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A B S T R A C T

Therapeutic resistance poses a significant challenge in treating most cancers and often leads to poor clinical 
outcomes and even treatment failure. One of the primary mechanisms that confer multidrug resistance pheno
type to cancer cells is the hyperactivity of certain drug efflux transporters. P-GP, MRP1, and BCRP are the key 
ABC efflux pumps that collectively extrude a broad spectrum of chemotherapeutic drugs. Besides, HIF1A, a 
master transcription regulatory protein, is also associated with cancer development and therapeutic resistance. 
Thereby, this study aimed to delve into the mechanisms of drug resistance, specifically focusing on HIF1A-driven 
overexpression of ABC transporters. A total of 57 chemoresistant and 57 paired control tissue samples (breast, 
colorectal, and ovarian) from Bangladeshi cancer patients were analyzed to determine the co-expression level of 
ABC transporters and HIF1A. Molecular docking was also conducted to evaluate the interactions of HIF1A 
protein and hypoxia response element (HRE) sequences in the promoter regions transporter genes. This study 
revealed that HIF1A is significantly overexpressed in chemoresistant tissues, suggesting its pivotal role in che
moresistance mechanisms across malignancies and its potential as a target to overcome therapeutic resistance. 
The findings from this study also suggest a direct upregulation of ABCB1, ABCC1, and ABCG2 transcription by 
HIF1A in chemoresistant cancer cells by binding to the HRE sequence in the promoter regions. Thus, inhibition of 
these interactions of HIF1A appears to be a promising approach to reverse chemoresistance. The findings of this 
study can serve as a foundation for future research, resolving molecular intricacies to improve treatment out
comes in chemoresistant patients.

1. Introduction

Among the 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 
some of the most extensively used chemotherapeutic agents across 
various cancer types.3 Though the development of novel antineoplastic 
drugs has enhanced the overall efficacy of cancer treatment, multidrug 
resistance remains a particularly formidable issue, especially in 
addressing metastatic cancers.4–5 Drug resistance mechanisms 
contribute to over 90 % of treatment failures in metastatic 

malignancies.6–7 Approximately 30 % of women diagnosed with early- 
stage breast cancer encounter relapse, along with therapeutic resis
tance in at least 25 % of cases, and this is attributed to the elevated 
mortality rate associated with breast cancer.8 Nearly half of the patients 
experiencing recurrent disease indicate that multidrug resistance is a 
predominant trait for colorectal cancer.9 A study also revealed that 20 % 
to 30 % of individuals diagnosed with ovarian cancer exhibit chemo
resistance, and a notable portion of primary responders to chemo
therapy eventually experience the reversion of the disease.10

When subjected to chemotherapy, cancer cells can exhibit multiple 
mechanisms of multidrug resistance.4 Among these mechanisms, che
moresistance mediated by ATP-binding Cassette (ABC) transporters is 
one of the crucial processes. Among all the 49 ABC transporters, P-GP 
(ABCB1), MRP1 (ABCC1), and BCRP (ABCG2) play a collective role in 
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exporting 80 % of all drugs out of cells.11–13 P-GP, MRP1, and ABCG2 
can mediate the transport of a broad spectrum of agents, including 
topoisomerase inhibitors, anthracyclines, antimetabolites, vinca alka
loids, TKI, CDKI, mitoxantrone,etc.14–22 Overexpression of these pro
teins and their contribution to therapeutic non-responsiveness have 
been documented across various hematological and solid tumors, 
including non-small cell lung cancer (NSCLC), leukemia, neuroblas
tomas, ovarian, prostate, colorectal, pancreatic, and breast cancers.23–36

However, overexpression of ABC transporters in cancer cells, regu
lated by hypoxia-inducible factor 1 alpha (HIF1A), has been a prominent 
topic for years. HIF1 functions as a master regulator of gene expression 
which helps cells to adapt to conditions like hypoxia and to govern 
cellular responses to oxygen levels within mammals.37–40 The alpha 
subunit of HIF1 is capable of triggering the transcription of more than 40 
genes by binding to the hypoxia response elements (HREs) (5′ − RCGTG- 
3′ (where R = A or G)).41–42 Dysregulated expression of HIF1A has a 
noteworthy role in cancer biology.43 This involves biological processes 
like tumor angiogenesis and invasion, energy metabolism, and cell 
survival.43–44 Moreover, decreased oxygen in cells radically influences 
the activation of signaling pathways related to chemoresistance mech
anisms.45 This results in enhanced expression of HIF1A in drug-resistant 
tumors.46 Numerous studies found elevated HIF1A levels in various 
types of malignant tumors, including breast cancer, colorectal cancer, 
hepatocellular carcinoma, glioblastoma, NSCLC, cervical cancer, and 
ovarian cancer.47–48

Some studies previously investigated the association of HIF1A and P- 
GP in the progression of drug resistance.49–51 Moreover, another study 
has shown that hypoxia-induced activation of HIF1A leads to the 
acquisition of chemoresistant properties in pancreatic cancer cells 
through the elevation in BCRP expression.52 Besides, HIF1A has been 
predicted to be a regulator of MRP1 expression as well.53 However, the 
intricate relationship and dynamics between these ABC transporters and 
HIF1A as well as how they can function synergistically to aid in the 
development of therapeutic resistance still remains enigmatic. There
fore, this study aims to shed light on the expression patterns of HIF1A in 
chemoresistant breast, colorectal, and ovarian cancer cells obtained 
from Bangladeshi cancer patients and to investigate the co-expression 
profiles of ABC transporter proteins (P-GP, MRP1, and BCRP) with 
HIF1A by employing both experimental and bioinformatic methods. The 
findings from this study will contribute to unraveling the underlying 
mechanisms behind ABC drug transporter-mediated therapeutic resis
tance and identify potential therapeutic targets for overcoming 
chemoresistance.

