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Abstract

Chemotherapy is a cornerstone in cancer treatment, but multidrug resistance (MDR)
poses a substantial challenge. Hyperactivity of efflux pumps is one of the vital reasons to
confer MDR. P-GP, MRP1 and ABCG2- these key ABC efflux pumps collectively
transport a spectrum of chemotherapeutic drugs out of cells. HIF1A, a master regulator, is
also associated with cancer biology, influencing cellular invasion, angiogenesis and
metabolism. HuR regulates the expression of various carcinogenic molecules by mRNA
trafficking, stabilization and enhancement of protein translation as well. Thereby this
study addresses a crucial research gap in Bangladeshi population by inspecting the
expression patterns of P-GP, MRP1 and ABCG2 in chemoresistant breast, colorectal and
ovarian tissues. This study also aimed to delve into the mechanisms of drug resistance,
focusing on HIF1A and HuR driven overexpression of ABC transporters, thus leading to
chemoresistance. In this prospective study, 57 (chemoresistant) and 57 (paired control)
tissue samples from Bangladeshi cancer patients were processed for immunofluorescence
staining. The data showed the consistent co-expression of P-GP, MRP1 and ABCG2
across all cases, suggesting a potential synergistic function of transporter proteins in
chemoresistance. The observations from this study also revealed that HIFLA and HuR
overexpress in chemoresistant tissues, suggesting their pivotal role in chemoresistance
mechanisms across malignancies and potential as therapeutic targets in Bangladeshi
population. This study also suggests a direct regulation of P-GP, MRP1 and ABCG2
transcription by HIF1A that binds to the 'CGTG' sequence in the promoter regions.
Besides, HUR might facilitate posttranscriptional mMRNA stabilization by interacting with
AU-rich elements (ARES) in the 3'UTR regions of the ABC transporters. Inhibition of
these interactions of HIF1A and HuR appears as a promising approach to reverse
chemoresistance. Thus, this study offers constructive insights for designing more efficient

treatment strategies.
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Introduction

1.1. Chemoresistance

Cancer has been a substantial worldwide health concern for decades, leading to the
invention of numerous remedial interventions. Amid the array of current cancer treatment
techniques, chemotherapy stands out as the most potent and efficient approach for those
with limited or unsatisfactory responses to surgery or radiation therapy [1,2].
Anthracyclines, taxanes, antimetabolites like antifolates and nucleoside analogs, cyclin-
dependent kinase inhibitors (CDKIs), tyrosine kinase inhibitors (TKIs), platinum-derived
compounds and vinca alkaloids are the extensively utilized chemotherapeutic agents
across various cancer types [3]. Although the creation of novel antineoplastic drugs has
enhanced the efficacy of cancer treatment, the issue of multidrug resistance remains

particularly formidable, especially in addressing metastatic cancers [4-6].

Chemoresistance refers to the phenomenon of tumors developing resistance against
chemotherapeutics, thereby diminishing the effectiveness and contributing to relapse and
metastasis [7]. Multidrug resistance effects a broad spectrum of drugs which include
Vinka alkaloids (e.g. vinblastine and vincristine), Anthracyclines (e.g. doxorubicin and
daunorubicin), the RNA transcription inhibitor actinomycin-D and the microtubule-

stabilizing agent paclitaxel [8].

1.1.1. Mechanisms of Chemoresistance

When subjected to chemotherapy, cancer cells can exhibit multiple mechanisms of
multidrug resistance [4]. This can be categorized into two groups: 1) inherent resistance,
which stems from the genetic attributes of the tumor cells that serves as a protective
mechanism and 2) acquired resistance, result from the exposure of cells to drugs over
time [9-13]. Moreover, chemoresistance mechanisms include the reduction of water-
soluble drugs uptake in the cells, the promotion of DNA damage repair, the suppression
of apoptosis, the increase in the efflux of hydrophobic drugs, as well as alterations in drug

metabolism and the cell cycle [14].

Elevated expression of drug transporters leads to a decrease in the levels of
chemotherapeutic agents within the cancerous intracellular environment [4]. Numerous
anticancer drugs target the intracellular components and so the involvement of cell-
membrane transporters becomes crucial in the context of multidrug resistance [15]. In
cases where the drugs are unable to traverse the cell membrane, their potential to exert

any effect is nullified [15]. This mechanism falls in the ‘inherent resistance’ category.
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Resistance through the mechanism of diminished drug uptake occurs particularly with
water-soluble drugs relying on transporters and carriers responsible for transferring
nutrients into the cell, even if there is no noticeable rise in efflux. Notable examples
contain methotrexate, an antifolate, nucleotide analogs like 5-fluorouracil and 8-
azaguanine, as well as cisplatin [4]. Multidrug resistance through the activation of
synchronized detoxification systems, such as DNA repair and Cytochrome P450 mixed-
function oxidases can be prompted by exposure to different drugs [4]. Finally, malignant
transformation of apoptotic pathways, such as in cases of cancers exhibiting mutated or

non-functional p53 leads to resistance to chemotherapy drugs [16].

1.1.2. Global Status of Chemoresistance

The worldwide prevalence of chemoresistance is quite high. Drug resistance mechanisms
have been contributing to over 90% of treatment failures in metastatic malignancies [17—
20]. Approximately 30% of women diagnosed with early-stage breast cancer encounter
relapse, along with drug resistance in at least 25% of diagnosed cases and this is playing a
pivotal role in the elevated mortality rate associated with breast cancer [21]. Nearly half
of the patients experiencing recurrent disease indicate that multidrug resistance is a
predominant trait for colorectal cancer [22]. Around 50% to 70% of cases with ovarian
adenocarcinomas experience recurrence within the initial year following surgical
intervention and chemotherapy [23]. Another research revealed that 20% to 30% of
individuals diagnosed with ovarian cancer show chemoresistance and a notable portion of
primary responders to chemotherapy eventually experience disease relapse within 12 to
24 months [24]. Non-small cell lung cancer (NSCLC) recur in 30%-50% of the cases,
which ultimately leads to mortality [25]. Out of those who undergo surgical resection for
pancreatic adenocarcinoma, merely 19% to 22% manage to survive up to five years, as a
result of either local or distant recurrence [26,27]. Furthermore, pancreatic cancer has a
possibility of relapse even during adjuvant chemotherapy [28]. Pattison et al. stated that
more than 50% of diffuse gastric cancer patients can face relapse within the first year of
surgery and adjuvant chemotherapy [29]. In addition, the ineffectiveness of drugs
resulting from chemoresistance contributes to as much as 90% of cancer-associated
deaths [23]. While there are about 1.3 to 1.5 million cancer patients with an
approximation of 0.2 million annual new diagnoses in Bangladesh, the realm of cancer
chemoresistance lacks empirical investigation, aside from a few in silico studies
conducted thus far [30,31].
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1.2. Current Landscape of Breast, Colorectal and Ovarian Cancer

1.2.1. Breast Cancer

On a global scale, breast cancer ranks as the most prevailing form of cancer among
women [21,32]. In the year 2020 alone, over 2 million patients were diagnosed with
breast cancer, constituting 11.7% of all cancer incidence and resulting in 684,996 deaths
[33]. Especially, the mortality rates for breast cancer exhibit evident differences between
transitioning and transitioned countries, with transitioning nations suffering a heavier
burden [34]. The year 2020 witnessed nearly 1 million new breast cancer cases in Asia
and 346,009 related fatalities [33]. South Asia, in particular, struggles with an increasing
breast cancer crisis [35]. Breast cancer has ascended to the top five leading cancers for
females in Bangladesh, where in 2020, the recorded incidence was 2,753 cases, with
1,772 mortalities [33,36].

1.2.2. Colorectal Cancer

Colorectal cancer (CRC) also appears as a prevalent malignancy globally. Despite
surgical procedures and chemotherapy, it upholds its position as a significant contributor
to cancer-related mortality [22,37-39]. In the year 2020, the worldwide landscape saw a
devastating incidence of around 1.2 million cases of CRC followed by 576,858 deaths
[33]. The Asian region encounters its own share of this formidable disease. With 569,186
newly diagnosed cases and 296,236 reported mortalities during 2020, the impact of CRC
remains as a concern in Asia [33]. Bangladesh, particularly, faces the impact of this
malignancy, reporting a number of 2,753 incidents and 1,772 deaths in the same year
[33].

1.2.3. Ovarian Cancer

Ovarian cancer stands as one of the most frequent gynecologic malignancy, comprising
nearly 4% of all gynecologic cancers [40,41]. Moreover, it possesses high mortality rate
within the reproductive system cancers [41,42]. Oftentimes, ovarian cancer is diagnosed
at an advanced stage, contributing to the death of the patients within five years [43]. From
the worldwide view, the year 2020 saw an incidence of 313,959 ovarian cancer cases
accompanied by 207,252 deaths [33]. This pattern similarly echoed in Asia during 2020,
where 170,759 cases were detected and 112,936 lives were lost [33]. As ovarian cancer
also took a place in the top five female cancers in Bangladesh, this nation is confronting

its own burdens in battling this disease [36]. In 2020, a report from Global Cancer
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Observatory by World Health Organization (WHO) showed that there were 3,122 ovarian
cancer incidents and 2,096 related deaths in Bangladesh [33].

1.3. ATP-binding Cassette (ABC) Transporters

The ATP-binding Cassette (ABC) transporter superfamily is recognized as one of the
largest and most widely expressed protein superfamilies in the context of size and
expression diversity [44]. The human genome has revealed the existence of 49 distinct
ABC transporters, grouped into seven classes (A—G) according to sequence resemblances
[45,46]. These transporters innately exist in various tissues as membrane proteins [15,46].
They are distributed within tissues, such as the blood-brain barrier, kidneys, liver and
gastrointestinal tract, which reinforces their role not only in defense, but also other
functions as well [17,47-49]. Notably, all eukaryotic ABC proteins function as efflux
pumps that transport toxins, drugs, metabolites, ions, etc [50].

1.3.1. Structure of ABC Transporters

The fundamental structure of a typical ABC transporter consists of two conserved
nucleotide-binding domains (NBDs), denoted as NBD1 and NBD2 and two
transmembrane domains (TMDs), designated as TMD1 and TMD?2 [51] (Figure 1.1). On
all ABC transporters, NBDs display a uniform composition by three highly conserved
amino acid (AA) sequences: Walker A, Walker B and Walker C [52]. The functional roles
of Walker A and Walker B motifs are vital for ATP binding and hydrolysis activities,
respectively and these are located approximately 100 to 200 AAs apart [52]. These two
motifs are universally found in all ATP-binding proteins [52]. While the Walker A motif
interacts with alpha- and gamma-phosphates of di- or trinucleotides, Walker B motif
coordinates to magnesium ions [51]. Remarkably, the Walker C (LSGGQ) motif is
exclusive to ABC transporters and proposed to play a significant role in dimerization of
NBD1 and NBD2 [53].
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Figure 1.1: Basic structure of ABC transporters (adopted from [54]).

1.3.2. Mechanism of ABC Transportation

In the case of most ABC transporters, the transportation process involves the binding and
subsequent hydrolysis of ATP at their NBDs, serving as the crucial energy source to
transport substrates across membranes [52]. The TMDs collaborate to generate a
permeable channel, enabling the selective and energy-driven movement of substrates

from the cytoplasm to the extracellular space [55].

1.3.3. Function of ABC Transporters

Functioning as a superfamily of transport systems, the predominant role of most members
within this superfamily involves active transportation of a broad spectrum of compounds
across biological membranes [7,56]. This includes substances like phospholipids, ions,
peptides, steroids, polysaccharides, AAs, organic anions, bile acids, drugs, xenobiotics
and other foreign elements [7,56].
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1.3.4. ABC Transporters in Cancer Chemoresistance

In order to establish the connection of ABC transporters in conferring resistance to
antineoplastic drugs, some criteria need to be fulfilled: 1) cancer cells exhibit transporter
expression against specific medications. This implies that the transporters need to be
expressed at levels sufficient to contribute to resistance. 2) the level of transporter
expression should correlate with the degree of chemoresistance observed. 3) over the
treatment course, the development of drug resistance should align with the expression of
the transporter. 4) when the transporter is expressed and no other resistance mechanisms
are evident, the use of transporter inhibitors should effectively reverse the condition. 5)
incorporating transporter inhibitors in chemoresistant cases should yield a remarkable

survival advantage [45].

Four members of the ABC superfamily (A, B, C and G) have been proven to bestow drug
resistance on cancer cells [45]. The transporters participating in multidrug resistance
include ABCA2, ABCA3, ABCB1 (MDR1/P-GP), ABCB4 (MDR2/MDR3), ABCBS5,
ABCC1 (MRP1), ABCC2 (MRP2/cMOAT), ABCC3 (MRP3), ABCC10 (MRP7) and
ABCG2 (BCRP/MXR/ABC-P) [57-66]. Their behavior in chemoresistance, however,
varies exclusively for each transporter. Among these, P-GP, MRP1 and ABCG2 play a
collective role in transporting 80% of all drugs out of cells [23,32,38,39,67-71].

1.4. P-GP, ABCG2 and MRP1: Key Players in Drug Transport and

Resistance

1.4.1. P-GP/MDR1/ABCB1
Discovered by Biedler et al. in 1970, the 170 kDa phosphoglycoprotein, also known as

the ‘permeability’ glycoprotein (P-GP), was detected as a cell surface protein in
mammalian cell lines responsible for progressing multidrug resistance [72-75]. This
protein belongs to the subfamily B within ABC gene family that is found universally
across all life forms and serves a vital role in cellular homeostasis [76—78]. With 12
transmembrane segments and two ATP-binding regions / NBDs, it operates as a broad-
spectrum multidrug efflux pump (Figure 1.2) [79]. P-GP efficiently effluxes cytotoxic
orally administered drugs and a wide array of common pharmaceuticals from the lipid
bilayer by first-pass elimination [4,80]. This protein operates within systems such as the

intestinal epithelium, liver cells, renal proximal tubule and capillary endothelial cells [7].
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Figure 1.2: Structure of P-GP (adopted from [81]). NBD = Nucleotide binding domain; TM =

Transmembrane domain

To transfer a single drug molecule outside the cell, two discrete ATP hydrolysis events are
required, which occurs consecutively rather than concurrently [82]. ATPase activity of P-
GP is prompted with the binding of a substrate to the transmembrane regions, inducing a
structural shift that discharges the substrate either into the extracellular space or the outer
leaflet of the membrane [83]. Hydrolysis at the second ATP site is essential for resetting
the transporter, enabling it to bind with a new substrate, thereby fulfilling a catalytic cycle
[84]. P-GP can facilitate the transportation of a broad spectrum of agents, including
actinomycin D, colchicine, puromycin, tacrolimus, daunorubicin, bisantrene, quinidine,
mithramycin, etoposide, vincristine, paclitaxel, docetaxel, doxorubicin, vinblastine,
mitomycin C, lipids, steroids, bilirubin, digoxin, teniposide and dexamethasone
[7,74,80,85-89].
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P-GP is identified to be responsible for detoxifying cancer cells by effluxing cytotoxic
drugs and simultaneously leading to its overexpression in cancer-transformed tissues
[80,90]. This elevation of P-GP expression is regulated through two distinct mechanisms:
Firstly, inherent expression, where malignancies originating from epithelial tissues (e.g.,
colon, kidney, brain and liver) innately exhibit P-GP. Secondly, inducible expression,
whereby cancers induce P-GP expression over the chemotherapy course [15,18,80]. The
correlation between the drug-triggered increase in P-GP levels and the lack of response to
chemotherapeutic agents is also addressed by Takara et al [91]. Significantly,
overexpression of this protein and contribution to drug nonresponse have been
documented across various hematological and solid tumors, including leukemia,

neuroblastomas, ovarian, colorectal and breast cancers [92-101].

1.4.2. MRP1/ABCC1

In 1992, Cole et al. cloned the 190 kDa multidrug resistance-associated protein-1
(MRP1), which is a member of the C subfamily of the ABC superfamily [46,92]. The
chromosomal location of MRP1 encoding gene is at 16p13.1 and this gene results in a
1531-AA protein product [102]. MRP1 is structurally similar to P-Glycoprotein (P-GP),
featuring an exclusive amino-terminal extension that includes five membrane-spanning
domains, incorporated into a core alike of P-GP. The current structure of MRP1 is
characterized by three TMDs (TMDO, TMD1, TMD?2) along with two NBDs (NBD1,
NBD2) (Figure 1.3) [46,103]. With a prevalent presence in normal tissues and cellular
organelles, MRP1 specifically expresses in locations, such as the testes, kidneys, placenta

and various pharmacological barriers [44].
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Figure 1.3: Structure of MRP1 (adopted from [104]).

The transport cycle of this protein is outlined as follows [53,103,105,106]: Initially, the
substrate, either conjugated with glutathione (GSH) or GSH itself, docks onto the high-
affinity site of MRP1. This interaction initiates a series of conformational changes,
directing to ATP engagement with NBD1. This, in turn, results in additional structural
adjustments and the interaction of NBD1 with the Walker C signature of NBD?2,
recruiting a second ATP molecule to NBD2. The NBDs are aligned in a head-to-tail
position, enclosing the ATP molecules in-between. The ATP binds to the Walker A and B
motifs of one NBD and the C signature of the other NBD [53]. Conformational shifts in
the TMD are prompted by the dimerization of the two NBDs. This "closure" of the NBD
regions plays the pivotal role for the unidirectional movement of substrates across the
membrane. The closure also begins a shift in the TMDs, transitioning from a "right-side
out" to an "inside-out" configuration. In this conformation, the substrate changes into a
low-affinity state and is subsequently emitted into the surrounding environment [107].
The transport cycle terminates with ATP hydrolysis, releasing ADP. This destabilizes the

NBD dimer, restoring the resting state, prepared for the recruitment of new substrates for
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export. MRP1 plays a crucial role in identifying and expelling an array of varied
hydrophobic and hydrophilic antineoplastic agents, thereby steering diminished drug
accumulation and contributing to the progression of chemoresistance within tumor cells
[108-110]. In certain instances, MRP1 can target such anticancer agents, which is
designed to modify components of different signaling pathways regulating tumor growth,
proliferation and metastasis [46]. This protein also demonstrates recognition capabilities
for neutral and anionic natural products [111-113]. These anticancer compounds include
anthracyclines, camptothecins, antimetabolites, epipodophyllotoxins and vinca alkaloids
[15,51].

The involvement of MRP1 in conferring drug resistance has been frequently observed in
solid tumors such as NSCLC, prostate cancer and certain subtypes of breast cancer [114].
Additionally, other research suggests that MRP1 has a substantial contribution to the
multidrug resistance in CRC, where it inhibits the apoptosis of cancer cells [115]. This
emphasizes its potential as a therapeutic target to enhance the effectiveness of other
chemotherapeutic drugs used in CRC treatment [115]. Moreover, within ovarian cancer,
heightened representation of MRP1 in cell membranes is stated to be playing a crucial

role in both cancer prognosis and drug resistance of the disease [116].

1.4.3. ABCG2/BCRP/MXR1

First cloned in 1998 by Doyle et al., ABCG2 stands as the breast cancer resistance protein
(BCRP) encoded by the ABCG2 gene [117,118]. Primarily, it was discovered from a
multidrug-resistant breast cancer cell line co-selected with doxorubicin and verapamil
while scientists were aiming to unveil non-P-GP mechanisms of chemoresistance [117].
ABCG2 is the second member of subfamily G within the vast ABC transporter
superfamily and it appears as a 72 kDa polytopic transmembrane protein with a
composition of 655 AAs [119,120]. Notably, it distinguishes itself from most other ABC
transporters, like P-GP and MRPL1, through two exclusive characteristics: First, this
protein functions as a half ABC transporter, featuring a single N-terminal NBD and one
C-terminal TMD (Figure 1.4) [65,110,120]. Secondly its NBD precedes the TMD,
exhibiting an opposing structural organization compared to P-GP and MRP1 [65,110].
Like P-GP, the ABCG2 gene also displays high conservation [120]. ABCG2 expression is
detected not only in drug-resistant cancer cells but also in normal tissues (that includes
the placenta, colon, small intestine, liver and biliary canaliculi, blood-testis or -brain

barrier, breast and hematopoietic stem cells), where it heightens the efflux of cytotoxic
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drugs [90,121]. Specifically, when scrutinizing the expression of ABCG2 across the
human gastrointestinal tract (GIT), the highest levels are found in the duodenum,
followed by a gradual reduction along the tract from terminal ileum to the rectum [122].
The prevalence of ABCG2 expression in the GI tract indicates its contribution to
restraining the oral absorption of drugs [120]. Encompassing 16 exons and 15 introns, the
human ABCG2 gene is situated on chromosome 4 at the 4921-4g22 band and spans 66 kb
[123]. The exons are variable in size, ranging from 60 to 532 bp [123]. The second exon
accommodates the translation initiation site, while the Walker A region lies within exon 3
and exon 6 houses the ABC signature motif [123].

