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Appendix 

Table 1: Cytogenetic profiles of primary BMSCs 

 

BMSC Sex BMSC cytogenetics AML cytogenetics  

BMSC#1 M N/A Normal 

BMSC#2 F N/A t(5;12)(q13;q24) 

BMSC#3 M Normal Normal 

BMSC#4 F Normal t(8;21)(q22;q22),del(9)(q13q22) 

BMSC#5 M Normal Normal 

BMSC#6 M N/A add(5)(q35),add(6)(q22) 

 

AML cytogenetics refers to the cytogenetics of the AML sample from which 

the BMSC were derived. 

Karyotype reports provided by the Norwich Cytogenetics Service, where the 

karyotyping/cytogenetic analysis was performed, are included below. 

Karyotype results for samples 1 and 2 were communicated by e-mail to Dr 

Stuart Rushworth.  
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Table 2: AML, BMSC and AML/BMSC cytokine array data sets  

Cytokine array blots were analysed for mean optical densities using 

HLimage++ software. Outputs are presented in the tables below. AML only 

refers to AML cell culture control, BMSC only refers to BMSC cell culture 

control. 
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Oxidative stress as a result of elevated levels of reactive oxygen species (ROS) has been observed in almost all cancers, including
leukaemia, where they contribute to disease development and progression. However, cancer cells also express increased levels of
antioxidant proteins which detoxify ROS. This includes glutathione, the major antioxidant in human cells, which has recently
been identified to have dysregulated metabolism in human leukaemia. This suggests that critical balance of intracellular ROS
levels is required for cancer cell function, growth, and survival. Nuclear factor (erythroid-derived 2)-like 2 (NRF2) transcription
factor plays a dual role in cancer. Primarily, NRF2 is a transcription factor functioning to protect nonmalignant cells from
malignant transformation and oxidative stress through transcriptional activation of detoxifying and antioxidant enzymes. However,
once malignant transformation has occurred within a cell, NRF2 functions to protect the tumour from oxidative stress and
chemotherapy-induced cytotoxicity. Moreover, inhibition of the NRF2 oxidative stress pathway in leukaemia cells renders them
more sensitive to cytotoxic chemotherapy. Our improved understanding of NRF2 biology in human leukaemia may permit
mechanisms by which we could potentially improve future cancer therapies. This review highlights the mechanisms by which
leukaemic cells exploit the NRF2/ROS response to promote their growth and survival.

1. Introduction

Acute myeloid leukaemia (AML) is primarily a disease of
the elderly with 75% of cases being diagnosed in patients
over 60 years of age [1]. AML comprises a biologically
heterogeneous group of disorders that occur as a consequence
of a wide variety of genetic abnormalities in haematopoietic
progenitors that are derived from the bone marrow. In
fitter, generally younger patients complete remission can be
achieved only in a minority with current chemotherapeutic
regimens. Patients who are not fit for intensive chemotherapy
are generally managed with a palliative approach without a
chance of cure. Furthermore, even in patients who do achieve
remission following intensive chemotherapy many relapse
from the persistence of a small clone of minimal residual
disease [2, 3] and, despite considerable efforts over the last 30
years to develop and improve therapy, presently two-thirds
of younger adults and 90% of older adults still die of their

disease [4]. It is envisaged that improved outcomes for all
patients will now only come from novel treatment strategies
(beyond increasing doses of conventional cytotoxic drugs)
derived from an improved understanding of the biology of
the disease.

2. Oxidative Stress

Oxidative stress is described as a change in the balance
between reactive oxygen species and antioxidant defence
mechanisms, where the balance is disturbed for the support
of the oxidants [5]. Together, oxidants and antioxidants are
essential for normal cellular function including metabolism
and signal transduction which allow for the maintenance
of cellular homeostasis [6, 7]. However, oxidative stress, if
unconstrained, results in the damage of important cellular
components which may result in DNA mutations or cell
death.
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Reactive oxygen species (ROS) are oxygen-containing
chemical species with reactive properties, including free
radicals such as superoxide and nonradical molecules such
as hydrogen peroxide [8]. These reactive species result from
both endogenous and exogenous cellular sources. Endoge-
nous sources of cellular ROS include oxidative phosphory-
lation within mitochondria, which results in the formation of
dioxygen, which is normally reduced to water but in some
instances is partially reduced to form superoxide. Further
reduction reactions can subsequently give rise to hydrogen
peroxide [9, 10], which has long been thought of as a harmful
molecule; however, recently, new evidence has emerged
which suggests that at low concentrations hydrogen peroxide
acts as an intracellular signalingmolecule involved in survival
and proliferation mechanism. In contrast, exogenous ROS
is produced by many environmental mediators which have
demonstrated involvement in a number of pathological states
including cardiovascular disease [11], chronic inflammation
[12], and neurodegenerative diseases [13] as well as cancer
[14].

3. Reactive Oxygen Species

There is a complex interaction between ROS generation,
signaling, and toxicity that results in the initiation, growth,
and survival of cancer. Cancer may be induced through
oxidative damage to cellular macromolecules as a result of
overproduction of ROS, which subsequently affects antiox-
idant and/or DNA repair mechanisms [15]. In addition,
ROS can stimulate signal transduction pathways leading
to activation of key protumoural transcription factors [16].
Once the malignant state has been established, the same
cellular survival mechanisms that the cell had employed to
protect against tumorigenesis are subsequently subverted to
support a protumoural state and protect the cancer cells from
chemotherapy. ROS have a physiological cellular response to
trigger cellular inflammation and damage that may lead to
cell death.This protective effect is lost in cancer cells and thus
endogenous and exogenous efforts to induce cytotoxicitymay
also be lost in cancer. Specifically in human leukaemia the
NRF2 pathway appears central to the control of the redox
state functioning at least in part through its regulation of
glutathione synthesis and regeneration. It is envisaged that
the identification of tumour-specific dependence within this
pathwaymay ultimately be exploited to developmuch needed
new treatments.

