression, which, apart from its roles in tumor invasion and
metastasis, also aids in angiogenesis (118). AMPK also helps tumor cells to deal with an energy
crisis and hence promote tumorigenesis by modulating nucleotide synthesis by
phosphorylation-dependent conversion of phosphoribosyl pyrophosphate synthetase (PRPS)
1/2 hexamer to monomer, a protein that catalyzes the first reaction in nucleotide synthesis
(119). AMPK has also been shown to be a potential therapeutic target for pre-B acute
lymphoblastic leukemia and glioblastoma (120, 121). In glioblastoma cells, it was found that
under glucose deprivation, AMPK aids in the transport of AMPK-mediated acetyl-CoA
synthetase 2 (ACSS2) into the nucleus, where it leads to H3 acetylation and promotion of
autophagy and tumorigenesis (122). Furthermore, AMPK overexpression or activation in
various cancers has been reported. The accumulating body of data supports AMPK's
carcinogenic actions in different cancers, and as a result, AMPK is considered a possible
therapeutic target in cancer (123). Here, we discuss AMPK activation and its possible role in

the progression of various cancers.
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Lung cancer:

Lung cancer is the most diagnosed type of cancer (11.4 percent of all cases) and the leading
cause of cancer mortality worldwide (18% of all cancer deaths) (GLOBOCAN, 2020) (10).
The severity of lung cancer is determined by its aggressiveness and the milieu around the
tumor. AMPK promotes mitochondrial biogenesis during glucose deprivation in lung cancer
cells through the AMPK-p38-PGC-1 axis (58). The pathway involving AMPK and pyruvate
kinase M (PKML1) is shown to be essential for cell survival under hypoglycemia conditions.
Depletion of PKM1 increases cell death even in the presence of AMPK, suggesting that the
AMPK-PKM1 axis is required for cell survival (124). Under glucose-limited conditions,
AMPK was also known to regulate the expression of phosphofructokinase (PFK), another
glycolytic enzyme (59). It is essential for maintaining NAPDH levels during glucose
deprivation and matrix detachment growth, as well as anchorage-independent growth by
inhibiting fatty acid synthesis and increasing fatty acid oxidation (125). While LKB1-AMPK
signaling maintains energy and oxidative stress homeostasis, it also has the potential to promote
cancer progression and metastasis under metabolic stress conditions through MMP-9 induction
(118). As a serine/threonine kinase, AMPK also contributes to cell survival by phosphorylating
certain proteins involved in glycolysis and glycogen synthesis. For example, AMPK promotes
the expression of phosphoglucomutase 1 (PGM1), a glycogen metabolizing enzyme, via
phosphorylating histone deacetylase 8 (HDACS) in lung cancer cells subjected to glucose stress
(126). These findings indicate that AMPK acts as a tumor promoter in lung cancer under

metabolic stress.

Breast Cancer (BC):

BC is the most severe type of cancer in women and is heterogeneous due to expression of
various types of receptors. Due to this variability, more sophisticated strategies were present in

cancer cells to overcome the nutritional stress. Typically, tumor cells exploit metabolic
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transformation by operating the Warburg effect, a process in which cancer cells prefer glucose
over oxygen, as previously explained. Breast cancer cells have enhanced glycolysis, thus
targeting glycolysis with 2-DG has a favorable impact, but AMPK, a conditional oncogene that
rescues cancer cells through the CREB/PGC-1/ERR pathway, has a different effect. As a result,
the combination of glycolysis and AMPK inhibitors has a synergistic impact on killing breast
cancer cells (127). Cancer cells require more glucose under normal and metabolic stress
conditions due to their higher glycolytic rate. Consequently, cancer cells rewire their pathways,
resulting in increased expression of glucose transporters such as GLUT1 and GLUT4 and
glutamine transporters such as SLC1A5 (128). Cancer cells also respond to stress by increasing
the activity of carnitine palmitoyltransferase 1C (CPT1C), an enzyme required for fatty acid
(FA) oxidation and ATP generation (129). Aside from metabolic roles, AMPK is important in
post-translational modifications like phosphorylation and ubiquitination. When cells are
subjected to glucose stress, checkpoint kinase 1 (CHK1) is ubiquitinated following
phosphorylation by AMPK as part of an adaptative process to ensure cell survival (130).
Alternatively, AMPK activates AKT in response to metabolic stress by phosphorylating S-
phase kinase-associated protein 2 (SKP2) at S256, activating its ubiquitination activity and
subsequently degrading AKT (131). Apart from metabolic stress, cancer cells often experience
anoikis, an apoptotic process that occurs when cells spread and migrate to different body parts.
Cancer cells adopt specific pathways, such as AMPK upregulation or activation by upstream
kinases. AMPK promotes anchorage-independent growth or anoikis resistance in breast cancer
cells by phosphorylating a novel substrate, PEA15 at S116 (132). Besides from its role in cell
survival and proliferation, AMPK is also implicated in breast cancer cell invasion and
migration. When AMPK is activated, the expression and nuclear localization of TWIST, a
transcription factor involved in EMT, is enhanced. As a result, the EMT and metastasis activity
of breast cancer cells is increased (133). These lines of data suggest that when breast cancer

tumors are under metabolic stress, AMPK functions as a tumor promoter.
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Prostate Cancer:

According to research conducted by H.U. Park et al., AMPK was shown to be active in 40%
of prostate cancer tissues. The role of AMPK in cell survival under energy-depleted
circumstances was found in the same research utilizing AMPK inhibition (Compound C) or
AMPK depletion (using gene-specific siRNAs). This resulted in the cells being more
susceptible to apoptosis in energy-depleted conditions, indicating that it functions in cell
survival (134). Glucose deprivation enhances AMPK mediated androgen synthesis in PCa
cells. Because of an increase in GLUTL1 expression, which is followed by an increase in
glutathione levels, androgen-sensitive PCa cells become even more resistant to glucose
depletion-induced cell death (135). When cells are starved for glucose, they rearrange their
metabolic pathways and adopt specific additional survival strategies. PTEN-deficient prostate
cancer cells, for example, activate the AMPK pathway to grow in low-nutrient conditions by
scavenging necrotic debris and extracellular protein through macropinocytosis (136). Based on
the evidence presented above, AMPK seems to function as a tumor promoter in prostate cancers

when the tumor is exposed to metabolic stress.

Hepatocellular carcinoma (HCC):

HCC is the fifth most common kind of cancer, with a high recurrence rate and a poor prognosis.
The disease's development is influenced by many mechanisms, including the AMPK pathway.
It has been shown that the Hepatitis B virus (HBV) X protein (HBx) activates AMPK and ACC
phosphorylation through a calcium-dependent CaMKK1 pathway, which is needed for the
activation of fatty acid oxidation in HCC and is known to enhance cell survival under metabolic
stress (137). AMPK phosphorylates one of the components of the mTORC2 complex, causing
the mTORC2-AKT axis to be activated and, as a result, increasing the survival of liver cancer
cells under metabolic stress (138). Interestingly, it has been shown that when glucose is

restricted in HCC, AMPK arrests cells in the GO/G1 phase, eventually leading to apoptosis.
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PKC initially favors this but subsequently inhibits AMPK activation, resulting in the alleviation

of apoptosis (139).

Renal Carcinoma

Metformin, formerly used to treat Type 2 diabetes, has anti-cancer properties, but its function
in cell proliferation is controversial. Recently, it was reported that metformin-mediated AMPK
activation increases renal cancer cell proliferation during glucose deprivation through its
interaction with pyruvate kinase M2 (PKM2), suggesting that metformin-mediated AMPK
activation has pro-tumor activity (140). In another research, AMPK is activated in response to
increased calcium levels in cells owing to increased autophagy, which destroys the p53 and
eventually increases clear cell renal carcinoma proliferation (ccRCC) (141). Another study
found that down-regulation of HSP60 impairs the function of the respiratory complex I,
resulting in excessive ROS production and AMPK activation, which increases the Warburg

effect in ccRCC cells and promotes cell proliferation and metastasis (142).

Various other cancers:

Elevated levels of AMPK a alpha were also observed in colorectal cancer patients who had
poor prognoses (143). Activating the AMPK/mTOR pathway by NMIIA (non-muscle myosin
[1A) or enolase (ENO1) was reported in colorectal cancer (144, 145). In gastric cancer,
MACC1-AS1 is reported to activate the AMPK/Lin28 pathway to confer cell survival in
response to metabolic stress (146). AMPK also supports the survival of MYC-positive
melanoma cells, but it does so via suppressing oxidative stress (147). In human
medulloblastoma and glioblastoma multiforme, AMPK increases cell survival in response to
acute stress by activating eukaryotic elongation factor 2 kinase (eEF2K), limiting translation
elongation and eEF2K expression, which correlates with increased overall survival (148). The
LSR/LKB1/AMPK pathway also plays an essential role in ovarian cancer cell survival and

tumor formation (149). According to these lines of evidence, AMPK activation or expression
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is increased in a variety of cancers, and its expression regulates cancer growth in both normal

and metabolic stress conditions.

Targeting of AMPK in cancers

Because AMPK is essential for cell survival under metabolic stress, combining anti-metabolic
drugs with AMPK inhibitors or genetically depleting AMPK is often considered an effective
therapy. Despite compound C(CC)/Dorshomorphin is known to inhibit AMPK effectively, it
can also inhibit other kinases. For example, CC can also inhibits bone morphogenetic protein
(BMP) receptor type | (150) and activin-like kinase receptors 2, 3, and 6 (ALK2, ALK3, and
ALKS®6) (151). It urges the need to discover new therapeutic agents that selectively target
AMPK. In addition to small molecule inhibitors, AMPK can be targeted by siRNA, shRNA,
or gRNAs, which selectively deplete AMPK. According to recent research, gRNAs (guide
RNAs) may be utilized to target AMPK activation and cancer. Saito et al., reported that a
combination of AMPK depletion utilizing gene-specific gRNA and metabolic stress inhibitors
substantially suppresses AML growth by inducing oxidative stress and DNA damage (152).
Several studies have shown that AMPK acts as an oncogene context-dependent and can be
targeted using small molecular inhibitors. Osimertinib is a potential treatment for colorectal
cancer (CRC); however, it has several side effects. It stimulates the LKB1-AMPK pathway,
which is responsible for drug resistance in CRC. As a result, treating CRC with Osimertinib in
combination with LKB1-AMPK inhibitors has the potential therapeutic effect (153). By
phosphorylating a variety of substrates, including PFK and PFKFB3, AMPK promotes
glycolysis. Because PFKFB3 is an allosteric glycolysis activator that is phosphorylated by
AMPK, a combination of AMPK inhibitors and glycolysis inhibitors may be beneficial in
treating cancers (154). Autophagy is also necessary for tumor cell survival in the face of
metabolic stress. As a consequence, targeting autophagy is another approach in cancer

treatment, although chemoresistance is a significant obstacle once again. Chemotherapy
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resistance is the most frequent obstacle in cancer treatment. AMPK and several other pathways
are known to mediate chemoresistance. Increased glycolysis, seen in several cancers, requires
AMPK activation. Telmisartan, a novel AMPK phosphorylation inhibitor, suppresses
autophagy flux, ultimately generates ROS, and stimulates TRAIL expression in lung cancer
(155). All these lines of evidence suggest that targeting AMPK using a single agent or in a
combination of drugs that induces resistance through an AMPK mediated pathway has a

potential benefit in cancer treatment.

2.2. Hematopoietic PBX interacting protein (HPIP)

Pre-B-cell leukemia homeobox interacting protein 1 (PBXIP1), also known as hematopoietic
PBX interacting protein (HPIP), is a transcriptional repressor that interacts with PBX1 (156).
The HPIP gene is located on chromosome 1 (g21.3) and encodes a protein that consists of 731
amino acids with no homology to other proteins (Figure 9). HPIP has an estimated molecular
weight of 80 kDa, although it appears on SDS-PAGE to be about 100 kDa, perhaps due to post-
translational modifications. HPIP interacts with members of the PBX family, such as PBX2
and PBX3, to prevent PBX-HOX complexes from binding to DNA, thus suppressing E2A-
PBX transcription (156). HPIP is mainly found in the cytoplasm, although it has been detected
in the nucleus. HPIP contains a functional nuclear export signal and two nuclear localization
signals that direct HPIP to the nucleus and impede PBX1 driven transcription (Figure 8) (157).
HPIP and PBX1 are more highly articulated in early progenitor cells than in matured cells
(156), indicating a function for HPIP in early hematopoiesis. According to a recent study, HPIP
controls erythroid differentiation and progenitor cell proliferation via regulating
PIBK/AKT/GSK3p signaling (158). The erythroid family-explicit transcription factor GATAL
binds to the HPIP promoter in K562, a leukemia cell line, and drives its transcription (158). In
germ cells, HPIP also exhibits repressive function as it impedes the functional interaction of

ERp with TEX11 (159). In breast cancer cells, it interacts with microtubules and suppresses
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ERa transcription functions (160). According to new findings, HPIP is a novel p53 protein
transcriptional target that is phosphorylated by TBK1 and degraded by MDM2 in breast cancer
cells (161). In breast cancer cells, HPIP has been shown to form a signaling complex with
microtubules, estrogen receptor alpha (ERa), p85 subunit of PI3K, and Src kinase, leading to
AKT activation and ERK1/2 pathways in response to estrogen (160). The activated AKT and
ERK1/2 also affected ER phosphorylation and estrogen-receptor gene expression (162).
Furthermore, adenocarcinomas in mice were promoted by increased HPIP expression in breast
cancer cells, demonstrating the oncogenic nature of HPIP (160). Accumulating data suggests
that HPIP regulates cellular processes such as cell migration, invasion, EMT, proliferation,
differentiation, and cell survival by regulating several signaling pathways (Figure 9) (158, 160,

163-173).
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Figure 8: Chromosomal localization and physical map of HPIP. The distinct domains of HPIP
(MTBD, CC1, CC2, NIS, NES, and PBXBD) are shown. MTBD- Microtubule binding domain;
CC1&2, Coiled-coil domains 1&2; NIS, nuclear import signal; NES-nuclear export signal,
PBXBD-PBX binding domain.
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Figure 9: HPIP signaling in various physiological processes: HPIP networks with numerous
signaling proteins, including microtubules, ERa, ERB, TEX11, and controls diverse biological
functions.

HPIP overexpression has been reported in many cancers, including breast cancer (BC),
hepatocellular carcinoma (HCC), colorectal cancer (CRC), astrocytoma, spinal glioblastoma,
thyroid carcinoma, leiomyosarcomas, gastric, non-small cell lung cancer (NSCLC), oral,
cervical, liver, endometrial cancer, pancreatic cancer and ovarian cancers (160, 164, 166, 168,
170, 172-180). Based on these processes linked with HPIP-mediated cellular activities and its

role in tumor development, HPIP is considered as a potential therapeutic target for cancer

treatment.
HPIP signaling in various cellular functions and cancers:
Src/MAPK and PISK/AKT pathways:

HPIP was identified as an ERa-interacting protein that activates growth-regulating kinases

such as MAPK and AKT, resulting in the development of BC (160, 162). Inhibiting MDM2
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causes p53-dependent activation of HPIP signaling through the AKT pathway, which increases
BC progression (161). TGF1pB regulates EMT induction through HPIP expression. Thereby,
HPIP promotes EMT in ovarian cancer cells by activating PI3K/AKT pathway, which results
in increased migration and invasion (171). HPIP has been reported to show an intriguing
character in this malignancy, namely that it induces EMT and cell proliferation through
PIBK/AKT pathway activation and GSK3p pathway inhibition (169). Reduced miR-148a
expression in hepatoma cells increases HPIP expression, resulting in AKT and ERK activation,
and subsequent mTOR activation through the AKT/ERK/FOXO4/ATF5 pathway leads to
hepatocellular carcinoma (HCC) progression (163). CSR1 levels are substantially reduced in
HCC patients, resulting in increased expression of HPIP and activation of the PI3K/AKT
pathway, which promotes HCC development (181). HPIP regulates CRC cell proliferation,
migration, and EMT through the MAPK/ERK1/2 and PI3K/AKT pathways (170). HPIP
increases HNSCC cell proliferation, migration, and invasion via activating the PI3K/AKT

signaling pathway (177).

FAK pathway activation:

HPIP interacts with FAK to regulate focal adhesion dynamics in IDC of the breast leads to
enhanced cell migration. The same study reported that HPIP activates Calpain 2 through the
MAPK pathway, subsequent Talin proteolysis, a regulatory step in focal disassembly and

cellular migration (182).

HPIP functions in other diseases

Osteoarthritis (OA) is the most prevalent age-related and post-traumatic degenerative joint
disease in the world. HPIP expression was substantially increased in OA cartilage. It promotes
the growth of chondrocyte cells. In mice, a lack of HPIP reduced the formation of articular

cartilage and protected against the development of OA. An intra-articular injection of an adeno-
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associated virus (AAV) containing HPIP-shRNA reduced OA articular cartilage dilapidation
after damage. HPIP interacts with LEF1 to drive the transcription of Wnt signaling genes.
Because HPIP has been shown to enhance LEF1 transcriptional activity and acetylate H3K56ac
in the context of Wnt signaling targeting gene promoters, it is thought that HPIP may be a

viable therapeutic target for patients with osteoarthritis (183).