Transmembrane domain

Extracellular region

— Lipid bilayer

Intracellular region

Nucleotide binding domain

Figure 1.4: Structure of ABCG2 (adopted from [124]).
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Besides the upregulation of ABCG2 had been examined on transcriptional level. Notably,
functional cis elements in the ABCG2 promoter, such as estrogen and hypoxia response
elements and a peroxisome proliferator-activated receptor gamma (PPARy) response
element, located upstream of the ABCG2 gene, were found to be regulating ABCG2
expression [125-127]. Nakanishi et al. identified another mechanism for ABCG2
upregulation which includes the utilization of alternative 5' promoters due to differential

expression of splice variants within 5'-untranslated region (5'UTR) of the gene [128].

Though the complete transport cycle of ABCG2 is yet to be understood, its unique
structural features indicate the prospect of distinct differences in its transport mechanism
when compared to other prominent ABC transporters like P-GP and MRP1. From the
study by Khunweeraphong et al., the transport mechanism is summarized as below [129]:
During the ATP-free state, ABCG2 adopts an inward-facing conformation of the central
cavity, to recognize and attract both structurally and chemically diverse drug substrates
from the intracellular region. Besides, E446, located within the TMD-TMD interface,
plays a pivotal role in substrate recognition. On the other hand, by either pairing ATP
hydrolysis to substrate translocation or by regulating substrate binding, residue E451
undertakes a crucial position in drug transportation. Along with other loops, the
extracellular re-entry helix forms and regulates a polar roof that might serve as a barrier
for substrate discharge or the switch for an outward-open state. Speculatively,
intracellular loop 1 (ICL1), functioning as a molecular spring in the transmission
interface, facilitates the conformational switch. This switch involves the elbow helix,
NBD dimerization triggered by ATP binding and an upward movement of ICL1. That
eventually directs to the opening of the polar roof within the extracellular loop (ECL) for
controlled substrate release. In the context of multidrug resistance, the role of ABCG2
becomes substantially evident as it effectively transports a broad-spectrum of
chemotherapeutic agents. The efflux of mitoxantrone explicitly characterizes the cells
expressing ABCG2 [130]. Other anticancer substrates transported by this protein
encompass flavopiridol; topoisomerase inhibitors (9-aminocamptothecin, topotecan,
irinotecan and SN-38); indolocarbazoles (J-107088, NB-506, compound A and UCN-01);
antimetabolites (methotrexate); porphyrins (2-(1-hexyloxethyl)-2-
devinylpyropheophorbide a (HPPH), pyropheophorbide and chlorin €6); anthracyclines
(daunorubicin and doxorubicin); and tyrosine kinase inhibitors (imatinib, gefitinib and
erlotinib) [44,130-136].
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ABCG2 protein overexpression within stem-like cells (in both cell lines and primary
tumor samples) has been a significant discovery in the realm of cancer research. These
cells have been identified in diverse types of solid tumors, including head and neck
carcinoma, breast cancer, gastrointestinal cancers (such as colon cancer), pancreatic
cancer, ovarian carcinoma, osteosarcoma, prostate cancer, transitional cell carcinoma of
the bladder and neuroblastoma [137,138,147-150,139-146].

1.5. Transcription Factor

In the realm of molecular biology, transcription factors (TFs), also known as DNA-
binding factors (DBFs), can be defined as proteins that govern the transcription rate (thus
converting genetic information from DNA to messenger RNA) of a gene by selectively
binding to specific DNA sequences [151,152]. Therefore, TFs show two important
features: (1) Ability to bind with DNA in a sequence-specific manner. (2) Regulation of
transcription processes [153-155]. Moreover, the human genome contains a range of
1500 to 1600 TFs, making them the largest family of human proteins [156].

Notably, the same TF can control a diverse array of genes across various cell types, even
within a single organism [157]. This special feature highlights the regulatory dynamic
nature of the TFs. Functioning both independently and collaboratively is also one of the
vital characteristics of these proteins. Their exclusive expression within specific tissues
and cells proves the precision in their physiological functionality [155]. Interestingly,
almost half (49%) of all TFs present cell- and tissue-specific expression [155]. The
importance of this protein family extends to the underlying sources of several human
diseases. Mutated TFs and their associated binding sites can mediate aberrant gene

expression thus contributing to a range of disorders such as cancer [155].

1.5.1. Structure of TF

TFs exhibit a modular structure with distinct domains [152]. DNA-binding domain
(DBD), that binds to specific DNA sequences of target genes, is named as enhancers or
promoters or alternatively, response elements. Activation domain (AD), containing
binding sites (also referred to as activation function, AF or transactivation domain, TAD)
for additional proteins like transcription coregulators [158]. Optionally, a signal-sensing
domain (SSD) (e.g., ligand-binding domain) may be present to perceive external signals

and subsequently conveying those signals to the transcription complex. As a result,
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targeted gene expression is either up-regulated or down-regulated. On top of that, DBD

and SSD can potentially belong to separate protein entities.

1.5.2. Mechanism of Transcription

While decoding the DNA sequence, TFs role in initial interpretation of genome is the
fundamental first step [155]. Hence, this protein superfamily exhibits a remarkable
selectivity (a thousandfold or higher) to specific sequences [159,160]. In their mission to
control the expression of a particular gene, TFs deploy a vast array of mechanisms [161].
First, enhancing or inhibiting the bond of RNA polymerase with DNA. Second,
catalyzing acetylation or deacetylation of histone proteins [162]. Such catalytic reactions
can be implemented directly by the TF or facilitated through the recruitment of other
proteins with these enzymatic functions [162]. Third, involving coactivator or corepressor
proteins to the TF-DNA complex [163].

1.5.3. Function of TF

One of the most important functions of the TFs is to operate as "master regulators" and
"selector genes,” to control the process of defining cell types and embryonic
developmental patterns precisely [164,165]. These proteins showcase the capability of not
only driving cellular differentiation but also accelerating de-differentiation and trans-
differentiation events [166]. Another core function of TFs is in their capacity to regulate
gene expression (either initiating or silencing). This ensures appropriate manifestation of
genes within specific cells of the organism. TFs can also function in a synchronized

pattern to govern cell division, growth, migration and apoptosis [167-170].

1.6. HIF1A as a TF and its Implications in Cancer

Hypoxia is referred to as lower level of oxygenation is cells, inducing cellular apoptosis
[171]. It is a critical factor associated with the pathogenesis of numerous human diseases,
such as cancer, diabetes and stroke [172]. To adapt to conditions like hypoxia and to
govern cellular responses to oxygen levels within mammals, hypoxia-inducible factor 1
(HIF1) functions as a master regulator of many genes at the transcriptional level [173—
176]. It presents a heterodimeric architecture, comprised of: 1) Alpha subunit, HIF1A, the
protein (encoded by HIF1A gene) and 2) Beta subunit, aryl hydrocarbon receptor nuclear
translocator (ARNT) [177-179].
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1.6.1. Structure of HIF1A

The HIF1A protein encompasses 826 AAs and is capable of triggering the transcription of
more than 40 genes [180]. It features a fundamental helix-loop-helix structure located
near the C-terminal [181]. The helix-loop-helix organization is followed by two unique
sets of domains: (1) PAS (PER-ARNT-SIM) domains and (2) PAC (PAS-associated C-
terminal) domain (Figure 1.5) [178]. Notably, the HIF1A polypeptide includes a signal
motif for nuclear localization, along with two transactivating domains, named C-terminal
transactivating domain (CTAD) and N-terminal transactivating domain (NTAD) [182].
Additionally, an intervening inhibitory domain (ID) is also present, the purpose of which
IS to suppress the transcriptional activities of CTAD and NTAD [182].

17 70 85 158 228 298 302 345

N, | | COOH

Figure 1.5: Structure of HIF1A. Helix loop structures followed by PAS and PAC regions are shown
(adopted from [183]). HLH = helix-loop-helix; PAS = PER-ARNT-SIM; PAC = PAS-associated C-terminal

1.6.2. Role of HIF1A in Cancer

The impact of hypoxia on malignant growth of cells has been acknowledged well since
the work from 1955 by Thomlinson and Gray, revealing the existence of hypoxic cells
around the necrotic tumor-core [184]. Hence dysregulated expression of HIF1A has a
noteworthy role in cancer biology [185]. This involves biological processes like tumor

angiogenesis and invasion, energy metabolism and cell survival [185,186]. In 2003, Bos
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et al. also proved the close link between HIF1A and tumor growth along with metastasis
[187].

Both hypoxic tumor microenvironments and genetic alterations cause HIF1A
overexpression [185]. Moreover, decreased oxygen in cells radically influences the
activation of signaling pathways related to chemoresistance mechanisms [155]. This
results in elevated expression of HIFLA mRNA in drug resistant tumors [188]. Numerous
experimental studies found heightened HIF1A levels in various types of malignant
tumors, including NSCLC, breast cancer (both ER-positive and -negative),
oligodendroglioma, oropharyngeal cancer, pancreatic carcinoma, renal cancer, ovarian
cancer, uterine cancer, cervical carcinoma, endometrial cancer, esophageal cancer, head
and neck carcinoma, colon cancer, gastric cancer, prostate cancer and bladder cancer
[185,189-196]. As a result, HIFLA has emerged as a potential therapeutic target to
eradicate aforementioned solid tumors and it has become a predictive and prognostic

marker for resistance to chemotherapy and increased mortality as well [172].

1.7. Association of HIF1A and ABC transporters
Two HIFs (HIF1 and HIF2) control the regulation of more than 1000 genes [197]. But the

precise connection between HIF1A and ABC drug transporters is largely elusive yet. In
mammalian cells, the primary processes of glycolytic ATP generation need oxygen [198].
Interestingly, malignant cells often activate glycolysis which increases ATP production
[198,199]. These insights suggest that reducing glycolysis might counteract
chemoresistance by disabling the ATP-dependent ABC transporter activity [200].
Meanwhile, under hypoxia, HIFLA increases oxygen availability by angiogenesis. On the
other hand, interlinks between HIF1A and P-GP in the progression of drug resistance
have been stated in previous studies [201-203]. So, overexpression of HIF1A and ABC

transporters might be interlinked.

1.8. RNA-Binding Protein

RNA-binding proteins (RBPs), are a class of proteins interacting with double- or single-
stranded RNA molecules in cells, therefore aiding the formation of ribonucleoprotein
complexes. Their localization can be both cytoplasmic and nuclear. More than 1500 RBPs
have already been found in the human genome [204]. Additionally, remarkable
dysregulation of RBPs in different human cancers underscore their contribution to

tumorigenesis [205].
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1.8.1. Structure of RBP

RBPs usually show a modular structure comprised of diverse distinct motifs which
influence the multifaceted nature of interacting with mRNAs [206,207]. Some of them
are: (1) RNA recognition motifs (RRMs); bind with around four nucleotides of single-
stranded RNA (ssRNA) via stacking interactions, electrostatic bonds and hydrogen bonds,
(2) Double-stranded RNA binding domain (dsRBD); identifies the minor-major-minor
groove pattern of double-stranded RNA (dsRNA) by interacting with the sugar-phosphate
backbone, (3) Zinc finger (ZnF)-CCHH; establishes interactions between protein side
chain with bulged bases in loops and forms electrostatic bonding among the RNA
backbone and protein side chains and (4) PAZ; recognizes single-stranded 3’ extensions
of small interfering RNA (siRNA) through stacking and hydrogen bonds.

1.8.2. Function of RBP

Particularly, RBPs possess significant impacts on post-transcriptional modifications of
MRNAs, including editing, alternate splicing, polyadenylation, localization, stabilization
and translation [208].

1.9. HUR as a RBP and its Implications in Cancer

Human antigen R (HuR) or embryonic lethal abnormal vision (ELAV)-like protein 1
(ELAVL1), a ~36kDa protein, belongs to the ELAV family of RBPs [209,210]. It was
primarily identified in Drosophila and first cloned in 1996 by Ma et al [209,211]. The
chromosomal location of the encoding gene, ELAVL1, is 19p13.2 elevating their stability
[212]. Specifically, HuR protein binds to poly-U elements and AU-rich elements (ARES)
in the 3'- untranslated region (3'-UTR) of target mMRNASs to elevate their stability
[211,213-216]. Interaction of this proteins with the cis-acting regulatory elements of the
5-UTR of unstable mRNAs had also been observed [217]. Naturally, subcellular
localization of HuR is in the nucleus of quiescent cells [217]. Upon encountering external
stimuli and forming complexes with mRNA, it can translocate to the cytoplasm [217].
Therefore, it prevents mRNAs from swift degradation by exonucleases [217]. After
completing this process, HuR returns to the nucleus again [217]. An essential fact about
HuR is it needs to homodimerize to gain physiological functionality [216].

1.9.1. Structure of HUR
Comprising 326 AAs, the HuR protein contains three RNA recognition motifs (RRMs)
[180,210,218,219]: (1) RRM1, (2) RRM2 and (3) RRM3 (Figure 1.6). RRM1 and RRM2
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(two N-terminal RRM domains) identify hairpin-loops of AREs in target mRNAs. The
third RRM domain, RRM3, help HuR interact with the poly-A tail of unstable mMRNAs.
Additionally, RRM3 contributes to stabilize mRNAs through adenosyltransferase activity
[220]. Furthermore, HUR nucleo-cytoplasmic shuttling sequence (HNS) (located between
the second and third RRMs) empowers HuR translocation from the nucleus to the

cytoplasm during the stabilization process of the mRNA [221].

Linker Hinge region
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Figure 1.6: Structure of HuR. 3D structure of HUR and Region-ranges of RRM1, RRM2 and RRM3
are shown (adopted from [222]). RRM1 = RNA recognition motif-1; RRM2 = RNA recognition motif-2;
RRM3 = RNA recognition motif-3

1.9.2. Role of HuR in Cancer

By mRNA trafficking, stabilization and enhancement of protein translation, HuUR stands a
unique position in governing the expression of numerous cancer-associated molecules
thus leading to carcinogenesis [217,223-225]. Clinical insights already shed light on HUR
overexpression (both nuclear and cytoplasmic) in many cancers such as breast-, lung-,
ovarian-, colon-, oral-, gastric-, renal- and skin- cancer along with mesothelioma
[24,226,235-240,227-234]. Previous research data also suggest that HUR overexpression

is significantly correlated with some clinicopathological features like advanced stages in
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cancer, lymph node metastasis and poor survival rates [217]. On top of that, multiple
studies have underscored the connection between the cytoplasmic localization of HuUR
and the progression of multidrug resistance in cancer cells following chemotherapy
[225,241,242]. Association of this protein with urinary cancer chemoresistance has also
been shown in a recent study by Zhang et al. signifying its potential as a novel therapeutic
target [223].

1.10. Association of HUR and ABC transporters

Recently, several investigations have highlighted the concomitant overexpression of HUR
and ABC efflux transporters. In the context of NSCLC, HUR has been observed to interact
with the mRNA of P-GP, resulting in the enhancement of its stability [243]. Furthermore,
upregulated expression of cytoplasmic HUR have been stated to coincide with P-GP
overexpression among patients with breast and ovarian cancer [40,225]. On the other
hand, To et al. pointed out the potential interaction between ABCG2 mRNA and HuR
protein in colorectal chemoresistance [244]. Still, more comprehensive research is

necessary to find out the exact relationship between these two types of proteins.
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1.11. Aims and Objectives

In Bangladesh, the emergence of cancer, metastasis and chemoresistance have been
contributing to unfavorable outcomes for the patients. Despite these challenges, there is a
conspicuous lack of experimental research on cancer chemoresistance. With this
multifaceted study, our focus is to address this research gap and shed light on:

(1) The expression patterns of P-GP, MRP1, ABCG2, HIF1A and HuUR in chemoresistant
breast, colorectal and ovarian tissue samples (both tumor and corresponding control)
obtained from Bangladeshi cancer patients.

(2) The co-expression profiles of ABC transporter proteins (P-GP, MRP1 and ABCG2)
and HIF1A, as well as HUR by means of experimental and computational methods.

(3) The correlations between the expression and co-expression patterns of these proteins
(P-GP, MRP1, ABCG2, HIF1A and HuR) with patient-specific information.

Ultimately, the insights gathered from this study will contribute significantly to the
conceptions of the underlying mechanisms leading to chemoresistance irrespective of the
treatment regimen. Thus, this research will help reveal potential determinants to treat

cancer chemoresistance.
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Materials and Methods

2.1. Study design

The investigation is structured into three different but interconnected parts: (1)
Immunofluorescence microscopy and imaging, (2) Statistical analyses and (3)

Bioinformatic analyses

2.1.1. Tissue processing, immunofluorescence staining, microscopy and
imaging

This portion of this study was prospective. For this experimental part, paired control and
chemoresistant breast, colorectal and ovarian tissue samples, along with relevant patient
data, were sourced from Anowara Medical Services in Dhaka, Bangladesh, where tissue
collection, formalin fixation, paraffin embedment, sectioning and fixation on slides were
also carried out. After collecting slides from there, the immunofluorescence staining,
microscopy and imaging was undertaken at the Molecular Biotechnology Laboratory in
the Department of Genetic Engineering and Biotechnology, University of Dhaka.

2.1.2. Statistical analyses

The data generated through immunofluorescence imaging underwent rigorous statistical
analyses to detect trends, patterns and statistically significant associations. By utilizing
robust statistical methods, our aim was to draw meaningful conclusions concerning the
expression patterns of ABC transporters, HIFLA and HuR, along with the role of HIF1A
and HuR in the regulation of the particular drug transporters (P-GP, MRP1 and ABCG2)

in chemoresistance.

2.1.3. Bioinformatic analyses

This part was done with the computational facility in the Molecular Biotechnology
Laboratory at the Department of Genetic Engineering and Biotechnology, University of
Dhaka. 3D structures of HIF1A and HuR proteins were predicted and validated using
multiple bioinformatic online and offline tools. Subsequently, molecular docking was
executed involving HIF1A and the ‘CGTG’ sequences within the promoter regions of
pivotal ABC transporters— P-GP, MRP1 and ABCG2 genes. Likewise, molecular
docking was conducted with HuR protein and the ARE sequences positioned in the
3'UTR regions of the mRNA of the respective drug transporters. These dry-lab

experiments provided a computational framework to figure out the potential interactions
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between regulatory proteins like HIFLA/HUR and gene promoters/3'UTRs of ABC efflux

pumps.

2.2. Inclusion and exclusion criteria for experimental samples

This study enrolled individuals based on some inclusion and exclusion criteria. To be
eligible for participation, patients had to meet the inclusion criteria stated below: (1)
participants must be Bangladeshi by ethnicity, (2) breast, colorectal and ovarian cancer
patients with the previous history of non-responsiveness to chemotherapeutic drugs and
(3) individuals who willingly wanted to participate in the study and provided informed

consent.

On the contrary, individuals were excluded from the study based on the following
exclusion criteria: (1) individuals who had been diagnosed with any psychiatric illnesses
and were suffering at the time of sample and data collection.

2.3. Development of the questionnaire

A questionnaire was developed to collect the sociodemographic and clinical information
from the participants. The questionnaire had seven variables comprising of address, age,
sex, diagnosis, differentiation, grade and stage. The address was collected to ensure the
geographic diversity of samples around Bangladesh.

2.4. Sample size and data collection

A total of 57 paired tissue samples (57 control and 57 chemoresistant) were collected
containing 28 breast cancer, 21 CRC and 8 ovarian cancers. For controls, we collected
paired non-cancerous adjacent tissues for each sample. The samples were collected from
Anowara Medical Services, which is an oncopathology center that receives and diagnoses
cancer tissues from all regions of Bangladesh. An experienced histopathologist
determined the non-cancerous and cancerous tissue by observing the morphology of the
specimens, using hematoxylin and eosin (H&E) staining. The corresponding data for each
patient were documented after the experimental work to reduce the cancer-specific
biasness. During data collection, the participants were provided with a clear insight into
the aims and objectives of this research. Additionally, strict measures such as private

interviews were implemented to conserve the anonymity of the patients.
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2.5. Patient consent and ethical approval
This study was approved by the Ethical Review Committee of the Faculty of Biological
Sciences at the University of Dhaka (117/Biol.Scs). Consent was also taken from all the

patients.