4. Acute Myeloid Leukaemia

AML develops from a common myeloid progenitor, a cell
whichwould physiologically differentiate to formmonocytes,
granulocytes, platelets, and erythrocytes in the bone marrow
[17, 18]. AML is the most common acute leukaemia affecting
adults, and its incidence increases with age [19]. However,
AML is a heterogeneous disease driven by a wide variety of
genetic lesions [20]. In patients fit enough for conventional
intensive cytotoxic chemotherapy, the treatment destroys
actively cycling leukaemic cells and initial remission rates

are high. However, in these patients following remission
induction and despite in many cases the disease becoming
undetectable by current testing technologies, a subpopula-
tion of cells with leukaemic stem cell properties frequently
survives chemotherapy and it is this subpopulation (minimal
residual disease) that is responsible for the relapse commonly
encountered in this disease [21]. In patients not fit for such
cytotoxic chemotherapy, management is presently based
around palliation and symptom control.

The discovery of specific mutant genes in AML has
provided increased biologic understanding, new potential
targets for drug development [22], and new diagnostic meth-
ods for detection of minimal residual disease [23, 24]. For
instance, mutations of the FMS-like tyrosine kinase-3 (FLT3)
receptor (internal tandem duplication (ITD)) are found in
approximately 25% of new cases of AML [25, 26]. FLT3-
ITD has been found to cause increased levels of ROS within
murine Ba/F3 or 32D cells expressing FlT3-ITD as well as
MOLM-14 and MV-4-11 human AML cell lines which carry
FLT3-ITDmutations [27], suggesting that ROS are important
in regulating FLT3 mutated AML.

5. Manipulation of the Redox Status by
Leukaemia Oncogenes

A number of oncogenes such as KRAS, cMYC, BCR/ABL,
NRF2, and NF-kappaB (NF-𝜅B) are able to alter the redox
balance of human cancer cells including leukaemic cells [26,
28–32]. The oncogenic BCR/ABL fusion gene found mainly
chronic myeloid leukaemia (CML) is capable of inducing
ROS levels in both human and murine cell lines [33, 34].
Moreover, BCR/ABL-induced ROS can also result in signal-
ing changes including the upregulation of the nonreceptor
tyrosine kinase FYN [35, 36]. FYN deficiency in the presence
of BCR/ABL expression is a mediator of chronic myeloid
leukaemia (CML) proliferation and CML resistance to the
drug of choice for CML, the BCR/ABL inhibitor, imatinib.
Together, these findings illustrate how a cancer associated
tyrosine kinase can induce ROS resulting in leukaemia
proliferation and drug resistance.

It has also been described that leukaemic oncogenes
may also affect the transcription, stability, or activity of
antioxidant proteins within leukaemic cells. For example,
BCR/ABL and NF-𝜅B can increase the transcription of
NRF2 and by association its regulated genes, which have
been shown to have cytoprotective properties. Furthermore,
activation of NRF2 requires a phosphorylation process which
results in the stabilisation of NRF2 and its release from its
negative regulator allowing transcription of the antioxidant
genes [37]. The transcription factor NRF2 is activated by
increased oxidative stress inducing protection of normal
cells against electrophilic and oxidative stress [38]. This
provides an example of transcriptional pathways by which
leukaemic oncogenes can influence the redox environment of
leukaemia cells and represent possible targets for therapeutic
intervention.
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Figure 1: Glutathione synthesis as seen through NRF2. GSH is a two-step synthesis reaction catalysed by glutamate-cysteine ligase (GCL)
and GSH synthetase. GSH is consumed in many ways, such as by oxidation or conjugation. In addition, cells may lose GSH due to export
of its reduced, oxidized, or conjugated forms and intracellular GSH is regenerated via reduction at the expense of one NADPH molecule.
Highlighted in red are the genes regulated by NRF2 activity.

6. NRF2 Regulated Cellular
Antioxidants in Leukaemia

Our research has previously shown that current standard
AML chemotherapy (cytarabine and daunorubicin) induces
an increase in ROS inAML cells as part of theirmechanism of
cytotoxic action [39]. Furthermore, we also recently reported
that malignant blasts from AML patients have inappropriate
constitutive NRF2 activation, resulting in increased cell
survival and chemotherapy resistance [40, 41]. The NRF2
signaling pathway is a major cellular pathway that under
normal conditions protects nonmalignant cells against elec-
trophilic and oxidative stress [38]; however, in AML as well
as many other malignancies, including chronic lymphocytic
leukaemia (CLL), NRF2 is constitutively activated [42]. In
AML, constitutive activation of NRF2 occurs not through
somatic mutation of NRF2 or its inhibitor KEAP1 but as a
result of upstream constitutive activation of NF-𝜅B.

NRF2 regulates the expression of over 200 genes includ-
ing many antioxidant genes and phase II enzymes such
as heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxi-
doreductase 1 (NQO1) [43, 44] and genes involved in glu-
tathione metabolism and regeneration [45–48]. No single
gene induced by NRF2 can be identified as the most impor-
tant for cell protection, as cell protection is a result of the coor-
dinated induction of NRF2 target genes. As well as the work
on AML, NRF2 genes have also been dysregulated in other
human blood cancers including CLL and multiple myeloma
(MM). In CLL, experiments show the presence of NRF2
signaling and suggest that altered NRF2 responses may con-
tribute to the observed selective cytotoxicity of electrophilic

compounds in this disease [49]. In MM, HO-1 is increased in
bortezomib-resistant MM cells, suggesting a possible role for
HO-1 and NRF2 in chemotherapy resistance [50]. Together
these results highlight the importance of NRF2 in human
blood cancer.