HPIP and cell cycle regulation:

The functions of HPIP in cancer cell proliferation and cell cycle regulation also has been
identified. As a microtubule-binding protein, it interacts with numerous cell cycle regulatory
proteins, including cyclins and cyclin-dependent kinases (CDK), to control cell cycle
progression at various stages, including the G1/S and G2/M transitions. HPIP is upregulated in
liver cancer and promotes HCC proliferation by triggering the G2/M transition, according to a
recent study (174). The same group discovered that HPIP is required for the anchorage-
independent growth of HCC cells. They identified that the 531-631 amino acid region of HPIP
is essential for activating G2/M transition and inhibition of GADD45, a negative regulator of
G2/M transition (174). In colorectal cancer cells, HPIP activates the G1/S and G2/M
transitions, leading to increased levels of Cyclin A, Cyclin D1, and Cyclin B1, which ultimately
leads to an increase in cell proliferation, invasion, and apoptosis (170). The same group
discovered that HPIP stimulates the MAPK/ERK1/2 and PI3K/AKT pathways, essential
drivers of cell growth (170). Another research led by Manavathi group revealed HPIP as the
primary regulatory component of APC/C-CDC20 mediated cell cycle regulation. HPIP
promotes the G2/M transition of the cell cycle by transiently stabilizing cyclin B1 and
inhibiting APC/C-CDC20-mediated degradation, enabling early mitotic entry. HPIP depletion
caused chromosomal abnormalities as well as defects in cytokinesis in HeLa cells (184).

Together, these findings imply that HPIP is a critical regulator of cell cycle progression.
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HPIP and EMT

The epithelial-mesenchymal transition (EMT) is essential for many processes such as
metastasis, wound healing, and embryogenesis. Various interactions between cells and ECM
occur during EMT, resulting in the separation of epithelial cells from one another and from the
basement membrane and subsequent activation of a new transcriptional cascade to promote the
mesenchymal fate (185). Metastasis is one of the most common causes of cancer-related
mortality, and EMT has been shown to induce carcinogenesis as well as metastatic features.
EMT was recognized as a critical marker of metastasis and carcinogenesis due to these
characteristics (186). When HPIP was depleted using gene-specific sSiRNAs, TGF-1p mediated
EMT was decreased in lung cancer cells, whereas HPIP overexpression promotes cell
migration and invasion through enhancing TGF-1p mediated EMT. HPIP regulates Smad2
activity mechanistically via controlling TGF1p-mediated Smad2 phosphorylation; hence, HPIP
may be a potential target in EMT-mediated lung cancer progression (171, 173). Highly
metastatic ovarian cancer showed that HPIP regulates EMT through the PISK/AKT/GSK-3
axis (169). In another study, HPIP knockdown reduces EMT in spinal glioblastoma, which
resulted in decreased metastasis and invasion. This showed HPIP's possible involvement in
glioblastoma EMT promotion (167). HPIP knockdown reduced cell proliferation, migration,
and EMT in thyroid cancer by impeding the PI3BK/AKT pathway, while HPIP overexpression
promotes EMT through the PI3K/AKT pathway activation (172). HPIP was shown to be
necessary for regulating colorectal cancer proliferation, metastasis, and EMT via activating
PIBK/AKT and MAPK/ERK1/2 pathways (170). In a recent study, researchers identified a
small molecular inhibitor that suppresses the actions of HPIP by targeting its downstream
targets, which include many critical kinases involved in cancer growth and progression. They
discovered that TXX-1-10 can regulate HPIP mediated functions and the genes involved in

DNA replication, cell cycle, apoptosis, cell adhesion, cell migration, and invasion. It also
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controls the expression of genes involved in cell proliferation and extracellular matrix
organization (165). This study concludes that TXX-1-10 is a new and potential candidate drug

for cancer treatment by limiting the HPIP mediated EMT.

2.3. Ring Finger Protein 2 (RNF2) and its cellular functions

Ring finger protein-2 (RNF2, DING, RING1B, or RING2) is an E3 ubiquitin ligase that
monoubiquitinates histone H2A at lysine 119 (H2AK119ub) (187-189). The RNF2 gene is
located on the chromosome at 1g25.3, and the coding region is made up of nine exons that
encode a total of 336 amino acid-containing protein (190, 191). RNF2 is present in polycomb
group (PcG) complex protein that serves as an epigenetic regulator and may trigger several
physiological processes. Numerous studies have demonstrated that RNF2 overexpression
contributes to the pathological development of different cancers and influences their clinical
features. Increased RNF2 expression, for example, has been linked to the development and
progression of HCC, melanoma, BC, pancreatic, prostate, bladder, gastric, and urothelial
carcinoma (190, 192-195). RNF2 expression is also linked to radioresistance and

chemoresistance in some malignancies, including lung and ovarian cancer.
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3. Background

There is an enormous need for metabolic energy in rapidly proliferating cells, such as cancer
cells, to produce different biomolecules. Cancer cells often rewire metabolic pathways to meet
their specific requirements in order to do this (13, 20, 196). Cancer cells depend on glycolysis
to generate energy since glucose is the primary energy and carbon source for rapidly
proliferating cells; nevertheless, under glucose stress, glutamine is used as an anaplerotic
substance for ATP synthesis and to maintain redox homeostasis, ensuring cell survival (13, 30,
197). Cancer cells use specific pathways or other mechanisms to ensure their survival under
metabolic stress. They may enhance anaplerosis, the Warburg effect, the use of ketone bodies
or non-glucose sources such as glutamine, lactate, and the rewiring of metabolic pathways.
Specific tumor types activate certain kinases like AMPK for their survival, restricting energy-
consuming pathways like fatty acid synthesis and enhancing energy-generating pathways,
including fatty acid oxidation (B-oxidation). In some other cancers, mitochondrial biogenesis
generates energy, enhancing cell survival, where metastasis and autophagy are other adaptive
mechanisms in escaping the cancer cells from immune attack (198). Typically, reduced
expression of tumor suppressor genes and increased oncogenic gene expression is observed in
cancer cells during metabolic stress as a part of cellular adaptation (198). For example,
oncogenes, such as protein kinase B (AKT), MYC, and RAS, are overexpressed under

metabolic stress to support cancer cell survival (199).

The balance of energy generation and consumption must determine cell survival and tumor
development under metabolic stress (200). As a result, tumor cells develop adaptations for
survival under such conditions by inhibiting energy-consuming pathways and increasing
energy-producing pathways (29). One example is the expression of AMP-activated protein
kinase (AMPK), a metabolic sensor activated in cells in response to a low ATP: AMP ratio

(134, 201). For example, AMPK-mediated pyruvate kinase M1 expression is essential for cell
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survival under hypoglycemic conditions (124) and modulates the expression of
phosphofructokinase, another glycolytic enzyme, under glucose stress (58). AMPK establishes
energy homeostasis under glucose stress by promoting mitochondrial biogenesis and oxidative
phosphorylation via the peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
(PGC-1a) pathway (58). AMPK also enhances the nicotinamide adenine dinucleotide
phosphate (NADPH) pool by inhibiting the acetyl-CoA carboxylase 1 (ACC1) and ACC2
enzymes that utilize NADPH in fatty acid synthesis while promoting fatty acid oxidation, thus
establishing metabolic homeostasis (125). Similarly, AMPK instigates cells to utilize non-
glucose sources to provide energy under glucose-limiting conditions, thereby maintaining
energy homeostasis and cell survival (58, 59). However, the molecular mechanisms underlying

this process remain elusive.

Hematopoietic PBX1-interacting protein (HPIP) is a scaffolding protein that interacts with
various signaling proteins, including the estrogen receptor (ER), phosphoinositide 3-kinase
(PI13K), Src, and TANK binding kinase 1 (160-162). HPIP participates in various cellular
functions, such as cell proliferation, differentiation, and migration (169-171, 173, 202) and, by
acting as a G2/M enhancer, promotes cell proliferation (166, 184). In hematopoietic cells, HPIP
promotes erythroid differentiation via the PIBK/AKT/GATA binding protein 1 (GATAL)
pathway (158) and promotes cell motility by regulating focal adhesion turnover in breast cancer
(BC) cells (182). Recent studies have also suggested its role in osteoarthritis (183). HPIP is a
proto-oncogene that regulates the epithelial-mesenchymal transition, anchorage-independent
growth, and cell invasion in various cancer cells (169-171, 173, 202). Furthermore, HPIP
overexpression has been reported in several cancers, including BC. Dwivedi et al. have
established that HPIP is required for mammary gland development. They discovered that HPIP
expression is induced in lactation and pregnancy stages of mouse mammary gland

development. Prolactin (PRL) is a lactogenic hormone that stimulates HPIP expression through
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STAT5-mediated transcription. The PI3BK/AKT pathway is activated by this induced HPIP,

which enhances -casein production and mammary gland development (203).
4. Rationale and Hypothesis

Despite both AMPK and HPIP being overexpressed in several cancers, including BC (117,
166), an anomaly exists between them with respect to their functions. Often AMPK acts as a
contextual oncogene, while HPIP is predominantly a protooncogene that regulates cell cycle
progression, cell migration, and differentiation. However, the role of HPIP in metabolic stress
conditions is largely unknown. In this study, we explored the potential role of HPIP in

metabolic stress using BC as a model system.
5. Objectives

1. To elucidate the role of HPIP in breast cancer (BC) cell survival under acute or chronic

glucose stress

2. To analyze the expression levels of HPIP and AMPK in a subset of breast tumors
6. Materials and Methods

6.1. Cell culture

MCF7, ZR-75-1, T-47D, MDA-MB-231, MDA-MB-453, MDA-MB-468, BT-549, SKBR3,
BT-474 and HEK 293T cells were purchased from National Center for Cell Science (NCCS),
Pune, India. Cell lines were cultured in high-glucose DMEM (4.5 g/l glucose and 0.584 g/l
glutamine, Invitrogen# 11965092) supplemented with 10% (v/v) FBS (Invitrogen), 100 U/mL
penicillin and 100 pg/mL streptomycin (Thermo scientific, USA) at 37 °C with 5% humidified

CO..

AN3CA, HEC-1-A, and Ishikawa cells were obtained from the American type of culture

collection (ATCC), USA. After receiving the cells, AN3CA cells were maintained in minimal
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essential medium (MEM) (Gibco, Waltham, Massachusetts, USA, Cat# 11095080), whereas
HEC-1-A cells were maintained in McCoy’s 5a medium (Gibco, Cat# 16600108). Ishikawa
cells were maintained in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM:
F12) (Gibco, Cat# 11320033). All the cell lines were adapted to grow in high glucose-
containing DMEM (Gibco, Cat#11965092) with 10% Fetal Bovine Serum (FBS) (Gibco,
Cat#10270106) and 1% Antibiotic-Antimycotic (Gibco, Cat#15240062) for our experimental

purposes. Cell lines were maintained in 5% CO- in a humidified chamber.

6.2. Induction of metabolite stress

To induce various metabolite stress such as glucose, glutamine, pyruvate stress, cells were
washed twice with PBS and then incubated in DMEM with a minimal amount of glucose (0.45
g/l glucose, Invitrogen) or glutamine (0.5 mM) or pyruvate (0.25 mM) or combined stress (0.45
g/l glucose, 0.5 mM glutamine, 0.25 mM pyruvate) supplemented with 10% dialyzed FBS
(Invitrogen) with 100 U/mL penicillin and 100 pg/mL streptomycin (Thermo scientific, USA)

at 37 °C with 5% humidified COx.

6.3. Plasmid constructs and transfection

Plasmids encoding HPIP were used from our previous study (158, 160). For the ectopic
expression of FOXO3a, we used FLAG-FOXO3a, which was a gift from Michael Greenberg
(Addgene plasmid #8360; http://n2t.net/addgene:8360; RRID: Addgene 8360) (204). RNF2
and MYC coding sequences were subcloned into pEGFP-C1 vector, and the primers used to
subclone these constructs were listed in Table 3. Scrambled control shRNA (pGIPz vector)
(short hairpin RNA), FOX0O3a gene-specific ShRNAs (pGIPz-shFOXO3a#5 and 18), HPIP
gene-specific ShRNAs (pGIPz-HPIP#17, 21, and 22), scrambled siRNA, and HPIP gene-
specific sSiRNAs were purchased from Dharmacon-GE Healthcare (Lafayette, Colorado, USA).

RNF2 and MYC gene-specific ShRNAs were purchased from shRNA resource center, Indian
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Institute of Science, India. According to the manufacturer's protocols, plasmids and shRNAs
were transfected in mammalian cells using Lipofectamine 2000 (Invitrogen, USA) either in 60-

or 100-mm cell culture dishes.

6.4. Generation of stable clones

SKBR3 or MCF7 cells stably expressing either shCtrl or shHPIP#22 or shFOXO3a#5 were
generated by transfecting either pGIPz-shCtrl or pGIPz-shHPIP#22 or pGIPz-shFOXO3a#5
plasmids, respectively, using Lipofectamine 2000 (Invitrogen, USA) according to
manufacturer instructions and described in our previous reports (158). FLAG-HPIP or T7-
HPIP were described previously (169) and were transfected into shFOXO3a cells for HPIP

ectopic expression.

Stable knockdown of RNF2 and MYC was done using pLKO-shRNF2, and pLKO-shMYC
was achieved by lentiviral transduction of SKBR3 or MCF7 cells lentivirus produced in HEK

293T as described previously (158) followed by selection with puromycin (500-2000 ng/mL).

6.5. Ethical approval for patient sample collection and animal study

Fresh BC and its adjacent tissues were collected from patients, with informed consent, recruited
from the Mehdi Nawaj Jung (MNJ) Institute of Oncology & Regional Cancer Center,
Hyderabad, India, for immunoblotting and quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) analysis after acquiring ethics board approval from the MNJ Institute of
Oncology & Regional Cancer Centre and the University of Hyderabad, Hyderabad, India (IEC
No- UH/IEC/2016/190). BC and adjacent tissue blocks were also collected for
immunohistochemistry (IHC).

NCr Nude mice (CrTac:NCr-Foxnl1™) were purchased from Vivo BioTech Ltd., Hyderabad.
All the animal experiments performed in this study are with the approval of the Institutional

Animal Ethics Committee (IAEC), University of Hyderabad (UoH) (IAEC No-
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UH/IAEC/BM/2017-11/P3). Animals were maintained at Easy Flow AHU equipment
(Techiniplast, Italy), and experiments were executed by following IAEC guidelines at the

University of Hyderabad (UoH).

6.6. Quantitative real time-polymerase chain reaction (QRT-PCR)

Cells were treated as indicated, and then total RNA was isolated using TRIzol reagent
(Invitrogen, USA, Cat#15596026) following manufacture instructions. Based on manufacturer
protocols, approximately 1-2 pg of total RNA was converted into cDNA using iScript cDNA
synthesis kit (Bio-Rad, CA, USA, cat#1708890). Initially, all the primers were standardized
for the amplification of the desired gene by using Taq master mix (Emerald master mix, Takara,
Japan, cat#RR320A), and then gRT-PCR was performed by using the cDNA, which was
diluted to 1:3 as a template and SYBR green master mix (TB Green Premix Ex Taq Il (Tli
RNase H Plus), Takara, Japan, cat#RR820B) and with primers listed in Table 3 and further

analysis were done using GraphPad Prism.

RT PCR primers (polarity 5°-3°)
HPIP-FP ATGGGTCTTCTGCTGGACAA
HPIP-RP CAGGCTCTGAAGCTCTTCCTT
B-actin FP AGCCATGTACGTAGCCATCC
B-actin RP CTCTCAGCTGTGGTGGTGAA
FOXO3a-FP GACAGAGAAGGTACAAGGG
FOX03a-RP GACTTTACCCTGGTCTCAG
RNF2-FP TGATCACTTATCCAAGTATC
RNF2-RP AAAGGCTCATTTGTGCTC
SLC1A5-FP AAGGGCCCCACGTCCCACC
SLC1A5-RP CCCAGGACCAGACGTTCCT
cMYC-FP TTCTCTCCGTCCTCGGATTCTC
cMYC-RP GAAGGTGATCCAGACTCTGACCT
GDH-FP GGTCATCGAAGGCTACCG
GDH-RP GCCCTTTTTTGCTAGCTCCAT
GOT1-FP AGCTGTGCTTCTCGTCTTGC
GOT1-RP CTGCATCCCAGTAGCGATA
GLS-FP GTGGTGATCAAAGGGTAAAG
GLS-RP GCTTCCAGCAAAAATTTAACA
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ChIP primers (polarity 5°-3%)

FRE1-FP GACACTTAGGGCTGAAGGAGGCCA
FRE1-RP TCCAGTCCAGCCCCCTGACATTTG
FRE2-FP CCCAGCCTCACTTCCCTTTTCC
FRE2-RP GCTATGGTCCTGCACCCGGTT
FRE3-FP CTGGCTTGGGAGAAGAGGTGT
FRE3-RP AGCTTGGGCTGAAGTCCCTGT

FNS-FP (non-specific region)

GGAATAAGGAAAAGGGAAGGCG

FNS-RP (non-specific region)

AAAAAACAGCTAAAGGGGGAGC

CMRE-GLS-FP CTAAGTACTTTCCCATTGTCC
CMRE-GLS-RP CCTTTGGCATGTTACAGCCTT
CMNS-GLS-FP

(non-specific region) AAACTCTGTGGATCTACTCC
CMNS-GLS-RP

(non-specific region) TGGAATACGGGTTCTCTAAG

CMRE-SLC1A5-FP

TGTTAACCTCCCAAACGGCCA

CMRE-SLC1A5-RP

GCCAACATGGTGAAACCCGTC

CMNS-SLC1A5-FP(non-specific
region)

ATTATTAATCTGCCTTCTATGGG

CMNS-SLC1A5-RP(non-specific
region)

CTGAGCCCGTTTAGCG

Sub cloning primers (polarity 5°-3°)

pEGFPC1-RNF2-FP

ATCGGCCTCGAGGCATGTCTCAGGCTGTGCAGACA

pPEGFPC1-RNF2-RP

GCGCGCGGATCCTCATTTGTGCTCCTTTGTAGG

pEGFPC1-MYC-FP

ATGCCTCGAGGCCTGGATTTTTTTCGG

pEGFPC1-MYC-FP

GCATGGATCCTTACGCACAAGAGTTCC

Site directed mutagenesis (polarity 5°-3°)

PEGFPC1-RNF2(H69Y)-FP

GAGTGTTTATATCGTTTTTGTGCA

PEGFPC1-RNF2(H69Y)-RP

TGCACAAAAACGATATAAACACTC

Table 3: List of primers used in this study for gRT PCR and subcloning

6.7. Immunoblotting

SKBR3, MCF7, HEK293T, and other cells were treated as indicated in each experiment. After

harvesting, cells were lysed in either in NP-40 buffer (50 mM Tris-HCI, pH 8.0, 150 mM NacCl,

1% NP-40 with protease and phosphatase inhibitors (Roche, USA)) or Radio Immune

Precipitation Assay buffer (RIPA) (50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 1% NP-40, 0.5%

sodium deoxycholate, 0.1% sodium dodecyl sulfate with protease and phosphatase inhibitors)

Page | 41




and then subjected to 8-15% SDS-PAGE followed by western blotting analysis using the

antibodies listed in Table 4.