2.6. Collection, processing, staining, microscopy and imaging of samples

2.6.1. Sample collection from patients

Specific invasive surgical procedures, implemented by skilled surgeons, were conducted
to collect the tissue samples. Following extraction, the tissues were kept in cassettes and
immediately immersed in 10% formalin solution protective measure to maintain quality

of the samples.

2.6.2. Preparation of formalin-fixed, paraffin-embedded (FFPE) tissue

At this phase, to prepare FFPE tissue, the tissue cassettes were processed using the
ASP6025 - Automated VVacuum Tissue Processor (Leica Biosystems), following a 12-hour
protocol outlined below: the tissues in cassettes were incubated in 10% Formalin for 1.5
hours, followed by sequential rinsing in 70% Isopropanol (for 30 minutes), 90%
Isopropanol (for 30 minutes), 100% Isopropanol (for 1 hour), 100% Isopropanol (for 30
minutes), 100% Isopropanol (for 1.5 hours), 100% Isopropanol (for 30 minutes) and
Xylene (twice for 45 minutes each and once for 1.5 hours). All these steps were
conducted in different chambers in the processor at 37°C. The tissues then underwent
paraffin bath three times for 1 hour each at 65°C. Following paraffin bath, the tissues

were inserted in a cube-shaped mold filled with melted paraffin to form tissue blocks.

2.6.3. Fixation of the tissue sections onto glass slides

The tissue blocks were sectioned into slices measuring 3-4 um using the Leica RM2235
Manual Rotary Microtome (Leica Biosystems). Following this step, the freshly cut
sections were immediately transferred into a hot water bath (HHS4 Digital Thermostatic
Water Bath) with a temperature of 45°C. Then the uncoiled sections were delicately
positioned onto positively charged (electrostatic) glass slides (10010-882; VWR)
followed by the slides drying out entirely.
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2.6.4. Specimen labeling
Each slide containing tissue specimens (both control and chemoresistant) was labeled for
future identification. Following the labeling, the glass slides were shifted to the

designated slide rack for subsequent stages of experimentation.

2.6.5. Deparaffinization

At the initial stage of deparaffinization, slides carrying the specimen sections underwent a
controlled heating process with 60°C for a duration of 15 minutes within a dry block
heater LBH-TO1 (Daihan Labtech co., Itd). This application of heat aided in the removal
of the paraffin in the latter steps. Then the rack with slides were submerged into Xylene
thrice in three distinct glass chambers with 8 minutes duration each. During this process,

the slides were manually agitated in Xylene to facilitate deparaffinization.

2.6.6. Rehydration of cells in the tissue

In order to fully remove any residual Xylene, the slides were immersed in 100% ethanol
(100983; Merck; absolute for analysis EMSURE® ACS,ISO,Reag. Ph Eur) twice in
separate glass chambers for 3 minutes each. Afterwards, the rack containing the slides
were sequentially submerged into 95% ethanol, followed by 70% ethanol and finally 50%
ethanol to rehydrate the cells across the tissue sections. Each of these rehydration steps
involved a 3-minute immersion individually. The slides were then briefly washed with
distilled water for 1 minute. To prevent the tissues from drying out, the slides were

carefully maintained in water from this step onward.

2.6.7. Antigen retrieval

Following rehydration, the slide rack was transferred into an incubation chamber
containing a Tri-Sodium Citrate buffer with Tween20 (10mM Sodium Citrate, 0.05%
Tween® 20 (0777; VWR life science), pH 6.0). To reactivate the antigens, this process
also involved heating the slides at P80 until boiling started, which took approximately 3.5
minutes, followed by heating at P50 for an additional 20 minutes. This heating step was
conducted in a WMWO-25ETX microwave oven (WALTON). The samples still
immersed in the Citrate buffer underwent a cooling step to reach room temperature and
this duration was 30 minutes. Post-cooling, the slides were briefly rinsed with flowing
distilled water for 5 minutes. The boundaries around the tissue sections were then marked
by a hydrophobic-liquid blocker super PAP pen (008899; ThermoFisher Scientific).
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2.6.8. Permeabilization

After removing water from the slides by thorough shaking, the slides were transferred
into another chamber. Then the tissue sections on the slides were immersed with
Phosphate buffer saline (PBS) with 0.1% Triton X-100 for 20 minutes. The PBS solution
consisted of 137mM NaCl, 2.7mM KCI, 10mM NazHPO4, 1.8mM KH2PO4 and distilled
water with a pH level adjusted to 7.4. Following the immersion step, the tissue sections

underwent three sequential washes with PBS, each taking 10 minutes.

2.6.9. Blockage of nonspecific binding

In an effort to minimize background fluorescence of antibody (Ab)-related nonspecific
binding, the tissue sections underwent two different steps. At first, the slides were
incubated with PBS containing 0.3M Glycine (194825; MP Biomedicals). This took place
for 20 minutes within an incubation chamber. Subsequently, the slides were thoroughly
washed thrice in PBS for 10 minutes each. After that, the specimens entered the second
step of blocking. This time, they were incubated for another 30 minutes with 5% (w/v)
normal goat serum (NGS) (ab7481; Abcam) in PBS. A brief one-minute wash with

distilled water was done following the previous incubation.

2.6.10. Incubation with Primary Ab

Subsequently, the tissue sections were treated with primary Abs in a solution of 3% NGS
in PBS. The list of primary Abs is given in Table 2.1. The following primary Abs were
used: rabbit Anti-P-GP polyclonal Ab (ab235954; Abcam; diluted 1:1000); rabbit Anti-
MRP1 recombinant monoclonal Ab (ab233383; Abcam; diluted 1:200); rabbit Anti-
ABCG2 recombinant monoclonal Ab (ab229193; Abcam; diluted 1:200); mouse Anti-
HIFLA monoclonal Ab (ab8366; Abcam; diluted 1:200); and mouse Anti-HuR
monoclonal Ab (ab136542; Abcam; diluted 1:200). Moreover, tissue quality assessment
involved incubation of one section for each sample with rabbit Anti-Pan-Cadherin
polyclonal Ab (4068; Cell Signaling Technology®; diluted 1:200) (Supplementary figure
1). To ascertain high cell proliferation across the cancerous tissues, mouse Anti-Ki-67
monoclonal Ab (ab238020; Abcam; diluted 1:500) was used (Supplementary figure 2). To
ensure the specific binding ability of primary Abs for ABC transporters, non-specific
rabbit (DA1E) monoclonal Ab IgG XP® isotype control (3900; Cell Signaling
Technology®; diluted 1:1500) was applied on an individual section (Supplementary
figures 3, 4, 5). This incubation lasted overnight at 4°C. After incubation, the slides
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containing tissue sections underwent four eight-minute washes with PBS containing 0.1%
Tween-20 (PBS-T). All the washes were done on a Rockymax™ - 4080 shaker (Tarsons).

2.6.11. Incubation with labelled Secondary Ab and DAPI

After primary Ab incubation, all the succeeding procedures were conducted in a dark
environment. The tissue sections were treated with secondary Abs diluted in 3% NGS in
PBS at room temperature within a dark incubation chamber for 1 hour. The list of
secondary Abs is given in Table 2.1. The secondary Abs were Alexa Fluor® 488-labeled
Goat Anti-Rabbit 19gG H&L polyclonal Ab (ab150077; Abcam) and Alexa Fluor® 555-
labeled Goat Anti-Mouse 1IgG H&L polyclonal Ab (ab150114; Abcam). For anti-ABC
transporters, -HIF1A, -HuUR and -1gG primary Ab, secondary Abs were diluted at a ratio
of 1:2000, whereas in case of Anti-Pan-Cadherin and Anti-Ki-67, the dilution was 1:1000.
Moreover, to assess the of fluorescence of Alexa Fluor® 555, separate sections from all
samples were treated with Anti-HIF1A and Anti-HuR along with goat Anti-Mouse 1gG,
(H+L) horseradish peroxidase (HRP) conjugated polyclonal Ab (another secondary Ab
without fluorophore) (31430; Invitrogen; ThermoFisher Scientific; diluted 1:1500)
(Supplementary figures 6, 7). On the other hand, to evaluate the binding specificity of
secondary Abs, another section was treated only with NGS (without primary Abs) and
secondary Abs (Supplementary figures 8, 9, 10, 11, 12). The tissue sections then
underwent four eight-minute washes with PBS-T in a dark box on an orbital shaker.
Subsequently, mounting medium with 4',6-diamidino-2-phenylindole (DAPI) (ab104139;
Abcam) was used. Then the stained sections were covered with glass coverslips and were

stored in non-transparent sealed boxes at 4°C until examined under microscope.
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Table 2.1: List of primary and secondary Abs

. Host
# Ab name Primary/ sepcie Target Cat. No Manufacture
Secondary Ab s species r

1 Anti-P-GP polyclonal Ab Primary Rabbit | Human | ab235954 | Abcam

2 Anti-MRP1 recombinant Primary Rabbit | Human | ab233383 | Abcam
monoclonal Ab

3 Anti-ABCG2 recombinant Primary Rabbit | Human | ab229193 | Abcam
monoclonal Ab

4 Anti-HIF1A monoclonal Ab Primary Mouse | Human | ab8366 Abcam

5 Anti-HuR monoclonal Ab Primary Mouse | Human | ab136542 | Abcam

6 ﬁgtl—Pan—Cadherm polyclonal Primary Rabbit | Human | 4068 Cell signaling

7 Anti-Ki-67 monoclonal Ab Primary Mouse | Human | ab238020 | Abcam
non-specific rabbit (DALE) Non-

8 monoclonal Ab IgG XP® Primary Rabbit .. | 3900 Cell signaling
. specific
isotype control
Alexa Fluor® 488-labeled (1gG .

9 H&L polyclonal Ab) Secondary Goat Rabbit | ab150077 | Abcam
Alexa Fluor® 555-labeled (1gG

10 H&L polyclonal Ab) Secondary Goat Mouse | ab150114 | Abcam
1gG, (H+L) horseradish ThermoFisher

11 | peroxidase (HRP) conjugated Secondary Goat Mouse | 31430 A

Scientific

polyclonal Ab

2.6.12. Fluorescence microscopy and imaging

The stained tissue specimens were finally examined using a widefield fluorescence
microscope (EVOS FL Core upright) utilizing objective lenses with various
magnifications, such as 10x, 20x and 40x, combined with a 10x eyepiece lens. To
facilitate the visualization of different protein expressions, specific band pass filter sets
like Red Fluorescent Protein (RFP) and Green Fluorescent Protein (GFP) were used,
while the DAPI filter was for nuclear staining. In the imaging process, we captured three

randomly selected images from each section.

2.6.13. Cell and protein expression counting

Cell guantification was conducted through a manual process with the help of ImageJ
software [245]. The initial step involved the enumeration of nuclei, individual red and
individual green expressions within the captured images. Afterwards, to quantify the co-
expression among the cell population, a comprehensive cell count was carried out with
the colors merged in the ImageJ software. In order to minimize potential biasness during
the counting process, two independent individuals counted the cells and protein

expressions separately. Any substantial gap of 10% between two counts led to recounting
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of the same images. This dual-counting strategy was undertaken to ensure a more

accurate representation of our data.

2.7. Statistical analysis

Data analysis was conducted using GraphPad Prism 9.5.0 and IBM SPSS Statistics v25.
Sociodemographic and clinical data of the patients were presented with frequencies,
percentages, mean and standard deviation (sd) (Table 3.1, 3.2, 3.3). To standardize the
evaluation of protein expressions, relative expression in percentage (%) was calculated.
Relative expression in cells (%) = Relative ratio of expression in cells * 100. Relative
ratio of expression in cells = Protein expression count / Total cell count. For individual
ABC efflux transporter expressions, two technical replicates were measured and for
HIF1A and HuR expressions, three technical replicates were considered. The ratios from
technical replicates were averaged to avoid counting biases. Co-expression counts, such
as ABC transporter-HIFIA/HUR in the same cells, were similarly transformed into
relative co-expression in percentage (%) {Relative co-expression in cells (%) = (Cell
number of co-expression / Cell number of specific ABC transporter expression) * 100}.
To examine the Gaussian distribution of the ratios, normality tests were performed using
D’Agostino & Pearson anderson-Darling, Shapiro-Wilk and Kolmogorov-Smirnov tests
(Supplementary table 1, 2, 3, 4,5, 6, 7, 8, 9, 11, 12, 13, 19, 20, 21). A P value of > 0.05
indicated normal distribution. If any of these tests failed to demonstrate normal
distribution, the data was considered as non-normal data. For the non-normally
distributed data, the Wilcoxon signed-rank test for paired samples was applied, while the
paired samples T-test was performed for the normally distributed data. In these cases, P
values < 0.05 were considered statistically significant. To visualize expression level
variations of the transporters in chemoresistant tissues, heatmaps were generated.
Moreover, the link between independent expression of ABC transporters and HIFLA/HUR
was evaluated through simple linear regression analysis. Regarding the relationship
between patient data and expression of proteins in chemoresistant tissues, Pearson’s
correlation coefficient (for normally distributed numerical data), Spearman correlation
(for non-normally distributed numerical data), independent samples T-test (for variables
with two categories and normally distributed numerical data), Mann-Whitney U test (for
variables with two categories and non-normally distributed numerical data), ANOVA (for
variables with more than two categories and normally distributed numerical data) and

Kruskal-Wallis test (for variables with more than two categories and non-normally
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distributed numerical data) were used. All the figures were crafted using GraphPad Prism
9.5.0.

2.8. Bioinformatic analyses to identify the interplay between HIF1A and
ABC transporters

2.8.1. HIF1A structure prediction

The AA sequence of HIF1A was sourced from UniProt and the 3D model was predicted
using GalaxyTBM option within the GalaxyWEB online platform [180,246]. The protein
model validation involved the generation of a Ramachandran plot utilizing the
PROCHECK function within the SAVES v6.0 web-platform [247]. Qualitative Model
Energy ANalysis (QMEAN) tool in SWISS-MODEL was also used to assess the Q-mean
score for the predicted protein model [248]. Lastly, the structural integrity was further
inspected by determining the Z-score with ProSA-web [249]. Following model validation,
five specific AA regions (238-348, 395-411, 549-582, 717-757 and 775-826) within
HIFLA were nominated from RCSB PDB for subsequent docking [250]. These five
regions were selected because the structures of these portions were determined by X-ray

crystallography.

2.8.2. Identification of ‘CGTG’ sequence within the promoter regions of

respective transporter genes and 3D modelling of DNA

Directional orientation of the transporter genes within the genome directed our search for
their promoters in NCBI Gene [251]. The ‘CGTG’ sequence was identified prior to the 5'
end, promoter area, of the genes, particularly in four regions for P-GP (-1000 to -1003, -
1592 to -1595, -1625 to -1628 and -1630 to -1633), two regions for MRP1 (-1516 to -
1520 and -1742 to -1745) and one region for ABCG2 (-6111 to -6114). Then, we selected
-1630 to -1633 for P-GP, -1516 to -1520 for MRP1 and -6111 to -6114 for ABCG2 for
further 3D DNA modeling and molecular docking. The 3D modeling of DNA involved 50
nucleotide bases preceding and following the ‘CGTG’ region and the modeling was
accomplished using the ‘DNA Sequence to Structure’ tool in the Supercomputing Facility

for Bioinformatics & Computational Biology, IIT Delhi web-based platform [252].
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2.8.3. Molecular docking of selected regions inside HIF1A and ‘CGTG’

sequences in the promoters of ABC transporter genes

To evaluate the binding ability, the 3D structures of HIF1A from 2.2.1 and DNAs from
2.2.2 were subjected to molecular docking analyses by HADDOCK 2.4 [253]. In total, 15
docking simulations were performed, comprising five runs for each transporter gene (P-
GP, MRP1 and ABCG2) with five AA ranges of HIF1A from 2.2.1. All the docking
parameters were set as default and the scores provided by HADDOCK 2.4 were collected
for further assessment. Docking outcomes with negative Z-scores were considered
indicative of effective binding. Docking results were visualized by PyMOL 2.5.4 and
ChimeraX [254,255].

2.9. Bioinformatic analyses to identify the interplay between HUR and

ABC transporters
2.9.1. HuR structure prediction

After the AA sequence retrieval from UniProt, 3D structure of HUR protein was predicted
through ‘Ab initio’ modeling using the Robetta platform [180,256]. Validation of the
structure involved inspections using the Ramachandran plot from PROCHECK within
SAVES v6.0, the Qualitative Model Energy Analysis (QMEAN) score through SWISS-
MODEL and the Z-score computed by ProSA-web online-based platforms [247—-249].
Then the specific AA regions for RRM1 (18-99) inside HUR were identified from RCSB
PDB [250].

2.9.2. ldentification and 3D modeling of ARE region in the 3'UTR of

respective transporters mRNA

For P-GP, MRP1 and ABCG2 mRNA, variant sequences were obtained from NCBI Gene,
revealing several transcript variants (TVs) within different isoforms [251]. P-GP mRNA
has four TVs within two isoforms; MRP1 has two TVs within two isoforms; and ABCG2
has seven TVs within three isoforms. Utilizing Clustal Omega as a multiple sequence
alignment tool for each transporter separately, specific TVs (TV1_isoforml for P-GP,
TV1 isoforml for MRP1, TV1_ isoforml for ABCG2, TV2 isoform2 for ABCG2 and
TV3 isoforml for ABCG2) were considered for further evaluations [257]. Then we
focused on the 3'UTR of these chosen mRNAs. Consequently, secondary structures were
generated using the RNAfold WebServer in ViennaRNA Web Services and the linear 3D
RNA structures of five 3'UTRs were modeled by the 3dRNA/DNA service in 3dRNA by
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Xiao lab [258,259]. Optimization procedure was applied for 3D RNA structure prediction
to get a highly validated model. Meanwhile, ARE sites within 3'UTR regions of ABC
transporters were identified by means of AREsite2, which ended with the extraction of 17
ARE sites for P-GP, 26 for MRP1 and 39 for ABCG2 [260]. The ARE regions were then
selectively taken out from the 3D structures of their respective mRNA TVs, that were

generated previously.

2.9.3. Molecular docking of RRM1 and RRM3 inside HUR and ARE

sequences in the 3'UTRs of ABC transporter mRNAs

To assess binding capabilities, the 3D structures of HUR from 2.3.1 and AREs from 2.3.2
were analyzed with molecular docking simulations using HADDOCK 2.4 [253].
Employing default parameters, dockings were simulated between all the ARE regions and
RRML1 of HuR. Post-docking analysis included collecting all the scores from HADDOCK
2.4 with successful docking acknowledged by negative Z-scores. For visual
representation, PyMOL 2.5.4 and ChimeraX were used [254,255].
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Results

3.1. Information of Chemoresistant Breast, Colorectal and Ovarian

Cancer Patients

The information for 28 chemoresistant breast cancer patients is shown in Table 3.1. The
mean age of the patients was 50.29 + 13.35 years. Notably, 92.86% of these patients were
diagnosed with infiltrating ductal carcinoma. Most of the breast cancer cases (88.89%)
showed moderate cell differentiation and were classified as grade Il. With each
accounting for 39.29% of the patients, tumor staging revealed an equal distribution

between T1 and T2 stages. Besides, 57.69% were classified as stage NO.

Table 3.1: Chemoresistant breast cancer patient information

Variables (n = 28) Frequency (%o)
Age (mean £ sd) 50.29 + 13.35
Diagnosis

Infiltrating ductal carcinoma 26 (92.86%)
Ductal carcinoma in situ 1 (3.57%)
Infiltrating ductal and lobular carcinoma 1 (3.57%)
Differentiation

Moderate 24 (88.89%)
Poor 3(11.11%)
Grade

] 24 (88.89%)
I 3 (11.11%)
T staging

1 11 (39.29%)
2 11 (39.29%)
3 2 (7.14%)

4 3 (10.71%)
Tis 1 (3.57%)

N staging

0 15 (57.69%)
1 2 (7.69%)

2 5 (19.23%)
3 4 (15.38%)
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Table 3.2 presents data pertaining to 21 CRC patients who also exhibited resistance to
chemotherapy. The mean age was 35.24 + 11.56 years and 61.90% were male patients.
All the individuals had a diagnosis of colorectal adenocarcinoma. While half of the
patients exhibited well-differentiated cells, 40.00% demonstrated moderate
differentiation. These numbers are also mirrored in tumor grading. Most patients
(55.00%) were under T3 staging, followed by the second-highest percentage (35.00%) in
T2 staging. Stage NO was found in 52.63% of the patients.