2. Materials and methods

2.1. Inclusion criteria for experimental samples and development of the 
questionnaire

For inclusion, the breast, colorectal, and ovarian cancer patients had 
to meet the criteria of having a previous history of non-responsiveness to 
chemotherapeutic drugs. Besides, a questionnaire was developed to 
collect sociodemographic and clinical information from the participants. 
The questionnaire had seven variables: address, age, gender, diagnosis, 
differentiation, grade, and stage.

2.2. Immunofluorescence imaging

2.2.1. Sample collection
A total of 57 paired tissue samples (chemoresistant tumor and con

trol) were collected from 28 individuals with breast cancer, 21 in
dividuals with colorectal cancer, and 8 individuals with ovarian cancer. 
We have selected these cancers because their occurrence contributes to 
the development of another one. These malignancies share family his
tories.54,55 Cancerous and corresponding control tissue morphology 
were determined by an experienced histopathologist using hematoxylin 

and eosin (H&E) staining. During data collection, the participants were 
provided with a clear insight into the aims and objectives of this study. 
Additionally, strict measures such as private interviews were imple
mented to maintain the anonymity of the patients. The cancer tissues 
and corresponding controls were immediately immersed in a 10 % 
formalin solution following excision from the patients.

2.2.2. Preparation of formalin-fixed, paraffin-embedded (FFPE) tissue
Tissues were processed using an automated vacuum tissue processor 

(ASP6025, Leica Biosystems), following a 12-hour protocol outlined 
below: the tissues were incubated in 10 % formalin for 1.5 h, followed by 
sequential rinsing in 70 % isopropanol (for 30 min), 90 % isopropanol 
(for 30 min), 100 % isopropanol (for 1 h), 100 % isopropanol (for 30 
min), 100 % isopropanol (for 1.5 h), 100 % isopropanol (for 30 min), 
and xylene (twice for 45 min each, and once for 1.5 h). All these steps 
were conducted at 37 ◦C. The tissues then underwent paraffin baths 
three times for 1 h each at 65 ◦C.

2.2.3. Deparaffinization and rehydration of the FFPE tissues
The FFPE tissue blocks were sectioned into slices of 3 µm thickness 

using a rotary microtome (RM2235, Leica Biosystems) and sections were 
delicately positioned onto positively charged (electrostatic) glass slides 
(10010–882; VWR). The slides with tissue sections were then submerged 
thrice in xylene for 5 min duration each andtwice in 100 % ethanol 
(100983; Merck) for 3 min each. Afterwards, the tissue sections were 
sequentially submerged into 95 %, 70 %, and 50 % ethanol for 3 min 
each.

2.2.4. Antigen retrieval, permeabilization, and blockage of nonspecific 
binding

Following rehydration, the tissue sections were transferred in an 
incubation chamber containing a tri-sodium citrate buffer (10 mM So
dium Citrate, pH 6.0), with 0.05 % (w/v) Tween® 20). To reactivate the 
antigens, the slides were heated at 100 ◦C for 3.5 min, followed by 80 ◦C 
for an additional 20 min. After the samples reached room temperature, 
the slides were briefly rinsed with flowing distilled water for 5 min. The 
boundaries around the tissue sections were then marked by a 
hydrophobic-liquid blocker super PAP pen (008899; Thermo Fisher 
Scientific).

Then the tissue sections on the slides were immersed in phosphate 
buffer saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 
mM KH2PO4, and distilled water with the pH level adjusted to 7.4) with 
0.1 % (w/v) Triton X-100 for 20 min. Following the immersion step, the 
tissue sections underwent three sequential washes with PBS, each taking 
10 min.

The tissue sections on slides were incubated with 40 µl of PBS con
taining 0.3 M glycine (194825; MP Biomedicals) for 20 min followed by 
three times wash with PBS for 10 min each. Then these were incubated 
for another 30 min with 5 % normal goat serum (NGS) (ab7481; Abcam) 
in PBS.

2.2.5. Incubation with primary Abs (1⁰ Abs)
Subsequently, the tissue sections were treated with 1⁰ Abs in a so

lution of 3 % NGS in PBS. The following 1⁰ 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-BCRP recombinant monoclonal Ab (ab229193; 
Abcam; diluted 1:200), and mouse Anti-HIF1A monoclonal Ab (ab8366; 
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 Fig. 1). To ascertain high cell proliferation across the 
cancerous tissues, mouse Anti-Ki-67 monoclonal Ab (ab238020; Abcam; 
diluted 1:500) was used (Supplementary Fig. 2). To ensure the specific 
binding ability of 1⁰ Abs for ABC transporters, non-specific rabbit 
(DA1E) monoclonal Ab IgG XP® isotype control (3900; Cell Signaling 
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Technology®; diluted 1:1500) was applied on an individual section 
(Data not shown).This incubation lasted overnight at 4 ◦C. After incu
bation, the slides containing tissue sections underwent four eight- 
minute washes with PBS containing 0.1 % Tween-20 (PBS-T).