6.8. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) Assay

Approximately 5x102 cells were seeded in 96 well plates after counting using a hemocytometer

and then allowed to adhere overnight. The next day treatment was done as indicated and then

allowed to grow for various time points. At each time point, 20 ul of 5 mg/ml concentrated

MTT (ThermoScientific, cat#M6494) was added to each well and incubated for 3-4 hr at 37 °C

for the formation of formazan crystals, and then these crystals were dissolved in Dimethyl

sulfoxide (DMSO) (Ameresco, cat#97061-250). After that, absorbance was measured at 570

nm with a reference filter 655 nm using ELISA plate reader (Synergy HTX multimode reader,

Biotek-India).
Name of wWB IHC IP ChiP
Antibody Company Name | Catalog dilutions | dilutions | dilutions | dilutions
HPIP Bethyl laboratories | A301-628A | 1:2000 | 1:100 1:250 1:250
RNF2 Abcam Ab101273 1:2000 | 1:500 1:250
pFOX03a Cell signaling 8174S
(S413) Technology (CST) 1:1000
FOXO03a CST 12829S 1:1000
PAMPK
(T172) CST 25355 1:1000
AMPK CST 5831S 1:1000
pACC (S79) CST 11818S 1:1000 | 1:800
ACC CST 3676S 1:1000
GDH1 SCBT SC-515542 1:500
SLC1A5 Abcam Ab187692 1:1000
B-Tubulin Sigma Aldrich SAB4200715 | 1:2000
B- Actin Sigma Aldrich A3854 1:25000
GAPDH CST 2118S 1:1000
FLAG CST 14793S 1:1000
a-Tubulin CST 3873S 1:2500
PI3K(p85) CST 4292S 1:1000
pAKT(S473) CST 4060T 1:1000
AKT CST 4691T 1:1000
c-MYC CST 18583S 1:1000 1:250 1:250
PBXIP1(HPIP) | Abcam Ab176591 1:1000
PARP CST 9542T 1:1000
Caspase-3 CST 14220T 1:1000
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GFP-Tag Sigma Aldrich G1544 1:4000

T7-Tag Merck Millipore 69522 1:5000 1:500

HA-Tag Sigma Aldrich SAB4300603 | 1:500

His tag SCBT SC-8036 1:500

Lamin B1 SCBT SC-374015 1:500

Total . i

Ubiquitin Sigma Aldrich U5379 1100

PBXIP1(HPIP) | Sigma Aldrich HPA006949 | 1:2500 1:200

Normal 19G- | gopy SC-20254 1:500 | 1:500
Mouse

Normal 1gG- ) )
Rabbit SCBT SC-2023 1:500 1:500
Rabbit 1gG-

HRP SCBT sc-2357 1:5000

Mouse IgG-

HRP SCBT sc516102 | 1:5000

Table 4: List of antibodies used in this study for immunoblotting, immunoprecipitation,
and immunohistochemistry

6.9. Co-Immunoprecipitation (CO-IP) analysis

Co-Immunoprecipitation (Co-1P) was performed as described previously (182). For Co-IP,
protein extracts from cells were prepared in NTEN buffer (100 mM NaCl, 20 mM Tris, pH 8.0,
1 mM EDTA, 0.5% Nonidet P-40 with 1X protease and phosphatase inhibitors). After
estimating the total protein concentration from the cell lysates by using RC-DC reagents (Bio-
Rad, USA, cat#5000121), approximately 1 mg of the protein was incubated with primary
antibodies overnight at 4 °C followed by snaring the protein-antibody complexes with protein
A/G PLUS-Agarose beads (Santa Cruz Biotechnology, USA, Cat#sc-2003) by incubation for
1 hr. After thorough washings, protein complexes were subjected to western blotting using

respective antibodies listed in Table 4.

6.10. Chromatin immunoprecipitation assay (ChIP) and Double ChIP

We used biological software TFBIND (205) or PROMO-ALGGEN (206, 207) to predict
binding sites of FOXO03a, HPIP, and MY C onto the promoter regions of HPIP, SLC1A5, and

GLS. Generally, the Forkhead-containing proteins consist of the consensus motif
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(TTGTTTAC), the most enriched motif (208). Chromatin immunoprecipitation analyses were
performed based on our earlier protocols (158). Briefly, cells were subjected to isolation of
total chromatin and further immunoprecipitated with respective antibodies, DNA was
extracted, and then they were subjected to qRT-PCR analysis with indicated primers mentioned
in Table 3. Double ChIP was performed based on earlier reports (209). Briefly, ChIP was
performed initially with a single antibody and then eluted the protein-chromatin complexes,
and to this, a second antibody was added and then eluted the protein-DNA complexes, digested
the proteins using proteinase K and then purified, further used in the qRT-PCR analysis.

6.11. ATP measurement assay

Approximately 5x10° cells were plated in 6 well culture dishes and allowed to adhere
overnight. The next day, the medium was replaced with glucose starvation medium (DMEM
with 2mM glucose, 10% Dialyzed FBS). After another 12 hours, cells were lysed in lysis buffer
(20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1mM EDTA, and 0.01% Triton X -100) centrifuged
at 12000g for 15 min at 4 °C. The lysates were used for ATP determination in each sample

using an ATP determination Kit (Invitrogen, USA, cat# A22066).
6.12. Colony formation assay

Stably transfected cells were incubated in glucose stress medium for 12 hr. Cells were then
trypsinized and then counted using a hemocytometer, an equal number of SKBR3 cells
(0.5x10%) were seeded in 6 well plates. After 12 hr of seeding, cells were washed twice with
phosphate-buffered saline and then incubated in complete medium and further grown for 14-
21 days, stained with 0.5% crystal violet solution, and then colony counting was done using a
bright field microscope at 4X magnification, and further analysis was done using GraphPad

Prism.
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6.13. Soft agar assay

Stably transfected cells were incubated in 2 mM glucose medium for 12 hr. Cells were then
trypsinized and then counted using a hemocytometer, an equal number of SKBR3 cells
(10x10%) were seeded in 6 well plates with two-layered agarose. These cells were further grown
for 14-21 days and stained with 0.05% crystal violet solution, and then colony counting was

done using a bright field microscope, and further analysis was done using GraphPad Prism.

6.14. Metabolic flux analysis

An equal number of SKBR3 cells (3x10°) were seeded into 10-cm dishes. After 12 hr of
incubation at 37 °C, cells were transfected either with siCtrl or siHPIP (siGenome siRNA,
Horizon, USA, Cat#M-015428-01-0010). Post transfection (48 hr), cells were washed twice
with PBS and then further washed with glucose-free DMEM containing 10% dialyzed FBS, 4
mM glutamine, and penicillin-streptomycin. After overnight starvation (12 hr), 4 mM *3Cs-
Glutamine (Cambridge Isotope Laboratories, catalog # CLM- 1822-H) containing medium was
added, and cells were incubated for another 6 hr to measure the TCA metabolites. The dishes
were then washed with PBS, followed by shap-frozen in liquid nitrogen. The frozen plates were
then used for extraction of metabolites and LC-MS/MS analysis.

6.15. Isotope labeling by targeted mass spectrometry (MS)

Cells were scraped from snap-frozen dishes into a 0.5 ml mixture of water/methanol (1:1),
sonicated for 1 min (two 30 sec pulses), and mixed with 450 ul ice-cold chloroform. The
resulting homogenate was then mixed with 150 ul ice-cold water and vortexed again for 2 min.
The homogenate was incubated at —20 °C for 30 min and centrifuged at 4 °C for 10 min to
partition the aqueous and organic layers. The aqueous and organic layers were combined and
dried at 37 °C for 45 min in an automatic environmental speed vaccume system (Thermo Fisher
Scientific). The extract was reconstituted in a 500 pl solution of ice-cold methanol/water (1:1)

and filtered through a 3 kDa molecular filter (Amicon Ultracel) at 4 °C for 120 min to remove
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proteins. The filtrate was dried at 37 °C for 45 min in a speed vacuum and stored at —80 °C
until MS/MS analysis. Before MS/MS analysis, the dried extract was resuspended in a 100 pl
solution of methanol/water (1:1) containing 0.1% formic acid and then analyzed using multiple
reaction monitoring (MRM). 10 uL of each sample was injected and analyzed using a 6495
QQQ triple quadrupole mass spectrometer (Agilent Technologies) coupled to a 1290 series
HPLC system via selected reaction monitoring (SRM). Metabolites were targeted in negative
ion modes: the electrospray source ionization (ESI) voltage was -3,500 V in negative ion
mode. Approximately 9 to 12 data points were acquired per detected metabolite. To target the
TCA flux, the samples were loaded to the mass spectrometer via normal-phase chromatography
using a Luna amino column (3 um, 100A 2x 150 mm). The mobile phase containing water
(solvent A), with solvent A modified by the addition of 5 mM ammonium acetate (pH 9.9) and
100% acetonitrile (ACN) (solvent B). The binary pump flow rate was 0.2 ml/min with a
gradient spanning 80% B to 2% A over 20 min followed by 2% solvent B to 80% solvent A
for a 5 min period followed by 80% B for 13 min period. The flow rate was gradually increased
during the separation from 0.2 mL/min (0-20 mins), 0.3 mL/min (20.1-25 min), 0.35 mL/min

(25-30 min), 0.4 mL/min (30-37.99 min) and finally set at 0.2 mL/min (5 min).
6.16. Cycloheximide pulse-chase experiment

In 60 mm dishes, an equal number of stably knockdown SKBR3 cells (1x10°) were seeded and
allowed to adhere overnight. The following day, cells were treated with cycloheximide (30
pHg/mL) in a glucose stress medium (2 mM glucose) for various time periods. Cells were
trypsinized, centrifuged, and the cell pellet was washed with PBS at each time point. These
cells were lysed using RIPA buffer for 20 min on a ROTOSPIN at 4 °C, followed by 10 min
centrifugation at 13000 rpm. Total protein was determined using RC-DC reagents, and an equal

quantity of protein was resolved on 10-15% SDS PAGE before immunoblotting with HPIP
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RNF2 and B-actin. ImageJ software was used to quantify signal intensities (210), and protein

half-life (tu2) was determined as described previously (184, 211, 212).

6.17. Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded blocks of human BC and surrounding tissues procured
from the MNJ Institute of Oncology and regional cancer center were cut into 4 um-thick
sections. Following deparaffinization and rehydration, sections were incubated for 2040
minutes at 100 °C in 10 mM sodium citrate buffer (pH 6.0) or 10 mM Tris-
ethylenediaminetetraacetic acid buffer (pH 9.0) for antigen retrieval. The mouse/rabbit
polydetector DAB HRP brown kit (BioSB, BSB-023) was used to stain all sections, and
hematoxylin was used to counterstain them. Sections were evaluated based on previous studies
and examined for the proportion of stained cells (182) staining intensity was scored from 0 to
1 (lowest) to 3 (highest), with O indicating no immunoreactivity and 1-3 indicating HPIP,

pACC (S79), or RNF2 immunoreactivity.

6.18. Fractionation assay

Fractionations were carried out in accordance with the procedures outlined in previous studies
(213). In brief, cells were cultured in 2 mM glucose-containing medium for 12 hr before being
trypsinized, centrifuged, and resuspended in Buffer A. These resuspended cells were
homogenized and centrifuged to collect the cytoplasmic fractions (Cyt) in the supernatant. The
pellet was washed and resuspended in Buffers S1 and S2 for the nucleus fractions (Nuc). The
nuclear fractions were lysed in RIPA buffer. The total protein was determined, and
immunoblotting was performed using the HPIP, MYC, Lamin B1, B-actin antibodies, and their

details were described in Table 4.
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6.19. AO-PI and AO-EtBr assay

The methods described in earlier reports were used for the acridine orange-propidium iodide
(AO-PI) and acridine orange-ethidium bromide (AO-EtBr) staining assays (214). Cells were
trypsinized and then treated with AO-PI for 5 minutes at room temperature. A cell counter was
used to count the cells (Luna FL, cell counter, Logos Biosystems, South Korea). For the AO-
EtBr assay, cells were seeded in 6 well plates, cultured in 2 mM glucose for various time
intervals, then incubated with AO-EtBr for 15 minutes at room temperature, followed by
imaging with a fluorescence microscope, and then red, and green fluorescent cells were counted
and represented in bar graphs (early and late apoptotic cells). GraphPad Prism was used to

generate the graph and for the analyses.

6.20. APC-Annexin V assay (FACS analysis)

The APC Annexin V assay was carried out exactly as reported earlier (184). In brief, cells were
cultured in 2 mM glucose medium for various time periods before being harvested by
trypsinizing and centrifugation. Cells were then treated for 15 minutes with APC Annexin V

and 7-AAD before being examined by FACS using LSR Fortessa (BD biosciences, USA).

6.21. Ubiquitination assay

The ubiquitination assay was carried out precisely as described previously (184). Cells were
cultured in 2 mM glucose for 12 hours (acute stress) or 48 hours (chronic stress). Cells were
treated with MG132 (a proteasomal inhibitor, 30 uM) for 4 hours before harvesting at each
time point. After that, cells were collected and lysed in NTEN buffer containing protease,
phosphatase, and deubiquitinating enzyme inhibitors (N-Ethylmaleimide, 20 mM). Co-IP was
performed using the HPIP antibody, followed by immunoblotting with the ubiquitin antibody

and additional antibodies listed in Table 4.
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6.22. In-vivo tumor growth

To induce tumor development in mouse xenografts, 4-5 week old female mice were injected
subcutaneously with 1x10%° SKBR3 cells (shCtrl or shHPIP) in 100 pL of sterile media with
matrigel (1:1). Tumor volumes were assessed every three days after tumor development (10-
15 days after injected cells). Animals were dissected, and tumor samples were collected after
30-35 days. They were immediately examined for GFP intensity (Stable cells have a pGIPz
vector backbone, which produces GFP fluorescence) and weighed the tumors for tumor weight.
To estimate the tumor volume (mm?®), we used the following formula: Tumor volume= (length
x width?)/2, where length represents the largest tumor diameter and width indicates the
perpendicular tumor diameter. Tissues were separated for different histopathological

investigations.
6.23. Breast cancer patients’ data analysis and sources

For the survival of the patients, we studied the expression of HPIP/AMPK using cBioPortal

(https://www.cbioportal.org/), a cancer genomics data set. In cBioPortal, high or low mRNA

expression of a gene is determined by standard deviations. The Kaplan Meier survival curve
for co-gene expression was plotted using invasive breast carcinoma (TGCA, Cell 2015) as
(high expression, HPIP: EXP>0.6, PRKAAL: EXP>0.6) vs. (low expression, HPIP: EXP<O0.6,
PRKAAL: EXP<0.6). This was also used to analyze the correlation between HPIP and AMPK

with the survival of the patients (215, 216). Oncomine (www.oncomine.org) (The University

of Michigan, MI, USA) database was used to analyze the expression of AMPK and HPIP in
human breast cancers. We analyzed different data sets of Oncomine for the expression profile
of these genes (217). Gene expression profiling interactive analysis (GEPIA) data set was used
to analyze the correlative expression between HPIP and AMPK (218). We exported all the data

from each data set and then analyzed it using GraphPad prism software.
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6.24. Statistical analysis

Differences among the groups were analyzed using two-way analysis of variance (ANOVA),
one-way ANOVA, or a t-test (paired or unpaired) depending on the number of groups analyzed,
and multiple comparisons were performed using Sidak's multiple comparisons test. Differences

were considered significant at p <0.05.

