
Daniel Starczynowski, PhD 
Associate Professor 

Co-Leader, Hematologic Malignancies Program 
Leukemia and Lymphoma Society Scholar 

Division of Experimental Hematology and Cancer Biology,  
Cincinnati Children’s Hospital Medical Center 

and 
Department of Cancer Biology, 

University of Cincinnati

Emerging Immune-related 
therapies in MDS/AML



Disclosures

I have no relevant financial relationships to disclose



Overview

• Genetic and molecular mechanisms contributing to  
   dysregulation of immune pathways in MDS. 

• Epistasis between miR-146a and TIFAB, two genes in   
   del(5q) MDS.  

• Proof-of-concept and pre-clinical data on emerging  
   immune-related therapies in MDS. 



Aberrant immune function is a hallmark of MDS
• Increased inflammatory cytokines and chemokines: 

• IL-1, IL-6, TNFa, IFNg, TGFb 
• Overexpression of immune receptors and ligands: 

• TLR1/2/4/6, Alarmins/DAMPs (S100A8/A9, circulating DNA) 
• Altered immune cell populations: 

•  Regulatory T cells, Myeloid-derived suppressor cells  
• Associated with autoimmune and inflammation disorders: 

• Rheumatoid arthritis, Inflammatory bowel disease.

Reviewed in: Ganan-Gomez, Starczynowski, Garcia-Manero, Leukemia (2015)
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A B S T R A C T

Purpose
Patients with acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) often present
with infections, but there are little data to assess whether a personal history of selected infections
may act as pathogenic triggers. To additionally expand our knowledge on the role of immune
stimulation in the causation of AML and MDS, we have conducted a large, population-based study
to evaluate the risk of AML and MDS associated with a prior history of a broad range of infections
or autoimmune diseases.

Patients and Methods
By using population-based central registries in Sweden, we included 9,219 patients with AML,
1,662 patients with MDS, and 42,878 matched controls. We used logistic regression to calculate
odds ratios (ORs) and 95% CIs for the association of AML or MDS with infectious and/or
autoimmune diseases.

Results
Overall, a history of any infectious disease was associated with a significantly increased risk of
both AML (OR, 1.3; 95% CI, 1.2 to 1.4) and MDS (OR, 1.3; 95% CI, 1.1 to 1.5). These associations
were significant even when we limited infections to those occurring 3 or more years before
AML/MDS. A previous history of any autoimmune disease was associated with a 1.7-fold (95% CI,
1.5 to 1.9) increased risk for AML and 2.1-fold (95% CI, 1.7 to 2.6) increased risk for MDS. A large
range of conditions were each significantly associated with AML and MDS.

Conclusion
Our novel findings indicate that chronic immune stimulation acts as a trigger for AML/MDS
development. The underlying mechanisms may also be due to a common genetic predisposition
or an effect of treatment for infections/autoimmune conditions.

J Clin Oncol 29:2897-2903. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Acute myeloid leukemia (AML) remains a highly
fatal malignancy, with approximately 10% to 15%
5-year survival in patients age 60 years and older.1,2

Myelodysplastic syndrome (MDS) includes a range
of hematologic conditions united by ineffective he-
matopoiesis and an increased risk of transformation
to AML.3

Prior case reports and smaller studies suggest
that ionizing radiation and certain chemicals (eg,
benzene) may play important roles in the devel-
opment of AML and MDS.4-6 Also, patients
treated with chemotherapy as a result of other
malignancies have a higher risk of MDS and
AML.1,7,8 Furthermore, patients with certain dis-
eases/syndromes (eg, myeloproliferative neo-

plasms [MPNs] and Down syndrome) have a
propensity to develop AML and MDS.9-11 How-
ever, the majority of patients with AML/MDS
have no history of any known risk factor.