Table 3.2: Chemoresistant CRC patient information

Variables (n = 21) Frequency (%)
Age (mean = sd) 35.24 + 11.56
Sex

Male 13 (61.90%)
Female 8 (38.10%)
Diagnosis

Adenocarcinoma 21 (100.00%)
Differentiation

Well 10 (50.00%)
Moderate 8 (40.00%)
Poor 2 (10.00%)
Grade

| 10 (50.00%)
I 8 (40.00%)
1 2 (10.00%)

T staging

1 1 (5.00%)

2 7 (35.00%)
3 11 (55.00%)
4 1 (5.00%)

N staging

0 10 (52.63%)
1 4 (21.05%)
2 5 (26.32%)
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Information for chemoresistant ovarian cancer patients is shown in Table 3.3. There were
eight ovarian cancer patients in this study with 87.50% having papillary serous carcinoma
and 12.50% having squamous cell carcinoma. The average + standard deviation of age
was 53.13 + 11.52 years. Unlike the previous cancers, 87.50% presented poor
differentiation of tumor cells and was graded as I11. Moreover, 83.33% and 66.67% of the

patients were categorized under T3 and N1 staging, respectively.

Table 3.3: Chemoresistant ovarian cancer patient information

Variables (n = 8) Frequency (%)
Age (mean % sd) 53.13+11.52
Diagnosis

Papillary serous carcinoma 7 (87.50%)
Squamous cell carcinoma 1 (12.50%)
Differentiation

Moderate 1 (12.50%)
Poor 7 (87.50%)
Grade

I 1 (12.50%)
1 7 (87.50%)

T staging
1 1 (16.67%)
3 5 (83.33%)
N staging
0 1 (33.33%)
1 2 (66.67%)
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3.2. Expression of ABC Transporters in Chemoresistant Breast,

Colorectal and Ovarian Cancer

The immunofluorescence image of ABC transporters shows the expressions of P-GP,
MRP1 and ABCG2 around the nucleus (blue) in chemoresistant tissues with a scale of 25

pum (Figure 3.1).

Anti-P-GP

Anti-MRP1

Anti-ABCG2

Figure 3.1: Immunofluorescence image of ABC transporter expression. The image shows DAPI

staining (blue) and the expressions of P-GP, MRP1 and ABCG2 (all in green) in chemoresistant

cancer tissues. The scale bar is 25 pm.
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3.2.1. ABC Transporter in Chemoresistant Breast Cancer

Differences in ABC transporter expression between chemoresistant and adjacent control
tissues obtained from breast cancer patients are illustrated in Figure 3.2. Average relative
expression of P-GP in chemoresistant tissues was 11.14%, significantly (P value <
0.0001) higher from the control tissues (1.09%). Similarly, the mean percentage of MRP1
expression in chemoresistant breast tissues was about 16.67%, while in control tissues,
the percentage was 1.78%. This distinction was also observed to be highly significant (P
value < 0.0001). In the case of ABCG2 expression, the mean percentage in
chemoresistant tissues (27.25%) was more than two-fold higher than the control (12.36%)
(P value < 0.0001). Notably, ABCG2 expression was the highest among chemoresistant
breast cancer patients from Bangladesh, whereas the expression of P-GP transporter was

detected to be the lowest.
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Figure 3.2: Comparison of ABC transporter expression between chemoresistant and adjacent control
breast tissues. X-axis represents P-GP (green), MRP1 (orange) and ABCG2 (blue) transporters. Y-
axis denotes the relative expression of ABC transporter to total cells in percentage. Wilcoxon signed
rank test for paired samples was conducted to validate the significance of differences for P-GP, MRP1
and ABCG2 expression in both type of tissues.
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The relatively overexpression of one efflux transporter leads to a reduction in the
expression of the others (Figure 3.3). For most chemoresistant tissue samples, ABCG2
exhibited a higher expression than the other two ABC transporters. Conversely, some
samples (2 and 5) displayed more P-GP expression and less MRP1 and ABCG2
expression. None of the samples were observed to have an equal expression of
transporters in case of chemoresistant breast cancer tissues. However, there was no
significant correlation between ABC transporters expression and patient data concerning
breast cancer (Table 3.4).
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Figure 3.3: Heatmap illustrating the comparative levels of P-GP, MRP1 and ABCG2 in
chemoresistant breast cancer tissues. Each row denotes a tissue sample and the color intensity bar
reflects the relative expression levels. (For sample 6, we could not stain the tissue sections with MRP1

and ABCG2, thus we did not get expression result.)
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Table 3.4: Association between ABC transporter expression and clinical features of

chemoresistant breast cancer patients

. P-GP MRP1 ABCG2
Variables
mean + sd P value mean + sd P value mean + sd P value

Age (correlation -0.32 00922 | -0.15 0.4428 | -0.03 0.8796
coefficient)
Diagnosis
Infiltrating ductal 0.11 +0.07 0.16 + 0.28 0.28 +0.16
carcinoma
Ductal carcinoma in situ 0.10 £ 0.00 0.9090 0.23+0.00 0.4390 0.13+£0.00 0.3940
Infiltrating ductal and | 5 45, g o 0.20 £ 0.00 0.31£0.00
lobular carcinoma
Differentiation
Moderate 0.11 £ 0.07 0.15+0.11 0.27 £0.16

0.4370 0.4900 0.1340
Poor 0.09 £ 0.07 0.24 +£0.20 0.36 +0.09
Grade
| 0.11 £ 0.07 0.15+0.11 0.27 £0.16

0.4370 0.4900 0.1340
11 0.09 + 0.07 0.24 +0.20 0.36 £ 0.09
T staging
1 0.15+0.08 0.18 +0.13 0.33+0.20
2 0.08 £0.04 0.15+0.10 0.23+0.11
3 0.12 +0.07 0.2360 0.04+0.06 | 0.1500 0.19+0.11 | 0.2000
4 0.10 £ 0.07 0.28+0.11 0.36 + 0.07
Tis 0.10 £ 0.00 0.23+0.00 0.13 +0.00
N staging
0 0.13+0.08 0.17+0.12 0.28 +0.19
1 0.11 £ 0.07 0.24 +£0.17 0.33+0.12

0.5710 0.5610 0.7740
2 0.07 £0.05 0.12 +0.09 0.24 +£0.12
3 0.10 +0.06 0.22 +0.13 0.23+0.16

* Spearman correlation, Mann-Whitney U test, Kruskal-Wallis test were conducted.
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3.2.2. ABC Transporter in Chemoresistant CRC

Variations in the expression of ABC transporters between colorectal chemoresistant
tissues and corresponding control tissues are shown in Figure 3.4. Relative P-GP
expression in chemoresistant cells was approximately 22.35%, whereas in controls, the
percentage was much lower (5.09%) (P value = 0.0003). In case of MRPL1 relative
expression, the average percentage in chemoresistant tissues was 30.46%, which was
almost 11.5 times less in controls (2.65%), with a highly significant P value of < 0.0001.
Besides, the mean percentage of ABCG2 expression in chemoresistant tissues was around
42.15%, while the percentage was 27.73% in control tissues (P value = 0.0096).
Noteworthy is the observation that like breast cancer samples, overall ABCG2 expression
was remarkably higher than the other two efflux transporters among Bangladeshi
chemoresistant CRC patients.
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Figure 3.4: Comparison of ABC transporter expression between chemoresistant and adjacent control
colorectal tissues. X-axis represents P-GP (green), MRP1 (orange) and ABCG2 (blue) transporters. Y-
axis denotes the relative expression of ABC transporter to total cells in percentage. Wilcoxon signed
rank test for paired samples was conducted to validate the significance of differences for P-GP and

MRP1 expression in both type of tissues and paired samples T-test was run for ABCG2 expression.
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Similar to Figure 3.3, Figure 3.5 also shows that relative overexpression of one efflux
transporter reduced the expression of the others. For most of the chemoresistant CRC
cases, ABCG2 showcased a higher expression than P-GP and MRP1. On the contrary,
some samples, such as sample- 2, 4, 6, 7, 9, 10 and 14, displayed more MRP1 expression
and sample- 11 and 19 had higher P-GP expression than the others. None but sample 5
and 21 were found to have similar expression level of transporters. The associations
between CRC patient data and drug transporters (P-GP, MRP1 and ABCGZ2) expression
reveals that the age of CRC patients was significantly correlated with the expression of
MRP1 (Table 3.5).
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Figure 3.5: Heatmap illustrating the comparative levels of P-GP, MRP1 and ABCG2 in
chemoresistant CRC tissues. Each row indicates a tissue sample and the color intensity bar reflects

the relative expression levels.
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Table 3.5: Association between ABC transporter expression and

chemoresistant CRC patients

Results

clinical features of

Variables P-GP MRP1 ABCG2
mean * sd P value mean + sd P value mean * sd P value

gge‘;f(ii?g;f)'a“on 0.17 0.459 0.56 0.008 -0.28 0.22

Sex

Male 0.24+0.13 0.34+0.29 0.40 £0.16

Female 0.20+0.11 0549 0.25+0.19 0595 0.46 +0.17 0415

Diagnosis

Adenocarcinoma 0.22+0.12 NA 0.30+0.26 NA 0.42+0.16 NA

Differentiation

Well 0.25+0.13 0.26 +0.18 0.42 +£0.19

Moderate 0.20+0.13 | 0.599 0.41+0.34 |0.525 0.43+0.12 | 051

Poor 0.17+£0.02 0.21+0.18 0.28 + 08

Grade

| 0.25+0.13 0.26 £0.18 0.42 +0.19

I 0.20+0.13 | 0.599 0.41+0.34 | 0.525 0.43+0.12 | 051

I 0.17 £ 0.02 0.21+0.18 0.28 + 08

T staging

1 0.46 +0.00 0.85 +0.00 0.37 £ 0.00

2 0.20+0.13 0.26 +0.19 0.50 + 0.15

3 0.23+0.10 0160 0.32+0.26 0479 0.36 + 0.16 038

4 0.09 + 0.00 0.14 £ 0.00 0.39 + 0.00

N staging

0 0.23+0.14 0.33+0.27 0.39+0.11

1 0.17+0.09 | 0.684 0.22+0.25 | 0.601 0.53+0.06 |0.23

2 0.22 +0.06 0.27 £0.15 0.36 £ 0.26

* Pearson s correlation coefficient, Spearman correlation, independent samples T-test, Mann—Whitney U

test, ANOVA, Kruskal-Wallis test were conducted.
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3.2.3. ABC Transporter in Chemoresistant Ovarian Cancer

Differences in ABC transporter expression between ovarian cancer chemoresistant and
adjacent control tissues are displayed in Figure 3.6. The relative P-GP expression in
chemoresistant tissues was approximately 19.67%, which is 7.7 times higher than controls
(2.55%) (P value = 0.0005). Similarly, MRP1 expression in chemoresistant tissues was
much higher (28.83%), compared to the control tissues (1.85%). This difference was also
highly significant (P value = 0.0078). Regarding ABCG2 expression, the average
percentage in chemoresistant tissues was about 41.35%, contrasting to the control tissues,
where the percentage is around four times less (10.42%) (P value = 0.0078). Like
chemoresistant breast cancer and CRC, ABCG2 expression was noticed to be the highest
and P-GP expression was the lowest.
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Figure 3.6: Comparison of ABC transporter expression between chemoresistant and adjacent control
ovarian tissues. X-axis represents P-GP (green), MRP1 (orange) and ABCG2 (blue) transporters. Y-
axis denotes the relative expression of ABC transporter to total cells in percentage. Paired samples T-
test was conducted to validate the significance of differences for P-GP expression in both type of

tissues and Wilcoxon signed rank test for paired samples was run for MRP1 and ABCG2.
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Alike Figures 3.3 and 3.5, observations from Figure 3.7 also implies that overexpression
of a specific efflux transporter corresponds to a drop in the expression of other two.
Remarkably, ABCG2 protein manifested higher expression in most of the chemoresistant
tissues (sample- 3, 4, 5, 6 and 8), while the expression of other ABC transporters was
relatively lower. On the other hand, some samples (1 and 2) displayed more P-GP
expression and MRP1 expression was predominant in sample 7. None of the ovarian
cancer samples was noticed to have an even transporter expression in chemoresistant
tissues. There was no statistically significant association between the expression of any of

the drug transporters and ovarian cancer patient information (Table 3.6).
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Figure 3.7: Heatmap illustrating the comparative levels of P-GP, MRP1 and ABCG2 in
chemoresistant ovarian cancer tissues. Each row denotes a tissue sample and the color intensity bar

reflects the relative expression levels.
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Table 3.6: Association between ABC transporters expression and clinical features of

chemoresistant ovarian cancer patients

. P-GP MRP1 ABCG2
Variables
mean + sd P value mean + sd P value mean + sd P value
Age (correlation -0.04 0.919 -0.33 0.42 0.45 0.267
coefficient)
Diagnosis
E:gi'r:%%;emus 0.20 + 0.09 0.30 + 0.29 0.40 + 0.23
Squamous cell 0.881 1 0.747
qua 0.18 £0.00 0.23+0.00 0.49 £ 0.00

carcinoma
Differentiation
Moderate 0.18 £0.00 0.23+£0.00 0.49 £ 0.00

0.881 1 0.747
Poor 0.20 £ 0.09 0.30 £0.29 0.40 £ 0.23
Grade
| 0.18 £0.00 0.23+£0.00 0.49 £ 0.00

0.881 1 0.747
11 0.20 +0.09 0.30+0.29 0.40+0.23
T staging
1 0.18 £0.00 0.23+0.00 0.49 £ 0.00

0.531 1 0.354
3 0.23+0.06 0.31+0.35 0.31+£0.15
N staging
0 0.18 £ 0.00 0.23+0.00 0.49 £ 0.00

0.855 1 0.311
1 0.22+0.11 0.51+0.59 0.25+0.10

* Pearson s correlation coefficient, Spearman correlation, independent samples T-test, Mann—Whitney U

test were conducted.
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3.3. Expression of HIF1A in Chemoresistant Breast, Colorectal and

Ovarian Cancer

The immunofluorescence image is showing DAPI staining of DNA and the expression of

HIF1A in chemoresistant tissues with a scale bar of 25um (Figure 3.8).

Anti-HIF1A

Figure 3.8: Immunofluorescence image of HIF1A expression. The image shows expression of HIF1A

(red) in chemoresistant tissues and DAPI staining of DNA (blue). The scale bar is 25um.

The fluctuations in HIF1A expression across chemoresistant and corresponding control
tissues sourced from breast, colorectal and ovarian cancer patients are illustrated in Figure
3.9. Regarding breast cancer, the mean relative expression of HIF1A in chemoresistant
tissues was 16.26%, contrasting with the lower percentage observed in controls (1.88%).
This difference was found to be statistically significant (P value < 0.0001). For CRC, the
average percentage was approximately 21.48% in chemoresistant tissues. But the
percentage was nearly four folds less in controls (5.54%) (P value < 0.0001).
Furthermore, the relative HIF1A expression in ovarian chemoresistant tissues was
21.93%, while in controls that was noted 3.91%, demonstrating a prominent difference
with a statistically significant P value of 0.0020. No significant associations were
identified between HIF1A expression in chemoresistant tissues and breast, colorectal and

ovarian cancer patient data (Table 3.7).
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Figure 3.9: Comparison of HIF1A expression between chemoresistant and adjacent control tissues of
breast, colorectal and ovarian cancers. X-axis represents breast (pink), colorectal (blue) and ovarian
(green) cancers. Y-axis denotes the relative expression of HIF1A to total cells in percentage. Wilcoxon
signed rank test for paired samples was conducted to validate the significance of differences for

breast and colorectal cancers and paired samples T-test was run for ovarian cancer.
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Table 3.7: Association between HIF1A expression and

chemoresistant breast, colorectal and ovarian cancer patients

Results

clinical features of

. Breast cancer CRC Ovarian cancer

Variables
mean+sd | Pvalue | mean+sd | Pvalue | mean+sd | P value
gge‘;f(ii?g;te)'a“on -0.02 0.904 | 0.17 0454 | 0.27 0512
Sex
Male - 0.23+£0.11 -
- 0.336 -

Female - 0.19£0.08 -
Diagnosis
g sol Joeon | |- :
Ductal carcinoma in situ 0.18 +0.00 -- --
johular carcinoma. 017£000 1 9g4q |~ NA |7 0.744
Adenocarcinoma -- 0.21+0.10 --
Papillary serous carcinoma | -- -- 0.23+£0.13
Squamous cell carcinoma -- -- 0.18 +0.00
Differentiation
Well - 0.22 £ 0.05 -
Moderate 0.16 +£0.10 | 0.395 0.24+0.15 | 0.075 0.18£0.00 | 0.744
Poor 0.19+0.07 0.13+0.01 0.23+0.13
Grade
I - 0.22 +0.05 -
1 0.16 +£0.10 | 0.395 0.24+0.15 | 0.075 0.18+0.00 | 0.744
i 0.19 £ 0.07 0.13+£0.01 0.23+0.13
T staging
1 0.16 +0.10 0.49+0.00 0.18+0.00
2 0.16+0.12 0.23+0.06 -
3 0.14+0.03 | 0.881 0.19+0.09 | 0.073 0.20+0.09 | 0.843
4 0.20+£0.04 0.12+0.00 -
Tis 0.18+0.00 - -
N staging
0 0.14 +0.09 0.22+0.10 0.18+0.00
1 0.15+0.12 0.18 £ 0.04 0.23+0.16
2 0.24+0.11 0338 0.19 +0.06 0910 -- 0836
3 0.15+0.08 - -

* Pearson’s correlation coefficient, Spearman correlation, independent samples T-test, Mann-Whitney U

test, Kruskal-Wallis test were conducted.
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3.4. Expression of HuR in Chemoresistant Breast, Colorectal and

Ovarian Cancer

The immunofluorescence image is illustrating DAPI staining of DNA and the expression

of HuUR in chemoresistant tissues with a scale bar of 25um (Figure 3.10).

Figure 3.10: Immunofluorescence image of HUR expression. The image shows expression of HUR

(red) and DAPI staining of DNA (blue) in chemoresistant tissues. The scale bar is 25um.

The differences of HUR expression in chemoresistant and paired control tissues collected
from breast, colorectal and ovarian cancer patients are portrayed in Figure 3.11. Mean
relative HUR expression in breast cancer chemoresistant tissues (14.40%) was 19.2 times
higher than control tissues (0.75%). This variation in ratio was statistically significant
with a P value of < 0.0001. Likewise, HuUR relative expression in CRC chemoresistant
tissues was approximately 18.92%, which was significantly higher than the percentage
detected in controls (3.58%) (P value < 0.0001). In addition, ovarian cancer
chemoresistant tissues showed a mean percentage of 20.55% in case of HUR expression,
though the controls had an average percentage of 2.87% (P value = 0.0078). There was no
significant correlation between breast, colorectal and ovarian cancer patient data and HUR

expression in chemoresistant tissues (Table 3.8).
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Figure 3.11: Comparison of HUR expression between chemoresistant and adjacent control tissues of

breast, colorectal and ovarian cancers. X-axis represents breast (pink), colorectal (blue) and ovarian

(green) cancers. Y-axis denotes the relative expression of HUR to total cells in percentage. Wilcoxon

signed rank test for paired samples was conducted to validate the significance of differences for

breast, colorectal and ovarian cancers.
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Table 3.8: Association between HuR expression and

chemoresistant breast, colorectal and ovarian cancer patients

clinical

Results

features of

. Breast cancer CRC Ovarian cancer

Variables
mean+sd | Pvalue | mean+sd | Pvalue | mean+sd | Pvalue
gge‘;f(ii?g;te)'a“on 0.11 0578 | 0.36 0112 | -0.24 0.570
Sex
Male - 0.22£0.10 -
- 0.140 -
Female - 0.15 £ 0.06 -
Diagnosis
AR :
Ductal carcinoma in situ 0.17 £ 0.00 -- --
johular carcinoma. 006000 1 9600 | NA | 0.750
Adenocarcinoma -- 0.19+0.09 -
Papillary serous carcinoma | -- -- 0.21£0.15
Squamous cell carcinoma -- -- 0.19+0.00
Differentiation
Well - 0.19+0.06 -
Moderate 0.12+0.08 | 0.101 0.20+0.13 | 0.646 0.19+0.00 | 0.750
Poor 0.30+0.25 0.19+0.10 0.21+0.15
Grade
I - 0.19+0.06 -
I 0.12+0.08 | 0.395 0.20+0.13 | 0.646 0.19+0.00 | 0.750
i 0.30+£0.25 0.19+£0.10 0.21+£0.15
T staging
1 0.15 £ 0.07 0.42+0.00 0.19+0.00
2 0.13+0.17 0.18 +0.05 -
3 0.11+£0.03 | 0.408 0.19+0.09 | 0.241 0.18 £0.11 | 0.667
4 0.18£0.12 0.11£0.00 -
Tis 0.17 £ 0.00 - -
N staging
0 0.12 £0.07 0.21+0.09 0.19+0.00
1 0.33+£0.37 0.12 £ 0.04 0.25+0.15
0.612 0.098 1.000

2 0.13+0.10 0.17 £ 0.06 -
3 0.18 £ 0.09 - -

* Spearman correlation, Mann—-Whitney U test, Kruskal-Wallis test were conducted.
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3.5. Co-expression of ABC transporters and HIF1A in Chemoresistant

Breast, Colorectal and Ovarian Cancer

The immunofluorescence image shows the co-expression of P-GP, MRP1 and ABCG2

with HIFLA within the same chemoresistant cells (Figure 3.12).