7. Results

7.1. HPIP is a metabolic stress response gene

To examine the role of HPIP signaling in response to glucose deprivation, HPIP levels in
SKBR3 cells, a HER2" BC cell line, cultured either in 2 mM glucose (GS), 0.5 mM glutamine
(QS), 0.25 mM sodium pyruvate (SS), or combined stress (2 mM glucose, 0.5 mM glutamine,
0.25 mM sodium pyruvate, GQSS) for 12 hr were measured. A significant increase in HPIP
transcript levels and protein was observed and accompanied by enhanced phosphorylation of
AMPK and its substrate, ACC (Fig. 10A and B). Similar results were also observed in another
BC cell line, MCF7, which was ER* (Fig. 10C). Next, a dose-dependent increase in HPIP was
observed at both the transcript and protein levels upon treatment, with glucose concentrations
ranging from 25 mM (high glucose) to 2 mM (low glucose) (Fig. 10D and E). Similar results
were observed for MCF7 cells but not in MDA-MB231 cells (triple-negative breast cancer cell
line) (Fig. 10F and 10G). Furthermore, a time-dependent induction of HPIP expression in
SKBR3 cells showed progressively elevated expression from 0-12 hr and then declined by 24
hr, which correlated with AMPK activation (Fig. 10H). Together, these results indicated an
inherent association between HPIP and glucose levels and that the AMPK pathway most likely

controlled HPIP expression.
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Figure 10: HPIP is a metabolic stress response gene

Quantitative

real-time PCR analysis (qRT-PCR) for HPIP in SKBR3 cells (A),

Immunoblotting analysis for phospho-ACC (S79), ACC, phospho-AMPK (T172), AMPK, and
HPIP in SKBR3 cells (B) cultured under glucose stress (GS), glutamine stress (QS), pyruvate
stress (SS) or combined stress (GQSS) for 12 hr. B-Actin served as a loading control. C) MCF7
cells cultured under similar conditions as in B and immunoblotted as indicated. D) qRT-PCR
analysis for HPIP in SKBR3 cells treated with varying concentrations of glucose (25 mM to 2
mM) for 12 hr. Immunoblotting analysis for the indicated proteins in SKBR3 cells (E) or MCF7
cells (F) treated with different concentrations of glucose (25 mM to 2 mM) for 12 hr. G) MDA-
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MB-231 cells were cultured in normal, and glucose stress medium for 12 hr and then
immunoblotting was done as indicated. H) Immunoblotting analysis for the indicated proteins
in SKBR3 cells cultured in 2 mM glucose at various time points. Statistical significance
denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

7.2. HPIP expression is induced in response to glucose stress depends on the
AMPK/FOXO3a axis

Next, whether the AMPK pathway directly regulated HPIP expression in BC cells was
investigated. SKBR3 cells treated with AICAR, an AMPK activator, enhanced HPIP
expression in a dose-dependent manner (Fig. 11A). Conversely, compound C (CC), an AMPK
inhibitor, suppressed HPIP expression in SKBR3 cells, which was accompanied by decreased
AMPK activation (Fig. 11B). Consistent with these results, glucose stress (2 mM) induced
HPIP expression, whereas CC restrained it (Fig. 11C). A careful perusal of the HPIP promoter,
which is located on chromosome 1g21.3, revealed that it harbored three putative FOXO3a
response elements (FRE): FREL: -440 5'-TTGTTTCC-3"-433, FRE2: -1058 5'-CTGTTTTA-
3’-1051, and FRE3: -1726 5'-TTGTTTTG-3' -1719 (Fig. 11D), in addition to the previously
described binding sites for GATAL (158). Since FOXO3a is the downstream target of AMPK
(219), we hypothesized that FOXO3a regulates HPIP transcription under glucose stress.
Indeed, silencing of FOXO3a expression resulted in a marked decrease in HPIP expression in
SKBR3 cells cultured in low glucose (Fig. 11E). Conversely, overexpression of FLAG-
FOXO3a increased HPIP expression at the transcript and protein levels in SKBR3 cells under
similar conditions (Fig. 11F and G). In support of this, a chromatin immunoprecipitation (ChIP)
assay revealed that FOXO3a readily recruited to all three FREs on the HPIP promoter, while

glucose deprivation further enhanced its enrichment by 3-6 fold (Fig 11H). These results

concluded that the AMPK/FOXO3a axis regulated HPIP expression under glucose stress.
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Figure 11: HPIP expression is induced in response to glucose stress depends on the
AMPK/FOXO3a axis

A) SKBR3 cells were treated with AICAR (AMPK activator) at various concentrations for 12
hr, and protein lysates were analyzed using immunoblotting. B) Compound-C (CC) (AMPK
inhibitor) was treated in a dose-dependent fashion for 1 hr before treating with AICAR for the
AMPK activation (12 hr) in SKBR3 cells, and cell lysates were analyzed by immunaoblotting
as indicated. C) Immunoblotting analysis for indicated proteins in SKBR3 to show the
inhibitory effect of compound C under glucose stress. D) Putative FOXO3a response elements
(FREs) on HPIP promoter (2.3 kb length), FRE1: -440 5>’TTGTTTCC3’-433; FRE2: -1058
5’CTGTTTTA3’ -1051; FRES3: -1726 S’TTGTTTTG3’ -1719. E) Stably knockdown SKBR3
cells (shCtrl, shHPIP, or shFOX0O3a) were cultured in 2 mM glucose for 12 hr and analyzed
by immunoblotting. gRT-PCR analysis for HPIP and FOXO3a (F), and immunoblotting
analysis for the indicated proteins (G) in SKBR3 cells transfected either with empty vector or
FOXO03a encoding vector, 48 hr post-transfection cells were incubated in 2 mM glucose for 12
hr. H) Chromatin immunoprecipitation (ChlP) assay to show the effect of low glucose (2 mM)
on FOXO03a binding to HPIP promoter in SKBR3 cells. Statistical significance denoted as
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

Page | 53



7.3. HPIP supports cell survival in response to acute glucose stress in BC cells

After establishing that HPIP was a glucose stress response gene, the role of HPIP signaling in
cancer cell survival was evaluated. To address this, clones with stable knockdown of HPIP or
FOXO3a in SKBR3 cells were generated. After confirming the efficient knockdown and
overexpression of HPIP in SKBR3-shFOXO3a cells (Fig. 12A), cell viability under glucose
stress was measured using MTT assay. As shown in Fig. 12B, knockdown of HPIP or FOXO3a
results in a significant decrease in cell viability compared to that of the control, while ectopic
expression of FLAG-HPIP in FOXO3a knockdown cells restores cell viability, which is
comparable to FOXO3a knockdown cells. In support of this, under glucose stress, knockdown
of HPIP or FOXO3a led to a significant decrease in intracellular ATP levels compared to that
of the control, while ectopic expression of FLAG-HPIP in SKBR3-shFOXO3a cells restored
ATP levels (Fig. 12C). Next, the clonogenic capacity and anchorage-independent growth of
SKBR3 cells under glucose stress were assessed upon HPIP and FOXO3a depletion. Both
clonogenic and anchorage-independent growth abilities of SKBR3 cells were significantly
decreased upon either HPIP or FOXO3a knockdown compared to those of control cells under
glucose stress. However, HPIP ectopic expression partially restored the colony-forming
capacity and anchorage-independent growth ability of SKBR3-shFOXO3a cells (Fig. 12D-G).
Based on these results, we concluded that HPIP is required for breast cancer cell proliferation

and anchorage-independent growth during acute glucose stress.

Page | 54



>
w

m shCtrl 3 shFOXO03a

+
hFOXO3a+
= Sak —e— shCtrl —+shFOXO3a W shHPIP 1 IS=LAG-HPI:
o 00T
£ £ FX350 = ShHPIP ~~ B APl
3 Q : o 28 250 - FLAG-HPIP NS
*
E [7) [7) ﬁ » W *kk 400 *% *
HPIP =
, § NS s =5 300
© -3 Fkk g 2' 200
= P $o
= g3
50 . £ 100
0 T T T 0
0 24 48 Time (hr)
shCtrl shHPIP m shCtrl = shFOXO3a
g =3 shHPIP = shFOXO3a+
FLAG-HPIP
*%
*k
600,
shFOXO3a+ s = 9001
shFOX03a  FLAG-HPIP 22 400
> S, Y Ea
- = o
g-g 3001
g3 2001
g (8]
Z 1001
0.
shctrl shHPIP m shCtrl = shFOXO3a

= shHPIP = 5 Ao

*

*kkk

100 1 Fkkk Kkk
—
= = o= 80
shFOXO03a shFOXO3a+ 2 §
FLAG-HPIP E$ 60+
2¢
S o 404
o °©

= 0-

Figure 12: HPIP supports cell survival in response to acute glucose stress in BC cells. A)
Immunoblotting analysis for indicated proteins in SKBR3 cells stably knockdown with shCtrl,
shHPIP, shFOX03a, and shFOXO3a cells were ectopically transfected with FLAG-HPIP. B)
Stably knockdown SKBR3 cells were incubated with 2 mM glucose medium, and then cell
growth was monitored up to 48 hr using MTT assay. C) Stably knockdown SKBR3 cells were
incubated with 2 mM glucose medium for 12 hr, and then intracellular ATP levels were
measured using ATP measurement assay. D) Representative images of clonogenic assay, stable
cells were initially incubated with 2 mM glucose medium for 12 hr, and 0.5x10° cells were
incubated in complete medium for 14-21 days in 6 well plates. E) Quantification from figure
D. F) Representative images of soft agar assay (scale=100 pum), stably knockdown cells were
initially incubated with 2 mM glucose medium for 12 hr and 1.0x10* cells were seeded in two-
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layered agarose plates, grown in complete medium for 14-21 days. G) Quantification from
figure F. Statistical significance denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001;
NS-not significant.

7.4. HPIP promotes tumor formation in mouse xenografts in response to acute glucose
stress

To further assess the tumorigenic capacity of SKBR3 cells upon HPIP depletion, nude mice
models were utilized. After culturing cells in 2 mM glucose medium for 12 hr, 1 x 108 cells
were injected into nude mice, and tumor growth was monitored for 4-5 weeks. HPIP depleted
cells showed reduced tumor formation and tumor size compared to control cells (Fig. 13A-E).
Furthermore, the mouse tissue samples were examined for HPIP to validate the levels of HPIP
using gRT PCR and immunohistochemistry. The results revealed that HPIP expression is
absent or very low in shHPIP tumor samples compared to shCtrl tumor samples. These findings
show that HPIP plays an essential role in tumor development in mouse xenografts in response

to acute glucose stress.
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Figure 13: HPIP promotes tumor formation in mouse xenografts in response to acute
glucose stress. A) SKBR3 (shCtrl and shHPIP) cells were injected into nude mice, images
were taken before sacrificing animals. B) Images of excised tumors from the shCtrl and shHPIP
stable cells injected into nude mice groups (upper panel) (scale=1 cm), Fluorescence (GFP)
images of excised tumors (lower panel). C) Quantification of mean fluorescence intensity of
shCtrl and shHPIP tumor tissues. D) Tumor volume at various time intervals shows mean +
S.D (n=5). E) Excised tumors were weighed, and the total weight was represented as box plots.
F) Total RNA was isolated, and HPIP mRNA levels were measured using gRT PCR analysis.
G) Representative images (scale bar 100 pum) of HPIP expression in shCtrl and shHPIP mice
tissue samples were evaluated by immunohistochemistry. Statistical significance denoted as
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

7.5. HPIP increases glutamine import and glutaminolysis under glucose stress

Under glucose stress, cancer cells trigger the AMPK pathway to utilize non-glucose sources to
establish energy homeostasis and, thus, cell survival (58, 59). Because AMPK stimulated HPIP
expression under glucose stress, we hypothesized that HPIP promoted glutamine metabolism
to establish energy homeostasis under these conditions. Therefore, genes involved in glutamine
import and metabolism were examined, such as solute carrier family 1 member 5 (SLC1A5),
glutaminase (GLS), glutamate dehydrogenase (GDH), and glutamic-oxaloacetic transaminase
(GOT1) in SKBR3 cells cultured in low glucose upon HPIP depletion. gqRT-PCR analysis
showed a significant loss of expression of SLC1A5, GLS, GDH, and GOTL1 in HPIP-depleted
cells compared to control cells (Fig. 14A). Next, metabolic labeling studies were performed in
SKBR3 cells upon HPIP depletion, which was confirmed by immunoblotting (Fig. 14B). The
typical $3C glutamine metabolism is shown in Fig. 14C. Using 3C glutamine as the tracer with

metabolic flux analysis, the fate of glutamine as a function of HPIP loss under glucose stress
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was determined. Cells were cultured in 2 mM glucose medium for 12 hr before being
transferred to 3C glutamine-supplemented culture medium for 6 hours. As shown in Fig. 14D-
F, the conversion of 2*Cs-glutamine (M+5) into *3Cs-glutamate (M+5) and further conversion

of BCs-glutamate (M+5) into **Cs-a keto-glutarate (M+5) is significantly decreased.
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Figure 14: HPIP increases glutamine import and glutaminolysis under glucose stress. A)
Stable clones of SKBR3 (shCtrl or shHPIP) cells were cultured in low glucose (2 mM) for 12
hr and were subjected to qRT-PCR analysis for glutamine importer and glutaminolysis genes.
B) Immunoblotting demonstrating HPIP knockdown in SKBR3 cells. C) Schematic model for
glutamine-dependent anaplerosis in the TCA cycle, radiolabeled carbons are shown in red
circles. **C labeled glutamine fuels TCA cycle anaplerosis via glutamate to a-ketoglutarate (a-
KG) route. Relative abundance of *3C-glutamine incorporation into glutamine (D), glutamate
(E), a-KG (F) in SKBR3 cells stably knockdown with shCtrl or shHPIP. Statistical significance
denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.
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7.6. HPIP increases glutamine import and glutaminolysis under acute glucose stress via

AKT/MYC pathway

Based on earlier reports that HPIP activates AKT in cancer cells (160) and AKT is an upstream
regulator of the MYC transcription factor that controls the transcription of genes involved in
glutamine metabolism (220), we hypothesized that HPIP modulates the expression of
glutamine transporters and enzymes involved in glutamine metabolism, possibly via the
AKT/MYC pathway. First, we analyzed AKT activation and MYC expression upon glucose
stress in SKBR3 cells to test this hypothesis. While glucose stress (2 mM, 12 hr) or treatment
with AICAR markedly increased AKT activation and MYC expression, treatment with
Compound C restrained it (Fig. 15A). Since FOX03a mediates AMPK action, we next
analyzed AKT activation and MYC expression by altering FOXO3a expression in SKBR3
cells. While FOX0O3a knockdown decreased AKT activation and MY C expression, its ectopic
expression (Flag-FOXO3a) increased AKT activation and MYC expression (Fig. 15B and C).
To further check the involvement of HPIP in AKT activation and MY C expression, shHPIP-
SKBR3 stable clones were grown under glucose stress, and cell lysates were analyzed by
immunoblotting. Indeed, HPIP depletion downregulated MY C expression and AKT activation,
measured by AKT phosphorylation at S473 (Fig. 15D). Taken together, these data suggested
that under glucose stress, HPIP triggered cancer cells to utilize glutamine as an anaplerotic

substrate via the AKT/MYC pathway.

Page | 59



A +
-~ S g o X B
z8 E , & 2§85, o
= 2 06 0O 3 < <0 3
1o~ -] SRS e z5 5 8
[T
[ N [—— ,T.\ PAMPK(T172) = G
- e
= ' pAMPKa(T172)
AKT
mYC
..--’ |-.—|MYC _
— B-Actin
©
C - 6§ D + + - - shcwl
=S 2 Eg 28 - - 4+ + shHPIP
hy =L - + - +.Gs
1105 == =
s == HPIP 110

FOX03a

pAMPKa (T172)
pAKT(S473) GO'E PAKT(S473)

=]
o

(=]
N

[=2]

o
>
e
9

-3
a

(=]
o
“I 'I I’ |

| | )
| | H
|
i |
|

Figure 15: HPIP increases glutamine import and glutaminolysis under acute glucose
stress via AKT/MYC pathway. A) Immunoblotting analysis for the indicated proteins in
SKBR3 cells cultured in 2 mM glucose and compound ¢ treatment in glucose stress (left panel)
or treated with Compound C, 1 hr prior treating with AICAR (12 hr) (right panel). SKBR3 cells
were transfected with either control shRNA or FOX0O3a shRNA (B), an empty vector, or a
FLAG-FOXO3a encoding vector (C), 48 hours post-transfection, cells were cultured in glucose
stress medium for another 12 hr, and lysates were analyzed by immunoblotting as indicated.
D) Immunoblotting analysis for indicated proteins in stable clones of SKBR3 (shCtrl or
shHPIP) cultured in either 25 mM or 2 mM glucose for 12 hr.