Despite the severe infections in patients with
AML at presentation, there are little data to assess
whether preceding infections may play a plausible
role in the causation of AML. In one study that
included 624 patients with AML, a weak association
with common childhood viral disease was found,
but no other immune-related condition was associ-
ated.12 Furthermore, in a study with results that were
based on 236 patients, a significantly increased risk
for AML was observed in patients with previous
tuberculosis, whereas various other types of infec-
tions and chronic conditions were not associated
with an excess risk.13
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Multiple genetic and molecular mechanisms contribute 
to hyperactivation of TLR signaling in MDS HSPC
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Immune signaling contributes to hematopoietic defects 
and MDS by cell extrinsic and intrinsic mechanisms
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Why do MDS cells exhibit increased TLR signaling and 
what are the hematopoietic consequences? 
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miR-146a and TIFAB, two del(5q) MDS genes, 
restrict the TLR pathway in HSPC

Reviewed in Zhao and Starczynowski, Frontiers (2014)
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A R T I C L E S

Myelodysplastic syndrome (MDS), one of the most common hemato-
poietic malignancies, arises in primitive CD34+ hematopoietic stem/
progenitor cells1–4. MDS is characterized by ineffective hematopoiesis 
and dysplasia in one or more lineages of the bone marrow5. The para-
doxical finding of normal or increased cellularity in the marrow in 
the context of peripheral blood cytopenias has been attributed to 
increased proliferation of hematopoietic cells that is counterbalanced 
by a simultaneous increase in apoptosis6. The majority of affected 
individuals either succumb to the consequences of marrow failure or 
progress to acute myeloid leukemia (AML)5.

One of the most common subtypes of MDS, 5q– syndrome, is 
defined by an isolated interstitial deletion of chromosome 5q, refrac-
tory anemia, variable neutropenia and normal or high platelet counts 
associated with hypolobulated megakaryocytes7. Although the com-
mon deleted region (CDR) on chromosome 5q has been mapped 
to a 1.5-megabase region on band q33.1, distal breakpoints at band  
q33-q35 are more common, and, less often, deletions of the 5q arm are 
limited to a region distal to the CDR8–10. The CDR in 5q– syndrome 
contains several genes that are implicated in hematopoiesis7. Recently, 
the erythroid differentiation defect observed in 5q– syndrome has been 
attributed to the RPS14 gene located within the CDR of chromosome 
5q11. However, haploinsufficiency of RPS14, which encodes ribosomal 
protein S14, does not explain several of the other features of 5q–  
syndrome, namely, thrombocytosis associated with megakaryocytic 
dysplasia, neutropenia and clonal dominance (that is, replacement of 

the marrow by the malignant cells). Thus, loss of other genes probably 
contributes to the full manifestation of 5q– syndrome.

We postulated that loss of noncoding transcripts encoding miRNAs 
within the CDR may result in haploinsufficiency by loss of inhibition 
of their targets. miRNAs are small 21- to 25-nucleotide noncoding 
RNAs that post-transcriptionally repress specific messenger RNA 
targets through interaction with the 3  untranslated region (UTR)12. 
We evaluated the expression of miRNAs located on chromosome  
5q in MDS and found lower expression of miR-145 (5q33.1) and 
miR-146a (5q33.3) in individuals with MDS with deletion of the  
long arm of chromosome 5 (del(5q)). Concurrent loss of both miR-145  
and miR-146a resulted in activation of innate immune signaling 
through elevated expression of their respective miRNA targets, 
TIRAP and TRAF6. Knockdown of miR-145 and miR-146a together 
or overexpression of TRAF6 in mouse HSPC recapitulated features of 
5q– syndrome, such as increased platelet counts associated with dys-
plastic megakaryopoiesis and neutropenia, through cell-autonomous 
and cell-nonautonomous mechanisms.