2.2.6. Incubation with labeled secondary Abs (2⁰ Abs)
Following incubation with 1⁰ Abs, all the succeeding procedures 

were conducted in dark. The tissue sections were treated with appro
priate 2⁰Abs diluted in PBS containing 3 % NGS at room temperature for 
1 h. The 2⁰ Abs used were Alexa Fluor® 488-labeled Goat Anti-Rabbit 
IgG H&L polyclonal Ab (ab150077; Abcam) and Alexa Fluor® 555- 
labeled Goat Anti-Mouse IgG H&L polyclonal Ab (ab150114; Abcam). 
For the anti-ABC transporters, anti-HIF1A and the IgG 1⁰ Abs, the 2⁰ Abs 
were diluted at a ratio of 1:2000, whereas in the case of anti-pan- 
cadherin and anti-Ki67 Abs, 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 along with goat Anti-Mouse IgG, 
(H + L) horseradish peroxidase (HRP) conjugated polyclonal Ab 
(another 2⁰ Ab without fluorophore) (31430; Invitrogen; ThermoFisher 
Scientific; diluted 1:1500) (Data not shown). As a control, one tissue 
section from all samples was treated only with NGS in PBS (without 1⁰ 
Abs) and then the 2⁰ Ab (Data not shown). The tissue sections then 
underwent four eight-minute washes with PBS-T in a dark box. A 
mounting medium with 4′,6-diamidino-2-phenylindole (DAPI) 
(ab104139, Abcam) was used and the labeled tissue sections were stored 
in non-transparent sealed boxes at 4 ◦C.

2.2.7. Fluorescence microscopy and imaging
The stained tissue specimens were examined using a widefield 

fluorescence microscope (EVOS FL, Thermo Fisher Scientific) utilizing 
objective lenses with various magnifications (10×, 20×, and 40 × ), 
combined with a 10 × eyepiece lens. To facilitate the visualization of 
different protein expressions, specific band pass filter sets (RFP and GFP) 
were used, while the DAPI filter was used for the visualization of nuclear 
staining. Three randomly captured images were selected from each tis
sue section in the imaging process.

2.2.8. Cell and protein expression counting
Cell quantification was manually conducted using ImageJ soft

ware.56 The initial step involved the enumeration of nuclei, individual 
red, and individual green expressions within the captured images. Af
terwards, 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.

2.3. 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 de
viation (sd) (Table 1). To standardize the evaluation of protein expres
sions, 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 HIF1A expression, three technical replicates were 
considered. The ratios from technical replicates were averaged for ac
curacy. Co-expression counts, such as ABC transporter-HIF1A 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, Sha
piro-Wilk, and Kolmogorov-Smirnov tests (Supplementary table 1, 2, 3, 
7, 8, 9). 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 Wil
coxon 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. More
over, the link between independent expression of ABC transporters and 
HIF1A 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 distributed numerical data) were used.

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

2.4.1. HIF1A structure prediction
The amino acid (AA) sequence of HIF1A was retrieved from UniProt, 

and the 3D structure was modeled using GalaxyTBM option within the 
GalaxyWEB online platform.41,57 The protein model validation involved 
the generation of a Ramachandran plot utilizing the PROCHECK func
tion within the SAVES v6.0 web-platform.58The qualitative Model En
ergy ANalysis (QMEAN) tool in SWISS-MODEL was also used to assess 
the Q-mean score for the predicted protein model.59 Lastly, the 

Table 1 
Clinical information on chemoresistant breast, colorectal, and ovarian cancer 
patients.

Cancer type Breast 
Cancer

Colorectal 
Cancer

Ovarian 
Cancer

Sample number 28 21 8
Age (mean ± sd) 50.29 ±

13.35
35.24 ± 11.56 53.13 ±

11.52
Diagnosis
Infiltrating ductal carcinoma 26 (92.86 

%)
− - − -

Ductal carcinoma in situ 1 (3.57 %) − - − -
Infiltrating ductal and lobular 

carcinoma
1 (3.57 %) − - − -

Adenocarcinoma − - 21 (100.00 %) − -
Papillary serous carcinoma − - − - 7 (87.50 %)
Squamous cell carcinoma − - − - 1 (12.50 %)
Differentiation
Well − - 10 (50.00 %) − -
Moderate 24 (88.89 

%)
8 (40.00 %) 1 (12.50 %)

Poor 3 (11.11 %) 2 (10.00 %) 7 (87.50 %)
Grade
I − - 10 (50.00 %) − -
II 24 (88.89 

%)
8 (40.00 %) 1 (12.50 %)

III 3 (11.11 %) 2 (10.00 %) 7 (87.50 %)
T staging
1 11 (39.29 

%)
1 (5.00 %) 1 (16.67 %)

2 11 (39.29 
%)

7 (35.00 %) − -

3 2 (7.14 %) 11 (55.00 %) 5 (83.33 %)
4 3 (10.71 %) 1 (5.00 %) − -
Tis 1 (3.57 %) − - − -
N staging
0 15 (57.69 

%)
10 (52.63 %) 1 (33.33 %)

1 2 (7.69 %) 4 (21.05 %) 2 (66.67 %)
2 5 (19.23 %) 5 (26.32 %) − -
3 4 (15.38 %) − - − -
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structural integrity was further inspected by determining the Z-score 
with ProSA-web.60

2.4.2. Identification of HRE sequence within the promoter regions of 
respective transporter genes and 3D modeling of DNA

Directional orientation of the transporter genes within the genome 
directed our search for their promoters in NCBI Gene.61 The HRE 
sequence, 5′-RCGTG- 3′ (where R = A or G) was identified upstream of 
the 5′ end (promoter area) of the genes. The 3D modeling of DNA 
involved 50 nucleotide bases preceding and following the HRE 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.62