7.7. HPIP acts as a co-activator of MYC in BC cells (SKBR3) under glucose stress

How HPIP enhanced AKT/MYC activation and glutamine import and its metabolic enzymes
was further investigated. MY C is a transcription factor that controls the expression of SLC1A5
and GLS in cancer cells (221, 222). HPIP is a protein that shuttles between the cytoplasm and
the nucleus (157). Under glucose stress, a considerable fraction of HPIP protein was found in
the nucleus under glucose stress (Fig. 16A). It was then determined whether HPIP interacted
with MYC to regulate the expression of glutamine metabolic enzymes by MYC activation
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during glucose stress. Co-immunoprecipitation (Co-IP) analysis revealed that HPIP could
interact with MYC in SKBR3 cells under glucose stress. Although we did not find a marked
difference in the interaction between HPIP (increased HPIP at 12 hr is due to its induced
expression during acute glucose stress) and MY C during the early phase of glucose stress (0 to
12 hr), complete loss of interaction was observed during chronic glucose stress (48 hr) (Fig.
16B). Next, a ChlIP assay was performed on the MY C target genes SLC1A5 and GLS using an
HPIP antibody. HPIP readily recruited onto the MYC response elements of the SLC1A5 and
GLS promoters and was further enhanced under glucose-limiting conditions (Fig. 16C and D).
Furthermore, double ChIP analysis using MYC followed by HPIP antibodies showed a
significant increase in the recruitment of the MY C-HPIP transcription complex onto SLC1A5

and GLS promoters under glucose stress (Fig. 16E).
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Figure 16: HPIP acts as co-activator of MYC in BC cells (SKBR3) under glucose stress.
A) Immunoblotting analysis for the indicated proteins of SKBR3 cells separated into total cell
lysates (TCL), cytoplasmic (Cyto), and nuclear fractions (Nuc). B) SKBR3 cells were cultured
in 2 mM glucose medium for various time points (0, 12, and 48 hr) and co-immunoprecipitated
with HPIP antibody, and then immunoblotted as indicated. ChIP analysis determines the effect
of low glucose (2 mM) on HPIP binding to MYC response elements (c(MRE) on the SLC1A5
promoter (C) or GLS promoter (D) in SKBR3 cells. E) Double ChIP assay shows the glucose
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stress on MYC-HPIP transcription complex binding to ctMRE of the SLC1A5 and GLS
promoters in SKBR3 cells. Statistical significance denoted as *p<0.05; **p<0.01; ***p<0.001,;
****p<0.0001; NS-not significant.

To further demonstrate MY C dependence on HPIP, ShRNAs were employed to deplete HPIP,
and ChlIP assays were carried out using an anti-MY C antibody. MY C recruitment onto SLC1A5
and GLS promoters were substantially reduced after HPIP knockdown under glucose stress
compared to control cells (Fig. 17A and B). Furthermore, gRT-PCR results revealed that MYC
knockdown decreased the expression of SLC1A5 and GLS, while ectopic expression of T7-
HPIP increased the expression of these gene transcripts but did not compensate for MYC
depletion in the cells (Fig. 17C and D). During these investigations, an exciting discovery was
uncovered. When MYC was knocked down using ShRNAs, HPIP protein and transcript levels
in SKBR3 cells increased (Fig. 17E and F). These results revealed that the HPIP-MYC
transcription complex controls the expression of SLC1A5 and GLS, two enzymes involved in

glutaminolysis in BC cells.
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Figure 17: HPIP is required for MY C activity to regulate glutaminolysis in BC cells under
glucose stress. ChIP assay demonstrates the effect of HPIP depletion on MYC binding to
CMRE of the SLC1A5 (A) or GLS (B) in SKBR3 cells cultured in 2 mM glucose medium.
SLC1AS5 (C), GLS (D) mRNA levels were analyzed by qRT-PCR in SKBR3 cells depleted
with MY C and over expressed with HPIP in SKBR3 cells cultured in 2 mM glucose medium.
gRT-PCR analysis (E) and immunoblotting of indicated proteins (F) after SKBR3 cells were
depleted with MYC shRNAs grown under 2 mM glucose. Statistical significance denoted as
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

Abbreviations: RNF2-ring finger protein 2; MYC-bHLH transcription factor; cMRE-C-Myc
response elements; SLC1A5-Solute Carrier Family 1 Member 5; GLS-Glutaminase; GS-
glucose stress; NS- non-specific.

7.8. Breast cancer cells undergo apoptosis as a result of chronic glucose stress

Generally, mammalian cells undergo apoptosis upon prolonged (chronic) glucose stress (223-
227). Based on these earlier reports, SKBR3 cell growth was measured under prolonged
glucose stress (up to 72 hr). Cells grown under normal conditions (25 mM) showed a
continuous proliferation up to 72 hr of incubation with minimal apoptosis, which could be due
to the over-confluency of the cells in the culture dish. Conversely, cells cultured under low
glucose (2 mM) showed limited cell growth, which was accompanied by increased apoptosis
and a declining growth curve, along with excessive apoptosis by 72 hr, as demonstrated by
MTT, acridine orange-propidium iodide (AO-PI), acridine orange-ethidium bromide (AO-
EtBr), and annexin V-APC assays (Fig. 18A-E). Despite the fact that HPIP inhibits apoptosis
in a variety of cancer cells, its functions under metabolic stress remain unknown (169, 170,
180). As a proto-oncogene, HPIP might impede apoptosis induced by metabolic stress.
Therefore, the expression of the critical executioner of apoptosis, caspase 3, and poly (ADP-
ribose) polymerase (PARP) was investigated in SKBR3 cells upon HPIP depletion under
prolonged glucose stress (48 hr). Elevated levels of cleaved caspase 3 and cleaved PARP were
observed in HPIP depleted cells cultured under glucose stress, and FOXO3a depleted cells
showed increased PARP cleavage, while ectopic expression of FLAG-HPIP restrained PARP

cleavage in FOXO3a-depleted cells (Fig. 18F and G). Subsequently, HPIP levels during
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prolonged glucose stress were examined. Despite increased HPIP expression during the early
phases of glucose stress, its levels decreased under chronic glucose stress (48-72 hr), but
AMPK activation was maintained until 72 hr (Fig. 18H). Under these conditions, pFOX03a

(S413) was also elevated during the early phase of glucose stress and then declined later.
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Figure 18: BC cells undergo apoptosis under chronic glucose stress. MTT assay (A), AO-
Pl assay (B), AO-EtBr assay (C-D) to show the cell growth under normal (25 mM) or glucose
stress (2 mM) conditions. E) Annexin V-APC-stained cells were analyzed by FACS and then
quantified, represented in bar graphs to show the effect of low glucose on cell growth. F)
SKBR3 cells were transfected with shCtrl, shHPIP, shFOXO3a, or shFOXO3a plus FLAG-
HPIP were grown in 2 mM glucose for 48 hr and immunoblotted as indicated. G) Stable clones
of SKBR3 (shCtrl or shHPIP) cells were cultured either in normal or low glucose (2 mM)
medium for 48 hr and immunoblotted as indicated. H) SKBR3 cells were grown at various
time intervals under glucose stress (2 mM) and immunoblotted as indicated. Statistical
significance denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

7.9. RNF2 degrades HPIP during prolonged glucose stress, and loss of HPIP triggers

apoptosis.

Generally, mammalian cells undergo ubiquitination-dependent degradation of specific cellular
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proteins as part of adaptation to chronic energy stress (228). Using the Mentha protein-protein

interactome browser, RNF2 (an E3 ubiquitin [Ub] ligase) was identified as a potential HPIP

interacting partner (Table 5).

Source Source Name | Source Target Target Target Effect
ID Category | ID Name Category
Q96AQ6 | PBXIP1 protein P54646 | PRKAA2 protein ppi
Q96AQ6 | PBXIP1 protein P55201 | BRPF1 protein ppi
Q96AQ6 | PBXIP1 protein P55854 | SUMO3 protein ppi
Q96AQ6 | PBXIP1 protein P43115 | PTGER3 protein ppi
Q96AQ6 | PBXIP1 protein P60371 | P60371 protein ppi
Q96IK5 | GMCL1 protein Q96AQ6 | PBXIP1 protein ppi
Q9ULU4 | ZMYNDS8 protein Q96AQ6 | PBXIP1 protein ppi
Q9UMXO0 | UBQLN1 protein Q96AQ6 | PBXIP1 protein ppi
Q9Y3CO | CCDC53 protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein P13747 | HLA-E protein ppi
Q96AQ6 | PBXIP1 protein P49069 | CAMLG protein ppi
Q96AQ6 | PBXIP1 protein Q8NI37 | PPTCY protein ppi
Q96AQ6 | PBXIP1 protein Q8N490 | PNKD protein ppi
Q96AQ6 | PBXIP1 protein 094766 | B3GAT3 protein ppi
Q96AQ6 | PBXIP1 protein 095447 | LCASL protein ppi
Q96AQ6 | PBXIP1 protein Q86VU5 | COMTD1 protein ppi
QIUGM1 | CHRNA9 protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein Q5QGZ9 | Q5QGZ9 protein ppi
Q9HOR8 | GABARAPLL | protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein Q6AZY7 | SCARA3 protein ppi
Q99750 | MDFI protein Q96AQ6 | PBXIP1 protein ppi
Q9UER7 | DAXX protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein P24863 | CCNC protein ppi
QouUBMS8 | Q9UBMS protein Q96AQ6 | PBXIP1 protein ppi
Q9H813 | TMEM?206 protein Q96AQ6 | PBXIP1 protein ppi
QINRRS5 | UBQLN4 protein Q96AQ6 | PBXIP1 protein ppi
QI9Y6K9 | IKBKG protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein 043765 | SGTA protein ppi
Q96AQ6 | PBXIP1 protein Q61Q23 | PLEKHA7 protein ppi
Q96AQ6 | PBXIP1 protein P06460 | P06460 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P06461 | P06461 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P06792 | P06792 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P21709 | EPHAl protein ppi
Q96AQ6 | PBXIP1 protein 060477 | BRINP1 protein ppi
Q96AQ6 | PBXIP1 protein Q7Z7)5 | DPPA2 protein ppi
Q96AQ6 | PBXIP1 protein Q81XX8 | Q81XX8 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P04629 | NTRK1 protein ppi
Q96AQ6 | PBXIP1 protein Q8AZJ3 | QBAZI3 nonhuman | ppi
Q96AQ6 | PBXIP1 protein Q8IWL3 | HSCB protein ppi
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Q96AQ6 | PBXIP1 protein Q8IYH5 | zZZ3 protein ppi
Q96AQ6 | PBXIP1 protein Q00987 | MDM2 protein ppi
Q96AQ6 | PBXIP1 protein P62993 | GRB2 protein ppi
Q99598 | TSNAX protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein Q15834 | CCDC85B protein ppi
QI9HONS5 | PCBD2 protein Q96AQ6 | PBXIP1 protein ppi
Q9H4E7 | DEF6 protein Q96AQ6 | PBXIP1 protein ppi
Q9UHD2 | TBK1 protein Q96AQ6 | PBXIP1 protein ppi
Q9RMZ3 | CAPR protein Q96AQ6 | PBXIP1 protein ppi
Q9UBUS8 | MORF4L1 protein Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein POCK58 | POCK58 nonhuman | ppi
Q99496 | RNF2 protein | Q96AQ6 | PBXIP1 protein ppi
Q96AQ6 | PBXIP1 protein Q8N5C8 | TAB3 protein ppi
Q96AQ6 | PBXIP1 protein POC739 | POC739 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P03182 | P03182 nonhuman | ppi
Q96AQ6 | PBXIP1 protein P03246 | P03246 nonhuman | ppi
Q96AQ6 | PBXIP1 protein Q92844 | TANK protein ppi
Q96AQ6 | PBXIP1 protein Q93086 | P2RX5 protein ppi
Q96AQ6 | PBXIP1 protein P69901 | P69901 nonhuman | ppi
Q96AQ6 | PBXIP1 protein Q53SE7 | FLJ13057 protein ppi
Q96AQ6 | PBXIP1 protein Q53F39 | MPPE1 protein ppi

Table 5: Mentha protein-protein interactome data for PBXIP1 interacting partners (ppi
means protein-protein interactions)

First, we analyzed whether RNF2 degrades HPIP in SKBR3 cells by altering RNF2 levels.
Indeed, ectopic expression of green fluorescent protein (GFP)-RNF2 decreased HPIP
expression, while RNF2 knockdown resulted in elevated HPIP expression in SKBR3 and
MCF7 cells (Fig. 19A-C). In support of this data, wild-type GFP-RNF2 decreased HPIP levels,
but treatment with MG132 (a proteasomal inhibitor) restored HPIP levels, while mutant RNF2,
i.e., GFP-RNF2 (H69Y), an inactive mutant of RNF2, failed to do so (Fig. 19D). Next, we
examined whether glucose stress modulates the interaction between HPIP and RNF2 and HPIP
ubiquitination by RNF2 in SKBR3 cells cultured under glucose stress (2 mM) for various time
points (0, 12, and 48 hr). Co-IP analysis revealed a weak interaction of HPIP during the early
phase of glucose stress, however moderately increased binding of HPIP with RNF2 was

observed during the late phase of glucose stress (Fig. 19E). This is further accompanied by a
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gradual increase in the ubiquitination of HPIP during the early to late phase of glucose stress
(Fig. 19E). Next, the half-life (t12) of HPIP expression upon RNF2 knockdown was measured
in SKBR3 cells. As compared to control cells (ty2= 6.057 £ 0.2 h), HPIP was expressed longer
(tu2=13.092 £ 0.3 h) in RNF2 knockdown cells (Fig. 19F and G). Together, this compelling

evidence suggested that RNF2 degrades HPIP during prolonged glucose stress in BC cells.

Since it was demonstrated that RNF2 degrades HPIP during prolonged glucose stress, we
hypothesized that HPIP degradation by RNF2 might affect cell growth and trigger apoptosis in
cancer cells. Cell growth was examined for 72 hr under glucose stress upon RNF2 knockdown
in SKBR3 cells. RNF2 depletion, which elevated HPIP levels, yielded increased cell growth,
as anticipated (Fig. 19H), while HPIP knockdown resulted in decreased cell growth. Taken

together, these data suggested that RNF2 was a bonafide E3 Ub ligase of HPIP during glucose

stress.
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Figure 19: RNF2 degrades HPIP during prolonged glucose stress, and loss of HPIP
triggers apoptosis. SKBR3 (A) or MCF7 (B) cells were transfected either with GFP vector or
increasing concentration of GFP-RNF2 construct and then immunoblotted as indicated. C)
SKBR3 cells were stably transfected with shRNF2 (1 and 2) and then cultured under 2 mM
glucose for 48 hr followed by immunoblotting for the indicated proteins. D) HEK293T cells
were co-transfected either with GFP or GFP-RNF2 or GFP-RNF2 (H69Y) constructs along
with T7-HPIP construct, 48 hr post-transfection cells were incubated with 2 mM glucose
medium for 48 hr and then treated with MG132 (4 hr), cell lysates were subjected to
immunoblotting as indicated. E) SKBR3 cells were cultured in 2 mM glucose medium for
various time points (0, 12, and 48 hr) and co-immunoprecipitated with HPIP antibody, and then
immunoblotted as indicated. F) Stable clones of SKBR3 (shCtrl or sShRNF2) were cultured in
2 mM glucose medium and treated with cycloheximide (30 pg/ml) for the indicated time points
and cell lysates were then analyzed by immunoblotting. G) The line graph represents the
quantification of HPIP signal intensities from F. H) Stable clones of SKBR3 cells with
indicated shRNAs were cultured in 2 mM glucose medium for indicated time points, and cell
growth was monitored using MTT assay. Statistical significance denoted as *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.

7.10. HPIP expression positively correlates with AMPK activation in a subset of breast

cancers

AMPK overexpression is reported in several cancers, including prostate, pancreatic, and
glioblastoma (229-231). Similarly, HPIP overexpression is also documented in various
cancers, including breast (160), hepatocellular carcinoma (174), ovarian carcinoma (169, 171),
gastric cancer (164, 177), colorectal cancer (170), and renal carcinoma (166, 202). However,

the clinical correlation between AMPK and HPIP in BC remains largely unknown. Therefore,
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the potential clinical significance of AMPK and HPIP correlative expression in BC
development was explored. First, levels of phospho-AMPKa. (T172) were determined, which
indicates the activation of AMPK, total AMPK, and HPIP in a panel of BC cell lines. These
results indicated that although HPIP expression was low to high across the cell lines tested,
phospho-AMPK was very low/absent in triple-negative breast cancer cells (TNBC), but its
expression in other cell lines correlated with HPIP expression (Fig. 20A and B). Next, HPIP
transcript levels were determined using gRT-PCR, whereas HPIP protein, pAMPKa. (T172),
and RNF2 levels were determined in BC and adjacent tissue samples by immunoblotting. These
results revealed that patients with BC (C) had significantly higher levels of HPIP, pAMPKa
(T172), and relatively low levels of RNF2 compared to those of normal subjects (N) (Fig. 20C-
E). Moreover, immunohistochemistry (IHC) was employed to analyze the expression of HPIP,
pACC (known substrate of AMPK), and RNF2 in a cohort of 65 clinicopathologically
characterized BC tissues and 20 adjacent tissues. IHC analysis revealed that HPIP and pACC
(S79) had low expression in adjacent tissue samples, while their expression ranged from
medium (signal intensity-1) to very high (signal intensity-3) in BC samples; there was no
change in RNF2 expression (Fig. 20F-G). The Pearson correlation between HPIP and pACC

(S79) (R = 0.4425) further indicated a slight correlation in their expression with disease (Fig.