6.1. Glutathione Metabolism, Regeneration, and Control of
ROS. GSH has emerged as an important regulator of
chemotherapy resistance in human cancer. GSH is present in
all mammalian tissues at 1–10 millimolar concentrations and
protects against oxidative stress [51]. In the cell GSH exists
in the thiol-reduced GSH and disulfide-oxidized (GSSG)
forms [52] and its major reservoir is the cytosol (80–85%)
[53–55]. GSH synthesis occurs via a two-step ATP-requiring
enzymatic process and exerts a negative feedback inhibition
on key rate limiting enzymes including glutathione cysteine
ligase (GCL) [56, 57] either by phosphorylation or by protein
expression [58]. The regulation of GSH synthesis is under
tight control involving key enzymes including GCL, GSH
synthetase, and GSH reductase. More importantly these
enzymes are all regulated, at least in part, by NRF2 through
its activation of the ARE [59].This highlights the importance
of addressing the link between NRF2 and GSH in disease,
especially leukaemia. Figure 1 shows the link between NRF2
and GSH synthesis and regeneration.

It is becoming apparent that NRF2 is the main transcrip-
tion factor that controls the regulation of many aspects of
GSH synthesis and regeneration [60, 61]. Importantly the
regulation of GCL at the transcriptional level is essential
for the maintenance of GSH homeostasis in response to
oxidative stress. In addition, levels of GCLC and GCLM are
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decreased in NRF2 knockout mice; the resulting lack of GSH
synthesis is lethal during embryogenesis [62].Moreover, GSH
synthetase which catalyses the second step of GSH generation
is also regulated by NRF2 and overexpression of either NRF1
or NRF2 induced the GSS promoter activity by 130 and
168%, respectively. Other genes involved in GSHmetabolism,
regeneration, and function are also regulated by NRF2
activation, which include GSH S-transferases (GSTs), GSH
reductase (GR), and GSH peroxidase (GPX) [48, 63, 64].
Together, this information suggests that NRF2 controls the
effectiveness of GSH to combat the excess of ROS.

Hydrogen peroxide is one of the main activators of
the NRF2-KEAP1 pathway. It is metabolised by GPX in
the cytosol resulting in GSH being oxidized to GSSG in
the mitochondria. GSSG can be reduced back to GSH by
GR at the expense of NADPH, thereby forming a redox
cycle, where organic peroxides can be reduced by either
GPX or GSH S-transferase (GST) [65]. GSTs are a family of
phase II conjugation enzymes under the regulation of the
NRF2/ARE pathway [66]. The main role of GST is to catal-
yse the detoxification of various harmful compounds [67].
This detoxification process is under the tight control of NRF2
as GST mRNA and protein expression are decreased in
NRF2-null mice, and NRF2 is required for GST induction
[68]. Moreover, the mRNA expression of GST is markedly
increased in KEAP1-null mice [69]. This provides evidence
that not only GSTs but also many other enzymes that are
involved in GSH synthesis and regeneration are coordinately
regulated by NRF2 and justifies the necessity to address the
NRF2 GSH axis in human cancers, especially leukaemia.

6.2. NRF2, GSH, and Leukaemic Cell Survival. Although
NRF2 is protective against tumorigenesis by reducing the
amount of ROS and DNA damage in cells, tumour cells were
found to be capable of harnessing the protective function
of NRF2 for their own protection and survival [42, 70].
Indeed, NRF2 activity itself is elevated in some leukaemia
types where it contributes to leukaemogenesis [71]. Elevated
nuclear localization of NRF2 and the subsequent genetic
changes result in reduced sensitivity to proteasome inhibitors
inAML cell lines [41], suggesting thatNRF2may also regulate
sensitivity to ROS-producing therapeutic agents. Moreover,
molecular analyses have revealed that treatment with stress
inducers (e.g., tumour necrosis factor) results in increased
NRF2 activity inTHP-1,HL-60, andAML 193 cell lines, which
in turn increases the transcription of antioxidants [72].

Primitive hematopoietic stem and progenitor cells reside
within the bone marrow and express the CD34 surface
antigen [73, 74].Moreover, primitive AML cells also generally
express CD34 and are more resistant to chemotherapy [74,
75]. A recent study by Pei et al. evaluates the characteristics
of primary CD34+ cells derived from patients with AML in
comparison to normalCD34+ controls [76].This is consistent
with the finding that CLL cells have elevated levels of reactive
oxygen species (ROS) compared to normal controls [77].
Taken together, this suggests that altered GSH content might
be a common property of primary hematopoietic malignant
tissues.

The prognostic value of GST deletions in adult AML,
including individuals with GSTM1 or GSTT1 deletions (or
deletions of both), is found to have enhanced resistance
to chemotherapy, lower complete remission, and a shorter
survival [78]; this further supports the suggestion of a dis-
turbed glutathione metabolism in AML cells. AML cells have
elevated expression of multiple GSH metabolising enzymes
including GCL and GST compared to control CD34+ cells
and knockdown of GCLC or GPX1 impaired the growth
of leukaemic cells in vitro [76]. Moreover, a significantly
decreased GSH to GSSG ratio further indicates aberrant
glutathione homeostasis in AML cells; this is consistent with
findings of increased basal levels of nuclear NRF2 in primary
AMLs [41]. This highly suggests that increased NRF2 activity
inAMLcells is responsible for the elevated expression of these
genes as a mechanism by which AML cells compensate for
increased oxidative stress in leukaemic cells. The aberrant
glutathione metabolism presents a unique and potentially
useful asset for targeting of primitive leukaemic cells.