RESULTS
Expression of miRNAs on chromosome 5q in MDS bone marrow
We performed massively parallel sequencing of small RNA librar-
ies from five cell lines, with or without deletion of chromosome 
5q (Supplementary Fig. 1), to a minimum depth of 4 million tags,  
to identify potential miRNAs on chromosome 5q. We found 25  

Identification of miR-145 and miR-146a as mediators  
of the 5q– syndrome phenotype
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5q– syndrome is a subtype of myelodysplastic syndrome characterized by severe anemia and variable neutropenia but  
normal or high platelet counts with dysplastic megakaryocytes. We examined expression of microRNAs (miRNAs) encoded on 
chromosome 5q as a possible cause of haploinsufficiency. We show that deletion of chromosome 5q correlates with loss of  
two miRNAs that are abundant in hematopoietic stem/progenitor cells (HSPCs), miR-145 and miR-146a, and we identify  
Toll–interleukin-1 receptor domain–containing adaptor protein (TIRAP) and tumor necrosis factor receptor–associated  
factor-6 (TRAF6) as respective targets of these miRNAs. TIRAP is known to lie upstream of TRAF6 in innate immune signaling. 
Knockdown of miR-145 and miR-146a together or enforced expression of TRAF6 in mouse HSPCs resulted in thrombocytosis, 
mild neutropenia and megakaryocytic dysplasia. A subset of mice transplanted with TRAF6-expressing marrow progressed either 
to marrow failure or acute myeloid leukemia. Thus, inappropriate activation of innate immune signals in HSPCs phenocopies 
several clinical features of 5q– syndrome.
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Robust activation of the innate immune re-
sponse is essential for immediate defense against 
infection as well as for the generation of a long-
lasting adaptive immunity against pathogens. 
However, if it is not terminated properly, the 
response can be harmful to the host, leading to 
the pathological manifestations of acute and 
chronic inflammatory disorders. Thus, it is not 
surprising that nature utilizes numerous and 
sometimes redundant molecular mechanisms 
to keep inflammation in check. Decades of in-
tense study have uncovered multiple layers of 
innate immune regulation, from soluble recep-
tors to inducible intracellular protein regulators 
(Liew et al., 2005). However, the full picture of 
how innate immune responses are modulated 
to avoid overreaction has yet to be painted.

MicroRNAs (miRNAs), a family of small 
noncoding RNAs, have recently emerged  
as powerful posttranscriptional regulators of 

various biological processes from cell fate de-
termination to signaling events (Ambros, 2004; 
Bartel, 2004). A growing body of evidence sug-
gests that the development and function of cells 
in the immune system is particularly subject 
to regulation by miRNAs (Baltimore et al., 
2008; Tsitsiou and Lindsay, 2009). A few years 
ago, we postulated that miRNAs might com-
prise a novel layer of regulation of the innate 
immune response and performed a systematic 
effort to identify miRNAs that might be in-
volved in the mammalian response to microbial 
infection (Taganov et al., 2006). We identified 
three miRNA genes (miR-146a, miR-132, 
and miR-155) whose expression is sharply up-
regulated in response to LPS, and this list was 
later expanded further to include miR-9, miR-21, 
and miR-147 through the work of others 
(Bazzoni et al., 2009; Liu et al., 2009; Sheedy  
et al., 2010).
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OR 
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Abbreviations used: AML, acute 
myeloid leukemia; BMDM, 
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messenger RNA; qRT-PCR, 
quantitative RT-PCR; snRNA, 
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miR-146a is a significant brake  
on autoimmunity, myeloproliferation,  
and cancer in mice

Mark P. Boldin,1,2 Konstantin D. Taganov,1,2 Dinesh S. Rao,1,3 Lili Yang,1 
Jimmy L. Zhao,1 Manorama Kalwani,1 Yvette Garcia-Flores,1 Mui Luong,1 
Asli Devrekanli,1 Jessica Xu,2 Guizhen Sun,2 Jia Tay,2 Peter S. Linsley,2  
and David Baltimore1

