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ABSTRACT

Article type:
Review article

This study critically reviews the role of hypoxia in the progression of Multiple Myeloma (MM)
and its therapy resistance. It explains the existence and role played by Hypoxia Inducible Factors
(HIF) including HIF-1α and HIF-β in tumor (MM) progression. These HIF are key transcription
factors of hypoxia and they aid the cellular adaptation of both normal and cancer cells to reduction
in oxygen concentration. At initial stage of MM, the bone marrow environment sufficiently supports
the growth and survival of the MM cells, but as the disease progresses and the plasma cells goes
deeper into the bone marrow, they experience a more hypoxic condition. This then activates HIF1 and HIF-2 which ultimately stimulates angiogenic factors. This is a description of the step by
step approaches through which a review of Hypoxia: progressive multiple myeloma and its drug
resistance was conducted using Google scholar and PubMed search engines to search articles
published from 2000 to May 2020 using the following key words: hypoxia, progressive multiple
myeloma, treatment resistance, hypoxia and multiple myeloma. This review suggests that agents
capable of inhibiting the action of HIF’s, as well as those that would act specifically on the hypoxic
zones will be helpful in minimizing/eliminating drug resistance and relapses in MM patients and
would invariably improves the patient life expectancy.
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Introduction
Hypoxia is a non-physiological level of oxygen tension,
which is a common phenomenon in majority of malignant
tumor (1). Humans response to hypoxia is characterized
by systemic changes in respiratory, hematopoietic, and
cardiovascular physiology which combines to restore
sufficient oxygenation (2). Tumor-hypoxia results
in vascularization and acquisition of epithelial-tomesenchymal transition phenotype which leads to cell
mobility and metastasis (1). Because of the numerous
contributions of hypoxia to radio resistance, chemo
resistance, vasculogenesis, angiogenesis, metastasis,
invasiveness, resistance to cell death, altered metabolism,
and genomic instability, it is a negative predictive and
prognostic factor. Tumors have a more severe effect of
hypoxia when compared to normal tissues, and hypoxia
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plays a very significant role in the development of tumor
and therapy resistance which owing to this effect, it is been
represented as a compelling therapeutic target (3). HIF-1 is
a transcription factor which is responsible for the adaptive
responses to the reduction in oxygen availability, including
glycolysis and angiogenesis. There is a dramatic increase in
hypoxic cells due to the oxygen-regulated HIF-1α subunit
expression and transcriptional activity (4). The main actors
of hypoxic responses are the transcription factors; HIF-1α
and HIF-2 (5).
The etiology of MM; a malignant hematological disease
is unknown. The production of a monoclonal Para protein,
renal insufficiency, anemia, increased bone marrow
(BM) angiogenesis, osteolytic bone lesions, amyloidosis,
spontaneous fractures, hypercalcemia, and severe bone
pain are the key clinical features of MM (6).MM remain
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incurable, records high rate of drug resistance and relapses,
with patients currently having an overall median survival of
44 months (7).
A hypoxic tumor environment arises when there is
transient limitation in the perfusion of blood or when rapidly
proliferating cells outgrows the existing vasculature. Two
major strategies have been developed in order to target
tumor hypoxia in cancer treatment (6-9).
The introduction of novel agents, including bortezomib
in combination with autologous stem cell transplantation,
has led to a significant advancement in the treatment of
patients, leading to complete response in many patients.
Unfortunately, most patients ultimately relapse due to the
presence of surviving tumor cells at the minimal residual
disease (MRD) state, suggesting the presence of drug
resistance within specific niches in the bone marrow. Drug
resistance remains a major clinical challenge for cancer
treatment. Novel drugs that regulate metabolic pathways
in MM, specifically targeting LDHA, can be beneficial to
inhibit tumor growth and overcome drug resistance (1015). Unlike the normal cells which responds homogenously
to chemotherapeutic drugs, the malignant cells due to the
heterogeneous population of the cells with its different
sensitivity levels to chemotherapy, results in some of the
cells being easily eliminated by the drugs while others
may become totally resistant. Cancer cells may however,
become cross-resistant to various drugs which results to a
situation known as multiple drug resistance (16).
Despite the current efficient therapeutic regimens for
MM patients, the major concern is still drug resistance. For
example, in the use of bortezomib as a first class drug in
MM, there is usually an intrinsic resistant to it or resistant
development in the course of the treatment by most patients.
Even though the real mechanism of resistance to bortezomib
in MM patients are yet to be understood, mutation in beta