7. Conclusion

ROS play an important functional role in human leukaemia.
NRF2 and its control of GSH regulate ROS. Recent data
suggests that GSH is fundamental to NRF2 function in AML
suggesting that this pathway may yield future therapeutic
targets for leukaemia cells in which GSH is dysregulated.
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MIF-Induced Stromal PKCb/IL8 Is Essential in
Human Acute Myeloid Leukemia
Amina M. Abdul-Aziz1, Manar S. Shafat1, Tarang K. Mehta2, Federica Di Palma2,
Matthew J. Lawes3, Stuart A. Rushworth1, and Kristian M. Bowles1,3

Abstract

Acute myeloid leukemia (AML) cells exhibit a high level of
spontaneous apoptosis when cultured in vitro but have a
prolonged survival time in vivo, indicating that tissue micro-
environment plays a critical role in promoting AML cell sur-
vival. In vitro studies have shown that bone marrow mesen-
chymal stromal cells (BM-MSC) protect AML blasts from spon-
taneous and chemotherapy-induced apoptosis. Here, we report
a novel interaction between AML blasts and BM-MSCs, which
benefits AML proliferation and survival. We initially examined
the cytokine profile in cultured human AML compared with
AML cultured with BM-MSCs and found that macrophage
migration inhibitory factor (MIF) was highly expressed by

primary AML, and that IL8 was increased in AML/BM-MSC
cocultures. Recombinant MIF increased IL8 expression in BM-
MSCs via its receptor CD74. Moreover, the MIF inhibitor ISO-
1 inhibited AML-induced IL8 expression by BM-MSCs as well
as BM-MSC–induced AML survival. Protein kinase C b
(PKCb) regulated MIF-induced IL8 in BM-MSCs. Finally,
targeted IL8 shRNA inhibited BM-MSC–induced AML surviv-
al. These results describe a novel, bidirectional, prosurvival
mechanism between AML blasts and BM-MSCs. Furthermore,
they provide biologic rationale for therapeutic strategies in
AML targeting the microenvironment, specifically MIF and IL8.
Cancer Res; 77(2); 303–11. �2016 AACR.

Introduction
Survival of patients with acute myeloid leukemia (AML) is

presently poor; two thirds of young adults and 90% of older
adults die of their disease (1). Even in patients who achieve
remission with chemotherapy, relapse is common and occurs
from minimal residual disease sequestered in protective
niches in the bone marrow microenvironment (2). According-
ly, it is envisaged that improved outcomes will come from
novel treatment strategies derived from an improved under-
standing of the biology of AML within the bone marrow
microenvironment.

AML cells exhibit a high level of spontaneous apoptosis when
cultured in vitro but have a prolonged survival time in vivo,
indicating that the tissue microenvironment plays a critical role
in promoting AML cell survival (3–6). Knowledge of the com-
plexity of the bone marrow microenvironment is increasing,
especially with respect to the bonemarrowmesenchymal stromal

cells (BM-MSC), which are considered amajor protective cell type
(7). BM-MSCs generate various factors whose primary functions
are to influence tumor cell survival and homing (4, 8, 9). The
apoptotic defect in AML is not cell autonomous but highly
dependent on extrinsic signals derived from their microenviron-
ment. The complex cell–cell interactions between the AML tumor
cells and their microenvironment are therefore essential for
tumor growth and survival and thus present an attractive target
for novel drug therapies.

Macrophage migration inhibitory factor (MIF) is a pleiotropic
cytokine, which under normal conditions regulates cell-medi-
ated immunity and inflammation (10). In cancer, MIF is over-
expressed in a number of solid tumors, including breast, pros-
tate, and colon cancers (11–13). MIF has also been shown to be
overexpressed in various blood cancers, including chronic lym-
phocytic leukemia (CLL; ref. 14). In CLL, MIF is expressed by the
malignant cells and induces protective IL8 release in an auto-
crine-dependent manner. Blocking either MIF or IL8 reduces
survival of CLL. The increased secretion of IL8 from tumor cells
is thought to have wider significance to the tumor microenvi-
ronment. Serum IL8 is known to be higher in patients with AML,
myelodysplasia (MDS), and non-Hodgkin lymphoma than in
normal controls, and levels of IL8 in these patients are similar to
those found in patients with multiple organ failure of nonseptic
origin (15, 16). Furthermore, leukemic blasts from the majority
of patients with AML constitutively express IL8 (17). In addi-
tion, inhibition of the IL8 receptor, CXCR2, selectively inhibits
proliferation of MDS/AML cell lines and patient samples (18).
Together, these studies suggest that MIF and IL8 are functionally
important in regulating the survival and proliferation of mul-
tiple tumors, including AML.

In the current study, we investigate how AML cells program
BM-MSCs via MIF to produce the survival cytokine IL8 and
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characterize the signaling pathways underlying this interdepen-
dent cell–cell communication.

Materials and Methods
Materials

Anti-PKC, MAPK, and AKT antibodies were purchased from
Cell Signaling Technology. Anti-CD74, anti-CXCR2, and anti-
CXCR4 antibodies were purchased from Miltenyi Biotec. All
inhibitors were purchased from Tocris. The CD74 blocking anti-
body was purchased from BD Biosciences. Proteome Profiler
Human XL array and recombinant human MIF were purchased
from R&D Systems. MIF ELISA was purchased from BioLegend.
IL8ELISAwaspurchased fromeBioscience. All other reagentswere
obtained from Sigma-Aldrich

Cell culture
For primary cell isolation, heparinized blood was collected

from volunteers, and human peripheral bloodmononuclear cells
were isolated by Histopaque (Sigma-Aldrich) density gradient
centrifugation. AML samples that comprised less than 80% blasts
were purified using the CD34 Positive Selection Kit. Cell type was
confirmed by microscopy and flow cytometry. BM-MSCs were
isolated by bone marrow aspirates from AML patients. Mononu-
clear cells were collected by gradient centrifugation and plated in
growth medium containing DMEM and 20% FBS and 1% L-
glutamine. The nonadherent cells were removed after 2 days.
When 60% to 80% confluent, adherent cells were trypsinized and
expanded for 3 to 5 weeks. BM-MSCs were checked for positive
expression of CD105, CD73, and CD90 (BM-MSC markers) and
the lack of expression of CD45 and CD34 by flow cytometry. All
patient information, including genotype and WHO classification
for AML and genotype and phenotype of AML BM-MSCs, are
included in Supplementary Tables S1 and S2.