1Division of Biology, California Institute of Technology, Pasadena, CA 91125
2Regulus Therapeutics, San Diego, CA 92121
3Department of Pathology and Laboratory Medicine, The David Geffen School of Medicine, University of California,  
Los Angeles, Los Angeles, CA 90095

Excessive or inappropriate activation of the immune system can be deleterious to the 
organism, warranting multiple molecular mechanisms to control and properly terminate 
immune responses. MicroRNAs (miRNAs), 22-nt-long noncoding RNAs, have recently 
emerged as key posttranscriptional regulators, controlling diverse biological processes, 
including responses to non-self. In this study, we examine the biological role of miR-146a 
using genetically engineered mice and show that targeted deletion of this gene,  
whose expression is strongly up-regulated after immune cell maturation and/or activation, 
results in several immune defects. Collectively, our findings suggest that miR-146a  
plays a key role as a molecular brake on inflammation, myeloid cell proliferation, and 
oncogenic transformation.

© 2011 Boldin et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommer-
cial–Share Alike 3.0 Unported license, as described at http://creativecommons 
.org/licenses/by-nc-sa/3.0/).
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sponse is essential for immediate defense against 
infection as well as for the generation of a long-
lasting adaptive immunity against pathogens. 
However, if it is not terminated properly, the 
response can be harmful to the host, leading to 
the pathological manifestations of acute and 
chronic inflammatory disorders. Thus, it is not 
surprising that nature utilizes numerous and 
sometimes redundant molecular mechanisms 
to keep inflammation in check. Decades of in-
tense study have uncovered multiple layers of 
innate immune regulation, from soluble recep-
tors to inducible intracellular protein regulators 
(Liew et al., 2005). However, the full picture of 
how innate immune responses are modulated 
to avoid overreaction has yet to be painted.

MicroRNAs (miRNAs), a family of small 
noncoding RNAs, have recently emerged  
as powerful posttranscriptional regulators of 

various biological processes from cell fate de-
termination to signaling events (Ambros, 2004; 
Bartel, 2004). A growing body of evidence sug-
gests that the development and function of cells 
in the immune system is particularly subject 
to regulation by miRNAs (Baltimore et al., 
2008; Tsitsiou and Lindsay, 2009). A few years 
ago, we postulated that miRNAs might com-
prise a novel layer of regulation of the innate 
immune response and performed a systematic 
effort to identify miRNAs that might be in-
volved in the mammalian response to microbial 
infection (Taganov et al., 2006). We identified 
three miRNA genes (miR-146a, miR-132, 
and miR-155) whose expression is sharply up-
regulated in response to LPS, and this list was 
later expanded further to include miR-9, miR-21, 
and miR-147 through the work of others 
(Bazzoni et al., 2009; Liu et al., 2009; Sheedy  
et al., 2010).
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Excessive or inappropriate activation of the immune system can be deleterious to the 
organism, warranting multiple molecular mechanisms to control and properly terminate 
immune responses. MicroRNAs (miRNAs), 22-nt-long noncoding RNAs, have recently 
emerged as key posttranscriptional regulators, controlling diverse biological processes, 
including responses to non-self. In this study, we examine the biological role of miR-146a 
using genetically engineered mice and show that targeted deletion of this gene,  
whose expression is strongly up-regulated after immune cell maturation and/or activation, 
results in several immune defects. Collectively, our findings suggest that miR-146a  
plays a key role as a molecular brake on inflammation, myeloid cell proliferation, and 
oncogenic transformation.

© 2011 Boldin et al. This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommer-
cial–Share Alike 3.0 Unported license, as described at http://creativecommons 
.org/licenses/by-nc-sa/3.0/).