Anti-P-GP Anti-HIF1A

25 um

Anti-MRP1 Anti-HIF1A

Anti-ABCG2 Anti-HIF1A

Figure 3.12: Immunofluorescence image of ABC transporter and HIF1A co-expression. The image
shows expressions of P-GP, MRP1 and ABCG2 (green) and HIF1A (red) in chemoresistant tissues.

The scale bar is 25um.
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3.5.1. ABC Transporters and HIF1A Co-expression in Chemoresistant

Breast Cancer

Linear associations between the expression levels of ABC efflux transporters and HIF1A
in breast tissues are illustrated in Figure 3.13. Remarkably, with an increase in the
expression of HIF1A protein, there was a concurrent elevation in all transporter proteins
expression. A one-unit increase in HIFLA corresponded to a 0.35 unit rise in P-GP (95%
Cl: 0.19-0.51), with < 0.0001 level of P value (Figure 3.13A). Similarly, a single unit
raise in HIF1A resulted in a 0.78 unit increase in MRP1 expression (95% CI: 0.63-0.93)
(P value < 0.0001) (Figure 3.13B). Furthermore, one-fold elevation of HIF1A led to a
1.08 unit rise in ABCG2 expression (95% CI: 0.70-1.45) with a statistically significant P
value of < 0.0001 (Figure 3.13C).
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Figure 3.13: Correlation of individual ABC transporter and HIF1A expression in breast tissues. X-
axis in (A), (B) and (C) denotes the relative ratio of HIF1A expression to total cells. Y-axis in (A), (B)
and (C) denotes the relative ratio of P-GP, MRP1 and ABCG2 expression to total cells, respectively.
The slopes indicate the linear relationship between transporters and HIF1A expression. Simple linear

regression analysis was performed to identify the relationships.

The dynamics of co-expression between ABC transporters (P-GP, MRP1 and ABCG?2)
and HIF1A across chemoresistant and paired control tissues obtained from breast cancer
patients are shown in Figure 3.14. For P-GP and HIF1A co-expression, the mean relative
percentage in chemoresistant tissues was 60.90%, approximately 10 times higher than the
controls (6.07%) (P value < 0.0001). In the context of MRP1 and HIF1A co-expression,
the average percentage was 63.18% for chemoresistant tissues (slightly surpassing the P-
GP and HIF1A co-expression). However, the percentage was around nine-fold less in
controls (7.04%) (P value < 0.0001). Also, the relative co-expression regarding ABCG2

and HIF1A in breast chemoresistant tissues was 51.15%. In contrast, a noteworthy
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variation in co-expression was seen in controls (3.35%) (P value < 0.0001). No significant
associations were found when analyzing the relationship of ABC transporter-HIF1A co-

expression with breast cancer patient data (Table 3.9).
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Figure 3.14: Comparison of ABC transporter and HIF1A co-expression in breast chemoresistant and
adjacent control tissues. X-axis represents P-GP & HIF1A (green), MRP1 & HIF1A (orange) and
ABCG2 & HIF1A (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter
and HIF1A co-expression. Wilcoxon signed rank test for paired samples was conducted to validate the

significance of differences for all types of co-expression.
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Table 3.9: Association between ABC transporter and HIF1A co-expression and

clinical features of chemoresistant breast cancer patients

Co_P-GP+HIF1A

Co_MRP1+HIF1A

Co_ABCG2+HIF1A

Variables
mean+sd | Pvalue | mean+sd | Pvalue | mean+sd | P value

Age (correlation coefficient) 0.04 0.8538 | -0.02 0.9096 | -0.2 0.3248
Diagnosis
Infiltrating ductal carcinoma 0.59+0.30 0.61 + 036. 0.50+0.22
Ductal carcinoma in situ 0.76 £ 0.00 0.4660 1.00 £ 0.00 0.4260 1.00 £ 0.00 0.0719
Infiltrating ductal and lobular | 4 46, ¢ o9 0.92 + 0.00 0.31+0.00
carcinoma
Differentiation
Moderate 0.60 +0.30 0.65 + 0.36 0.51+0.22

0.8210 0.2420 0.3090
Poor 0.62 +0.38 0.35+0.33 0.38+0.17
Grade
I 0.60 £ 0.30 0.65 +0.36 0.51+0.22

0.8210 0.2420 0.3090
Il 0.62 +0.38 0.35+0.33 0.38+0.17
T staging
1 0.57+0.32 0.74 £0.37 0.59+0.24
2 0.64 +0.30 0.55+0.34 0.41+0.16
3 0.39+0.22 | 0.5530 0.19+0.27 | 0.1870 0.50+0.38 | 0.0773
4 0.79+0.24 0.79+0.19 0.43+0.18
Tis 0.76 +£0.00 1.00 + 0.00 1.00 +0.00
N staging
0 0.59+0.31 0.69 +0.38 0.56 +0.27
1 0.62 +0.54 0.26 £0.19 0.30 £ 0.07

0.7160 0.4200 0.5270
2 0.58 +0.22 0.61+0.33 0.51+0.20
3 0.77 £0.20 0.74 +£0.23 0.59 +0.07

* Pearson's correlation coefficient, Spearman correlation, independent samples T-test, Mann—Whitney U

test, ANOVA, Kruskal-Wallis test were conducted.
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3.5.2. ABC Transporters and HIF1A Co-expression in Chemoresistant
CRC

The linear correlation of separate expressions between ABC drug transporters and HIF1A
in colorectal tissues revealed that upregulation in HIF1A expression was concomitant
with a simultaneous increase in the expression of all transporter proteins for colorectal
tissues (Figure 3.15). One-unit escalation of HIF1A steered 1.08 unit increase in P-GP
(95% CI: 0.96-1.20), exhibiting significance at a level of < 0.0001 (Figure 3.15A).
Likewise, a singular unit ascent in HIF1A led to 1.17 unit rise in MRP1 expression (95%
Cl: 0.99-1.33) (P value < 0.0001) (Figure 3.15B). Besides, an elevation of one-fold in
HIF1A resulted in a notable 1.75 unit increase in ABCG2, with a statistically significant P
value of < 0.0001 (Figure 3.15C).
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Figure 3.15: Correlation of individual ABC transporter and HIF1A expression in colorectal tissues.
X-axis in (A), (B) and (C) denotes the relative ratio of HIFLA expression to total cells. Y-axis in (A),
(B) and (C) denotes the relative ratio of P-GP, MRP1 and ABCG2 expression to total cells,
respectively. The slopes indicate the linear relationship between transporters and HIF1A expression.

Simple linear regression analysis was performed to identify the relationships.

ABC transporters (P-GP, MRP1 and ABCG2) and HIF1A co-expression variation in
tissues obtained from chemoresistant and paired control samples of CRC patients are
illustrated in Figure 3.16. The mean relative percentage observed in chemoresistant
tissues was 83.24% for P-GP and HIF1A co-expression (highest among all the co-
expressions), approximately 2.5-fold higher than in controls (33.12%) (P value < 0.0001).
In the context of MRP1 and HIF1A co-expression, the relative percentage was 78.12% for
CRC chemoresistant tissues. Conversely, the percentage was approximately half in
controls (38.24%) (P value = 0.0001). In addition, the mean relative percentage of co-

expression concerning ABCG2 and HIF1A in CRC chemoresistant tissues was 37.92%,
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while it was 22.41% in adjacent controls (P value < 0.0001). Among chemoresistant CRC

patients, the differentiation of cells and cancer grade was significantly correlated with P-
GP and HIF1A co-expression (P value = 0.047) (Table 3.10). In Grade Il and moderate
differentiation of ovarian cancer, P-GP and HIF1A co-expression was the highest (0.91 +

0.10).

P-GP & HIF1A MRP1 & HIF1A
Co-expression Co-expression
105.00 P value < 0.0001 _Pvalue= 0.0001

100.00 =y
95.00
90.00 b 8
85.00
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75.001
70.00 .
65.001
60.00- 4
55.00
50.00
45.00
40.00
35.00
30.00-1
25.00
20.00
15.00
10.00-

5.00

Relative co-expression of ABC transporter and HIF1A (%)

ABCG2 & HIF1A

Co-expression
P value < 0.0001

a

0.00 T g T

Chemoresistant Control Chemoresistant Control

T T
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Figure 3.16: Comparison of ABC transporter and HIF1A co-expression in colorectal chemoresistant
and adjacent control tissues. X-axis represents P-GP & HIF1A (green), MRP1 & HIF1A (orange) and

ABCG2 & HIF1A (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter

and HIF1A co-expression. Wilcoxon signed rank test for paired samples was conducted to validate the

significance of differences for P-GP- and MRP1-HIF1A co-expression and paired samples T-test was

run for ABCG2-HIF1A co-expression.
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Table 3.10: Association between ABC transporter and HIF1A co-expression and

clinical features of chemoresistant CRC patients

Co_P-GP+HIF1A

Co_MRP1+HIF1A

Co_ABCG2+HIF1A

mean+sd | Pvalue | meantsd | Pvalue | meantsd | Pvalue
Age (correlation coefficient) 0.09 0.7 -0.19 0.421 -0.21 0.365
Sex
Male 0.89 £ 0.08 0.86 £ 0.15 0.40 £ 0.13
Female 0.74+0.23 0.336 0.66 + 0.36 059 0.34+0.17 0.386
Diagnosis
Adenocarcinoma 083+0.17 [NA  [078+026 |[NA  |038:014 | NA
Differentiation
Well 0.85+0.13 0.84 +£0.19 0.38 £0.16
Moderate 0.91+0.10 | 0.047 0.73+0.29 | 0.521 0.39+0.16 | 0.981
Poor 0.48 £ 0.23 0.57+£0.53 0.40 £ 0.05
Grade
| 0.85+0.13 0.84 £ 0.19 0.38+0.16
1 0.91+£0.10 | 0.047 0.73+0.29 | 0.521 0.39+0.16 | 0.981
Il 0.48 £ 0.23 0.57+£0.53 0.40 £ 0.05
T staging
1 0.94 £ 0.00 0.91+£0.00 0.27 £0.00
2 0.79+£0.15 0.84 £0.23 0.37+£0.16
3 0.85+0.20 0.436 0.70 £ 0.29 0154 0.41+0.14 0,600
4 0.91+£0.00 0.95 £ 0.00 0.00+0.00
N staging
0 0.87£0.10 0.84 +0.19 0.42+0.14
1 0.81+0.19 | 0.978 0.61+0.38 | 0.492 0.29+0.18 | 0.315
2 0.75+0.28 0.74+£0.33 0.42+0.12

* Pearson s correlation coefficient, Spearman correlation, independent samples T-test, Mann—Whitney U

test, ANOVA, Kruskal-Wallis test were conducted.
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3.5.3. ABC Transporters and HIF1A Co-expression in Chemoresistant

Ovarian Cancer

The linear regression models from Figure 3.17 elucidates the associations between ABC
drug transporters and HIF1A individual expressions in the ovary. Interestingly, like in
breast and colorectal cancers, elevation in the relative expression of all transporter
proteins was observed as HIF1A expression inclined. A one-unit raise in HIF1A related to
a 1.24-unit rise in P-GP (95% CI: 0.83-1.66) (P < 0.0001) (Figure 3.17A). Alike the
previous one, solitary unit elevation of HIF1A led to a 1.09-unit increase in the expression
of MRP1 (95% CI: 1.04-1.14) with a highly significant P value of < 0.0001 (Figure
3.17B). In addition, a one-fold elevation in HIFLA promoted ABCG2 expression by 0.96-
unit (95% CI: 0.55-1.38) (P value = 0.0002) (Figure 3.17C).
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Figure 3.17: Correlation of individual ABC transporter and HIF1A expression in ovarian tissues. X-
axis in (A), (B) and (C) denotes the relative ratio of HIF1A expression to total cells. Y-axis in (A), (B)
and (C) denotes relative ratio of P-GP, MRP1 and ABCG2 expression to total cells, respectively. The
slopes indicate the linear relationship between transporters and HIF1A expression. Simple linear

regression analysis was performed to identify the relationships.

The differences in ABC transporters and HIF1A co-expression across the tissues collected
from chemoresistant and paired control samples from ovarian cancer patients are
portrayed in Figure 3.18. Co-expression ratio was the highest for MRP1 and HIF1A in
chemoresistant tissue of ovarian cancer. In the context of P-GP and HIF1A relative co-
expression, the mean percentages in chemoresistant and control tissues were 84.66% and
55.85%,

chemoresistant tissues was 92.40% for MRP1 and HIF1A co-expression. On the contrary,

respectively (P value = 0.0156). The relative average percentage in

the percentage was approximately half (58.47%) in controls (P value = 0.0313). It was
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noticed that there was not any significant association between ovarian cancer patient
information and ABC drug transporter and HIF1A co-expression (Table 3.11).

P-GP & HIF1A MRP1 & HIF1A ABCG2 & HIF1A

Co-expression Co-expression Co-expression
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Figure 3.18: Comparison of ABC transporter and HIF1A co-expression in ovarian chemoresistant
and adjacent control tissues. X-axis represents P-GP & HIF1A (green), MRP1 & HIF1A (orange) and
ABCG2 & HIF1A (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter
and HIF1A co-expression. Wilcoxon signed rank test for paired samples was conducted to validate the

significance of differences for all types of co-expression.
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Table 3.11: Association between ABC transporter and HIF1A co-expression and

clinical features of chemoresistant ovarian cancer patients

Co_P-GP_HIF1A

Co_MRP1_HIF1A

Co_ABCG2_HIF1A

Variables
mean+sd | Pvalue | meantsd | Pvalue | meantsd | P value
Age (correlation coefficient) -0.07 0.87 0.586 0.127 0.45 0.26
Diagnosis
Papillary serous carcinoma 0.83+0.23 1 0.94+0.10 05 0.38 +0.29 1
Squamous cell carcinoma 0.94 +0.00 0.83+0.00 0.34 +0.00
Differentiation
Moderate 0.94 +0.00 1 0.83+0.00 05 0.34+0.00 1
Poor 0.83+0.23 0.94+0.10 0.38+0.29
Grade
I 0.94 +0.00 1 0.83+0.00 05 0.34+0.00 1
i 0.83+0.23 0.94+0.10 0.38£0.29
T staging
1 0.94+£0.00 0.83+0.00 0.34 £ 0.00
3 0.78 £ 0.26 ! 0.92+0.12 0667 0.30+0.13 !
N staging
0 0.94+£0.00 1 0.83+0.00 1 0.34 £ 0.00 1
1 0.78 £0.24 0.94 £ 0.09 0.26 +0.18

* Spearman correlation, Mann-Whitney U test were conducted.
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3.5.4. 3D modelling of HIF1A Protein and its target binding site

The predicted structure of the HIF1A protein is presented in Figure 3.19A. An estimation
of the quality of the predicted protein model is provided in Figures 3.19B, 3.19C and
3.19D. From the Ramachandran plot, it was observed that a total of 98.10% {most
favored region (91.60%) + additional allowed region (6.20%) + generally allowed region
(0.30%)} of the AA residues were in allowed region (Figure 3.19B). Based on the

evaluations, the structure of HIF1A was determined to be acceptable.

180+ T

135+

e
&’ ~ '
*% _7

451 I

0

Psi (degrees)

45+
=]

.
S | MERLOTI A B
. U]
Gl - - o
90+ N PRO 216 (A) SER L5 (A)
T CLREM{ UQYE g9 (A)
‘,_I‘ VARSI
357ty B .
) | - ) |A

| P
. o I k)
pi et — : ! A
-180  -135 90 -4s 0 45 90 135 180
Phi (degrees)
Plot statistics
' s 678 9164 Total 98.1% in
1Pl 4 62% Laliowed region
10 14 1.9%
X-ray i 740 1000%
I NMR
M
50
5
D Total number of residues 8
Comparison with Non-redundant Set of PDB Structures
15 ' ) ;
0
2
@ Q
o O
g -5 9 40-
N =
z
. <
w
R =
-10 1 o
8 2
] N
=05
E
-15 5
z
|Z-score|>2 e 1<|Z-score|<2 e |Z-score|<1 Y model
=20 00 5 3 50
0 200 400 600 800 1000 100 200 300 400 500
Number of residues Protein Size (Residues)

Figure 3.19: HIF1A protein structure prediction and validation. (A) Predicted structure of HIF1A
protein. (B) Ramachandran plot for HIF1A protein. Percentages of residues in allowed region and
disallowed region were 98.1% and 1.9%, respectively. (C) Z-score plot for HIF1A protein. The black
dot denotes the position predicted model in the Z-score plot. (D) Q-mean score plot for HIF1A
protein. The red star indicates the position of predicted model in the Q-mean score plot.

The ‘CGTG’ regions were identified within 2000 bp range of the promoter regions for P-
GP (from -1000 to -1003, from -1592 to -1595, from -1625 to -1628 and from -1630 to -
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1633) and MRP1 (from -1516 to -1520 and from -1742 to - 1745) genes, but a similar
region was located within 6500 bp range for ABCG2 (from -6111 to -6114) gene.
Utilizing the 3D DNA models from Figure 3.20, molecular docking experiments were
conducted with the HIF1A protein from Figure 3.19A.

(A) P- GP promoter reglon CGTG region: -1630 to -1633

—
CGTG region: -1516 to -1520
(c) ABCGZ promoter reglon i N CGTG region: -6111 to -6114

Figure 3.20: 3D DNA models of the promoter regions for ABC transporter genes. (A) Promoter region
of the P-GP gene. (B) Promoter region of the MRP1 gene. (C) Promoter region of the ABCG2 gene.
‘CGTG’ regions are highlighted in purple. The prediction of the 3D structure includes 50 nucleotides
both before and after the CGTG region.
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3.5.5. Molecular docking between HIF1A and Promoter Regions of ABC

Transporter Genes

Representative figures of docking simulations are presented in Figure 3.21. Table 3.12
represents Z-scores of molecular docking analyses between the HIF1A protein and the
DNA of ABC drug transporters (P-GP, MRP1 and ABCG2) promoter regions, specifically
with the ‘CGTG’ region. Molecular docking was conducted using five AA regions of
HIF1A protein for which structures were determined via X-ray crystallography. These
selected regions include AA sequences of 238-348, 395-411, 549-582, 717-757 and 775-
826. We observed that all the Z-scores found from docking were negative. Z-scores
provide a way to determine how a particular docking score compares to a distribution of
scores from random or non-specific docking poses and a negative Z-score from
HADDOCK 2.4 means that the docking score is better than average when compared to
the distribution of decoy or random docking scores. Additionally, other comprehensive
information such as the Haddock score, cluster size, RMSD from the overall lowest-
energy structure, Van der Waals energy, electrostatic energy, desolvation energy, restraints
violation energy and buried surface area for all dockings are provided in Supplementary
table 10.