20H).
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Figure 20: HPIP expression positively correlates with AMPK activation in a subset of BC
cells and tissue samples. A) Immunoblotting analysis for the indicated proteins from a panel
of BC cell lines. B-Actin is used as a loading control. B) Correlative expression plot of pAMPK
and HPIP protein expression in BC cell lines. C) Expression level of HPIP, pAMPKa (T172),
and RNF2 in breast cancer tissue (7 sets) samples were analyzed by immunoblotting; (N=
Normal tissue, C=Breast cancer tissue). D) Signal intensities were quantified for HPIP protein
and represented as box plots (n=14). E) gRT-PCR analysis for HPIP in normal (n=10) vs.
breast cancer tissue samples (n=15). F) Representative images of H&E and
immunohistochemistry (IHC) for HPIP, pACC (S79) and RNF2 in adjacent vs. breast cancer
tissue samples (Scale bar =100 pum). G) IHC staining was scored using the IHC profiler plugin
in ImageJ software and represented violin plots for HPIP, pACC (S79), and RNF2. Staining
intensities were given as negative (0), low positive (1), positive (2), and high positive (3). H)
Correlative analysis of HPIP and pACC (S79) from the IHC data. Statistical significance
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denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Furthermore, we validated our results from cell lines and tissue samples using Gene expression
profiling interactive analysis (GEPIA) and Oncomine datasets. The results demonstrated that
the expression of HPIP and AMPK in BC samples is significantly higher than the normal tissue
samples or corresponding blood samples (Fig. 21A-D). Following that, we utilized Kaplan-
Meier plots to see whether HPIP, AMPK, and RNF2 had a role in patient survival. The KM
plotter findings indicated that, unlike RNF2, HPIP or AMPK expression in patients with BC
was significantly associated with survival time. Furthermore, the survival plots demonstrated
that patients with low HPIP or AMPK expression had a longer overall survival time than those
with high HPIP or AMPK expression (Fig. 21E). Similarly, RNF2 survival plots revealed that
patients with low expression had a shorter overall survival time than those with high expression
(Fig. 21E). When we evaluated both proteins combined based on the expression parameters,
such as low HPIP and low AMPK (HPIP, EXP<0.5; AMPK, EXP<0.5) or high HPIP and high
AMPK (HPIP, EXP>0.5; AMPK, EXP>0.5). Patients with low HPIP and low AMPK survived
longer than patients with high HPIP and high AMPK (Fig. 21F). Following that, we examined
the correlation between HPIP and AMPK expression levels using GEPIA datasets. The studies
revealed that the expression of HPIP and AMPK in breast cancer samples was positively
correlated (Fig. 21G). These findings suggested that AMPK and HPIP expression levels are
significantly elevated in breast cancer samples and that their levels are positively correlated
with each other. While RNF2 levels were low or absent in HER2+ breast cancer tissue samples,
this suggests that low levels contribute to HPIP stability in HER2+ breast cancers. In
conclusion, the AMPK-HPIP pathway or activating RNF2 in HER2+ breast cancer represents

a promising target for breast cancer therapy.
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Figure 21: HPIP expression positively correlates with AMPK activation in a subset of
breast cancers. HPIP (A) or AMPK (B) expression analysis from the Gene expression
profiling interactive analysis (GEPIA) datasets. HPIP (C) or AMPK (D) expression analysis
from the oncomine datasets. E) Kaplan-Meier plots showing survival probability of breast
invasive cancer patients (TCGA) with high or low expression of HPIP, AMPK, and RNF2. F)
cBioPortal database was used to plot the survival probability of breast cancer patients with low
HPIP/low AMPK or high HPIP/high AMPK. G) The correlation plot depicts the expression of
AMPK and HPIP in breast cancer samples obtained from the GEPIA data sets. Statistical

significance denoted as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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8. Discussion

Solid tumors, such as BC, are characterized by the presence of a heterogeneous population of
cells with a high demand for metabolic energy due to continuous cell proliferation and aberrant
vascularization. It remains unclear as to how cancer cells survive and simultaneously maintain
cell growth during metabolic stress. Herein, a new molecular mechanism of cancer cell
adaptation was identified during metabolic stress. Cancer cells switch from survival to death
during early to late (acute to chronic) phases of metabolic stress by employing a team of
signaling molecules, including AMPK, HPIP, and RNF2. During the early phase of metabolic
stress, AMPK upregulates HPIP expression, which ensures cancer cell survival under glucose
stress by rewiring glutamine metabolism. In chronic glucose stress, cancer cells succumbed to
apoptosis-mediated cell death because of HPIP loss due to RNF2-mediated degradation. This
study highlighted the important role of HPIP as a downstream regulator of AMPK in energy

homeostasis and in promoting cell survival under glucose-limiting conditions.

AMPK is a stress response kinase that is activated when cellular ATP levels are below the
threshold (232). AMPK activation occurs when it is phosphorylated at T172 by liver kinase B1
(LKB1) during energy stress (233). LKB1 or AMPK inactivation renders cells resistant to
oncogenic transformation and tumorigenesis (117). AMPK activation prolongs cell survival
during metabolic stress by regulating diverse metabolic pathways, including glycolysis, the
pentose phosphate pathway, the TCA cycle, and fatty acid oxidation (234). This study
demonstrated that AMPK was active in a subset of BC, ER™ or Her2* but not in TNBC.
Furthermore, AMPK activation was correlated with HPIP expression in these cell lines,
suggesting that HPIP expression was AMPK-dependent. HPIP expression is also induced in
endometrial cancer cells in response to glucose stress in an AMPK dependent manner,
suggesting that this pathway is not restricted to breast cancer but also active in other solid
tumors such as endometrial cancer (Fig. 22A-F).
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Figure 22: HPIP expression positively correlates with AMPK activation in endometrial
cancer cells. A) Immunoblotting analysis for the indicated proteins from a panel of endometrial
cancer cell lines, AN3CA, HEC-1-A, and Ishikawa; 3-Actin used as a loading control. B) Real-
time PCR analysis for HPIP in endometrial cancer cell lines. C-D) Correlative expression of
HPIP with pAMPK or pACC in these cancer cell lines. E) Immunoblotting analysis for the
indicated proteins in AN3CA cells cultured in 2 mM glucose followed by Compound C for 12
hr. F) AN3CA cells were treated with AICAR (AMPK activator) for 12 hr followed by
Compound C, and protein lysates were analyzed by immunoblotting. Cells were treated with
Compound-C (CC) (AMPK inhibitor) 1 hr prior to the AICAR treatment for the AMPK
activation (12 hr).

Indeed, AMPK activation induced HPIP expression via FOXO3a-mediated transcription in
Her2* BC cells and also in EC cell lines (Fig. 22A-F). Loss of function in tumor suppressors
or activation of oncogenes is often associated with altered metabolism in cancer cells (235). As
a proto-oncogene, HPIP supported breast and endometrial cancer cell survival and during the
early phase of glucose stress, as loss of HPIP expression dampened cell viability and colony-
forming ability of SKBR3 and AN3CA cells (Fig. 23A-D), which is accompanied by

diminished levels of cellular ATP.
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Figure 23: HPIP is required for endometrial cancer growth under acute glucose stress.
A) Immunoblotting analysis demonstrates HPIP knockdown by HPIP-siRNA in AN3CA cells.
B) Control siRNA or HPIP siRNA transfected AN3CA cells were incubated with 2 mM
glucose medium, and then cell growth was monitored up to 72 hr using MTT assay. C)
Representative images of the clonogenic assay. Control siRNA or HPIP siRNA transfected
AN3CA cells were initially incubated with 2 mM glucose medium for 12 hr, and 0.5x10° cells
were incubated in complete medium for 14-21 days in 6 well plates. D) Quantification of the
data from C.

AMPK depletion in lung cancer cells results in lack of growth under glucose-deprived
conditions despite supplementation with glutamine, lactate, and palmitate (58). This implies
that under glucose-limiting conditions, AMPK instigates cancer cells to utilize non-glucose
carbon sources, such as fatty acids, lactate, and glutamine, to promote oxidative
phosphorylation via mitochondrial metabolism (58). The loss of HPIP expression affected the
expression of SLC1A5 and glutaminolysis enzymes. Corroborating these findings, metabolic
labeling studies further provided evidence that HPIP was essential for glutamine entry into the

TCA cycle, perhaps to support anaplerosis. Together, these data imply that HPIP expression
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via AMPK during metabolic stress serves as a molecular switch that helps in rewiring

glutamine metabolism to ensure breast and endometrial cancer cell survival.

Activation of AKT signaling is associated with cancer cell survival during glucose stress (220).
Moreover, viathe MYC transcription factor, the AKT pathway regulates glutamine metabolism
by controlling SLC1A5 and GLS expression (221, 222), and HPIP activates AKT and MYC
expression in cancer cells (158). We hypothesized that HPIP mediated glutamine transport and
metabolism, possibly via the AKT/MYC pathway. Under glucose stress, a loss of AKT
activation upon HPIP depletion and concomitant loss of expression of MYC and enzymes
involved in glutamine metabolism was observed. In support of these findings, we further report
that HPIP acts as a coactivator of MYC to regulate SLC1A5 and GLS gene expression. During
glucose stress, HPIP recruits MYC onto these promoters as depletion of HPIP abrogates it.
Moreover, recent findings established that HPIP is a phosphoprotein (161). Indeed, our findings
revealed that AMPK phosphorylates HPIP (Penugurti et al., unpublished), however, further
characterization is required to establish this observation fully. Therefore, we cannot rule out
the possible post-translational modifications such as phosphorylation on HPIP and its
interaction with chromatin-modifying enzymes, which influence gene expression during
glucose stress. Together, it implied that HPIP mediated cell survival under glucose stress via
activation of signaling pathways involving AKT and MYC. During glucose deprivation,
various glucose transporters (GLUTS) are upregulated to support the cancer cell survival to
avoid cell death (236). For instance, GLUTL1 prevents cell death in prostate cancer cells caused
by glucose deprivation (135). During oxidative stress, GLUT4 translocation is induced by the
activation of PIBK/AKT pathway and AMPK kinase in cardiac myocytes (237). It will be
interesting to see if HPIP induces GLUT’s expression via PI3K/AKT and AMPK pathways

under glucose stress in breast cancer cells and warrants further investigation.
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The role of AMPK and FOXOs in autophagy and cancer is well documented (41, 238). AMPK
activation triggers autophagy by inhibiting mTOR pathway while activating ULK1 complex
(239). HPIP is also known to activate mTOR signaling in renal cell carcinoma (202). However,
whether HPIP activates mTOR signaling to inhibit autophagy is yet to be known. Hence, it will
be interesting to study HPIP’s role in autophagy in the context of metabolic stress in breast

cancer cells and warrants further investigation.

Intriguingly, AMPK acts as an oncogene or tumor suppressor in a context-dependent manner
(117). In cancer cells during metabolic stress, AMPK acts as an oncogene as cancer cells fail
to survive in the absence of AMPK (240). This study demonstrated that AMPK could activate
HPIP to promote cancer cell survival. Overexpression of both HPIP and AMPK in various
tumors, including breast tumors, is well documented (169, 182, 241). This study further
provided evidence that both HPIP and AMPK were both overexpressed and positively
correlated with poor prognosis in BC. Since the AMPK/HPIP pathway is functional in the
oncogenic context and both proteins are overexpressed in a subset of BC, this pathway may be

considered as a potential therapeutic target.

Physiological stress disrupts homeostasis, which determines whether the cell survives or
undergoes apoptosis (242). Extended periods of glucose starvation trigger apoptosis-mediated
cell death in cancer cells (223, 224). Ubiquitination-mediated degradation of critical regulators
of cell survival is an important mechanism implicated in the cellular stress response; for
example, PGC-la (a mitochondrial regulator) undergoes RNF2-mediated proteasomal
degradation upon prolonged glucose stress, which results in p53-dependent apoptosis in HepG2
cells (223). In addition to PGC-1a, RNF2 is an E3 Ub ligase for H2A and Gemininl, but in
various cellular contexts (223, 243). In BRCALl-associated protein 1 mutated cells, RNF2
induces apoptosis by silencing the prosurvival genes Bcl2 and Mcll (244). Under prolonged

glucose stress, HPIP was ubiquitinated by RNF2 and subsequently degraded by the
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proteasome-mediated pathway. Based on these data, we propose a model wherein cancer cells

switch from survival to death during the early to late phase of metabolic stress by employing a

novel signaling switch from the AMPK-FOXO3a-HPIP pathway to the RNF2-HPIP-Ub

pathway (Fig. 24).
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Figure 24: AMPK-FOXO3a-HPIP oncogenic axis promotes cell survival in response to acute
glucose stress by rewiring glutamine metabolism. HPIP-MYC transcription complex regulates
GLS/SLC1A5 gene transcription to support glutamine metabolism. Whereas in response to
chronic glucose stress, HPIP is ubiquitinated by RNF2 and subsequently degraded by the 26s
proteasome pathway resulting in cell death.
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9. Conclusions

According to the findings of this research, breast cancer cells increase the expression of HPIP
as a part of an adaptive process under metabolic stress. Cancer cells activate AMPK in response
to metabolic stress, and AMPK phosphorylates FOXO3a. This phosphorylated FOXO3a enters
into the nucleus and subsequently upregulates the expression of HPIP through transcription. In
the absence of glucose, HPIP triggers glutaminolysis, which is necessary for anaplerosis.
Mechanistically HPIP promotes glutaminolysis by activating AKT and MYC pathways. This
study further demonstrates that HPIP forms a transcription complex with MYC, and it is
subsequently recruited to SLC1A5 and GLS promoters, resulting in the induction of SLC1A5

and GLS under glucose stress conditions.

Further, we found that HPIP and AMPK expression/activation is significantly higher in HER2+
breast cancer samples when compared to normal tissue samples. We observed that HPIP and
AMPK have a positive correlation in HER2+ breast cancers. Hence targeting this pathway

might have potential benefits for patients with HER2+ breast cancer.

Under prolonged glucose stress, mammalian cells generally undergo apoptosis. We found a
new mechanism that controls cell growth under chronic glucose stress. RNF2 is a new
interaction partner with HPIP; we identified RNF2-mediated ubiquitination of HPIP during

prolonged glucose stress, which leads to apoptotic initiation.
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ARTICLE INFO ABSTRACT

Keywords: While cancer cells rewire metabolic pathways to sustain growth and survival under metabolic stress in solid

HPIP tumors, the molecular mechanisms underlying these processes remain largely unknown. In this study, cancer

FOXO3a cells switched from survival to death during the early to late phases of metabolic stress by employing a novel
&I\;IEK signaling switch from AMP activated protein kinase (AMPK)-Forkhead box O3 (FOXO3a)-hematopoietic PBX1-
Gell survival interacting protein (HPIP) to the ring finger protein 2 (RNF2)-HPIP-ubiquitin (Ub) pathway. Acute metabolic
Apoptosis stress induced proto-oncogene HPIP expression in an AMPK-FOXO3a-dependent manner in breast cancer (BC)
Glutaminolysis cells. HPIP depletion reduced cell survival and tumor formation in mouse xenografts, which was accompanied by

diminished intracellular ATP levels and increased apoptosis in BC cells in response to metabolic (glucose) stress.
Glutamine flux (*3C-labeled) analysis further suggested that HPIP rewired glutamine metabolism by controlling
the expression of the solute carrier family 1 member 5 (SLC1A5) and glutaminase (GLS) genes by acting as a
coactivator of MYC to ensure cell survival upon glucose deprivation. However, in response to chronic glucose
stress, HPIP was ubiquitinated by the E3-Ub ligase, RNF2, and was concomitantly degraded by the proteasome-
mediated pathway, ensuring apoptosis. In support of these data, clinical analyses further indicated that elevated
levels of HPIP correlated with AMPK activation in BC. Taken together, these data suggest that HPIP is a signal
coordinator during metabolic stress and thus serves as a potential therapeutic target in BC.

1. Introduction

For rapidly dividing cells, such as cancer cells, there is a huge de-
mand for metabolic energy to synthesize various biomolecules. To
accomplish this, cancer cells often rewire metabolic pathways to suit
their needs [1-3]. As glucose is the main energy and carbon source for
rapidly dividing cells, cancer cells rely on glycolysis to generate energy;
however, under glucose stress, glutamine is utilized as an anaplerotic
substance for ATP generation and to control redox homeostasis, thus
ensuring cell survival [1,4,5]. Typically, reduced expression of tumor
suppressor genes and increased oncogenic gene expression is observed
in cancer cells during metabolic stress as a part of cellular adaptation

* Corresponding author.
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[6]. For example, oncogenes, such as protein kinase B (AKT), c-MYC
(hereafter referred to as MYC), and Ras are overexpressed under meta-
bolic stress to support cancer cell survival [7].