2.4.3. Molecular docking of selected region inside HIF1A and HRE 
sequences in the promoters of ABC transporter genes

To evaluate the binding ability, the 3D structures of HIF1A from 
2.4.1 and DNAs from 2.4.2 were subjected to molecular docking ana
lyses by HADDOCK 2.4.63 In total, 3 docking simulations were per
formed, comprising each transporter gene (ABCB1, ABCC1, and ABCG2) 
with the AA sequence of 21–30, binding site ofHIF1A. All the docking 
parameters were set as default, and the scores provided by HADDOCK 

Fig. 1. Expression profiles of HIF1A in chemoresistant breast, colorectal and ovarian cancer tissues. Fig. 1A shows the expression of HIF1A (red) in che
moresistant cancer tissue. Fig. 1B shows the expression of HIF1A (red) in paired control tissue. Fig. 1C shows the comparison of HIF1A expression between che
moresistant and adjacent control tissues. The X-axis represents breast (pink), colorectal (blue), and ovarian (green) cancers. The Y-axis denotes the relative expression 
of HIF1A in cells in percentage. Wilcoxon signed-rank test for paired samples was conducted to validate the significance of differences for breast, colorectal, and 
ovarian cancers. Nuclear DNA were stained with DAPI (blue). The scale bar is 25 µm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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2.4 were collected for further assessment. Docking outcomes with 
negative Z-scores were considered indicative of effective binding. 
Docking results were visualized by ChimeraX.64

3. Results

3.1. Information on chemoresistant breast, colorectal, and ovarian cancer 
patients

The clinicopathological information for 57 patients with chemo
resistant breast, colorectal, and ovarian cancer has been summarized in 
Table 1. Among 28 breast cancer patients who exhibited therapeutic 
resistance, the mean age was 50.29 ± 13.35 years. Notably, around 
92.86 % of these patients were diagnosed with infiltrating ductal car
cinoma. Most of the breast cancer patients (88.89 %) showed moderate 
cell differentiation (grade II).The mean age was 35.24 ± 11.56 years and 
61.90 % were male patients among the 21 colorectal cancer patients. All 
the individuals had a diagnosis of colorectal adenocarcinoma. While half 
of the patients exhibited well-differentiated tissues, 40.00 % demon
strated moderate differentiation. There were eight ovarian cancer pa
tients in this study with 87.50 % having papillary serous carcinoma and 
12.50 % having squamous cell carcinoma. The average age of the pa
tients was 53.13 ± 11.52 years. Almost 87.50 % of patients demon
strated poor differentiation (grade III) of tumor tissues.

3.2. Expression of HIF1A in chemoresistant breast, colorectal, and 
ovarian cancer

Significant alterations in HIF1A expression were observed between 
chemoresistant cancer tissues and corresponding control tissues across 
all three cancer types as illustrated in Fig. 1. In all three cancer types, a 
significant upregulation in the expression of HIF1A was documented in 
this study. The maximum level of elevation in the level of HIF1A 
expression was found in chemoresistant breast cancer tissues where the 
mean relative expression of HIF1A was almost nine-fold higher in che
moresistant cancer tissues compared to the paired control tissues (16.26 
% vs. 1.88 %). This difference was found to be statistically significant (P 
value < 0.0001). For chemoresistant colorectal cancer tissues, the level 
of HIF1A overexpression was the lowest among the three cancer types. 
The average percentage of HIF1A expression was approximately 21.48 
% in chemoresistant colorectal cancer tissues, nearly four-fold greater 
than the controls (5.54 %) (P value < 0.0001). Furthermore, the relative 
HIF1A expression in ovarian chemoresistant tissues was 21.93 %, 
whereas in controls that was 3.91 %, indicating a substantial and sta
tistically significant change (P value = 0.0020). However, further ana
lyses revealed that no significant associations existed between HIF1A 
expression in chemoresistant cancer tissues and the clinical data of the 
cancer patients.

3.3. Co-expression of ABC transporters and HIF1A in chemoresistant 
breast, colorectal, and ovarian cancer

3.3.1. ABC transporters and HIF1A co-expression in chemoresistant breast 
cancer

Concurrent expression of HIF1A and three ABC transporters (P-GP, 
MRP1, and BCRP) was observed in chemoresistant breast cancer tissue 
as illustrated in Fig. 2A. In contrast, such co-expression patterns were 
less pronounced and even absent in some cases in non-cancerous breast 
tissues (Fig. 2B).

Linear associations between the expression levels of HIF1A and ABC 
efflux transporters P-GP, MRP1, and BCRP in chemoresistance breast 
cancer and normal breast tissues are depicted in Fig. 2C, 2D, and 2E 
respectively. In case of all three ABC transporters, an elevation in the 
level of HIF1A coincided with an increase in the expression of trans
porter proteins. Among these three transporters, BCRP exhibited the 
highest amount of increase (1.08 unit) in response to a one-unit rise in 

HIF1A expression (Fig. 2E). Similarly, a one-unit increase in HIF1A 
expression corresponded to a 0.35 unit rise in P-GP (95 % CI: 0.19–0.51) 
and a 0.78 unit increase in MRP1 expression (95 % CI: 0.63–0.93) 
respectively (Fig. 2C and 2D). The positive linear correlation between 
these three ABC transporters and HIF1A was statistically significant as 
well.