(A) AArvegion of HIF1A: 395-411; (B) AA region of HIF1A: 549-582; (C) AA region of HIF1A: 549-582;
CGTG region for P-GP: -1630-1633 CGTG region for MRP1: -1516-1520  CGTG region for ABCG2: -6111-6114

(Z-score: -2.3) (Z-score: -2.5) (Z-score: -2.6)

Figure 3.21: Molecular docking of HIF1A with ‘CGTG’ sequence of ABC transporter genes promoter
regions. (A) Representative docking of HIF1A (AA region: 395-411) and P-GP gene promoter region
(Z-score: -2.3). (B) Representative docking of HIF1A (AA region: 549-582) and MRP1 gene promoter
region (Z-score: -2.5). (C) Representative docking of HIF1A (AA region: 549-582) and ABCG2 gene

promoter region (Z-score: -2.6). More details are in Table 3.16.
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Table 3.12: Molecular docking of HIF1A protein and ‘CGTG’ sequence from the
promoter region of ABC transporters DNA and their Z-scores (More details are

provided in Supplementary table 10)

AA region of HIF1A ‘ Z-Score
P-GP promoter region
238--348 -1.7
395-411 -2.3
549-582 2.1
717-757 -1.7
775-826 -1.3
MRP1 promoter region
238--348 -1.1
395-411 -1.8
549-582 -2.5
717-757 -2.3
775-826 -2.3
ABCG2 promoter region
238--348 -2
395-411 -1.6
549-582 -2.6
717-757 -1.9
775-826 -1.1
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3.6. Co-expression of ABC transporters and HuR in Chemoresistant

Breast, Colorectal and Ovarian Cancers

The immunofluorescence image shows the co-expression of P-GP, MRP1 and ABCG2

with HuR within the same chemoresistant cells (Figure 3.22).

Anti-P-GP Anti-HuR

-

Anti-MRP1 Anti-HuR

Anti-ABCG2 Anti-HuR

Figure 3.22: Immunofluorescence image of ABC transporter and HUR co-expression. The image
shows expressions of P-GP, MRP1 and ABCG2 (green) and HuR (red) in chemoresistant tissues. The

scale bar is 25um.
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3.6.1. ABC Transporters and HUR Co-expression in Chemoresistant

Breast Cancer

Linear regression analysis between the expression levels of ABC efflux transporters (P-
GP, MRP1 and ABCG2) and HuR in breast tissues revealed that the expression of
transporter proteins is directly proportional to HuR protein expression (Figure 3.23). A
one-unit increase in HUR corresponded to a 0.39 unit rise in P-GP (95% CI: 0.21-0.56) (P
value < 0.0001) (Figure 3.23A). Similarly, a single unit raise in HuUR expression propelled
0.68 unit increase in MRP1 expression (95% CI: 0.49-0.88) and this relation was
significant at < 0.0001 level (Figure 3.23B). Likewise, one-fold elevation of HUR resulted
in 0.72 unit rise in ABCG2 expression (95% CI: 0.32-1.13) (P value = 0.0008) (Figure
3.23C).
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Figure 3.23: Correlation of individual ABC transporter and HUR expression in breast tissues. X-axis
in (A), (B) and (C) denotes the relative ratio of HUR expression to total cells. Y-axis in (A), (B) and (C)
denotes relative ratio of P-GP, MRP1 and ABCG2 expression to total cells, respectively. The slopes
indicate the linear relationship between transporters and HuR expression. Simple linear regression

analysis was performed to identify the relationships.

The deviations of ABC transporters (P-GP, MRP1 and ABCG2) and HuR co-expression
in the breast chemoresistant and adjacent control tissues and their significance levels are
exhibited in Figure 3.24. For P-GP and HuR co-expression, the mean relative percentage
in chemoresistant tissues was 54.99%, almost 10 times higher than controls (5.27%) (P
value < 0.0001). The average relative percentage was 74.16% in chemoresistant tissues
for MRP1 and HuR co-expression (highest amongst all other co-expressions). However,
that was 6.43% in controls (P value < 0.0001). In breast chemoresistant tissues, the mean
relative co-expression for ABCG2 and HuR was 35.48%, whereas it was 0.68% in control

tissues (P value < 0.0001). There was no significant association between ABC

Page | 69



Results

transporters (P-GP, MRP1 and ABCG2) and HuR co-expression and breast cancer patient
information (Table 3.13).

P-GP & HuR MRP1 & HuR ABCG2 & HuR

Co-expression Co-expression Co-expression
110.00- P value < 0.0001 P value < 0.0001 P value < 0.0001
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Figure 3.24: Comparison of ABC transporter and HUR co-expression in breast chemoresistant and
adjacent control tissues. X-axis represents P-GP & HuR (green), MRP1 & HuR (orange) and ABCG2
& HuR (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter and HUR co-
expression. Wilcoxon signed rank test for paired samples was conducted to validate the significance of
differences for all types of co-expression.
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Table 3.13: Association between ABC transporter and HuR co-expression and

clinical features of chemoresistant breast cancer patients

Variabl Co_P-GP+HuUR Co_MRP1+HuR Co_ABCG2+HuR
ariables
mean+sd | Pvalue | mean+sd | Pvalue | mean+sd | P value

Age (correlation coefficient) -0.05 0.7934 | -0.02 0.9349 | 0.27 0.1727
Diagnosis
Infiltrating ductal carcinoma 0.52 +0.30 0.73+0.34 0.34+0.26
Ductal carcinoma in situ 0.81 +0.00 0.2510 1.00+0.00 0.4710 0.96 £ 0.00 0.1910
Infiltrating ductal and lobular | 4 5, , 4 g9 0.87 +0.00 0.13 +0.00
carcinoma
Differentiation
Moderate 0.55+0.30 0.76 £ 0.31 0.32+0.26

0.7430 0.4900 0.4900
Poor 0.47 £0.46 0.51+£0.50 0.39+£0.18
Grade
I 0.55+0.30 0.76 £ 0.31 0.32+£0.26

0.7430 0.4900 0.4900
1l 0.47 £ 0.46 0.51+0.50 0.39+0.18
T staging
1 0.61+0.30 0.79+0.34 0.43+0.32
2 0.47£0.31 0.72+0.29 0.26 +0.18
3 0.33+0.19 | 0.3960 | 0.50+0.71 | 0.6050 | 0.23+0.06 | 0.4530
4 0.68 +0.39 0.69+0.25 0.29+0.22
Tis 0.81+0.00 1.00 £ 0.00 0.96 +0.00
N staging
0 0.56 £0.29 0.75+£0.35 0.38 £0.32
1 0.60 £ 0.56 0.74 £ 0.36 0.30£0.33

0.3950 0.6960 0.7030
2 0.39£0.27 0.82+£0.25 0.33 £0.27
3 0.69£0.31 0.77 £0.22 0.45 £ 0.08

* Spearman correlation, Mann-Whitney U test, Kruskal-Wallis test were conducted.
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3.6.2. ABC Transporters and HuR Co-expression in Chemoresistant
CRC

A linear regression association between the independent expressions of ABC transporters
and HuR in colorectal tissues is presented in Figure 3.25. Similar to Figure 3.23, it was
observed that the transporter protein expression level is directly proportional to the
expression HUR protein for colorectal tissues. A singular unit elevation in HuR drove the
rise of P-GP by 1.01 unit (95% CI: 0.94-1.08) (P value < 0.0001) (Figure 3.25A). Besides,
one-fold increase in HUR expression induced MRP1 to overexpress by 1.14 unit (95% CI:
1.01-1.26) (P < 0.0001) (Figure 3.25B). Also, one-fold raise in HUR steered 1.38 unit rise
in ABCG2 expression (95% ClI: 0.60-2.16) (P value = 0.0010) (Figure 3.25C).
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Figure 3.25: Correlation of individual ABC transporter and HUR expression in colorectal tissues. X-
axis in (A), (B) and (C) denotes the relative ratio of HUR expression to total cells. Y-axis in (A), (B)
and (C) denotes relative ratio of P-GP, MRP1 and ABCG2 expression to total cells, respectively. The
slopes indicate the linear relationship between transporters and HuUR expression. Simple linear

regression analysis was performed to identify the relationships.

The variations of ABC transporters and HuR co-expression across the colorectal
chemoresistant and adjacent control tissues are exhibited in Figure 3.26. Highest relative
mean percentage was found for P-GP and HuR co-expression in the context of colorectal
chemoresistant tissues (88.43%). However, in control tissues the percentage was 38.87%
(P value < 0.0001). Slightly lower than the co-expression of P-GP and HuR, the average
percentage was 84.46% in chemoresistant tissues for MRP1 and HUR co-expression. But
the controls showed a mean relative percentage of 46.95% (P value = 0.0023). The
average percentage of ABCG2 and HuR co-expression in CRC was 29.64% and 11.43%

in chemoresistant and matched control tissues, respectively (P value < 0.0001). There was
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no significant association between ABC transporters (P-GP, MRP1 and ABCG2) and HUR

co-expression and ovarian cancer patient data (Table 3.14).

P-GP & HuR MRP1 & HuR ABCG2 & HuR

Co-expression Co-expression Co-expression
110.00- P value < 0.0001 P value = 0.0023 P value < 0.0001

= 80.00 %

0.00 T T T T T
Chemoresistant Control Chemoresistant Control Chemoresistant Control

Figure 3.26: Comparison of ABC transporter and HuR co-expression in colorectal chemoresistant
and adjacent control tissues. X-axis represents P-GP & HuR (green), MRP1 & HuR (orange) and
ABCG2 & HuR (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter and
HuR co-expression. Wilcoxon signed rank test for paired samples was conducted to validate the
significance of differences for all types of co-expression.
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Table 3.14: Association between ABC transporter and HuR co-expression and

clinical features of chemoresistant CRC patients

Variables Co_P-GP+HuUR Co_MRP1+HuUR Co_ABCG2+HuR
mean+sd | Pvalue | mean+sd | Pvalue | mean+sd | P value

Age (correlation coefficient) | -0.04 0.868 -0.24 0.31 0.21 0.362

Sex

Male 0.93 £ 0.07 0.85+0.22 0.34+0.14

Female 0.81+0.29 0.588 0.84+0.25 0817 0.23+0.17 0.165

Diagnosis

Adenocarcinoma 088+0.18 |[NA | 084%022 |[NA  [030£016 | NA

Differentiation

Well 0.85+0.24 0.79+0.28 0.30+£0.18

Moderate 0.93+0.08 | 0.421 0.90+0.15 | 0.745 0.30+0.11 | 0.721

Poor 0.84 £ 0.16 0.85+0.21 0.39+0.24

Grade

| 0.85+0.24 0.79+£0.28 0.30+0.18

1 0.93+0.08 | 0.421 0.90+0.15 | 0.745 0.30+0.11 | 0.721

Il 0.84 £ 0.16 0.85+0.21 0.39+0.24

T staging

1 0.96 £ 0.00 0.85+0.00 0.38+0.00

2 0.81+£0.29 0.88 + 0.25 0.22+0.14

3 0.91+0.08 0.795 0.79 £0.23 0.276 0.36 £0.16 0.344

4 0.97 £0.00 1.00 + 0.00 0.26 £ 0.00

N staging

0 0.95+0.05 0.87+0.14 0.37+£0.13

1 0.64 £0.41 | 0.155 0.78£0.38 | 0.911 0.16 £ 0.07 | 0.054

2 0.88 £ 0.10 0.79+£0.32 0.27 £0.19

* Pearson s correlation coefficient, Spearman correlation, independent samples T-test, Mann—Whitney U

test, ANOVA, Kruskal-Wallis test were conducted.
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3.6.3. ABC Transporters and HuR Co-expression in Chemoresistant

Ovarian Cancer

The linear regression testing illustrates the connection between separate expressions of
ABC drug transporters and HUR protein in ovarian tissues (Figure 3.27). Consistent with
the patterns observed in Figures 3.23 and 3.25, it is evident that expression of HuR
protein directly affects the levels of transporter protein expressions. A rise of one unit in
HuR led to a corresponding upsurge of 1.06 units in P-GP (95% CI: 0.93-1.20) with a
significant P value of < 0.0001 (Figure 3.27A). On the other hand, a one-fold rise in HUR
expression boosted a MRP1 expression by 1.06-unit (95% CI: 0.95-1.16) (P value <
0.0001) (Figure 3.27B). Moreover, one-fold elevation of HuR induced 0.95-unit increase
in ABCG2 expression (95% CI: 0.60-1.29) (P value of < 0.0001) (Figure 3.27C).
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Figure 3.27: Correlation of individual ABC transporter and HUR expression in ovarian tissues. X-axis
in (A), (B) and (C) denotes the relative ratio of HUR expression to total cells. Y-axis in (A), (B) and (C)
denotes relative ratio of P-GP, MRP1 and ABCG2 expression to total cells, respectively. The slopes
indicate the linear relationship between transporters and HuR expression. Simple linear regression

analysis was performed to identify the relationships.

The differences of ABC transporters and HuR co-expression across the ovarian
chemoresistant and paired control tissues are displayed in Figure 3.28. Only the
difference of MRP1 and HUR co-expression between ovarian chemoresistant and control
tissues was found significant (P value = 0.0156), where the average relative co-expression
percentage was 86.58% and 43.09% in chemoresistant and control tissues, respectively.
There was no significant association between ABC transporters (P-GP, MRP1 and

ABCG2) and HUR co-expression and ovarian cancer patient data (Table 3.15).
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Figure 3.28: Comparison of ABC transporter and HuUR co-expression in ovarian chemoresistant and

adjacent control tissues. X-axis represents P-GP & HuR (green), MRP1 & HuR (orange) and ABCG2

& HuR (blue) co-expressions. Y-axis denotes the relative percentage of ABC transporter and HuR co-

expression. Wilcoxon signed rank test for paired samples was conducted to validate the significance of

differences for all types of co-expression.
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Table 3.15: Association between ABC transporter and HuR co-expression and

clinical features of chemoresistant ovarian cancer patients

Variables Co_P-GP+HuR Co_MRP1+HuUR Co_ABCG2+HuR
mean +sd | P value mean * sd P value | mean +sd | P value

Age (correlation coefficient) | -0.07 0.866 0.49 0.22 0.55 0.16

Diagnosis

Papillary serous carcinoma 0.86 +0.17 1 0.89+0.22 05 0.38 £ 0.27 05

Squamous cell carcinoma 0.93+0.00 0.67 £ 0.00 0.24 +0.00

Differentiation

Moderate 0.93+0.00 1 0.67 £ 0.00 05 0.24+0.00 05

Poor 0.86 £0.17 0.89+£0.22 0.38 £0.27

Grade

I 0.93+0.00 0.67 £ 0.00 0.24+0.00

1 0.86 +0.17 ! 0.89 +0.22 0 0.38+£0.27 0%

T staging

1 0.93 +£0.00 0.67 £ 0.00 0.24 £ 0.00

3 0.85+0.18 ! 0.86 + 0.26 0.667 0.28 +£0.07 0.667

N staging

0 0.93 +£0.00 1 0.67 £ 0.00 1 0.24 £ 0.00 L

1 0.84+0.14 0.96 £ 0.05 0.22 £ 0.07

* Spearman correlation, Mann—-Whitney U test were conducted.
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3.6.4. 3D Modelling of HUR protein and its target binding site

The anticipated 3D structure of the HUR protein is presented in Figure 3.29A. The quality
assessments of the protein model prediction are provided in Figures 3.29B, 3.29C and
3.29D. From the Ramachandran plot, it was observed that a total of 100.00% {most
favored region (89.40%) + additional allowed region (9.90%) + generally allowed region
(0.70%)} of the AA residues were in allowed region (Figure 3.29B). According to the
validation methods, the HuUR structure was considered satisfactory. AU-rich regions from
3'UTR of the mRNAs (Figure 3.30) were selected for molecular docking analyses with
the predicted structure of HUR from Figure 3.29A.
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Figure 3.29: HuR protein structure prediction and validation. (A) Predicted structure of HuR
protein. (B) Ramachandran plot for HUR protein. Percentages of residues in the allowed region and
disallowed region were 100.0% and 0.0%, respectively. (C) Z-score plot for HUR protein. The black
dot denotes the position of predicted model in the Z-score plot. (D) Q-mean score plot for HUR

protein. The red star indicates the position of predicted model in the Q-mean score plot.
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Figure 3.30: Predicted 3D structures of 3'UTR regions of ABC transporter mRNA. (A) 3'UTR of P-
GP mRNA. (B) 3'UTR of MRP1 mRNA. (C) 3'UTR of ABCG2 TV1 mRNA. (D) 3'UTR of ABCG2 TV2

MRNA. (E) 3UTR of ABCG2 TV3 mRNA.
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3.6.5. Molecular docking between HUR and AU-rich regions from 3'UTR
of ABC Transporter mRNA

Representative figures of docking simulations are presented in Figure 3.31A, 3.31B,
3.31C, 3.31D and 3.31E. Z-scores of molecular docking analyses between RRM1 of HUR
protein and AU-rich regions from the 3'UTR of P-GP, MRP1, ABCG2 TV1, ABCG2 TV2
and ABCG2 TV3 mRNA are exhibited in Tables 3.16, 3.17, 3.18, 3.19 and 3.20. RRM1
includes AA sequences of 18-99. It was noticed that all the Z-scores were negative.
Interpretation method of Z-scores is previously described in section 3.5.5. All other
information such as the Haddock score, cluster size, RMSD from the overall lowest-
energy structure, Van der Waals energy, electrostatic energy, desolvation energy, restraints
violation energy and buried surface area for all dockings are provided in Supplementary
table 14, 15, 16, 17 and 18.