T
he

 J
ou

rn
al

 o
f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e

 on M
ay 18, 2011

jem
.rupress.org

Downloaded from
 

Published May 9, 2011

miR-146a deficiency:
• Transient myeloproliferation/BM failure/MDS 
• Altered hematopoietic stem and progenitor cell function 
• Increased TRAF6 and IRAK1 mRNA stability 
• Sensitive to TLR activation

TIFAB deficiency:
• Peripheral blood cytopenia 
• Altered hematopoietic stem and progenitor cell function 
• Derepression of TRAF6 protein 
• Sensitive to TLR activation

Article

The Rockefeller University Press $30.00
J. Exp. Med. 2015
www.jem.org/cgi/doi/10.1084/jem.20141898

Cite by DOI: 10.1084/jem.20141898 1 of 19

Myelodysplastic syndrome (MDS) refers to a 
group of hematopoietic stem cell (HSC) disor-
ders associated with ineffective hematopoiesis, 
blood cytopenias, myeloid dysplasia, genomic 
instability, and predisposition to acute myeloid 
leukemia (AML) or bone marrow failure (BMF). 
Recent classifications of MDS describe eight 
subtypes based on biological, genetic, and mor-
phological features (Cazzola and Malcovati, 2010). 
Independent of classification, MDS is propagated 
by rare and defective HSCs, and is defined by 

recurring cytogenetic changes and somatic point 
mutations. The most common cytogenetic al-
teration in MDS is deletion of chromosome 
(chr) 5q (del(5q)). In the absence of other cyto-
genetic alterations, MDS patients with a del(5q) 
exhibit refractory anemia, neutropenia, and 
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TRAF-interacting protein with forkhead-associated domain B (TIFAB) is a haploinsufficient 
gene in del(5q) myelodysplastic syndrome (MDS). Deletion of Tifab results in progressive 
bone marrow (BM) and blood defects, including skewed hematopoietic stem/progenitor cell 
(HSPC) proportions and altered myeloid differentiation. A subset of mice transplanted with 
Tifab knockout (KO) HSPCs develop a BM failure with neutrophil dysplasia and cytopenia. 
In competitive transplants, Tifab KO HSPCs are out-competed by wild-type (WT) cells, 
suggesting a cell-intrinsic defect. Gene expression analysis of Tifab KO HSPCs identified 
dysregulation of immune-related signatures, and hypersensitivity to TLR4 stimulation. 
TIFAB forms a complex with TRAF6, a mediator of immune signaling, and reduces TRAF6 
protein stability by a lysosome-dependent mechanism. In contrast, TIFAB loss increases 
TRAF6 protein and the dynamic range of TLR4 signaling, contributing to ineffective hema-
topoiesis. Moreover, combined deletion of TIFAB and miR-146a, two genes associated with 
del(5q) MDS/AML, results in a cooperative increase in TRAF6 expression and hematopoietic 
dysfunction. Re-expression of TIFAB in del(5q) MDS/AML cells results in attenuated TLR4 
signaling and reduced viability. These findings underscore the importance of efficient 
regulation of innate immune/TRAF6 signaling within HSPCs by TIFAB, and its cooperation 
with miR-146a as it relates to the pathogenesis of hematopoietic malignancies, such as 
del(5q) MDS/AML.
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protein stability by a lysosome-dependent mechanism. In contrast, TIFAB loss increases 
TRAF6 protein and the dynamic range of TLR4 signaling, contributing to ineffective hema-
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Robust activation of the innate immune re-
sponse is essential for immediate defense against 
infection as well as for the generation of a long-
lasting adaptive immunity against pathogens. 
However, if it is not terminated properly, the 
response can be harmful to the host, leading to 
the pathological manifestations of acute and 
chronic inflammatory disorders. Thus, it is not 
surprising that nature utilizes numerous and 
sometimes redundant molecular mechanisms 
to keep inflammation in check. Decades of in-
tense study have uncovered multiple layers of 
innate immune regulation, from soluble recep-
tors to inducible intracellular protein regulators 
(Liew et al., 2005). However, the full picture of 
how innate immune responses are modulated 
to avoid overreaction has yet to be painted.