RNA extraction and real-time PCR
Total RNA was extracted from 5 � 105 cells using the Nucleic

Acid PrepStation from Applied Biosystems, according to the
manufacturer's instructions. Reverse transcription was performed
using the RNA PCR Core Kit (Applied Biosystems). Relative qRT-
PCR used SYBR Green technology (Roche) on cDNA generated
from the reverse transcription of purified RNA. After preamplifi-
cation (95�C for 2minutes), the PCRswere amplified for 45 cycles
(95�C for 15 seconds and 60�C for 10 seconds and 72�C for 10
seconds) on a 384-well LightCycler 480 (Roche). Each mRNA
expression was normalized against GAPDH mRNA expression
using the standard curve method.

Western immunoblotting and ELISAs
SDS-PAGE and Western blot analyses were performed. Briefly,

whole-cell lysates were extracted and SDS-PAGE separation was
performed. Protein was transferred to nitrocellulose membrane
and Western blot analysis performed with the indicated antisera
according to theirmanufacturer's guidelines. To examineMIF and
IL8 secretion into media, we used LEGEND MAX Human Active
MIF ELISA Kit (BioLegend) andHuman IL-8 ELISA Ready-SET-Go
(eBioscience).

shRNA silencing of CD74, PKCb, and IL8
Five Mission shRNA targeted lentivirus particles (Sigma-

Aldrich) for each target were obtained. BM-MSCs (2 � 104 cells)
were infected with each lentivirus. For all gene expression experi-

ments, the cells were incubated for 72 hours posttransfection
before RNA extraction.

Flow cytometry
Flow cytometry formeasuring AML cell numberwas performed

on the Cube 6 (Sysmex Partec). For the AML/BM-MSC cocultures,
AML cell viability was measured using flow cytometry. After
exclusion of BM-MSCs by electronic gating using forward scatter,
AML cells were counted using CD34 gating.

Cytokine array expression analysis
Primary AML blasts 0.25 � 106 were cultured alone or cocul-

tured on confluent primary BM-MSCs. Conditionedmediumwas
then collected from these cultures aswell as fromBM-MSC culture
and analyzed using the Proteome Profiler Human XL Cytokine
Array following themanufacturer's instructions.Quantificationof
cytokine optical densities was obtained with the HLimageþþ
software (WesternVision).

Statistical analyses
The Mann–Whitney U test was used to compare test groups

where stated. Results where P < 0.05 were considered statistically
significant. Results represent the mean � SD of four or more
independent experiments. We generated statistics with GraphPad
Prism 5 software (GraphPad). For Western blotting, data are
representative images of three independent experiments.

Study approval
AML cells and BM-MSCswere obtained fromAMLpatient bone

marrowor blood following informed consent andunder approval
from the UK National Research Ethics Service (LRECref07/
H0310/146).

Results
BM-MSCs support AML survival

The microenvironment supports AML survival and prolifera-
tion (4, 5, 19). To study the cell–cell communicationbetweenBM-
MSCs and AML cells, we established a coculture system using
primary AML cells and BM-MSCs derived from treatment-na€�ve
AML patients. Here, we show a significant difference in primary
AML survival when cultured on BM-MSCs for 6 and 14 days
compared with AML blast survival when cultured in basal media
alone (Fig. 1A; Supplementary Fig. S1). Supplementary Figure S2
shows the different combinations of AML and BM-MSCs in all
experiments.

To determine what factors are responsible for improved pri-
mary AML blast survival on BM-MSCs, we analyzed the profile of
cytokines and chemokines present in primary AML cultures, BM-
MSC cultures, and primary AML blasts cultured in combination
with BM-MSCs. Cytokine array profiles of the three culture con-
ditions (Fig. 1B) show a consistent upregulation of IL8 in the
coculture sample media (Fig. 1C). Moreover, we also observed
high levels ofMIF in all AML supernatants, low levels ofMIF in all
BM-MSC supernatants, and high levels of MIF in the AML/BM-
MSC cocultures (Fig. 1B and D). To verify these observations, we
carried out IL8- and MIF-specific ELISAs. IL8 concentrations peak
at 8 and 24 hours in the AML/BM-MSC coculture supernatants
(Fig. 1E), whereas MIF concentrations were high and at similar
levels in AML culture supernatants and AML/BM-MSC coculture
supernatants (Fig. 1F).
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AML-derived MIF induces IL8 expression in BM-MSCs
Next, we looked to determine whether BM-MSCs needed

direct contact with AML to increase IL8 expression. RT-PCR
showed that IL8 mRNA from BM-MSCs incubated with AML
increased by 57-fold when in direct contact and by 50-fold
when in indirect contact with AML blasts (Fig. 2A). This
confirms that direct tumor cell to stromal cell contact is not
necessary for AML to induce increased IL8 expression by
BM-MSCs.

Next, we examined the mRNA expression levels of MIF in
primary AML (n ¼ 5) and BM-MSC (n ¼ 5) cultures. RT-PCR
showed that primary AML cultures, but not BM-MSC cultures,
express high levels of MIF mRNA under normal basal conditions
(Fig. 2B). As MIF expression has been shown to be increased in
AML patients compared with normal patients (20) and the ability
of MIF to induce IL8 production by primary CLL (14), we
hypothesized that MIF from AML was responsible for the
increased IL8 expression in BM-MSCs. To test this hypothesis,
we stimulated BM-MSCs with 100ng/mL recombinant human
MIF and assayed for IL8 mRNA and protein expression over a

period of 24 hours. We show that IL8 mRNA and protein
increased (Fig. 2C and D) in response to MIF. To confirm that
MIF secreted from AML cells regulates IL8 expression, we used
ISO-1, a nontoxic inhibitor ofMIF, which functions by binding to
bioactive MIF at its N-terminal tautomerase site (21). MIF-stim-
ulated BM-MSCs pretreated with ISO-1 showed a decrease in
IL8 mRNA levels compared with untreated BM-MSCs (Fig. 2E).
Moreover, AML survival was inhibited when cultured with BM-
MSCs in the presence of ISO-1 compared with control AML–BM-
MSC cultures (Fig. 2F). Together, these data confirm that MIF
secreted by AML cells induces IL8 expression in BM-MSCs.