The comparative co-expression patterns between ABC transporters 
(P-GP, MRP1, and BCRP) and HIF1A across chemoresistant breast cancer 
and paired control tissues have been depicted in Fig. 2F. In the case of all 
three transporters, a substantial increase in HIF1A-ABC transporter was 
observed in chemoresistant breast cancer tissues compared to paired 
control tissues. Among these three transporters, the co-expression of 
BCRP and HIF1A was the lowest in control tissues, however, the greatest 
level of elevation (~15-fold increase; 3.35 % vs 51.15 %) in co- 
expression with HIF1A was documented for BCRP in chemoresistant 
cancer tissues. For P-GP and HIF1A co-expression, the mean relative 
percentage in chemoresistant cancer tissues was 60.90 %, 10 times in
crease in expression compared to the controls (6.07 %) (P value <
0.0001). Similarly, the co-expression of MRP1 and HIF1A increased 
from 7.04 % in control tissues to 63.18 % in chemoresistant breast 
cancer tissues, documenting an almost 9-fold increase in expression. In 
chemoresistant breast cancer tissues, MRP1 exhibited the highest level 
of co-expression with HIF1A among the three ABC transporters which 
was closely followed by P-GP. In addition, statistical analyses revealed 
the absence of any significant associations between ABC transporter- 
HIF1A co-expression with breast cancer patient data (Supplementary 
table 10).

3.3.2. ABC transporters and HIF1A co-expression in chemoresistant 
colorectal cancer

Chemoresistant colorectal cancer cells exhibit a significant level of 
co-expression between the three ABC transporters and HIF1A compared 
to control samples (Fig. 3A and 3B). The level of co-expression, as well as 
individual expression of these proteins, is much lower in control tissues 
than in chemoresistant tissues.

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 three transporter proteins for colorectal tissues 
(Fig. 3C, 3D, and 3E). The magnitude of elevation in the level of BCRP 
was the highest among the three transporters in response to a rise in the 
HIF1A expression level. One-fold increase in HIF1A corresponded to a 
notable 1.75 unit increase in BCRP, with a statistically significant P 
value of < 0.0001 (Fig. 3E). In a similar manner, 1.08 unit and 1.17-unit 
elevation were observed in the level of P-GP and MRP1 respectively due 
to a singular unit rise in the level of HIF1A expression (Fig. 3C and 3D).

Variations in the co-expression pattern between the ABC transporters 
(P-GP, MRP1, and BCRP) and HIF1A in tissues obtained from chemo
resistant and paired control samples of colorectal cancer patients are 
illustrated in Fig. 3F. Even though an increasing level of co-expression 
with HIF1A was observed for all three transporter proteins, the most 
substantial upregulation was observed for P-GP (Fig. 3F).The mean 
relative percentage observed in chemoresistant colorectal cancer tissues 
was 83.24 % for P-GP and HIF1A co-expression, 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 documented a 
two-fold increase, from 38.24 % in control tissues to 78.12 % in che
moresistant colorectal cancer tissues. In addition, the mean relative 
percentage of co-expression between BCRP and HIF1A in colorectal 
cancer chemoresistant tissues was 37.92 %, while it was 22.41 % in 
adjacent controls (P value < 0.0001). In chemoresistant colorectal 
cancer tissues, the level of concurrent expression between P-GP and 
HIF1A was the greatest, however, in control tissue the highest level of 
co-expression was observed for MRP1 and HIF1A, implying a greater 
role for P-GP in conferring drug resistance phenotype to colorectal 
cancer cells.
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Fig. 2. ABC transporter and HIF1A co-expression profiles in chemoresistant cancerous and paired control breast tissues. (A) ABC transporters and HIF1A co- 
expression in chemoresistant breast cancer tissue. (B) ABC transporter and HIF1A co-expression in adjacent control tissues. In (A) and (B) the expressions of P- 
GP, MRP1, and BCRP are shown in green and HIF1A in red, respectively. The scale bar is 25 µm. (C), (D) and (E) show the correlations of P-GP, MRP1 and BCRP 
expressions with HIF1A, respectively, in breast tissues. The X-axis in (C), (D), and (E) denotes the relative ratio of HIF1A expression to total cells, whereas the Y-axis 
denotes the relative ratio of P-GP, MRP1, and BCRP expression in total cells, respectively. The slopes indicate linear relationship between transporters and HIF1A 
expression. (F) Comparison of ABC transporters and HIF1A co-expression in chemoresistant breast cancer and adjacent control tissues. The X-axis represents P-GP and 
HIF1A (green), MRP1 and HIF1A (orange), as well as BCRP and HIF1A (blue) co-expressions. The Y-axis denotes the relative percentage of ABC transporter and 
HIF1A co-expression. The Wilcoxon signed-rank test for paired samples was conducted to validate the significance of differences for all types of co-expression. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. ABC transporter and HIF1A co-expression profiles in chemoresistant cancerous and paired control colorectal tissues. (A) ABC transporters and HIF1A co- 
expression in chemoresistant colorectal cancer tissues. (B) ABC transporters and HIF1A co-expression in adjacent control tissues. In (A) and (B) the expressions 
of P-GP, MRP1, and BCRP are shown in green and HIF1A in red, respectively. The scale bar is 25 µm. (C), (D) and (E) show the correlations of P-GP, MRP1 and BCRP 
expressions with HIF1A, respectively, in colorectal tissues. The X-axis in (C), (D), and (E) denotes the relative ratio of HIF1A expression to total cells. The Y-axis in 
(C), (D), and (E) denotes the relative ratio of P-GP, MRP1, and BCRP expression to total cells, respectively. The slopes indicate the linear relationship between 
transporters and HIF1A expression. (F) Comparison of ABC transporter and HIF1A co-expression in chemoresistant colorectal cancer and adjacent control tissues. The 
X-axis represents P-GP and HIF1A (green), MRP1 and HIF1A (orange), and BCRP and HIF1A (blue) co-expressions. The Y-axis denotes the relative percentage of ABC 
transporter and HIF1A co-expression. The Wilcoxon signed-rank test for paired samples was conducted to validate the significance of differences for all types of co- 
expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Among chemoresistant colorectal cancer patients, the differentiation 
of cells and cancer grade was significantly correlated with P-GP and 
HIF1A co-expression (P value = 0.047) (Supplementary table 11). In 
Grade II and moderately differentiated colorectal cancer tissues, P-GP 
and HIF1A co-expression was the highest (0.91 ± 0.10) while in poorly 
differentiated grade III tumors, the co-expression level was the lowest.