5-subunit of proteasome (conflicting reports),derangement
of stress response,survival and antiapoptotic pathways have
been indicated to be involved (10, 15)
Following one or more treatment regimen encompassing:
corticosteroids,
alkylating
agents,
anthracyclines,
proteasome inhibitors, immunomodulatory drugs, histone
deacetylase inhibitors and monoclonal antibodies(which
when used rationally improves survival outcomes to
a greater extent), MM patients relapse successively or
become refractory, mostly as a result of drug resistance
(16) Histories of MM patients are characterized by multiple
relapses which usually occurs following different lines of
treatment until becoming refractory (16, 17).
Methods
This is a description of the step by step approaches through
which a review of Hypoxia: progressive multiple myeloma
and its drug resistance was conducted using Google scholar
and PubMed search engines to search articles published
from 2000 to May 2020. Except one article of 1975 which
was used to compare recent findings. Articles were searched
using the following key words: “hypoxia”, “progressive
multiple myeloma”, “treatment resistance”, “hypoxia and
multiple myeloma”.
Results
Seventy articles were searched using the following key
words: hypoxia, progressive multiple myeloma, treatment
resistance, hypoxia and multiple myeloma. Out of the
seventy articles searched, 49 relevant articles were selected.
The selection criteria used in the inclusion of a study were
basically on its relevance to the topic, and the exclusion
criteria encompasses old data and studies not relevant to the
topic. In Table 1 selected studies are listed.

Table 1. Selected studies from google scholar and pubmed.
SELECTED STUDIES

TOPICS OF SELECTED STUDIES

Muz et al.,

The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance to therapy

Smith et al.,

The human side of hypoxia-inducible factor

William et al.,

Targeting hypoxia in cancer therapy

Semenza

Hypoxia, clonal selection, and the role of HIF-1 in tumor progression

Semenza

Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics

Martin et al.,

The emerging role of hypoxia, HIF-1, and HIF-2 in multiple myeloma,

Kumar et al.,

Improved survival in MM and the impact of novel therapies
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Table 1. Continued.
Jinsong et al.,

Understanding the hypoxic niche of MM: therapeutic implications and contributions of mouse models

Le QT et al.,

Hypoxic gene expression and metastasis

Abdi et al.,

Drug resistance in MM: latest findings and new concepts on molecular mechanisms.

Ullah et al.,

A major impediment to effective chemotherapy

Gottesman

Mechanism of cancer drug resistance

Sonneveld

Multidrug resistance in hematological malignancies.

Garraway and James

Circumventing cancer drug resistance in the era of personalized medicine

Wang

The resistance mechanism of proteasome inhibitor bortezomid

Hugo et al.,

MM: Available therapies and causes of drug resistance

Dimopoulos et al.,

Current treatment landscape for relapsed and/or refractory MM.

Rajkumar et al.,

Diagnosis and Staging of MM and Related Disorders

Durie and Salmon

A clinical staging system for MM. Correlation of measured myeloma cell mass with presenting clinical features, response to treatment, and survival

Griepp et al.,

Revised international staging system for multiple myeloma: a report from International Myeloma Working Group

Paleolog

Hypoxia: not merely a regulator of angiogenesis?

Bhaskar et al.,

HIF-1α and MM

Pouysseguar

Hypoxia signalling in cancer and approaches to enforcetumour regression.

Bos et al.,

Levels of HIF-1α during breast carcinogenesis

Hoffmann et al.,

High expression of HIF-1α is a predictor of clinical outcome in patients with pancreatic ductal adenocarcinomas and
correlated to PDGFA, VEGF, and Bfgf

Birner et al.,

Expression of HIF-1α in epithelial ovarian tumors: its impact on prognosis and on response to
chemotherapy

Theodoropoulos et al.,

HIF-1α expression correlates with angiogenesis and
unfavorable prognosis in bladder cancer.

Hu et al.,

Targeting the MM hypoxic niche with TH-302, a hypoxia-activated prodrug

Asosingh et al.,

Role of the hypoxic bone marrow microenvironment in 5T2MM murine myeloma tumor progression.

Martin et al.,

HIF-2 is a novel regulator of aberrant CXCL12 expression in MM plasma cells.

Holmquist-Mengelbier Recruitment of HIF-1alpha and HIF-2alpha to common target genes is differentially regulated in neuroblastoma:
et al.,
HIF-2alpha promotes an aggressive phenotype
Carmeliet and Jain
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Giatromanolaki et al.,

Hypoxia and activated VEGF/ receptor pathway in MM

Palumbo et al.,

Revised international staging system for MM. International myeloma working group

Ria et al.,

Bone marrow angiogenesis and progression in MM

Karakashev and Reginato

Progress toward overcoming hypoxia_induced resistance to solid tumor therapy

Muz et al.,

Hypoxia promotes stem cell-like phenotype in MM cells.