(A) Docking of UUUGUUU region  (B) Dacking of UUAUCTUUU region  (C) Docking of UCAUUUAAU region (D) Docking of ULAUUUULUUA  (E) Docking of AUULULUUA region
from 3'UTR of P-GP mRNA and from 3'UTR of RPI mRNA and from 3'UTR of ABCG2 mRNA (TV1) region from 3'UTR of ABCG2 mRNA  from 3'UTR of 4BCG2 mRNA (TV3)
RRM1 of HuR (Z-score: -2.5) RRM1 of HuR (Z~score: -2.5) and RRMI of [luR (Z-score: -2.5) (TV2) and RRM1 of HuR and RRM1 of HuR (Z-score: -2.7)

(Z-score: -2.6)

Figure 3.31: Molecular docking of RRM1 of HuR with AU-rich regions from 3'UTR of ABC
transporters mMRNA. (A) Representative docking of HUR RRM1 (AA region: 18-99) and UUUGUUU
region from 3'UTR of P-GP mRNA (Z-score: -2.5) (More details are in Table 3.20). (B) Representative
docking of HUR RRM1 (AA region: 18-99) and UUAUUUUUU region from 3'UTR of MRP1 mRNA
(Z-score: -2.5) (More details are in Table 3.21). (C) Representative docking of HUR RRM1 (AA
region: 18-99) and UUAUUUAAU region from 3'UTR of ABCG2 TV1 mRNA (Z-score: -2.5) (More
details are in Table 3.22). (D) Representative docking of HUR RRM1 (AA region: 18-99) and
UUAUUUUUUUA region from 3'UTR of ABCG2 TV2 mRNA (Z-score: -2.6) (More details are in
Table 3.23). (E) Representative docking of HUR RRM1 (AA region: 18-99) and AUUUUUUUA region
from 3'UTR of ABCG2 TV3 mRNA (Z-score: -2.7) (More details are in Table 3.24).
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Table 3.16: Molecular docking of RRM1 of HUR protein and AU-rich region from
the 3'UTR of P-GP mRNA and their Z-scores (More details are provided in

Supplementary table 14)

AU-rich regions of 3'UTR Z-Score
UUuUGUUU -2.5
AAAUUUUAUAA -2.2
AUUUU -2.2
AAAUUUUAU -2.1
AUUUUAU -1.9
AUUUA -1.7
UUUUA -1.7
GUUUG -1.6
AAUUUUAUA -1.5
AUAAAUUUUAUAA -1.5
AUUUUAA -1.5
UAAAUUUUAUA -1.5
AUUAAA -1.4
AAUUUUA -1.3
Uuuuu -1.3
UUUUUAA -1.2
AAUAAA -0.9
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Table 3.17: Molecular docking of RRM1 of HUR protein and AU-rich region from
the 3'UTR of MRP1 mRNA (More details are provided in Supplementary table 15)

AU-rich regions of 3'UTR Z-Score
UUAUUUUUU -2.5
UUUUUUUUUAA -2.3
UUUUUUUUUUUAA -2.3
UAUAUUUAUUU -2.2
UUUUUUA 2.2
AUUUU -2.1
UAUUUUU -2.1
UUUUUUUUUUUUA 2.1
UUuuuuu -2
UUUUUUUAA -1.9
UUUUUUUUA -1.9
AUUUUUU -1.8
AUUUUUUUUUU -1.8
UAUUUAU -1.8
UUUUA -1.8
Uuuuu -1.7
UUUUUAA -1.7
UUUUUUUUUUA -1.7
UuuuUuuuuuu -1.7
AUAUAUUUAUUUU -1.5
AUUUA -1.4
AUUUUUUUU -1.4
AUAUUUAUU -1.2
AUUUUUUUUUUUU -1.2
GUUUG -1.2
UUuuuUuuuu -1.2
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Table 3.18: Molecular docking of RRM1 of HUR protein and AU-rich region from
the 3'UTR of ABCG2 TV1 mRNA (More details are provided in Supplementary

table 16)

AU-rich regions of 3'UTR Z-Score
UUAUUUAAU -2.5
UAAUUUAUU -2.4
Uuuuuuu -2.3
AUAUUUUUA 2.1
UAUUUAA 2.1
AUUAUUUAAUA -2
UUAAUUUUAUU -2
UUUAAUUUUAUUU -2
UUUUAUUUUUUUA -2
UUAUUUUUUUA -1.8
UUUAUUUUUUU -1.8
UUuUGUUU -1.8
UUUUUAA -1.8
UUUUUUA -1.8
AUUUUAU -1.7
GUUUG -1.7
UUUUUUAAA -1.7
AAUAAA -1.6
AUUUUUU -1.6
UUUUA -1.6
AAUUUAU -15
AUUAAA -1.5
UAUUUUUAU -15
Uuuuu -1.5
UUUUUAU -15
AAUUUUA -14
AUUUA -1.4
AUUUUUUUA -1.4
UAUUUUUUU -1.4
AAUUUUAUU -1.3
AUUUU -1.3
UAAUUUUAUUU -1.3
UUAAUUUUAUUUU -1.3
AAUUUAA -1.2
UAAUUUUAU -1.2
UAUAUUUUUAU -1.2
UAUUUUU -1.2
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UUAUUUUUU

-1.2

Results

AUUUUUA

-1.1

Table 3.19: Molecular docking of RRML1 of HuR protein and AU-rich region from
the 3'UTR of ABCG2 TV2 mRNA (More details are provided in Supplementary

table 17)

AU-rich regions of 3'UTR Z-Score
UUAUUUUUUUA -2.6
AAUUUUA -2.3
UAUUUUU -2.3
UUuUGUUU -2.3
UAUUUAA -2.2
AUUUUAU 2.1
Uuuuu 2.1
UUUUUUA 2.1
UUUUUUAAA 2.1
UUuuuuu -2
AUUUUUA -1.9
GUUUG -1.9
UAUUUUUAU -1.9
AUUUUUUUA -1.8
UAAUUUUAUUU -1.8
UAUAUUUUUAU -1.8
UAUUUUUUU -1.8
UUUUUAA -1.8
AUUUU -1.7
AUUUUUU -1.7
UUAAUUUUAUU -1.7
UUUAAUUUUAUUU -1.7
AAUUUAU -1.6
AUAUUUUUA -1.6
AUUAUUUAAUA -1.6
UUUUAUUUUUUUA -1.6
UUUUUAU -1.6
AAUUUAA -15
UAAUUUUAU -1.5
UUAUUUUUU -1.5
AAUAAA -14
UUAAUUUUAUUUU -1.4
UUAUUUAAU -1.4
AUUAAA -1.3
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AUUUA -1.3
UAAUUUAUU -1.3
UUUAUUUUUUU -1.2
AAUUUUAUU -1.1
UUUUA -1

Table 3.20: Molecular docking of RRM1 of HUR protein and AU-rich region from
the 3'UTR of ABCG2 TV3 mRNA (More details are provided in Supplementary

table 18)

AU-rich regions of 3'UTR Z-Score
AUUUUUUUA -2.7
UUUUAUUUUUUUA -2.6
AAUUUUA -2.4
UAUUUUUUU -2.4
UUAAUUUUAUUUU -2.4
UUAAUUUUAUU -2.3
UUUAUUUUUUU -2.3
UUUUUAA -2.2
AUUUUUU -2.1
GUUUG -2.1
UAAUUUUAU -2.1
AUUAUUUAAUA -2
UAAUUUUAUUU -2
uuucuuu -2
UUUUUUA -2
UUAUUUUUUUA -1.9
Uuuuu -1.9
AAUUUAU -1.8
AUUUUAU -1.8
AUUUUUA -1.8
UAAUUUAUU -1.8
uuuuuuu -1.8
AAUAAA -1.7
AAUUUAA -1.7
AUUAAA -1.7
UUAUUUUUU -1.7
UUUAAUUUUAUUU -1.7
UUUUUAU -1.7
AAUUUUAUU -1.5
AUAUUUUUA -1.5
AUUUU -1.5
UAUAUUUUUAU -1.5
UAUUUAA -1.5
UAUUUUUAU -1.5
UUAUUUAAU -1.5
UAUUUUU -14
UUUUA -1.3
AUUUA -1.2
UUUUUUAAA -1
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Discussion

4.1. ABC transporters in Chemoresistant Breast, Colorectal and

Ovarian Cancer

Chemoresistance, by reducing the survival rate, poses one of the significant challenges in
the treatment of advanced cancer patients undergoing chemotherapy [261]. There are a
multitude of molecular mechanisms connected to this phenomenon [10,262]. Among
those mechanisms, diminished intracellular accumulation of drugs has been a prominent
contributor to developing anti-cancer drug resistance [262]. The cell membrane
transporters facilitate the diminution of drug accumulation inside cells; thus, creating
chemoresistance to commonly employed chemotherapeutic agents [263]. ABC
transporters are the most eminent transmembrane protein group in actively ejecting
various structurally and mechanistically distinct chemotherapeutic agents outside cells
[47]. Thereby protecting the cells from being destroyed. While this protein superfamily
comprises 49 members, only three — P-GP, MRP1 and ABCG2- have been extensively
causing multidrug resistance [4,10]. These three proteins are also the most studied ones
and they exhibit broad and overlapping substrate specificity, promoting the elimination of
various hydrophobic compounds, that includes key anti-cancer therapeutics like taxanes,
topoisomerase inhibitors and antimetabolites [10]. Previously, one study from Japan also
revealed the differences of ABCG2 dysfunction among three different ethnic groups
including Japanese, Caucasians and African Americans [264]. Additionally, ABC
transporter population specific variations have been stated to contribute to their functions
and the chemotherapeutic regimens [265]. Despite worldwide research on ABC
transporter overexpression in chemoresistant cancers, to the best of our knowledge, there
is a notable gap in Bangladesh while addressing this critical issue. In an effort to fill this
void, this study aimed at delineating the expression patterns of P-GP, MRP1 and ABCG2
in chemoresistant breast, colorectal and ovarian cancers among the Bangladeshi

population.

For breast, colorectal and ovarian cancers, findings of this study indicate that there was a
substantial overexpression of P-GP, MRP1 and ABCG2 proteins in chemoresistant tissues
than the corresponding control tissues. Higher P-GP expression has already been linked to
increased rates of cancer recurrence, diminished survival rates and chemoresistance [266—
268], which is consistent to the results of this experiment. P-GP was revealed to be

overexpressing by 11-, 4.4- and 7.7-fold in breast, colorectal and ovarian chemoresistant
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tissues, respectively, in comparison to matched controls (Figure 3.2, 3.4, 3.6). This ATP-
driven transporter relies on energy and operates by binding hydrophobic drug substrates
(which can be either neutral or positively charged) within the transmembrane regions
[8,269]. These substrates are possibly introduced to the transporter directly from the lipid
bilayer [8]. Many previous studies also established the connection of P-GP
overexpression in developing chemoresistance in breast, colorectal and ovarian
carcinomas. In triple-negative breast cancer (TNBC), a rise in P-GP expression after
conventional chemotherapeutic treatment has been observed by Chevillard et al [95].
Also, by utilizing immunohistochemistry in breast cancer tissues, Kim et al. and Zhang et
al. revealed an upswing in P-GP expression, particularly those with no pathological
response after neoadjuvant chemotherapy [270,271]. In another study, the same
transporter was found to be upregulated following preoperative chemotherapy for breast
cancer [272]. Investigations have also shed light on the association between the
AKT/PI3K signaling pathway and P-GP upregulation in CRC chemoresistance [273].
Reversal of oxaliplatin resistance in CRC was also verified upon suppressing P-GP [274].
In case of ovarian cancer, Penson et al. underscored the relationship between P-GP
expression and paclitaxel dependent chemotherapy [99]. The role of P-GP in drug
resistant ovarian cancer is substantiated with multiple evidences, which indicate that its
overexpression leads to adverse prognosis for the patients and it also may appear as a
predictive factor [275-279]. P-gp expression is regulated by a variety of biochemical
pathways, including metabolic and signal transduction pathways such as COX-2 and NF-
kB [280].

MRP1 is also a crucial drug resistance-associated ABC transporter. It was noted that
MRP1 overexpressed by 9.4, 11.5 and 15.6 times more in breast, colorectal and ovarian
chemoresistant tissues, respectively, than the corresponding control tissues (Figure 3.2,
3.4, 3.6). Aligning to the data from our study, similar Austrian experimental research
showed that MRP1 caused resistance against cyclophosphamide, methotrexate and
fluorouracil treatment in breast cancer patients [281]. Upregulation of this transporter in
breast cancer tissues was also reported in a study by Chang et al [282]. On the contrary,
some prior studies identified no association between MRP1 mRNA levels and CRC
chemoresistance [283,284]. But experiments by Cao et al., Ji et al. and Xing et al. support
the outcome of our study and stated MRP1 overexpression as a poor prognostic marker

for CRC [115,285,286]. Moreover, MRP1 gene was found to be undergoing alternative
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splicing at a higher rate in ovarian tumor tissues [287]. Other studies indicated that
targeting MRP1 with siRNA can increase paclitaxel-sensitization in chemoresistant
ovarian cancer cells [89,288]. Clinical significance of MRP1 expression as a prognostic
marker in patients with ovarian carcinoma is also reported in investigations [89,288].

Besides, MRP1 expression is regulated by oxidative stress [289].

ABCG2— in chemoresistant breast, colorectal and ovarian tissues— demonstrated
overexpression levels of 2.2-, 1.5- and 4.-fold higher compared to their matched controls
in this study (Figure 3.2, 3.4, 3.6). It operates as a half-transporter, thereby this protein
engages in homodimerization or even oligomerization (pairing with another ABCG2) to
achieve functionality [15,290]. Multiple previous research showed the relationship of
ABCG?2 efflux transporter in promoting chemotherapeutic drug resistance for patients
with breast carcinoma [291,292]. One study suggested CD147 as a potential therapeutic
target for reversing multidrug resistance facilitated by ABCG2 in breast cancer [293].
Another study indicated the involvement of ABCG2 in resistance to flavopiridol [134].
Concerning CRC cells, 5-fluorouracil (5-FU) treatment was found to induce the
upregulation of miR-21, thus repressing PDCD4 and subsequently activating the JNK
pathway, finally resulting in the overexpression of ABCG2 [294]. Further investigation in
CRC cell lines uncovered that the crosstalk between miR-519¢c, HuR and 3'UTR of
ABCG2 contributed to ABCG2 overexpression [244]. Besides, the upregulation of
ABCG2 partially mediating NOS1-induced chemoresistance has been stated in a study by
Li et al [295]. They implied the connection between ABCG2-associated cisplatin
chemoresistance and NOS1 expression in ovarian carcinoma. Clinical trials have also
demonstrated universal ABCG2 expression in primary or recurrent ovarian cancer
patients [296]. Additionally, another study has attempted to overcome the topotecan-
resistant ovarian carcinoma by utilizing ABCG2 antagonists to the cells [297]. ABCG2
expression is regulated by various transcription factors and signaling pathways such as
Nrf2, ERK1/2 and Akt [298-300].

In this investigation of ABC drug transporter expression level in Bangladeshi population,
it was observed that P-GP, MRP1 and ABCG2 notably co-expressed (but, not equally) in
all the cases of three cancer types. Many previous research stated the common pathways
shared by these ABC transporters. Among them, PXR, COX-2/NF-kB, and Wnt/p-catenin
pathways are some of the key common regulatory mechanisms [301-303]. Therefore, we
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suggest that combinatorial therapeutic approach to target all the key ABC transporters
could lead to a better patient outcome. Results, as illustrated in Figures 3.3, 3.5 and 3.7,
portray a constant scenario, where the overexpression of one efflux transporter
corresponds to lesser expression of the others. The order of expression from highest to
lowest was consistently ABCG2 > MRP1 > P-GP; a trend that aligns with the
observations made by Bark et al [304]. ABCG2 consistently transcended P-GP and
MRP1 in most chemoresistant tissue samples of breast, colorectal and ovarian cancer. The
Nrf2 pathway plays a critical role in upregulating ABCG2 expression in cancer cells
[298]. Nrf2 binds to antioxidant response elements in the promoter region of ABCG2,
leading to its increased transcription and subsequent higher protein levels [298]. This
pathway is often constitutively activated in chemoresistant cancers, contributing to the
robust expression of ABCG2 compared to other transporters. In many cancers,
particularly breast and ovarian cancers, ABCG2 is overexpressed more frequently than P-
GP and MRP1 due to specific transcriptional regulators, oncogenic pathways and
chemotherapeutic drug specificity which are commonly used for breast and ovarian
cancers [295]. This opposite connection between P-GP and ABCG2 expression was
further supported by a study, where defective P-GP was related to an increase in ABCG2
MRNA at the mouse blood-brain barrier [305]. The phenomenon of MRP1 and P-GP
having inverse relationship has also been documented in various reports [306-309].
Fascinatingly, it was also noted that ABCG2 demonstrated higher expression levels in
adjacent tissues than the other two investigated ABC proteins, suggesting that the
disparities in expression between chemoresistant and control tissues were more
pronounced for P-GP and MRP1. These collective findings underscore the intricate
dynamics of ABC transporter expression in different types of chemoresistant tissues and
the multifaceted role of P-GP, MRP1 and ABCG2 in mediating chemoresistance across
different cancer types. That also emphasizes the necessity of further exploring these
connections to improve our understanding of resistance mechanisms and develop

potential therapeutic strategies by targeting these transporters for cancer patients.
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4.2. HIF1A in Chemoresistant Breast, Colorectal and Ovarian Cancer

Dysregulation of HIF1A expression is crucial in cancer biology that affects biological
processes like tumor angiogenesis, invasion, energy metabolism and cell survival
[185,186]. HIF1A, under hypoxic conditions, advances rapid accumulation and
subsequent transactivation of various genes [188]. Additionally, heightened expression of
this protein has been reported in diverse malignant tumors, spanning breast cancer,
pancreatic carcinoma, renal cancer, ovarian, uterine and cervical carcinoma, colorectal
and gastric cancer, prostate cancer and bladder cancer [185,190,192-196]. Although
hypoxic cells demonstrate increased resistance to chemotherapy [310], there is a notable
gap in research addressing hypoxia-mediated chemoresistance among Bangladeshi
population. So, this study represents an initial exploration of HIF1A expression level in
chemoresistant tissues collected from patients with breast, colorectal and ovarian
carcinoma within the specific demographic of Bangladesh.

One mechanism behind chemoresistance is the inhibition of apoptosis [311]. To interrupt
the apoptotic pathway, tumor hypoxia potentially overexpresses the antiapoptotic gene
Bcl2 and decrease drug sensitivity by upregulation of drug transporter proteins, therefore
contributing to resistance against radio- and chemotherapy [312,313]. The P-GP gene
was found to be hypoxia-responsive by Comerford et al [202]. In another study,
researchers showed that inhibition of HIF-1A withdrew multidrug resistance in colon
cancer cells by downregulating P-GP expression [201].

While examining breast, colorectal and ovarian cancers, the mean relative HIF1A
expression in chemoresistant tissues were found to be significantly 8.9-, 3.8- and 5.6-
times higher than in controls, respectively (Figure 3.9). One study concluded that hypoxia
followed by extracellular matrix (ECM) stiffness suppresses miR-326, a tumor suppressor
MIRNA, in chemoresistant TNBC [314]. Notably, raised level of HIF1A was identified as
predictive factor for endocrine therapy-resistance in breast cancer [315,316]. In the
context of colon cancer, HIPK2, by preventing HIF1A to express, has been shown to re-
establish the apoptosis-inducing capability of chemotherapy, thus sensitizing
chemoresistant tumor cells [203]. In ovarian cancer, HIF1A-induced chemoresistance has

been linked to oxidative stress responses of cells followed by cellular senescence [317].

Page | 91



Discussion

Additionally, HIF1A triggering drug resistance in gastric and bladder malignancies has

also been reported in previous studies [318,319].

The observed overexpression of HIF1A protein in chemoresistant tissues highlights its
potential as a key player in chemoresistance mechanisms. Addressing these aspects could
potentially pave the way for HIF1A-targeted therapeutic strategies aimed at overcoming

chemoresistance and improving the efficacy of anti-cancer treatments in this population.
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4.3. HUR in Chemoresistant Breast, Colorectal and Ovarian Cancer

By mRNA trafficking, stabilization and protein-translation enhancement, either
cytoplasmic or nuclear overexpression of HUR plays a distinctive role in the expression of
many cancer-associated molecules, thus contributing to carcinogenesis [217,223—
225,320]. This also includes processes such as influencing immune evasion, cell
proliferation, angiogenesis and cell survival [321]. Prior research underscored the
substantial correlation between HuR expression level and adverse clinicopathological
features, like advanced malignant stages, lymph node metastasis and poor survival rates
that involves breast, lung, ovarian, colon, oral, gastric, renal and skin cancer
[217,226,322,227-229,231-233,235,238]. Moreover, elevated HuR levels have been
linked to multidrug resistant pancreatic, colorectal, breast, ovary and urinary cancer cells
[223,225,241,242,323,324]. Multiple strategies had also been undertaken to suppress
HuR in malignancy by inhibiting cytoplasmic translocation, using SiRNAs in order to
decrease expression, or impeding its binding to target mRNAs [325]. Diminished
cytoplasmic expression of this protein was revealed to reverse therapeutic resistance to

anti-cancer drugs in breast and ovarian cancers [326,327].

HuR overexpression, as a potential part of chemoresistance mechanism, has been
assessed in various experiments. One of the mechanisms is HUR playing a protective role
for tumor cells (under nutrient-deprived conditions) by regulating the isocitrate
dehydrogenase 1 (IDH1) [328]. One study concluded that HuR knockdown, followed by
the prevention of PIM1 posttranscriptional regulation, retreated hypoxia-induced
resistance and enhanced sensitivity to oxaliplatin [328]. Additionally, chemotherapeutic
agents such as oxaliplatin, cisplatin, gemcitabine, mitomycin C and carboplatin, as well as
PARP inhibitor, can induce the HuR cytoplasmic accumulation [323,329]. In diverse
experimental studies, application of HuR inhibitors with various chemotherapeutic agents

proved to be essential in cancer treatment [330-334].

Wei et al. highlighted the critical role of HuR in fostering docetaxel resistance in TNBC,
particularly through the post-transcriptional upregulation of BCL2 and B-Catenin [335].
Inhibitiion of HUR cytoplasmic localization through JNK inactivation was also found to
be a potential novel therapeutic strategy for breast cancer treatment [326]. In the context

of CRC, an investigation identified that HUR impacts chemotherapeutic sensitivity by
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inhibiting the IRES-dependent translation of caspase-2, obstructing miR-519c by
modulating the miR-519c-HUR-ABCG2 pathway, upregulating galectin-3 signaling and
multidrug resistance transporters, or binding to the 3'UTR of CDC6, followed by its
upregulation [244,324,336,337]. In this study, the expression level of HuR in drug
resistant breast, colorectal and ovarian cancers was examined. We detected a substantial
increase of HUR expression in chemoresistant tissues (19.2-, 5.3- and 7.2-fold higher)
compared to the controls (Figure 3.11). In addition, ursolic acid has been identified as an
agent which promotes the translocation of HuR protein from cytoplasm to nucleus,
therefore lowers MDR1 mRNA stability and accordingly reduces MDR1 expression in

ovarian cancer cells [327].