3.3.3. ABC transporters and HIF1A co-expression in chemoresistant 
ovarian cancer

Immunostained chemoresistant ovarian cancer cells demonstrate 
quite a substantial level of co-expression of HIF1A with all three ABC 
transporters (P-GP, MRP1, and BCRP) in comparison with adjacent 
control tissues as illustrated in Fig. 4A and 4B.

The linear regression models suggest positive linear associations 
between ABC drug transporters and HIF1A individual expressions in the 
ovary (Fig. 4C, 4D, and 4E). Interestingly, like in breast and colorectal 
cancers, elevation in the relative expression of all transporter proteins 
was observed in conjunction with an increasing HIF1A expression. Un
like the previous two cancers, the most substantial level of elevation 
(1.24-unit increase) was observed for P-GP due to a single unit rise in the 
level of HIF1A expression (Fig. 4C). Similarly, a single unit elevation of 
HIF1A corresponded to a 1.09-unit upregulation in the expression of 
MRP1 (95 % CI: 1.04–1.14) and a slightly lower 0.96 unit increase in 
BCRP expression (95 % CI: 0.55–1.38) (P value = 0.0002) (Fig. 4D and 
4E).

A comparative analysis of ABC transporters and HIF1A co-expression 
between chemoresistant ovarian cancer and control tissues has been 
depicted in Fig. 4F. In the case of all three transporters, significant 
upregulation of co-expression with HIF1A was observed. The magnitude 
of co-expression was the highest for MRP1 and HIF1A in chemoresistant 
tissue of ovarian cancer. Nevertheless, the greatest level of increase in 
co-expression with HIF1A was documented for BCRP, more than two 
times elevation in chemoresistant ovarian cancer tissues compared to 
control tissues. 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 %, respectively (P value = 0.0156). The relative average 
percentage in chemoresistant ovarian cancer tissues was 92.40 % for 
MRP1 and HIF1A co-expression, whereas the percentage was approxi
mately half (58.47 %) in controls (P value = 0.0313). In addition, sta
tistical analyses also indicated that there was not any significant 
association between ovarian cancer patient information and ABC drug 
transporter and HIF1A co-expression (Supplementary table 12).

3.3.4. 3D modeling of HIF1A protein and its target binding site and 
molecular docking between them

The predicted 3D structure of the HIF1A protein is presented as 
Supplementary Fig. 3A. Quality assessment of the predicted 3D structure 
of the protein revealed the model to be acceptable for further analysis 
(Supplementary Fig. 3B, 3C, and 3D). 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 the allowed region (Supplementary 
Fig. 3B).

The HRE regions were − 1345 to − 1349 for ABCB1, − 1518 to − 1522 
for ABCC1, and − 10432 to − 10436 for ABCG2 (Supplementary Fig. 4). 
3D DNA models were generated from these identified stretches of DNA.

We next modeled the interactions between HIF1A protein and HRE in 
the promoter regions of the ABC transporter genes which is illustrated in 
Fig. 5. All the Z-scores found from docking were negative which was 
indicative of stable binding of the HIF1A protein to the HRE regions of 
promoter element. 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 en
ergy, restraints violation energy, and buried surface area for all dockings 
are provided in Supplementary table 13.

4. Discussion

Chemoresistance poses one of the most significant challenges in the 
treatment of advanced cancer patients undergoing chemotherapy as it 
leads to treatment failure and diminishes the survival rate in cancer 
patients.65 Among all mechanisms, reduced intracellular accumulation 
of drugs is considered a prominent contributor to the development of 
anti-cancer drug resistance.66Many membrane transporters facilitate the 
decrease in drug accumulation inside cells, thereby conferring resistance 
to commonly employed chemotherapeutic agents.67 ABC transporters 
are the most prominent transmembrane protein group in actively 
extruding various structurally and mechanistically distinct chemother
apeutic agents outside cells.68 While this protein superfamily comprises 
49 members, only three – P-GP, MRP1, and BCRP– have been exten
sively implicated in multidrug resistance.4,69

HIF1A, a master regulator of transcriptional activity, is induced in 
response to hypoxic conditions and its elevated expression has been 
linked to various aspects of cancer cells including metabolism, angio
genesis, invasion as well as therapeutic resistance.43–44 Besides, it has 
been implicated in the development of therapeutic resistance in a vari
ety of cancers including breast cancer, gastric cancer, etc.70,71 ABC 
transporters like P-GP and MRP1 were found to be hypoxia-responsive 
and so regulated by HIF1A.50,53 However, the precise role and func
tion of HIF1A in the ABC transporter-mediated chemoresistance mech
anism as well as the dynamics of concurrent expression of HIF1A with 
the three ABC transporters remain largely mysterious. Therefore, this 
study employed a variety of experimental and computational techniques 
to determine the dynamics and pattern of co-expression between HIF1A 
and each of the three ABC transporters (P-GP, MRP1, and BCRP) in 
chemoresistant breast, colorectal, and ovarian cancers.