Prahlad et al.,

TrxR1 inhibition overcomes both hypoxia-induced and acquired bortezomib resistance in MM through NF-kb

Shin et al.,

Bortezomib inhibits tumor adaptation to hypoxia by stimulating the FIH-mediated repression of HIF-1

Zhang et al.,

Targeting angiogenesis via a c-Myc/HIF-1α-dependent pathway in MM.

Lu et al.,

The anti-cancer drug lenalidomide inhibits angiogenesis and metastasis via multiple inhibitory effects on endothelial
cell function in normoxic and hypoxic conditions

Mitsiades et al.,

Antimyeloma activity of heat shock protein-90 inhibition

Hu et al.,

Inhibition of HIF-1 function enhances the sensitivity of MM cells to melphalan

Yeo et al.,

YC-1: a potential anticancer drug targeting HIF-1

Welsh et al.,

Antitumor activity and pharmacodynamics properties of PX-478, an inhibitor of HIF-1α

Greenberger et al.,

A RNA antagonist of HIF-1α EZN-2968, inhibits tumor cell growth

Olenyuk et al.,

Inhibition of vascular endothelial growth factor with a sequence-specific hypoxia response element antagonist.

Pack et al.,

Targeting the PAS-A domain of HIF-1alpha for development of small molecule inhibitors of HIF-1

Kong et al.,

Echinomycin, a small-molecule inhibitor of HIF-1 DNA-binding activity.

Multiple myeloma progression
People do not often experience MM symptoms until they
reach stage 3. At this stage, the cancer affects multiple areas
of the body, causing complex symptoms (18).
All cancers are divided into different stages, so as to
indicate the degree of its progression in a patient. Staging
of MM has been traditionally done using the DurieSalmon Staging (DSS) (19) or the International Staging
System (ISS) (20). The DSS primarily classified patients
based on tumor burden, while the ISS also includes a host
factor determinant, namely, serum albumin. The main
disadvantage of these older staging systems is that outcome
in MM unlike many other malignancies is dependent more
on disease biology.
To rectify this, a Revised International Staging System
(RISS) has been adopted by the IMWG that combines
48