MIF-induced IL8 upregulation is mediated through CD74
Depending on the cellular context and the disease involved,

MIF signaling is mediated by its receptors CXCR2 (IL8 receptor,
ILR8) and/or CXCR4 (stromal-derived factor 1 receptor),
and/or CD74 (22, 23). BM-MSCs have been reported to express
all three receptors (24–26). Using CD105 as a BM-MSC marker
to confirm mesenchymal cell phenotype, we show that CD74
and CXCR4 are expressed but CXCR2 is not expressed on

Figure 1.

BM-MSCs support AML survival.
A, AML blasts (0.25 � 106) were
cocultured with primary BM-MSCs on
a 12-well plate for 6 days (n¼ 20); AML
blast number was assessed
using Trypan blue exclusion
hemocytometer–based counts and
CD34þ staining using flow cytometry.
B, Cell-free supernatants from
7 individual AML patient blasts
(0.25 � 106) were cocultured with
primary BM-MSCs for 24 hours and a
representative cytokine antibody
array of each of the cell culture
conditioned media using the Human
Cytokine Proteome Profiler Array.
C, Fold induction of cytokines
between BM-MSCs and AML cultured
on BM-MSCs. Results from 7 different
primary AML on four different
BM-MSCs. Bars, mean and SEM.
Significantly upregulated cytokines
are included in the graph. D,
Quantification of cytokine optical
density of AML only arrays
(7 individual AML samples). Graph
shows the top 8 cytokines expressed
by AML. Bars, mean and SEM. E, IL8
ELISA of each of the cell culture
conditioned media from various time
points (three individual AML samples).
F,MIF ELISA of each of the cell culture
conditioned media from various time
points (three individual AML samples).
The Mann–Whitney U test was used to
compare between treatment
groups (� , P < 0.05).
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all primary BM-MSCs isolated from AML patients (Fig. 3A).
BM-MSCs were further characterized using CD73 and CD90,
and lack of CD45 expression.

We used specific inhibitors of CXCR2, CXCR4, and CD74 to
determine which receptor/s were responsible for MIF-induced
IL8 upregulation. Inhibition of CXCR2 and CXCR4 using
pertussis toxin (a GPCR inhibitor) had no effect on MIF-
induced IL8 mRNA expression (Fig. 3B). However, the anti-

CD74 blocking antibody inhibited MIF-induced IL8 expression
in BM-MSCs (Fig. 3C). These results suggest that CD74 is the
dominant receptor in regulating MIF-induced IL8 expression
in AML patient-derived BM-MSCs. To further characterize this
interaction, we used lentiviral-mediated knockdown (KD) of
CD74 in AML patient-derived BM-MSCs, confirming reduced
mRNA and protein expression of CD74 after transduction with
control KD or CD74 KD lentivirus (Fig. 3D). Furthermore, we

Figure 2.

AML-derived MIF induces IL8
expression in BM-MSCs. A, AML blasts
from 5 patients (0.25 � 106) were
cocultured with primary BM-MSCs
either in direct contact (DC) or indirect
contact (IC, transwell insert) for
24 hours. IL8 mRNA in BM-MSCs was
then assessed by real-time PCR. mRNA
expression was normalized to GAPDH
mRNA levels (n ¼ 5). B, BM-MSCs and
primary AML from 5 patients were
cultured alone and measured for MIF
mRNA levels (n¼ 5). mRNA expression
was normalized to GAPDH mRNA
levels. C, BM-MSCs from 5 patients
were treated with rhMIF (100 ng/mL)
for indicated times, and then extracted
RNA was assessed for IL8 mRNA by
real-time PCR. mRNA expression
was normalized toGAPDHmRNA levels
(n ¼ 5). D, BM-MSCs from 5 patients
were treated with rhMIF (100 ng/mL)
for indicated times, and then, media
were assessed for IL8 protein
expression by ELISA. (n ¼ 5).
E, BM-MSCs from four patients were
pretreated with ISO-1 (10 mmol/L) for
5 minutes before treatment with rhMIF
(100 ng/mL) for 4 hours and then
assessed for IL8 mRNA expression
(n ¼ 4). F, BM-MSCs were pretreated
with ISO-1 (10 mmol/L) for 5 minutes
before the addition of primary AML
blasts from 10 patient samples for
48 hours. AML blast number was
assessed using Trypan blue exclusion
hemocytometer–based counts (n¼ 10).
The Mann–Whitney U test was used to
compare between treatment groups
(�, P < 0.05).
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demonstrate that CD74 knockdown inhibits MIF-induced IL8
mRNA expression in AML patient-derived BM-MSCs (Fig. 3E).

Pharmacologic inhibition of PKCb inhibits MIF-induced
IL8 induction in BM-MSCs

We next investigated the signaling cascade in AML patient-
derived BM-MSCs downstream of MIF-induced CD74 activa-
tion. It has been shown that MIF binding to CD74 activates
downstream signaling through the PI3K/protein kinase B
(AKT) and MAPK signaling pathways and promotes cell pro-
liferation and survival (27). In addition, Lutzny and colleagues
recently described the activation of a PKC pathway in murine
stromal cells cocultured with chronic lymphocytic leukemia
(28). We treated AML-stimulated BM-MSCs with LY294002
(a PI3K/Akt inhibitor), PD098059 [a MAPK kinase (MEK)
1 inhibitor], or Ro-31-8220 (a PKC pan inhibitor) to determine
which pathway/s regulate AML-induced BM-MSC IL8 mRNA
induction. We show that Ro-31-8220, the PKC inhibitor, was
able to significantly inhibit IL8 expression by approximately
80%, whereas LY294002 and PD098059 had little or no effect
(Fig. 4A). Similarly, we found that Ro-31-8220 was able to

inhibit IL8 expression by circa 90% in experiments where BM-
MSCs were directly activated using recombinant human MIF
(rhMIF; rather than AML cells; Fig. 4B). However, in addition,
we observed that PD98059 was able to moderately inhibit
rhMIF-induced IL8 mRNA induction in BM-MSCs by approx-
imately 30% (Fig. 4B).