Enhanced expression of HIF1A is a key feature in most malignancies 
as the tumor-microenvironment is primarily hypoxic in nature.43,72,73

Additionally, hypoxic cells where HIF1A expression has been induced 
demonstrate increased resistance to chemotherapy.74 Therefore, the 
expression level of HIF1A was compared between chemoresistant cancer 
tissues and adjacent control tissues to identify any changes in the level of 
this transcription regulatory protein. Immunostaining of HIF1A revealed 
a substantial elevation in the HIF1A protein level in chemoresistant 
tissues across all three cancers (breast, colorectal, and ovarian cancer). 
Among control breast, colorectal, and ovarian tissues, the greatest level 
of expression of HIF1A was documented in the normal colorectal tissues. 
However, in the case of chemoresistant tissues, HIF1A expression in 
ovarian tissues superseded that of colorectal tissues implying a far 
greater role of HIF1A in inducing drug-resistant phenotype in the 
ovarian tissues. Despite the greater level of HIF1A in chemoresistant 
ovarian tissues compared to the other two tissue types, the most sub
stantial level of increase, almost nine-fold in magnitude, was observed 
for chemoresistant breast cancer tissues compared to paired control 
tissues. This particular outcome of this study implies a key role for 
HIF1A in driving therapeutic resistance in breast cancer. This finding is 
well supported by the results of earlier studies where HIF1A has been 
found to have a pleiotropic role in conferring therapeutic resistance to 
breast cancer tissues.70,75,76 Besides, it was observed that the co- 
expression pattern of HIF1A and ABC transporters aligned with HIF1A 
expression alone in breast, colorectal, and ovarian tissues. Both the 
expression of HIF1A alone and the HIF1A-ABC co-expression were more 
elevated in colorectal and ovarian tissues than in breast tissues.

When the extent of co-expression between P-GP and HIF1A was 
investigated in this study, it was found that there exists a significant 
correlation between the expression of P-GP and HIF1A across all three 
cancer types. The linear regression relationship between the expression 
of P-GP and HIF1A was more pronounced in ovarian cancer than the 
other two cancers as indicated by a greater magnitude of co-efficient 
(Fig. 2C, 3C, and 4C). This indicates a greater role of HIF1A in chemo
resistant ovarian tissues in inducing the overexpression of P-GP. In terms 
of the changes in co-expression due to the acquisition of resistance 
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Fig. 4. ABC transporter and HIF1A co-expression profiles in chemoresistant cancerous and paired control ovarian tissues. (A) ABC transporters and HIF1A co- 
expression in chemoresistant ovarian cancer tissues. (B) ABC transporters and HIF1A co-expression in adjacent control tissues. In (A) and (B) the expressions of 
P-GP, MRP1, and BCRP are shown in green and HIF1A in red, respectively. The scale bar is 25 µm. (C), (D) and (E) show the correlations of P-GP, MRP1 and BCRP 
expressions with HIF1A, respectively, in colorectal tissues in ovarian tissues. The X-axis in (C), (D), and (E) denotes the relative ratio of HIF1A expression to total 
cells. The Y-axis in (C), (D), and (E) denotes the relative ratio of P-GP, MRP1, and BCRP expression to total cells, respectively. The slopes indicate the linear 
relationship between transporters and HIF1A expression. (F) Comparison of ABC transporter and HIF1A co-expression in chemoresistant ovarian cancer and adjacent 
control tissues. The X-axis represents P-GP and HIF1A (green), MRP1 and HIF1A (orange), and BCRP and HIF1A (blue) co-expressions. The Y-axis denotes the relative 
percentage of ABC transporter and HIF1A co-expression. The Wilcoxon signed-rank test for paired samples was conducted to validate the significance of differences 
for all types of co-expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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properties, the greatest level of elevation in the concurrent expression of 
P-GP and HIF1A was documented in chemoresistant breast cancer tissue, 
approximately 10-fold higher compared to paired control tissues 
(Fig. 2F). Similarly, co-expression of P-GP and HIF1A was upregulated in 
both chemoresistant colorectal and ovarian tissues, by a magnitude of 
2.5 times and 1.5 times respectively (Fig. 3F, and 4F).These findings are 
aligned with some previous research. Under hypoxic conditions, both 
HIF1A and ABCB1 mRNAs exhibit a substantial rise compared to nor
moxia across the same cell populations.77 On the other hand, the HIF1A 
protein was also found to be binding to the ABCB1 gene’s promoter 
under normoxic conditions.49 Another study reported the hypoxia 
responsiveness of the ABCB1 gene.50 Moreover, overexpression of 
HIPK2 has been observed to diminish HIF1 transcriptional activity 
which resulted in P-GP abolition, and adverse drug reaction-induced 
apoptosis.51 All these results together indicate a significant role of 
HIF1A in inducing the overexpression of P-GP in chemoresistant cancer 
cells of breast, colorectal, and ovarian origin.

This study also demonstrated that the extent of co-expression be
tween P-GP and HIF1A is substantially correlated with the differentia
tion of tumor tissues as well as the grade of the tumor. The co-expression 
level was elevated in moderately differentiated grade II tumors 
compared to well-differentiated grade I tumors which is indicative of a 
role for both P-GP and MRP1 in the progression of cancer from a well- 
differentiated tissue histology to a moderately differentiated one.