A balance between energy production and consumption dictates cell
survival under metabolic stress [8]. Accordingly, in such situations,
tumor cells acquire certain adaptations for their survival by suppressing
energy-consuming pathways and promoting energy-producing path-
ways [9]. One such adaptation is the expression of AMP activated pro-
tein kinase (AMPK), a metabolic sensor, which is activated in response to
a low ATP:AMP ratio in cells [10,11]. For example, AMPK-mediated
pyruvate kinase M1 expression is essential for cell survival under hy-
poglycemic conditions [12] and modulates the expression of
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Proper cell division relies on the coordinated regulation
between a structural component, the mitotic spindle, and a reg-
ulatory component, anaphase-promoting complex/cyclosome
(APC/C). Hematopoietic PBX-interacting protein (HPIP) is a
microtubule-associated protein that plays a pivotal role in cell
proliferation, cell migration, and tumor metastasis. Here, using
HEK293T and HeLa cells, along with immunoprecipitation and
immunoblotting, live-cell imaging, and protein-stability assays,
we report that HPIP expression oscillates throughout the cell
cycle and that its depletion delays cell division. We noted that by
utilizing its D box and IR domain, HPIP plays a dual role both as
a substrate and inhibitor, respectively, of the APC/C complex.
We observed that HPIP enhances the G,/M transition of the cell
cycle by transiently stabilizing cyclin B1 by preventing APC/C—
Cdc20-mediated degradation, thereby ensuring timely mitotic
entry. We also uncovered that HPIP associates with the mitotic
spindle and that its depletion leads to the formation of multiple
mitotic spindles and chromosomal abnormalities, results in defects
in cytokinesis, and delays mitotic exit. Our findings uncover HPIP
as both a substrate and an inhibitor of APC/C-Cdc20 that main-
tains the temporal stability of cyclin B1 during the G,/M transition
and thereby controls mitosis and cell division.

Accurate chromosome segregation is essential for proper cell
division in normal cells. Two important post-translational
modifications, phosphorylation, and ubiquitin-mediated prote-
olysis during mitosis, play crucial roles in this process (1). The
anaphase promoting complex/cyclosome (APC/C),? a ubiqui-
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10236 J. Biol. Chem. (2019) 294(26) 10236-10252

© 2019 Khumukcham et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

tin ligase, controls the cell division by regulating mitosis
through ubiquitin-directed proteolysis of key substrates in an
ordered fashion to direct progression through the mitotic exit,
chromosome segregation, and cytokinesis (2—4). The activity of
APC/C is coordinated by two regulatory proteins, Cdc20 and
Cdh1, through phase-specific interactions during the cell cycle
and promotes cell division with precision and accuracy (5). For
example, APC/C—-Cdc20 degrades Securin and cyclin B1 at ana-
phase onset. This ensures Separase activation and proteolysis of
Cohesin, which holds pair of sister chromatids together during
early mitosis. The spindle assembly checkpoint, which depends
on multiprotein complexes including Mad2, BubR1, and Bub3,
delays APC/C-Cdc20 activation until all chromosomes are
properly aligned at the metaphase plate (6, 7). Perturbation of
this checkpoint results in chromosomal abnormality (8).

Entry into mitosis is coordinated by cyclin B1-dependent
activation of cyclin-dependent kinase 1 (CDK1) during G,
phase and form a Cdk1- cyclin B1 complex also known as mat-
uration-promoting factor, which is crucial for G,/M transition
(9). Cyclin B1 accumulates in the nucleus as the cells progress to
mitosis, although the activation of CDK1- cyclin B1 is initiated
at the cytoplasm (10). Cyclin B1 binding triggers a conforma-
tional change in Weel phosphorylated and inactive CDK1,
restoring the activity in CDK1 (11). The activated CDK1-
cyclin Bl complex triggers initiation of chromosome con-
densation, nuclear envelope breakdown, and mitotic spindle
assembly through phosphorylation of its substrates (10). It also
phosphorylates APC/C-Cdc20 for its complete activation, but
later during mitosis cyclin B1 is degraded by APC/C-Cdc20
(12, 13). Abolishing the degradation of cyclin B1 leads to arrest
of cells in mitosis, suggesting timely degradation of cyclin B1 by
APC/C, is important for proper cell cycle progression (14, 15).
Although transcriptional up-regulation of cyclin Bl and its
increased stability of mRNA during the G, phase has been
described before (16), the role of proteasomal pathway in
increased cyclin B1 levels is largely unknown.

Hematopoietic PBX-interacting protein (HPIP, also known as
PBXIP1) is a protooncoprotein that has been shown to be overex-
pressed in several cancer types including infiltrative ductal carci-
noma (17), hepatocellular carcinoma (18), glioma (19), and ovarian
cancer (20). Previous reports have shown that HPIP promotes cell
proliferation by modulating the expression of cyclins during the
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Abstract

Purpose Hematopoietic PBX interacting protein (HPIP), a
scaffold protein, is known to regulate the proliferation, migra-
tion and invasion in different cancer cell types. The aim of this
study was to assess the role of HPIP in ovarian cancer cell
migration, invasion and epithelial-mesenchymal transition
(EMT), and to unravel the mechanism by which it regulates
these processes.

Methods HPIP expression was assessed by immunohisto-
chemistry of tissue microarrays containing primary ovarian
tumor samples of different grades. OAW42, an ovarian
carcinoma-derived cell line exhibiting a high HPIP expres-
sion, was used to study the role of HPIP in cell migration,
invasion and EMT. HPIP knockdown in these cells was
achieved using a small hairpin RNA (shRNA) approach.
Cell migration and invasion were assessed using scratch
wound and transwell invasion assays, respectively. The extent
of EMT was assessed by determining the expression levels of
Snail, Vimentin and E-cadherin using Western blotting. The
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effect of HPIP expression on AKT and MAPK activation was
also investigated by Western blotting. Cell viabilities in re-
sponse to cisplatin treatment were assessed using a MTT as-
say, whereas apoptosis was assessed by determining caspase-3
and PARP cleavage in ovarian carcinoma-derived SKOV3
cells.

Results We found that HPIP is highly expressed in high-grade
primary ovarian tumors. In addition, we found that HPIP pro-
motes the migration, invasion and EMT in OAW42 cells and
induces EMT in these cells via activation of the PI3K/AKT
pathway. The latter was found to lead to stabilization of the
Snail protein and to repression of E-cadherin expression
through inactivation of GSK-3(3. We also found that HPIP
expression confers cisplatin resistance to SKOV3 cells after
prolonged exposure and that its subsequent knockdown de-
creases the viability of these cells and increases caspase-3
activation and PARP proteolysis in these cells following cis-
platin treatment.

Conclusions From these results we conclude that HPIP ex-
pression is associated with high-grade ovarian tumors and
may promote their migration, invasion and EMT, a process
that is associated with metastasis. In addition, we conclude
that HPIP may serve as a potential therapeutic target for cis-
platin resistant ovarian tumors.

Keywords HPIP/PBXIP1 - PI3K/AKT pathway - Ovarian
cancer - Epithelial-mesenchymal transition (EMT) - Cell
migration

Abbreviations

HPIP/ Hematopoietic PBX interacting protein/ pre B-
PBXIP1 cell leukemia homeobox interacting protein
EMT Epithelial-mesenchymal transition

GSK-3p3 Glycogen synthase kinase-33
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ARTICLE INFO ABSTRACT

Keywords: Remarkably, majority of the cancer deaths are due to metastasis, not because of primary tumors. Metastasis is

MTA1 one of the important hallmarks of cancer. During metastasis invasion of primary tumor cells from the site of

Tumor metastasis origin to a new organ occurs. Metastasis associated proteins (MTAs) are a small family of transcriptional cor-

Nu.RD . . egulators that are closely associated with tumor metastasis. These proteins are integral components of nuclear

ED;;nge?::;(;tiene regulation remodeling and deacetylation complex (NuRD). By virtue of being integral components of NuRD, these proteins
regulate the gene expression by altering the epigenetic changes such as acetylation and methylation on the target
gene chromatin. Among the MTA proteins, MTA1 expression is very closely correlated with the aggressiveness of
several cancers that includes breast, liver, colon, pancreas, prostate, blood, esophageal, gastro-intestinal etc.
Considering its close association with aggressiveness in human cancers, MTA1 may be considered as a potential
therapeutic target for cancer treatment. The recent developments in its crystal structure further strengthened the
idea of developing small molecule inhibitors for MTAL. In this review, we discuss the recent trends on the diverse
functions of MTA1 and its role in various cancers, with the focus to consider MTA1 as a ‘druggable’ target in the
control of human cancers.

secondary sites. Typically, metastasis involves the detachment of pri-
mary epithelial cancer cells by loss of E-cadherin, an epithelial marker,

1. Introduction

Cancer is a disease of a mass of mutated cells which undergo un-
controllable cell divisions. As mentioned in the book ‘The Emperor of
All Melodies-A Biography of Cancer’-by Siddartha Mukharjee, cancer is
an uncommited crime. Every year, millions of people around the world
die of various cancers. Approximately, 1,685,210 new cases were di-
agnosed and 595,690 deaths were registered duing 2016 in USA [1].
Remarkably, large number of cancer deaths are due to metastasis, and
not because of the primary tumors. Metastasis is therefore one of the
important hallmarks of cancer [2]. During metastasis, invasion of pri-
mary tumor cells from the site of origin to a new organ occur estab-
lishing the malignant tumor at distant location. Size of the tumor ap-
pears to be one of the critical factor for tumor metastasis. As the tumor
size exceeds 1 cm, these tumor cells tend to metastasize to the

resulting in acquisition of mesenchymal phenotype, a process known as
epithelial to mesenchymal transition (EMT) [3]. After detaching from
the primary tumor through EMT, the disseminated cells enter the blood
circulation through cell migration and invasion followed by intravasa-
tion. The circulating tumor cells enter the secondary site through ex-
travasation and acclimatizes with the tissue to establish metastasis
(Fig. 1). Establishment of secondary tumor is dependent on multiple
factors and each primary tumor exibits tissue trophism. For instance,
breast tumors are known to metastasize into specific tissues in the order
of priority: bone, liver, lung and brain. Given the importance, identi-
fication and charactarization of the regulators of tumor metastasis and
more importantly, understanding the molecular mechanisms and
pathways involved in this critical process is crucial to consider them as

Abbreviations: MTAs, metastasis associated proteins; EMT, epithelial to mesenchymal transition; NuRD, nuclear remodeling and deacetylation complex; HDAC1 or HDAC2, histone
deacetylases; MBD, methylated CpG binding domain proteins; RbAb46,/48, retinoblastoma associated protein; DOC1, deleted in oral cancer; SAHA, suberoylanilide hydroxamic acid; TSA,
trichostatin A; PTER, pterostilbene; E2, estradiol; ERa, estrogen receptor alpha; Gd@Cg2(OH)2,, a gadolinium metallofullerenol nanoparticles; SERM, selective estrogen receptor
modulators
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The main purpose of the present investigation is to examine in detail in vitro studies like bioactivity and cyto-
compatibility of a novel bioactive glass system i.e., BO3-SiO2-Na,0O-CaO-ZnO glass composition. Glasses are
prepared by the traditional melt quenching method. In vitro studies are performed with ISO standards. Bioac-
tivity has been studied using standard Kokubo’s method. Highly sophisticated analytical techniques were utilized
for the assessment of apatite forming ability. Scanning electron microscopy micrographs have shown visible

evidence of apatite forming ability through cauliflower type of precipitation on the surface of the glass. Cyto-
compatibility was performed using human osteoblast cells (MG-63). Cytocompatibility of zinc-containing soda
lime borosilicate glasses has shown significant results for bone tissue engineering applications.

1. Introduction

One of the important innovations for mankind in the last century was
the gold standard 45S5 bioglass. It is the first man-made biomaterial so
far. One of the first clinical applications of bioactive glass was to restore
the hearing disability of patients by middle ear implants. SiO — NayO —
CaO - P50s5 system has been the first bioactive glass developed by Larry
Hench et al [1]. After the invention of the 45S5 glass system, many glass
and glass-ceramic systems have been developed for orthopedic and
dental applications [2-4].

Since the discovery of glass, borate-based glasses have been very
useful materials in optical and most engineering applications. From the
past two decades, borate-based glasses have also been used in medical
applications such as implant materials [5]. Borate-based glasses were
found to be significant materials in curing chronic wounds. Even though
borate-based glasses are useful biological materials, there are only
limited studies [6-9]. Studies by D. E. Day et al [10] have contributed
significantly to the scientific fraternity in terms of the development of
new borate-based glass materials. As part of the study, glass spheres
were prepared using the glass system ByO3— Dy0s3— LioO — MgO —
Aly03— SiO». Bioactivity was studied in phosphate-buffered saline. The
transformation of glass into medical material depends on glass design,
ingredients in the body fluid, and temperature. The transformation rate
was also affected by the addition of different oxide materials. Some
important findings in the transformation process are, borate glass is fully
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transformed into strange material within a few hours at low tempera-
tures, say, nearly 50°C. The material composition thus obtained can be
modified by altering the composition of starting material and associated
body fluid. The size of the glass particle does not change during the
transformation process, so the size of the final material can be adjusted
by using particles of the desired size.

Several authors have reported that borate and borosilicate bioactive
glasses show higher dissolution nature [11,12]. To improve the prop-
erties of the glass system, some of the transition elements are the best
candidates which can be incorporated during the synthesis process. Zinc
is one of the important and essential inorganic trace elements in the
human body, which is available in 1.5-2.5 g in different parts of the
biological tissues [13]. Zinc plays a unique role in bone formation in
vitro by the stimulation of protein synthesis in osteoblast cells and to
prevent bone resorption by inhibiting the formation of osteoclast cells
[14].

Aina et al [15,16], developed zinc-containing 45S5 bioglass by
conventional melt quenching method and studied biological properties
with human osteoblast cells and endothelial cells. Irrespective of the
concentration of zinc content in the bioactive glass system, the bioactive
glass showed toxicity to human osteoblast cells. A higher amount of zinc
content inhibited bioactivity. Balamurugan et al [17] synthesized
zinc-containing silico phosphate bioactive glass using the sol-gel
method. The addition of about 5 mol% of zinc did not retard the
bioactivity of the glass system. Biological studies like cell proliferation
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In this study, biologically active chitooligosaccharides (COS) D;_, (D-deacetylated unit) and A; (A-acetylated
unit) were assessed for their suitability to reduce the viability of human breast cancer cell lines, BT-474 and
SUM-159. The treatment with COS resulted in a significant decrease in the viability of breast cancer cells, in a
dose-dependent manner. The long-term proliferative potential of breast cancer cells decreased upon COS treat-
ment, suggesting that COS significantly inhibited colony formation in breast cancer cells. The COS-treated cell
population significantly underwent apoptosis, confirmed by flow cytometry. Further, the increased expression
of BAX, cleaved PARP, and cleaved caspase 3, with increased concentration of COS, conformed that COS-D;_,
and A; induce apoptosis in BT474 cells through apoptotic signaling. We further investigated the mechanism by
which COS promotes apoptosis. The marked inhibition of phosphorylation of EGFR and its downstream signaling

molecules FAK, AKT, and MAPKpromote apoptosis.

1. Introduction

In women, breast cancer is the most common cancer in the world.
The occurrence of this aggressive disease with approximately 17 mil-
lion new cases is increasing each year (Anastasiadi, Lianos, Ignatiadou,
Harissis, & Mitsis, 2017). Breast cancer remains a major health prob-
lem and remained biomedical research priority. Research efforts have
been made, over the past decade, to reduce breast cancer burden. Breast
cancer is a heterogeneous disease with different molecular, cellular,
and morphological features (Gajulapalli, Malisetty, Chitta, & Manavathi,
2016). Due to this very nature, there is a continuous raise in the mor-
tality of breast cancer patients. Various combinations of treatments like
surgery, chemotherapy, and radiotherapy are available for treatment.
However, most of the drugs have displayed resistance, incomplete effec-
tiveness, toxicity, tumor recurrence, aggressiveness, etc., ( Kim, Kang,
Choi, & Ko, 2015), leaving scope for the development of natural prod-
ucts with anti-tumor effects.

The hydrolytic products of chitin and chitosan are called chi-
tooligosaccharides (COS). COS have wide-ranging biological applica-
tions in agriculture, cosmetics, and health care (Das et al., 2015;
Dou et al., 2009; Fernandes et al., 2008). The COS consist of either acety-
lated units (A) of glucosamine (GlcNAc) or deacetylated units (D) of glu-
cosamine (GlcN) or both A and D units linked through g-1,4 glycosidic
bonds. Increasing interest in COS is due to unique properties such as
water solubility, cell membrane permeability, easy absorption, and dif-

* Corresponding author.
E-mail address: arpsl@uohyd.ernet.in (A.R. Podile).
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ferent biological activities. Some of the reported biomedical activities of
COS include anti-tumor, antimicrobial, antioxidant, immunoregulatory,
antihypertensive, and hypo-cholesterolemic effects (Harish Prashanth &
Tharanathan, 2007; Kim & Rajapakse, 2005).

The anti-cancer properties of the COS make them potential anti-
cancer agents (Liaqat & Eltem, 2018). The molecular weight (MW), the
degree of polymerization (DP), degree of acetylation (DA), and the pat-
tern of acetylation play an important role in biological activities of COS,
including anti-tumor activity. For example, COS with low MW showed
higher anti-tumor activity and decrease in MW resulted an increased
tumor suppression ability (Salah et al., 2013). Chitohexaose was essen-
tial to manifest anti-cancer activity (Li et al., 2011; Xiong et al., 2009).
Further, COS can inhibit the proliferation and also induce apoptosis in
cancer cells. The anti-proliferation effects and apoptosis have been ob-
served upon treatment of COS on human lung and gastric cancer cells
(Han, Cui, You, Xing, & Sun, 2015; Luo, Deng, Deng, & Wen, 2016). Pro-
moting apoptosis by chemotherapeutic drugs is an important strategy
to counteract cancer (Alimbetov, Askarova, Umbayev, Davis, & Kipling,
2018), as one of the hallmarks of the cancer cells is to evade apoptosis.