To clarifywhether PKC,MAPK,or both are activated in response
to MIF, we performed Western blot analysis on BM-MSCs for
specific phosphorylation of PKC isoforms, MAPK, or AKT in
response to MIF activation. BM-MSCs were activated by AML for
15 minutes or MIF treatment (100 ng/mL) for various times. We
initially show that MIF and AML both induce phosphorylation
of PKC a/bII and PKC b in BM-MSCs (Fig. 4C). BMSCs from
4 patient samples treated withMIF had no increase in phosphory-
lationof AKT andMAPK (Fig. 4D).Next, the PKC isoform–specific
inhibitors, Go6976 (PKCa/b) and enzastaurin (PKCb), were used
to blockMIF-induced IL8 expression in BM-MSCs. Both inhibitors
showed inhibition of MIF-induced IL8 upregulation (Fig. 4E).
Finally, we used lentiviral-mediated KD for PKCb, confirming
reduced mRNA expression of PKCb after transduction of BM-
MSCs with control KD or PKCb KD virus (Fig. 4F). We then

Figure 3.

MIF-induced IL8 upregulation is
mediated through CD74. A, BM-MSCs
were assessed for CD105, CD74,
CXCR2, and CXCR4 using flow
cytometry. B and C, BM-MSCs from
four patient samples were pretreated
with the GPCR inhibitor pertussis toxin
(PTX; 100 ng/mL) or for CD74 (aCD74
ab; 10mg/mL) for 30 minutes before
being stimulated with MIF for 4 hours.
RNA was extracted and assessed for
IL8 mRNA by real-time PCR. mRNA
expression was normalized to GAPDH
mRNA levels (n¼4).D,BM-MSCs from
four patient samples were infected
with control shRNA or CD74 shRNA for
72 hours and analyzed for CD74mRNA
expression by RT-PCR and protein
expression by flow cytometry. E, BM-
MSCs from four patient samples were
infected with control shRNA or CD74
shRNA for 72 hours and then treated
with recombinantMIF and analyzed for
IL8 mRNA expression by RT-PCR. The
Mann–Whitney U test was used to
compare between treatment groups
(� , P < 0.05).
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demonstrate that knockdown of PKCb inhibits MIF-induced IL8
mRNA expression (Fig. 4G). Together, these results confirm that
MIF-induced IL8 expression in AML patient-derived BM-MSCs
requires PKCb.

Targeting the MIF–PKCb–IL8 axis disrupts BM-MSC–induced
protection of primary human AML blasts

Finally, to examine the effect of blocking IL8 on BM-MSC
protection and survival of primary AML blasts, we cocultured

Figure 4.

Inhibition of PKCb regulates AML-derived MIF-induced IL8 mRNA induction in BM-MSCs. A, BM-MSCs from four patients samples were pretreated with Ro-
31-8220 (1 mmol/L), PD98059 (10 mmol/L), and LY294002 (10 mmol/L) and then incubated with primary AML blast for 4 hours. RNA was extracted and
assessed for IL8 mRNA by real-time PCR. mRNA expression was normalized to GAPDH mRNA levels (n ¼ 4). B, BM-MSCs from four different samples
were pretreated with Ro-31-8220 (250 nmol/L), PD98059 (10 mmol/L), and LY294002 (10 mmol/L) and then incubated with MIF for 4 hours. RNA
was extracted and assessed for IL8 mRNA by real-time PCR. mRNA expression was normalized to GAPDH mRNA levels (n ¼ 4). C, BM-MSCs were
cultured with AML for 15 minutes or recombinant MIF (100 ng/mL) for various times. Protein was extracted and Western blotting performed. Blots
were probed for pPKCa/bII, pPKCb, PKD/PKCm, PKCd, and PKCd/q. Blots were then reprobed for b-actin to show equal sample loading. D, Four
different BM-MSCs with recombinant MIF (100 ng/mL) at various times. Protein was extracted and Western blotting performed. Blots were probed for pAKT
and pMAPK as well as total AKT and total MAPK. Blots were then reprobed for b-actin to show equal sample loading. E, Four different BM-MSCs
were pretreated with Go 6976 (1 mmol/L) and enzastaurin (1 mmol/L) and then incubated with MIF for 4 hours. RNA was extracted and assessed for
IL8 mRNA by real-time PCR. mRNA expression was normalized to GAPDH mRNA levels (n ¼ 4). F, Four different BM-MSCs were infected with
control shRNA or PKCb shRNA for 72 hours and analyzed for PKCb mRNA expression by RT-PCR. G, Four different BM-MSCs were infected with control
shRNA or PKCb shRNA for 72 hours, then treated with recombinant MIF and analyzed for IL8 mRNA expression by RT-PCR. The Mann–Whitney U test
was used to compare between treatment groups (� , P < 0.05).
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primary AML blasts derived from treatment-na€�ve AML patients
with BM-MSCs (either control KD or IL8 KD). First, we used
lentiviral-mediated KD for IL8. Figure 5A and B shows the mRNA
expression andprotein expression of IL8 after transduction of BM-
MSCs with control KD or IL8 KD virus. Figure 5C demonstrates
that knockdown of IL8 inhibits MIF-induced IL8 mRNA expres-
sion. Next, we show that KD of IL8 in BM-MSCs significantly
inhibits AML survival when in coculture compared with control
KD BM-MSCs (Fig. 5D). Finally, blocking the IL8R using
SB225002 inhibited AML survival when cultured with BM-MSCs
(Fig. 5E). Taken together, these results identify a novel protumoral
regulatory pathway in the AML microenvironment.

Discussion
AML is primarily a disease of the elderly with a median age at

diagnosis in the SwedishAcute LeukemiaRegistry of 72years (29).
Outcomes for the 75% of patients who get AML over the age of 60
remain generally poor, largely because the intensity and side
effects of existing curative therapeutic strategies (which are com-
monly used to treat younger fitter patients), coupled with patient
comorbidities, frequently limit their use in this older less fit
population (30). Accordingly, there is an urgent need to identify
pharmacologic strategies to tackle AML, which are not only
effective but can also be tolerated by both older and less well
patients. It is envisaged that treatments that target the tumor
microenvironment may well help realize this goal.