Quite like P-GP and HIF1A co-expression, MRP1 and HIF1A also 
exhibited higher co-expression levels across all three chemoresistant 
cancer tissues, which was about 9 folds higher in the breast tissues, 2- 
fold higher in the colorectal tissues, and 1.6-fold higher in the ovarian 
tissues (Fig. 2F, 3F, and 4F). In addition, a significant level of linear 
dependency was observed between the expression of MRP1 and HIF1A. 
Such findings imply a role for HIF1A in modulating the expression of 
MRP1 in the chemoresistant breast, colorectal, and ovarian cancer tis
sues. The correlation between the level of HIF1A and MRP1 was quite 
similar in colorectal and ovarian tissues (1.17 and 1.09 respectively) 
while it was the lowest for breast tissues indicating a more profound role 
of HIF1A in the upregulation of MRP1 in both ovarian and colorectal 
tissues (Fig. 2D, 3D, and 4D).Like P-GP, MRP1 was also documented as a 
drug-resistance protein associated with hypoxia.78–79 Besides, inhibition 
of HIF1A through siRNA and dominant-negative HIF1A has been 
demonstrated to drive MRP1 expression down.80 Furthermore, a study 
by Chen et al. demonstrated that HIF1A suppression can decrease MRP1- 
regulated drug resistance in lung and liver carcinomas.49

In the case of co-expression of BCRP and HIF1A in chemoresistant 
breast cancer and colorectal cancer, the overexpression followed the 
same trend as P-GP and HIF1A, as well as MRP1 and HIF1A co- 
expressions. Throughout the drug-resistant cancer tissues, the co- 
expression levels were 15.3- (breast cancer) and 1.7-fold (colorectal 
cancer) higher than the adjacent control tissues (Fig. 2F and 3F). In 
addition, statistically significant linear relations between HIF1A and 
BCRP expression was documented across all three cancer tissues 

inferring the involvement of HIF1A in inducing BCRP expression in 
those tissues via modulating transcriptional activity (Fig. 2E, 3E, and 
4E). The coefficient for the linear relation between HIF1A and BCRP was 
the greatest for colorectal tissues which implies a far greater role for 
HIF1A in inducing BCRP-mediated therapeutic resistance in colorectal 
cancer (Fig. 3E). This relation of HIF1A regulating the transcription of 
ABCG2 mRNA was first addressed by Krishnamurthy et al. in 2004.81

They reported that HIF1A binds with the HRE in the BCRP promoter 
region under hypoxic conditions. Another research revealed that acti
vation of HIF1A stimulates the ERK1/2/HIF1A axis that translocate the 
BCRP efflux pump from the cytoplasm to the cell membrane.82

As our experimental findings suggested that concurrent upregulation 
of HIF1A and ABC transporters facilitate the development of therapeutic 
resistance, in silico experiments were performed to predict the binding of 
HIF1A to the promoter region of these three transporters’ genes. By 
binding to the HRE of the promoter sequence of a gene, HIF1A exerts its 
influence on transcription induction. Through bioinformatic analysis, 
the HRE sequences were found within − 2000 bp before the 5′ end for 
ABCB1 and ABCC1, whereas − 10432 bp for BCRP, respectively. Mo
lecular 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 (Supplementary Table 13), 
supporting the hypothesis that HIF1A potentially stimulates the tran
scription of all three selected ABC transporters via binding to this region.

By examining the molecular docking analyses, the linear associations 
of individual expressions, and the co-expression patterns between the 
three ABC transporters and HIF1A, we propose that HIF1A directly 
regulates the transcription of key efflux pumps (P-GP, MRP1, and BCRP) 
possibly by binding to the HRE 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 
BCRP. This discrepancy may be attributed to the proximity of the HRE 
sequence in the promoter regions, situated within 1345 bp for ABCB1 
and 1518 bp for ABCC1, while ranging to 10432 bp for ABCG2. The 
findings of this study also suggest that HIF1A could enhance the tran
scription of all three transporters concurrently for the same patients, 
potentially leading to the emergence of therapeutic resistance and 
poorer prognosis. Therefore, inhibition of HIF1A from binding to the 
HRE region of ABC efflux pumps’ promoters could drastically reverse 
chemoresistance mechanisms and improve the likelihood of favorable 
clinical outcomes in cancer patients.

Limitations of the study: Despite several strengths, there are some 
limitations of this study. As the objective was to explore the correlation 
of HIF1A and the ABC transporter expression profiles in chemoresistant 
cancer cells, we did not include treatment regimen related data. More
over, due to limited resources and challenges in sample collection, we 
were unable to incorporate additional techniques such as knockdown 
models, qPCR, western blot, drug sensitivity assays, etc.

Fig. 5. Molecular docking of HIF1A with HRE sequence of ABC transporter gene promoter regions. (A) Docking of HIF1A (AA region: 21–30) and ABCB1 gene 
promoter region (Z-score: − 1.5). (B) Representative docking of HIF1A (AA region: 21–30) and ABCC1 gene promoter region (Z-score: − 1.9). (C) Representative 
docking of HIF1A (AA region: 21–30) and ABCG2 gene promoter region (Z-score: − 1.8).
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5. Conclusion

In the pursuit of bridging a crucial gap in research on cancer che
moresistance, this study aimed to elucidate the intricate mechanisms 
behind therapeutic resistance in breast, colorectal, and ovarian cancer. 
This investigation focused on the co-expression associations of key 
proteins (P-GP, MRP1, BCRP, and HIF1A) in chemoresistant tissues 
obtained from Bangladeshi cancer patients. The observed over
expression of HIF1A in chemoresistant tissues implicates their pivotal 
roles behind resistance mechanisms across various malignancies. HIF1A 
directly regulates the transcription of key efflux pumps by binding to the 
HRE sequence in their promoter regions. Inhibition of HIF1A to these 
promoter regions may appear as a promising avenue for overcoming 
chemoresistance. Even though a larger sample size, as well as experi
mental techniques like western blotting, immunoprecipitation, and 
knockout studies, would provide useful information, this study partic
ularly serves as a stepping stone for future research in addressing the 
phenomenon of HIF1A-driven chemoresistance in cancer.
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