the ISS with determinants of disease biology. The RISS
incorporates determinants of disease biology (the presence
of high risk cytogenetic abnormalities or elevated lactate
dehydrogenase level) into the former ISS to create 3 disease
stages;
-Stage II; Neither stage I or III
-Stage III; ISS stage III (serum beta-2-microglobulin
>5.5) or High-risk cytogenetics (21)
Neovascularization which is a constant hallmark of MM
progression is a clinically important aspect of MM plasma
cells interaction with the bone marrow microenvironment
(22).
Hypoxia in progressive multiple myeoloma (MM)
Studies have demonstrated that hypoxia does more
than regulate angiogenesis, it also provides an important
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environment for angiogenesis to occur (23). Rapid tumour
growth usually elicits a state of hypoxia in its local ambience
(24). Hypoxic responses induce angiogenic factor and
growth factors which invariable leads to the formation,
growth and development of blood vessels. Hypoxia in
tumours is mediated by an upregulation of the transcription
factor HIF-1 complex. Pagasseur et al revealed that while
HIF-1a is a cytoplasmic protein that is dependent on O2
levels, HIF-1β on the other hand is a nuclear protein that is
constitutively expressed irrespective of O2 level (25).
Increased expression of HIF-1α and HIF-2β is a key
indicator of number of malignancies like cancer of the
breast, kidneys, pancreas, bladder, bone, ovary, lung, colon
(26-28).The overexpression of HIF in tumours arises not
only from the aberrant nature of HIF-1α activation induced
by oncogenes, but also the hypoxic nature of the tumour
(24). HIF-1α typifies a highly aggressive disease phenotype
as it is overexpressed in over 70% of human cancers (26,
28, 29) and is related to progression free survival in several
human cancers (27-29).
One of the key characteristics of MM is the accumulation
of malignant plasma cells in the bone marrow environment.
The bone marrow microenvironment is naturally hypoxic
and this is pivotal for the normal hematopoietic process of
the bone marrow. The myelomatous BM environment is
more hypoxic than the natural bone marrow environment
(24). Recent studies using 5T33MM murine model of
MM buttresses the point that the myelomatous BM
microenvironment is more hypoxic than the normal BM
microenvironment (30). In addition, studies by Asosingh
et al using the 5T2MM mouse models of MM suggests
that the hypoxic BM microenvironment plays a role in the
establishment of MM, following the migration of the MM
Pc from secondary lymphoid organs to the bone marrow
(31).
In the initial stages of the MM, the BM environment is
sufficient to support the growth and survival of the MM
cells (6, 31). However, as the disease progresses and the
plasma cells of the MM gets deeply entrenched within the
endothelial niche of the bone marrow, their level of exposure
to hypoxia increases even further. This overexposure to
hypoxia activates HIF-1/ HIF-2 and this in turn stimulates
angiogenic factors, which subsequently increases oxygen
delivery to the tumour cells, thus promoting tumour growth
(24).
Critical evaluation of temporal modulation of HIF-1α and
HIF-2α expression in MM cell lines in response to hypoxia
reveals that there is a rapid upregulation of the HIF-1α
protein, whereas for the induction of the HIF-2α protein
there is a relatively delayed response to hypoxia (32) the
above process connotes an immediate and clear response of
HIF-1 to hypoxia. However, HIF-2 coordinates responses
to more prolonged and chronic hypoxia (33).
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One of the most documented consequence of an aberrant
HIF expression has been shown to be angiogenesis.
Angiogenesis is essential for tumour growth and also
constitutes an important target in the control of the
progression of tumours (34) Studies have shown a positive
correlation between HIF-1α and HIF-2α expression,
the degree of BM angiogenesis and the expression of
VEGF(35). HIF-1α is an important regulator of vascular
endothelial growth factor (VEGF) in MM cells as it
regulates BM angiogenesis through the VEGF and VEGF is
often associated with poor prognosis in MM patients (24).
Hypoxia in multiple myeloma treatment resistance
Hypoxia leads to the alteration of cancer cell metabolism
and contribute to therapy resistance by the induction of
cell quiescence (dormancy or no growth and no division)
(1). In order to adjust to the hypoxic microenvironment,
the transcription factor HIF-1α modulates several genes in
tumor cells and this allows tumor proliferation, cell survival,
invasion, angiogenesis and then drug resistance (36).
Relapse and micro residual disease in MM may
be attributed to the development of a stem cell-like
subpopulation which demonstrates therapy resistance
and causes recurrence. The effect of hypoxia on MM cell
proliferation in the presence of proteasome inhibitors was
investigated. The evidence of hypoxia to decrease reactive
oxygen species production led to the suggestion that it
could be a potential mechanism of resistance to proteasome
inhibitors in hypoxia in MM cells (37).
The effect of hypoxia on nuclear factor keppa beta P65
expression in myeloma cells have been examined. Higher
antioxidant level may correlate with poor prognosis and
clinical outcome in MM and other cancers. And therefore,
thiorezomib-drugs like auranofin; used either as a single
agent or a combination therapy to circumvent bortezomib
resistance in MM and improves survival outcome of MM
patients is being proposed (38).
Two major strategies have been developed in order to
target tumor hypoxia in cancer treatment and they include
the use of drugs that will inhibit the molecular targets in
the hypoxia signaling pathway like HIF-1α inhibitor,
and the use of bio reductive prodrugs that are selectively
activated by hypoxia (8). HIF-1α activity have been shown
to be inhibited by a number of anti-MM drugs which
encompasses: bortezomib ,adaphostin, lenalidomide, and
17-AAG (39-43) According to Jinsong et al, the targeting
of HIF-1a in hypoxic tumor cells with more specific smallmolecule inhibitors – which includes YC-1,PX-478,EZN2968,Polyamide 2,NSC 50352, and Echinomycin–are
being developed and tested in different solid tumors (44-49)
Conclusion
Despite several front line remedies available for MM
patients, most patients unfortunately experience relapse
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and develop progressive disease leaving only a restricted
choice of treatment for them. Since the main actors of
hypoxic responses are the transcription factors; HIF-1α and
HIF-2. In order to adjust to this hypoxic microenvironment,
the transcription factor HIF-1α modulates several genes in
tumor cells and this allows tumor proliferation, cell survival,
invasion, angiogenesis and then drug resistance. Several
cascades of responses elicited by the hypoxic nature of the
BM microenvironment accounts for progressive MM and
its therapy resistance. Sequel to this, this review suggests
that agents capable of inhibiting the action of HIF’s, as well
as those that would act specifically on the hypoxic zones
will be helpful in minimizing/eliminating drug resistance
and relapses in MM patients and would invariably improves
the patient life expectancy.
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