Here, we report a novel survival pathway within the human
AMLmicroenvironment, which functions as a feedback/autocrine
loop involving the constitutive expression of the chemokine MIF
by the AML blasts, which in turn induces IL8 expression in BM-

MSCs. Interestingly, another group showed that the repertoire of
constitutive in vitro chemokine release from AML shows variation
between different AML patient samples (31). We find that
although baseline expression of MIF by AML varies between
patient samples tested, all samples analyzed expressed MIF.
Moreover in coculture experiments, AML patient-derived BM-
MSCs were found to be ubiquitously responsive to AML-derived
MIF, which resulted in an increase in IL8 expression by the BM-
MSCs. This is in keeping with similar reports on other cytokine
pathways, which have shown that BM-MSCs can constitutively
express various chemokines (32), and AML cells are able to
respond to these chemokines (32, 33). In this study, we also
examined the genotype of six BM-MSCs used for the experiments
and found three of six to be normal and in other three, the
genotyping failed (Supplementary Table S2). This is apparently
in contrast to Huang and colleagues, who found that three of four
BM-MSCs from AML patients tested had cytogenetic abnormal-
ities within the stromal cells (34). Presently therefore, the inci-
dence and functional consequences of cytogenetic mutations
within stromal cells remain undefined. Nevertheless, taken
together, despite the established heterogeneity in AML, we find
the MIF/IL8 autocrine loop a constant finding across the samples
we tested, which makes this an attractive druggable target.

IL8 is a proinflammatory chemokinewhose primary function is
to activate two cell surface G protein–coupled receptors, CXCR1
and CXCR2, which promote neutrophil migration and degranu-
lation (35–37). Elevated IL8 secretion in tumor biology is well
characterized, with a number of studies showing the importance
of this chemokine in AML. In 1993, Tobler and colleagues
described the constitutive expression of IL8 and its receptor in
human myeloid leukemia, and more recently, Schinke and

Figure 5.

Targeting MIF–PKC–IL8 axis in AML
disrupts BM-MSC–derived protection.
A and B, BM-MSCs from six samples
were infected with control shRNA or
IL8 shRNA for 72 hours and analyzed
for IL8 mRNA expression by RT-PCR
and protein expression by ELISA.
C, BM-MSCs from six samples were
infected with control shRNA or IL8
shRNA for 72 hours and then treated
with recombinant MIF and analyzed
for IL8 mRNA expression by RT-PCR.
D, BM-MSCs were infected with
control shRNA or IL8 shRNA for
72 hours and cocultured with AML
blasts from seven samples for 48
hours. AML blast number was
assessed using Trypan blue exclusion
hemocytometer–based counts
(n ¼ 7). E, BM-MSCs were pretreated
with SB225002 (100 nmol/L) for
30 minutes before the addition of
primary AML blasts from 10 samples
for 48 hours. AML blast number was
assessed using Trypan blue exclusion
hemocytometer–based counts. The
Mann-Whitney U test was used to
compare between treatment groups
(� , P < 0.05).
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colleagues have reported that inhibition of the IL8 receptor
CXCR2 selectively inhibits immature hematopoietic stem cells
fromMDS/AML samples (17, 18). In other malignancies, IL8 has
been characterized in endothelial cells and tumor-associated
macrophages, suggesting that IL8 has a function in the liver and
prostate tumor microenvironments (38, 39). As rodents lack a
direct homologue of IL8, we purified BM-MSCs extracted from
patient bone marrow aspirates at the time of diagnosis of AML.
Our study describes for the first time how AML stimulates the
production of IL8 from BM-MSCs and inhibiting this process
prevents AML survival.

Extensive studies of MIF function have revealed its central role
in innate and adaptive immunity (10). More recently, the ability
of this cytokine to support tumor progression has been highlight-
ed, revealing MIF as a potential target for anticancer therapies in
melanomaand colon cancer (40).MIF occurs in immunologically
distinct conformational isoforms, reduced MIF and oxidized MIF
(oxMIF), with the latter predominantly expressed in patients with
inflammatory diseases (41) and is highly expressed by various
cancer cell lines (42). This has led to the evaluation of an oxMIF¼
blocking antibody (imalumab) in early-phase clinical studies of
selected solid tumors (https://clinicaltrials.gov/ct2/show/
NCT01765790). Our findings provide a biological rationale for
the clinical assessment of imalumab or other MIF inhibitors in
AML patients.

Activation of PKC signaling pathway has been characterized in
cancer cells. In hematologic malignancies, different PKC isoforms
have been identified as key players in the leukemia microenvi-
ronment. In multiple myeloma, pharmacologic inhibition of
activated PKCbII using enzastaurin inhibited growth factors and
cytokines secreted by multiple myeloma–derived bone marrow
stromal cells (28). In CLL, PKCb is immediately downstream of
the B-cell receptor andhas been shown to be important to CLL cell
autocrine survival and proliferation in vivo (43). PKCb is also
essential for the development of CLL in the TCL1 transgenic
mouse model, making it a valid therapeutic target in this malig-
nancy (44). Furthermore, induction of PKCbII in stromal cells is
required for the survival of leukemic B cells, and stromal PKCbII is
upregulated in samples from CLL, ALL, and MCL patients (28).
Our results demonstrate that in primary samples from AML
patients at diagnosis, PKCb is phosphorylated in the BM-MSCs

in response to MIF stimulation. This leads us to hypothesize that
this pathway may commonly be activated in other hematologic
malignancies, and moreover, the cancer cell is inducing this
activation. In summary, this study links secretion of MIF from
primary AML to a specific BM-MSC pathway, utilizing PKCb to
feedback survival signals, including IL8 secretion toAML. In doing
so, we have identified in vitro the potential efficacy of targeting any
one of these molecules to disrupt AML/BM-MSC prosurvival
interactions.
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