MicroRNAs (miRNAs), a family of small 
noncoding RNAs, have recently emerged  
as powerful posttranscriptional regulators of 

various biological processes from cell fate de-
termination to signaling events (Ambros, 2004; 
Bartel, 2004). A growing body of evidence sug-
gests that the development and function of cells 
in the immune system is particularly subject 
to regulation by miRNAs (Baltimore et al., 
2008; Tsitsiou and Lindsay, 2009). A few years 
ago, we postulated that miRNAs might com-
prise a novel layer of regulation of the innate 
immune response and performed a systematic 
effort to identify miRNAs that might be in-
volved in the mammalian response to microbial 
infection (Taganov et al., 2006). We identified 
three miRNA genes (miR-146a, miR-132, 
and miR-155) whose expression is sharply up-
regulated in response to LPS, and this list was 
later expanded further to include miR-9, miR-21, 
and miR-147 through the work of others 
(Bazzoni et al., 2009; Liu et al., 2009; Sheedy  
et al., 2010).
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Excessive or inappropriate activation of the immune system can be deleterious to the 
organism, warranting multiple molecular mechanisms to control and properly terminate 
immune responses. MicroRNAs (miRNAs), 22-nt-long noncoding RNAs, have recently 
emerged as key posttranscriptional regulators, controlling diverse biological processes, 
including responses to non-self. In this study, we examine the biological role of miR-146a 
using genetically engineered mice and show that targeted deletion of this gene,  
whose expression is strongly up-regulated after immune cell maturation and/or activation, 
results in several immune defects. Collectively, our findings suggest that miR-146a  
plays a key role as a molecular brake on inflammation, myeloid cell proliferation, and 
oncogenic transformation.
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SUMMARY

Chromosome 5q deletions (del[5q]) are common in
high-risk (HR) myelodysplastic syndrome (MDS) and
acute myeloid leukemia (AML); however, the gene
regulatory networks that sustain these aggressive
diseases are unknown. Reduced miR-146a expres-
sion in del(5q) HR MDS/AML and miR-146a!/! he-
matopoietic stem/progenitor cells (HSPCs) results in
TRAF6/NF-kB activation. Increased survival and pro-
liferation of HSPCs frommiR-146alowHRMDS/AML is
sustained by a neighboring haploid gene, SQSTM1
(p62), expressed from the intact 5q allele. Overex-
pression of p62 from the intact allele occurs through
NF-kB-dependent feedforward signaling mediated
by miR-146a deficiency. p62 is necessary for
TRAF6-mediated NF-kB signaling, as disrupting the
p62-TRAF6 signaling complex results in cell-cycle ar-
rest and apoptosis of MDS/AML cells. Thus, del(5q)
HR MDS/AML employs an intrachromosomal gene
network involving loss of miR-146a and haploid over-
expression of p62 via NF-kB to sustain TRAF6/NF-kB
signaling for cell survival and proliferation. Interfering
with the p62-TRAF6 signaling complex represents a
therapeutic option in miR-146a-deficient and aggres-
sive del(5q) MDS/AML.

INTRODUCTION

Deletions involving the long arm of chromosome 5 (chr5), del(5q),
are the most common cytogenetic abnormalities in myelodys-
plastic syndrome (MDS) and secondary acute myeloid leukemia
(AML) (Ebert, 2009). 5q! syndrome, a clinical entity defined by