We have verified, whether the natural compounds like COS with dif-
ferent DP and DA (D3_; and Ag) possess anti-cancer activity on human
breast cancer BT-474 cells. We, now, present evidence on the anti-cancer
activities of deacetylated COS with DP;_, (D3 ), and, for the first time,
for the acetylated COS with DP5 (As), and their potential as therapeutic
agents against breast cancer.
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Abstract

Zirconia-containing wollastonite (CaSiO3) ceramics with partial substitution of zirconia (1, 3 and
5 mol%) were prepared using eggshells and rice husk ash as source materials for calcium oxide and
silica, respectively, through a sol-gel technique. The effect of incorporation of zirconia on in vitro
bioactivity, mechanical properties, degradability and cytocompatibility of wollastonite was studied.
Bioactivity was evaluated by in vitro assay using simulated body fluid while degradability was tested
in Tris-HCI buffer solution for different time periods (1, 3, 7, 14 and 21 d) according to the ISO
10993-14 standard. Human osteosarcoma (MG-63) cells were used to assess cytocompatibility
with the MTT assay. X-ray diffractometry, Fourier transform infrared spectroscopy and scanning
electron microscopy—energy dispersive spectroscopy were used to characterize the ceramics before

and after in vitro studies. The results obtained showed that increasing the zirconia content in the
wollastonite phase increases microhardness, compressive strength, bending strength and the
elasticity modulus, while slightly decreasing the rate of formation of the hydroxyapatite layer.
Moreover, the samples doped with zirconia had a lower degradation rate and it was noticed that
cell viability is unaffected by the incorporation of zirconia.

1. Introduction

Calcium silicate-based ceramics, including wollaston-
ite, akermanite, diopside, merwinite and bredigite,
have been widely studied in recent years because they
support the attachment, proliferation and differenti-
ation of osteoblast-like cells such as human mesen-
chymal stem cells [1-3]. Ca and Si are two ions that
dissolve from these ceramics. Ca ions play an import-
ant role in cell reactions in bioceramics including cell
proliferation and differentiation into osteoblasts [4].
Si is one of the most significant trace elements in the
human body, acting as a key controller of bone calci-
fication and helping to improve bone density and pre-
vent osteoporosis, specifically during the early stage
of bone formation [5, 6]. It has also been reported
that the dissolution products from calcium silicates
enhance the effect of insulin-like growth factor on cell
proliferation [7]. Moreover, calcium silicate ceramics
show better mechanical properties than other calcium
phosphate ceramics [8, 9].

© 2020 IOP Publishing Ltd

Wollastonite (CaSiO3), which has a monoclinic
crystal structure, belongs to the group of calcium
silicate ceramics. It exists in two forms: a low-
temperature form called (3-wollastonite ({3-CaSiO;)
and a high-temperature form called x-wollastonite
(t-CaSiO3) [10-12]. It has received attention for its
ability to contribute to hard tissue regeneration due to
its progressive bio-functionalities [13, 14]. Siriphan-
non et al [15] showed that the apatite growth rate
on wollastonite was faster than on A-W glass ceram-
ics and other bioactive glass ceramics. In vitro cell
culture assessments demonstrated that wollastonite
ceramics can support the attachment of osteoblast-
like cells and the proliferation and differentiation
of bone marrow mesenchymal stem cells [16-18].
However, the degradation rate of wollastonite ceram-
ics is relatively high, leading to abrupt changes in
the pH value of the local environment by dissol-
ution ions which may negatively affect surround-
ing cells [19]. Additionally, the high rate of solubil-
ity is a likely reason for failure of scaffold construc-

Page 114


https://doi.org/10.1088/1748-605X/ab975d
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/ab975d&domain=pdf&date_stamp=2020-07-31
https://orcid.org/0000-0002-6591-8969
https://orcid.org/0000-0001-8269-4322
https://orcid.org/0000-0003-4742-8867
https://orcid.org/0000-0002-1797-398X
mailto:drazeem2002@yahoo.com

Received: 29 May 2019

Revised: 25 July 2019

Accepted: 8 August 2019

DOI: 10.1111/jace.16745

ORIGINAL ARTICLE

‘ updates

Journa*l

iAmerican Ceramic Society

A comparative study on in vitro behavior of calcium silicate
ceramics synthesized from biowaste resources

Srinath Palakurthy1

Vasudevarao Penugurti2

1Department of Physics, National Institute
of Technology Warangal, Warangal, India

2Department of Biochemistry, School of
Life Science, University of Hyderabad,
Hyderabad, India

Correspondence

P. Abdul Azeem, Department of Physics,
National Institute of Technology Warangal,
Warangal 506004, India.

Email: drazeem2002 @yahoo.com

Funding information
Science and Engineering Research Board;
MHRD, Government of India

1 | INTRODUCTION

Calcium silicate ceramics have been identified as bioactive
and prospective candidates for bone tissue engineering ap-
plications.'™ Researchers have reported that bone tissue
can be produced on calcium silicate ceramics with hydroxyl

| P. Abdul Azeem!

| K. Venugopal Reddy' |

| Bramanandam Manavathi?

Abstract

Calcium silicate ceramics have received significant attention for biomedical applica-
tions for their excellent bioactivity and osteoconduction properties. Sol-gel process
is extensively used for the fabrication of calcium silicates. In sol-gel process, calcium
nitrate tetra hydrate (Ca(NOs),-4H,0) and tetracthylorthosilicate (TEOS) are used as
precursors. However, these precursors are expensive. The objective of this work was
to compare in vitro behavior of calcium silicate (CaSiO;) produced using biowaste
such as rice husk ash (RHA) and eggshells (coded; NCS) with CaSiO; prepared
using TEOS and Ca(NOs),-4H,O (coded; CCS). Thermal investigation results re-
vealed that the crystallization temperature for NCS is relatively lower (772°C) than
for CCS (870°C). Bioactivity was studied in vitro using simulated body fluid (SBF)
with respect to mineralization rate of hydroxyapatite. Mineralization of a greater
hydroxyapatite was observed on NCS ceramics than CCS ceramics after incubation
for 3, 7, 14 days in SBF solution, which was confirmed using X-ray diffractom-
eter, Fourier transform infrared spectroscopy, scanning electron microscopy-energy
dispersive spectroscopy. Degradation studies were conducted in Tris-HCI solution
and the test results revealed that NCS ceramics has lower dissolution rate than CCS
ceramics. The antimicrobial assay has shown that NCS samples exhibit significant
zone of inhibition against Escherichia coli and Staphylococcus aureus which con-
firmed that the CaSiO; prepared from RHA and eggshell can prevent bacteria from
adhering to the surface. In addition cell culture studies revealed that NCS ceramics
possess good cytocompatibility with MG-63 cells and significantly promoted cell

proliferation.

KEYWORDS

bioactivity, calcium silicate, hydroxyapatite, sol-gel

carbonated apatite layer deposition.4’5 Moreover, these ceram-
ics can support the attachment of human bone-derived cells,
their proliferation and differentiation.®® The conventional
starting materials used to synthesize calcium silicates are
calcium oxide (CaO) and silica (SiO,). Commercial calcium
oxide and calcium nitrate tetra hydrate (Ca(NO;),-4H,0) are
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ABSTRACT

In the present study, systematic and detailed investigations have been reported, in terms of bioactivity,
cytocompatibility and mechanical hardness of a synthetic material that is proposed as a bone implant
material in in-vitro conditions. The objective of the present study is to explore the effect of niobium
addition on bioactivity and cytocompatibility of soda lime borosilicate bioglasses. Synthesis of bioglasses
is carried out by conventional melt-quenching method. Simulated body fluid is prepared by Tas method.
The bioactivity study was done for twenty-one days of immersion in simulated body fluid. XRD, FTIR, and
SEM-EDS are showed formation of hydroxyapatite layer on the niobium added soda lime borosilicate
glass even at a higher concentration (10 mol %) of niobium content. Degradation test was performed as
per ISO 10993. The results obtained from degradation studies have demonstrated that weight loss of
niobia mixed soda lime borosilicate glasses decreased with the increase of niobia. Cytocompatibility
study has been studied by MTT Assay with osteoblast cells (MG-63). Cell viability is not affected by the
addition of niobium content. Niobium added soda lime borosilicate glasses are both bioactive and
cytocompatible. Hence it can be concluded that niobia mixed borosilicate glasses may be used as po-

tential material in bone tissue engineering.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Biomaterials have played very important role in recent times
and have been used for different types of medical applications.
More significantly, biomaterials have been used for not only bone-
related hard tissue problems but also soft tissue regeneration and
these materials including a combination of metals, polymers, ce-
ramics, with the combination involving any of them [1,2]. Among
different types of biomaterials, bioactive glass has attracted huge
attention because of easy processing and controllable properties
[3]. Bioglass was discovered by Larry Hench in 1969, which was the
first man-made synthetic material that could bond chemically with
living bone [4]. Hench formulated a composition of silicate-
calcium-sodium-phosphorus in which the ratio of Ca/P matches
with the Ca/P of bone. This is an exciting alternative for first-
generation inert biomaterials. Silica-based materials have been

* Corresponding author.
E-mail addresses:  drazeem2002@yahoo.com, drazeem2002@gmail.com,
drazeem2002@nitw.ac.in (P. Abdul Azeem).

https://doi.org/10.1016/j.jallcom.2018.06.069
0925-8388/© 2018 Elsevier B.V. All rights reserved.

extensively studied for bone tissue engineering applications due to
their characteristic feature of apatite-forming ability, i.e., ability to
form carbonated hydroxyapatite layer on the surface of the mate-
rials when exposed to physiological fluids [5,6]. Most commercial
bioactive glasses contain SiO, as a basic constituent. However, the
degradation of silica-based glasses is highly time-dependent,
which rather restrict their usage as bone implants [7]. As a result,
borate glasses were shown to have potential in bone bonding
ability as their corrosion mechanism match with Hench's compo-
sition [8—12]. Because of low mechanical strength, the application
of borate-based glass with different chemical compositions has
been continuously investigated.

The primary test for a bioactive material that is going to be used
in implants is performed in vitro using a simulated body fluid (SBF).
Niobium is a comparatively less investigated transition metal and it
exhibits good biocompatibility and osteoconductivity and has
excellent corrosion resistance [13—15]. Niobium has been reported
that toxicity levels are very less compare to other transition metals
like titanium(Ti) [16] and it has the capability of angiogenesis for
bone regenerative applications [17]. Niobium oxide has the ability
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Abstract

Self-assembly is an important auto-organization process used in designing structural biomaterials
which have the potential capability to heal tissues after traumatic injury. Although various materials
having the ability to heal after injury are available, there is still a substantial need to develop new
improved materials. To address this issue, we have developed hierarchical three-dimensional (3D)
self-assembled zinc phosphate (Zn3(PO,),) in the presence of cowpea mosaic virus (CPMV).
Zn3(PO,), nanoparticles are self-assembled into nanosheets with a high degree of isotropy and then
self-organized into a 3D structure that can enhance surface interactions with biological entities. The
self-assembled structure is formed through the auto-organization of nanoparticles of size ~50 nm
under the influence of CPMV. The cellular response of self-assembled Zn;(PO,), and cell-particle
adhesion behavior have been investigated through in vitro studies using modeled osteoblast-like
MG®63 cells. Self-assembled Zn;(PO,), resulted in proliferation of MG63 cells of up to 310% within 7
days of incubation. A 15% higher proliferation was obtained than with commercially available
hydroxyapatite (HAp). Immunofluorescent analysis of MG63 cells after co-culturing with self-
assembled Zn;(PO,), confirmed the healthy cytoskeletal organization and dense proliferation of
MG63 cells. Further, Zn;(PO,), exhibited ~28% cell-cycle progression in S phase, which is higher
than obtained with commercially available HAp. Overall, these results demonstrate the multiple
functions of hierarchical self-assembled Zn;(PO,), in the regeneration of bone tissue without defects
and increasing the formation of cellular networks, and suggest its use in bone tissue engineering.

1. Introduction

Self-assembled nanostructured materials have recently
attracted attention in biotechnology [1] and cell-based
therapy for the treatment of damaged tissues [2—4]
because the self-assembly approach can generate many
complex structures that mimic the chemical and
physical properties of the extracellular matrix. The
main driving force for the self-assembled organization
of biomaterials is the van der Waals force of interaction
[5]. Self-assembled ceramic, polymer and hydro-gel
biomaterials are used for tissue engineering to enhance

biological activities [1, 6, 7], and most of these have
been used to enhance cell adhesion and proliferation.
Zinc phosphate (Zn3(PO,),) has recently been
recognized as a biomaterial, and due to its biocompat-
ibility is widely used as a nontoxic anticorrosive agent
[8], in dental cements [9] and as a drug delivery vehicle
[10]. Naturally occurring Zn;(PO,), is found in
orthorhombic hopeite and triclinic parahopeite crys-
talline forms and is not available in pure form [11];
however, Zn;(PO,), can be chemically synthesized in
the presence of templating agents [12] by varying the
[13, 14]. Notably, small

reaction conditions

©2017 IOP Publishing Ltd
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The present study aims to elucidate the applications of Titania (TiO,) doped calcium borosilicate glass as a bio-
compatible material in regenerative orthopedic applications. In this context, we have examined the bioactivity
of various concentrations of TiO, doped glasses with the help of simulated body fluid (SBF). Cytocompatibility,
cell proliferation, and protein expression studies revealed the potential candidature of TiO, doped glasses on os-
teoblast cell lines (MG-63). We hypothesized that TiO, doped calcium borosilicate glasses are most
cytocompatible material for bone implants. Glasses with composition 31B,03-20Si0,-24.5Na,0-(24.5 — X)

gfﬂ,f;f;ﬁble material Ca0-xTiO, (x = 0,0.5,1,2) have been prepared by the conventional melt-quenching technique. After immersion
Bioactivity of glasses in the SBF, formation of hydroxyapatite layer on the surface was confirmed by X-ray Diffractometer
Cell viability (XRD), Fourier Transform Infrared Spectroscopy (FT-IR) and Scanning Electron Microscopy-Energy Dispersive
Cytocompatibility Spectroscopy (SEM-EDS) analysis. Significant change in the pH of the body fluid was observed with the addition

Proliferation
Human osteoblast cells

of titania. Degradation test was performed as per the ISO 10993. The results showed that partial substitution of
TiO, with Ca0O negatively influenced bioactivity; it decreased with increase in concentration of TiO,. Vickers hard-
ness tester was used to measure the microhardness values of the prepared glasses. With the increasing of TiO,
content, the microhardness of the glass samples was increased from 545 Hv to 576 Hv. Cytocompatibility has
been evaluated with MG-63 cells by using MTT assay. Further, we observed that there was no change in expres-
sions of cyclin levels even after the incorporation of titania. The antibacterial properties were examined against
E. coli and S. aureus. Strong antibacterial efficacy was observed for 2% TiO-, in the system. Hence it can be conclud-
ed that titania-doped borosilicate glasses may be used as potential materials in bone tissue engineering.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

‘Bioceramics’ are biocompatible materials, which find use in several
clinical applications. Bioceramics can be produced in crystalline and
amorphous forms and they are generally classified into two groups
based on their chemical composition; calcium phosphates and others,
including yttria-stabilized tetragonal zirconia, alumina ceramics, silicate
and phosphate families of glasses and glass-ceramics [1]. Bioactive
glasses are considered as potential materials for bone substitution, as
they can form a direct bond with the living bone without formation of
bond with surrounding fibrous tissue. One of the essential conditions
for the bioactive material is that it should form a biologically active ap-
atite called hydroxylapatite layer (HAp) on its surface through which
the material could form a bond with both soft tissues as well as hard tis-
sues [2].45S5 is the best implant material, not only for dental and ortho-
pedic applications but also, for ossicular prostheses, endosseous ridge
maintenance, and other applications [1,3].

* Corresponding author.
E-mail address: drazeem2002@nitw.ac.in (Abdul Azeem P).
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0928-4931/© 2017 Elsevier B.V. All rights reserved.

Boron plays a vital role in bone formation and depends on its con-
centration in the composition. The highest concentrations of boron are
found in bone, nails, and hair [4]. Day et al. [5-9] have extensively stud-
ied the use of borate glasses in biomedical applications. Recent studies
have demonstrated that the potential bioactivity of borate glasses
comes from their lower chemical durability, faster degradation rate
and almost complete conversion to hydroxyapatite (HAp) than the
widely studied 45S5 bioglass when placed in SBF. Studies have shown
that some borate glasses have the ability to support the growth and dif-
ferentiation of human mesenchymal stem cells, and to promote bone
formation more rapidly than silicate based 45S5 glass [10,11]. S. M.
Wiederhorn et al. [10] reported that higher amount of borate content
weakens the glass structure. Glass structure was strengthened by incor-
poration of silica as former and CaO as modifier respectively [12].

Titanium has gained importance recently for its broad range of appli-
cations in the biomedical field [13]; it is one of the earliest transition
metals to be investigated for antitumor properties; also it is found to
elicit favorable cell response and is concluded to be one of the best ma-
terials suited for biological requirements [ 14]. Hence, titanium is widely
used as a biomaterial for several dental and orthopedic clinical
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