HuR protein elevation in drug resistant tissues emphasizes its function as a significant
factor to chemoresistance mechanisms in various types of malignancies. Delving into this
intricacy holds the potential to lay the groundwork for additional clinical studies targeting

HuUR to conquer over multidrug resistance in this particular population.
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4.4. ABC transporters and HIF1A co-expression in Chemoresistant

Breast, Colorectal and Ovarian Cancer

Many scientific studies have recognized the individual links of ABC efflux transporters
and HIF1A in multidrug resistance across several cancers [203,263,314,315,317]. But the
precise nature of HIFLA in ABC transporter-mediated chemoresistance mechanism
remains largely elusive. Addressing this issue, the current study aims to unravel the co-
expression patterns between the transporters and HIF1A in the context of chemoresistant

breast, colorectal and ovarian cancers.

Through immunofluorescence staining in chemoresistant breast, colorectal and ovarian
tissues, the co-expression patterns of these transporters and HIFLA were observed.
Intriguingly, concurrent co-expression of HIFLA and all three transporters was noted in
the chemoresistant tissues for the patients in all cancers. Findings from this study also
indicate that HIF1A expression linearly increases the expressions of P-GP, MRP1 and
ABCG?2 proteins (Figure 3.13, 3.15, 3.17). In this study, P-GP and HIF1A co-expressed
approximately 10 times higher in chemoresistant breast tissues than the controls (Figure
3.14). Similar overexpression trends were seen in case of CRC and ovarian cancer by 2.5-
and 1.5-times (Figure 3.16, 3.18). These findings aligned with some previous research
stated below: Under hypoxic conditions, both HIFLA and P-GP mRNAs exhibit a
substantial rise compared to normoxia across the same cell populations [338]. On the
other hand, HIF1A protein was also found to be binding to the P-GP gene promoter under
normoxic conditions [201]. Another study reported the hypoxia responsiveness of the
ABCBL1 gene [202]. Moreover, overexpression of HIPK2 has been observed to diminish
HIF1 transcriptional activity which resulted in P-GP abolition and adverse drug reaction

induced apoptosis [203].

Similar to P-GP and HIF1A co-expression, MRP1 and HIF1A also showed higher co-
expression level in chemoresistant tissues, which was about 9 folds higher for the breast
tissues, 2-fold higher for the colorectal tissues and 1.6-fold higher for the ovarian tissues
(Figure 3.14, 3.16, 3.18). Like P-GP, MRP1 was also documented as a drug resistance
protein associated with hypoxia [339,340]. Also, inhibition of HIF1A by means of sSiRNA

and dominant-negative HIF1A, has been demonstrated to drive MRP1 expression down
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[341]. Furthermore, study by Chen et al. proved that HIFLA suppression can decrease

MRP1-regulated drug resistance in lung and liver carcinomas [201].

In case of co-expression concerning ABCG2 and HIF1A in chemoresistant breast cancer
and CRC, the overexpression followed the same trend as P-GP & HIF1A and MRP1 &
HIF1A co-expressions. Throughout the drug-resistant tissues, the co-expression levels
were 15.3- (breast cancer) and 1.7-fold (CRC) higher than the adjacent control tissues
(Figure 3.14, 3.16). This relation of HIF1A regulating the transcription of ABCG2 mRNA
was first addressed by Krishnamurthy et al. in 2004 [126]. They reported that HIF1A
binds with the hypoxia response element (HRE) in the ABCG2 promoter region under
hypoxic conditions. Another research revealed that activation of HIF1A stimulates the
ERK1/2/HIF1A that translocate the ABCG2 efflux pump from the cytoplasm to the cell

membrane [342].

After analyzing the co-expression patterns, our aim was to investigate the interplay
between HIF1A and ABC transporters. By binding to the ‘CGTG’ region of the promoter
sequence of a gene, HIF1A exerts its influence in transcription induction [343,344].
Through bioinformatic analysis, the ‘CGTG’ sequences were found within -2000bp
before 5' end for P-GP and MRP1, whereas -6500bp for ABCG2, respectively. Molecular
docking analyses of these regions with HIF1A helped us discern their binding
capabilities. Interestingly, all the Z-scores derived from the docking experiments were
highly negative (Table 3.12), supporting the proposition that HIF1A potentially promotes
the transcription of all the three selected ABC transporters via binding with this region.

By examining the linear associations of individual expressions (Figure 3.13, 3.15, 3.17),
the co-expression patterns (Figure 3.14, 3.16, 3.18) and the molecular docking analyses
(Table 3.12) between the transporters and HIF1A, we propose that HIF1A directly
regulates the transcription of key efflux pumps (P-GP, MRP1 and ABCGZ2) possibly by
binding to the ‘CGTG’ sequence upstream the promoter regions of their respective genes.
Interestingly, P-GP and MRP1 demonstrated almost comparable co-expression levels
with HIF1A, surpassing that of ABCG2. This discrepancy may be attributed to the
proximity of the ‘CGTG’ sequence in the promoter regions, situated within 2000 bp for
P-GP and 1000 bp for MRP1, while ranging to 6500 bp for ABCG2. Findings of this
study also suggest that HIFLA could enhance the transcription of all three transporters

concurrently for the same patients, potentially leading to a poorer prognosis. Therefore,
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inhibition of HIF1A from binding to the ‘CGTG’ region of ABC efflux pump promoters

could drastically reverse chemoresistance mechanisms.
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4.5. ABC transporters and HUR co-expression in Chemoresistant Breast,

Colorectal and Ovarian Cancer

Several studies have described the correlation between the cytoplasmic localization of
HuR and the prevalence of post-chemotherapeutic multidrug resistance in various cancer
cells, thereby causing poor prognosis [225,241,242]. The role of HUR in cancers is
encoding a multitude of proto-oncogenes, consisting of cytokines, cell cycle regulators,
invasion factors, chemokines, growth factors and proinflammatory factors [217,345].
While researchers are still investigating the concurrent upregulation of HUR and ABC
efflux pumps in chemoresistance [40,225,243,244], the details of intrinsic mechanism of
this remain somewhat elusive. Thus, more comprehensive research is needed to unravel
the precise association between these two protein types. This study intends to elucidate
the potential role of HUR on the overexpression of drug transporters (P-GP, MRP1 and

ABCG?2), offering a better insight into the mechanisms of chemoresistance.

To delve deeper into this mechanism, immunofluorescence staining was conducted on
chemoresistant breast, colorectal and ovarian tissues which revealed distinct co-
expression patterns of these drug transporters and HuR. Interestingly, we noticed that
HuR and all three transporters concomitantly co-expressed in the same chemoresistant
tissues across different cancers. Our findings also point to a linear correlation between
these two types of proteins, indicating that elevated HUR expression corresponds to
increased levels of P-GP, MRP1 and ABCG2 proteins (Figure 3.23, 3.25, 3.27).

Breast cancer tissues revealed a mean relative percentage 10.4 times greater in
chemoresistant samples compared to paired controls for P-GP and HUR co-expression
(Figure 3.24). Whereas CRC chemoresistant tissues exhibited 2.3 times upsurge in P-GP
and HuR co-expression (Figure 3.26). Notably, the association between cytoplasmic
expression of HUR expression and P-GP overexpression implies that HUR may exert
regulatory control over multidrug resistance genes, suggesting a new mechanism
influencing therapeutic sensitivity of cancer cells [225]. In a recent study, Gong et al.
assumed HuR expression as a newfound factor affecting the efficacy of chemotherapy in
NSCLC [243]. They asserted that direct and particular binding of FENDRR toward the
3'UTR of P-GP inhibits the binding of HuR to P-GP 3'UTR, resulting in a decline in the
translation of this transporter.
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A study concluded that HuR potentially have control over the galectin-3 signaling
pathway, that orchestrates the sequential transcriptional expressions of diverse array of
genes including galectin-3, p-catenin, cyclin D1, Bcl-2, c-Myc, P-GP and MRP [337].
According to the findings of this study, MRP1 and HuR co-expression was 11.5 times
higher in breast cancer chemoresistant tissues compared to control tissues (Figure 3.24).
Similarly, CRC and ovarian cancer chemoresistant tissues also demonstrated increase
(1.8- and 2-times, respectively) in MRP1 and HuR co-expression compared to controls
(Figure 3.26, 3.28).

In breast cancer and CRC cells, ABCG2 and HUR co-expressed nearly 52.2 times and 2.6
times higher, respectively in chemoresistant tissues compared to controls (Figure 3.24,
3.26). Supporting these findings, a study by To et al. demonstrated that the heightened
ABCG?2 expression in CRC tumors coincided with the decreased levels of miR-519¢ and
increased levels of HUR [244]. miR-519c can target both HUR and ABCG2. So, the
overexpression of ABCG2 was assumed to be triggered by the interplay of HUR, miR-
519c and the 3'UTR of ABCG2 [244]. They also stated HUR as a potential drug target for
ABCG2-modulated chemoresistance in CRC.

After investigating the co-expression profiles, our goal was to explore the relationship
between HuR and ABC transporters. By typically binding to the ARE sequence
positioned in the 3'UTR of the target mRNAs, HuR protein enhance the
posttranscriptional stability. As RRM1 recognizes hairpin-loops of AREs in target
MRNAs [210], we simulated molecular docking of HUR RRM1 with the ARE sequgnces
in the 3'UTRs of the selected three transporter mMRNAs. We observed that all the Z-scores
were consistently negative (Table 3.16, 3.17, 3.18, 3.19, 3.20). This bioinformatic
investigation suggests that HUR may facilitate the stability of ABC transporter mRNAs,

consequently contributing to efflux pump-induced chemoresistance.

Through scrutinizing linear connections among individual expressions (Figure 3.23, 3.25,
3.27), co-expression patterns (Figure 3.24, 3.26, 3.28) and molecular docking analyses
(Table 3.16, 3.17, 3.18, 3.19, 3.20) between transporters (P-GP, MRP1 and ABCG2) and
HuR, we postulate that HUR directly regulates the posttranscriptional mMRNA stabilization
of crucial efflux pumps by linking to the AREs located in the 3'UTR regions of their
respective mRNAs during cancer state, helping the efflux pumps overexpress, thus

resulting in chemoresistance. As per our results, P-GP and MRP1 also showed nearly
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equivalent co-expression levels with HuR, exceeding those of ABCG2. Findings from
this study further suggest that HUR has the capacity to simultaneously enhance the
MRNA-stabilization of all three transporters in the same patients, potentially leading to a
less favorable prognosis. Accordingly, preventing HuUR from binding to the AREs of ABC

efflux pump 3'UTRs could substantially reverse resistance to chemotherapy.

Limitations:

Despite several strengths, there are also some limitations of this study. We collected a
total of 57 (chemoresistant) and 57 (paired control) tissues regarding breast, colorectal
and ovarian cancers. A larger sample size might provide better insight into the results.
Due to resource limitations, laboratory experiments such as western blotting,
immunoprecipitation and cell line analysis to determine the protein expressions could not
be conducted. These experimental methods would have enhanced the strengths of the

study.
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Conclusien



Conclusion

In the pursuit of focusing on the crucial gap in research on cancer chemoresistance in
Bangladeshi population, this multifaceted study aimed to elucidate the intricate
mechanisms behind therapeutic resistance in breast, colorectal and ovarian cancer. This
investigation centered on the expression patterns and co-expression associations of key
proteins (P-GP, MRP1, ABCG2, HIF1A and HuR) in chemoresistant tissues obtained
from Bangladeshi cancer patients. The results revealed the persistent co-expression of P-
GP, MRP1 and ABCG?2 in all examined cases across the three cancer types, revealing a
potential synergistic function in chemoresistance. Therefore, we propose a combinatorial
therapeutic approach against these key ABC transporters to enhance treatment outcomes.
Besides, ABCG2 consistently surpassed P-GP and MRPL1 in expression levels, implying a
complex interplay between these transporters in facilitating chemoresistance. The
observed overexpression of HIF1A and HuR in chemoresistant tissues implicates their
pivotal roles behind resistance mechanisms across various malignancies. We also propose
that HIF1A directly regulates the transcription of key efflux pumps by binding to the
‘CGTG’ sequence in their promoter regions, while HuR facilitates posttranscriptional
MRNA stabilization through interaction with AREs in the 3'UTR regions. Inhibition of
HIF1A and HuR binding to these regulatory regions may appear as a promising avenue
for reversing chemoresistance. This study contributes to the comprehension of complex
dynamics of ABC transporter expression in chemoresistant tissues and emphasizes the
need for targeted therapeutic strategies for improved treatment outcomes in Bangladeshi
cancer patients. Lastly, the findings of this study provide a foundation for upcoming

research endeavors focusing on the molecular intricacies of chemoresistance.
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Supplementary Files

Anti-Pan-Cadherin

Supplementary figure 1: Immunofluorescence image of Pan-Cadherin expression to observe the cell
quality in the tissue. The image shows expression of Pan-Cadherin (green) in tissues. The scale bar is
25 pm.

Anti-Ki-67

25um

Supplementary figure 2: Immunofluorescence image of Ki-67 expression as a proliferation marker

for the cancerous tissue. The image shows expression of Ki-67 (red) in tissues. The scale bar is 25 um.
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Supplementary figure 3: Immunofluorescence image of binding specificity validation for primary Ab
Anti-P-GP. Same samples, but different sections were treated with Anti-P-GP (green) and 1gG isotype

control (green) to observe the non-specific binding of Anti-P-GP. The scale bar is 25 pm.
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Anti-MRP1

IgG isotype control

Supplementary figure 4: Immunofluorescence image of binding specificity validation for primary Ab
Anti-MRP1. Same samples, but different sections were treated with Anti-MRP1 (green) and IgG

isotype control (green) to observe the non-specific binding of Anti-MRP1. The scale bar is 25 um.

Anti-ABCG2

IgG isotype control

Supplementary figure 5: Immunofluorescence image of binding specificity validation for primary Ab
Anti-ABCG2. Same samples, but different sections were treated with Anti- ABCG2 (green) and 1gG
isotype control (green) to observe the non-specific binding of Anti-ABCG2. The scale bar is 25 pm.
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Anti-HIF1A with
Alexa Fluor® 555

Anti-HIF1A with
IeG (H+L) HRP

Supplementary figure 6: Immunofluorescence image of fluorescence activity validation for secondary
Ab Alexa Fluor® 555. Same samples, but different sections were treated with Anti- HIF1A with Alexa
Fluor® 555 (red) and Anti- HIF1A with IgG (H+L) HRP (red) to observe the fluorescence of Alexa
Fluor® 555. The scale bar is 25 um.

Anti-HuR with
Alexa Fluor® 555

Anti-HuR with
IgG (H+L) HRP

25um

Supplementary figure 7: Immunofluorescence image of fluorescence activity validation for secondary

Ab Alexa Fluor® 555. Same samples, but different sections were treated with Anti- HUR with Alexa
Fluor® 555 (red) and Anti- HUR with 1gG (H+L) HRP (red) to observe the fluorescence of Alexa
Fluor® 555. The scale bar is 25 pm.
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Anti-P-GP
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Supplementary figure 8: Immunofluorescence image of binding specificity validation for secondary
Ab Alexa Fluor® 488. Same samples, but different sections were treated with (green) and without
Anti-P-GP to observe the non-specific binding of Alexa Fluor® 488. The scale bar is 25 um.

Anti-MRP1

No primary antibody = With primary antibody

Supplementary figure 9: Immunofluorescence image of binding specificity validation for secondary
Ab Alexa Fluor® 488. Same samples, but different sections were treated with (green) and without

Anti-MRP1 to observe the non-specific binding of Alexa Fluor® 488. The scale bar is 25 pm.
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Anti-ABCG2
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Supplementary figure 10: Immunofluorescence image of binding specificity validation for secondary
Ab Alexa Fluor® 488. Same samples, but different sections were treated with (green) and without
Anti-ABCG2 to observe the non-specific binding of Alexa Fluor® 488. The scale bar is 25 um.

Anti-HIF1A

25um

No primary antibody = With primary antibody

Supplementary figure 11: Immunofluorescence image of binding specificity validation for secondary
Ab Alexa Fluor® 555. Same samples, but different sections were treated with (red) and without Anti-

HIF1A to observe the non-specific binding of Alexa Fluor® 555. The scale bar is 25 pum.
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Supplementary figure 12: Immunofluorescence image of binding specificity validation for secondary
Ab Alexa Fluor® 555. Same samples, but different sections were treated with (red) and without Anti-

HUR to observe the non-specific binding of Alexa Fluor® 555. The scale bar is 25 pm.
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Supplementary table 1: Normality tests for ABC transporters expression in breast

cancer
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Supplementary table 2: Normality tests for ABC transporters expression in CRC
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Supplementary table 3: Normality tests for ABC transporters expression in ovarian

cancer
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Supplementary table 4: Normality tests for HIF1A expression in breast cancer

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value 0.2515 <0.0001
Passed normality test? Yes No
Anderson-Darling test

P value 0.0470 <0.0001
Passed normality test? No No
Shapiro-Wilk test

P value 0.0325 <0.0001
Passed normality test? No No
Kolmogorov-Smirnov test

P value >0.1000 <0.0001
Passed normality test? Yes No

Supplementary table 5: Normality tests for HIF1A expression in CRC

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value 0.0007 0.3856
Passed normality test? No Yes
Anderson-Darling test

P value 0.0004 0.2237
Passed normality test? No Yes
Shapiro-Wilk test

P value 0.0005 0.1870
Passed normality test? No Yes
Kolmogorov-Smirnov test

P value 0.0112 >0.1000
Passed normality test? No Yes
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Supplementary table 6: Normality tests for HIF1A expression in ovarian cancer

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value 0.1610 0.1317
Passed normality test? Yes Yes
Anderson-Darling test

P value 0.0822 0.1336
Passed normality test? Yes Yes
Shapiro-Wilk test

P value 0.0673 0.1646
Passed normality test? Yes Yes
Kolmogorov-Smirnov test

P value >0.1000 0.0665
Passed normality test? Yes Yes

Supplementary table 7: Normality tests for HUR expression in breast cancer

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value <0.0001 <0.0001
Passed normality test? No No
Anderson-Darling test

P value 0.0033 <0.0001
Passed normality test? No No
Shapiro-Wilk test

P value 0.0002 <0.0001
Passed normality test? No No
Kolmogorov-Smirnov test

P value >0.1000 <0.0001
Passed normality test? Yes No
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Supplementary table 8: Normality tests for HUR expression in CRC

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value 0.0431 0.0304
Passed normality test? No No
Anderson-Darling test

P value 0.0440 0.0962
Passed normality test? No Yes
Shapiro-Wilk test

P value 0.0338 0.0460
Passed normality test? No No
Kolmogorov-Smirnov test

P value 0.0251 >0.1000
Passed normality test? No Yes

Supplementary table 9: Normality tests for HUR expression in ovarian cancer

Normality tests Chemoresistant Control
D’Agostino & Pearson test

P value 0.1699 0.6870
Passed normality test? Yes Yes
Anderson-Darling test

P value 0.0765 0.7842
Passed normality test? Yes Yes
Shapiro-Wilk test

P value 0.0920 0.7872
Passed normality test? Yes Yes
Kolmogorov-Smirnov test

P value 0.0496 >0.1000
Passed normality test? No Yes
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Supplementary table 10: All information on molecular docking of HIF1A protein

and ‘CGTG’ sequence from the promoter region of ABC transporters DNA
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Supplementary table 11: Normality tests for ABC transporters and HIF1A co-

expression in chemoresistant breast cancer
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Supplementary table 12: Normality tests for ABC transporters and HIF1A co-

expression in chemoresistant CRC
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Supplementary table 13: Normality tests for ABC transporters and HIF1A co-

expression in chemoresistant ovarian cancer
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Supplementary table 14

AU-rich region from the 3'UTR of P-GP mRNA
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Supplementary table 19: Normality tests for ABC transporters and HuUR co-

expression in chemoresistant breast cancer
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Supplementary table 20: Normality tests for ABC transporters and HuUR co-

expression in chemoresistant CRC
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Supplementary table 21: Normality tests for ABC transporters and HuUR co-

expression in chemoresistant ovarian cancer
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