an isolated del(5q) with a blast count of <5%, confers a favorable
prognosis and responsiveness to lenalidomide (Greenberg et al.,
2012; List et al., 2006). However, a large proportion of del(5q) pa-
tients have bone marrow (BM) blasts exceeding 5%, complex
cytogenetics, and extremely poor prognosis and are refractory
to available treatments (Giagounidis et al., 2006). Minimally
deleted regions (MDRs) have been mapped and extensively
studied (Ebert, 2009). The distal MDR (5q33.3) on chromosome
5q (chr5q) is associated with a favorable outcome, while the
proximal MDR (5q31.1) is associated with worse prognosis
and leukemic transformation. More recently, high-resolution
genomic analyses on an extensive patient cohort has added
new insight into the clinical and genomic correlates of del(5q)
myeloid malignancies. It was shown that the extent of the
deleted region on 5q determines clinical characteristics (Jerez
et al., 2012); that is, chr5q deletions extending beyond q34
portend a worse overall survival and are associated with high-
risk (HR) disease. One potential candidate on chr5q is miR-
146a, a microRNA (miRNA) implicated in del(5q) MDS/AML
pathogenesis, which resides on band q34. From previous
work, a subset of miR-146a!/! mice develop MDS, a myeloid
proliferative disease, and/or myeloid tumors resembling AML,
in part by derepression of tumor necrosis factor receptor-asso-
ciated factor 6 (TRAF6) and persistent NF-kB activation (Boldin
et al., 2011; Starczynowski et al., 2010; Zhao et al., 2011,
2013). The mechanism accounting for the variable phenotype
and disease latency of miR-146a!/! mice is still unresolved,
particularly as it relates to disease initiation versus diseasemain-
tenance. In addition, a small-molecule inhibitor of IRAK1 sup-
presses TRAF6 and NF-kB activation and induces apoptosis of
primary MDS-propagating cells but is less effective as a single
agent in primary AML (Rhyasen et al., 2013). Therefore, under-
standing the contribution of miR-146a deficiency to the main-
tenance of HR MDS/AML and uncovering novel therapeutic
opportunities is warranted.
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an isolated del(5q) with a blast count of <5%, confers a favorable
prognosis and responsiveness to lenalidomide (Greenberg et al.,
2012; List et al., 2006). However, a large proportion of del(5q) pa-
tients have bone marrow (BM) blasts exceeding 5%, complex
cytogenetics, and extremely poor prognosis and are refractory
to available treatments (Giagounidis et al., 2006). Minimally
deleted regions (MDRs) have been mapped and extensively
studied (Ebert, 2009). The distal MDR (5q33.3) on chromosome
5q (chr5q) is associated with a favorable outcome, while the
proximal MDR (5q31.1) is associated with worse prognosis
and leukemic transformation. More recently, high-resolution
genomic analyses on an extensive patient cohort has added
new insight into the clinical and genomic correlates of del(5q)
myeloid malignancies. It was shown that the extent of the
deleted region on 5q determines clinical characteristics (Jerez
et al., 2012); that is, chr5q deletions extending beyond q34
portend a worse overall survival and are associated with high-
risk (HR) disease. One potential candidate on chr5q is miR-
146a, a microRNA (miRNA) implicated in del(5q) MDS/AML
pathogenesis, which resides on band q34. From previous
work, a subset of miR-146a!/! mice develop MDS, a myeloid
proliferative disease, and/or myeloid tumors resembling AML,
in part by derepression of tumor necrosis factor receptor-asso-
ciated factor 6 (TRAF6) and persistent NF-kB activation (Boldin
et al., 2011; Starczynowski et al., 2010; Zhao et al., 2011,
2013). The mechanism accounting for the variable phenotype
and disease latency of miR-146a!/! mice is still unresolved,
particularly as it relates to disease initiation versus diseasemain-
tenance. In addition, a small-molecule inhibitor of IRAK1 sup-
presses TRAF6 and NF-kB activation and induces apoptosis of
primary MDS-propagating cells but is less effective as a single
agent in primary AML (Rhyasen et al., 2013). Therefore, under-
standing the contribution of miR-146a deficiency to the main-
tenance of HR MDS/AML and uncovering novel therapeutic
opportunities is warranted.
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SUMMARY

Chromosome 5q deletions (del[5q]) are common in
high-risk (HR) myelodysplastic syndrome (MDS) and
acute myeloid leukemia (AML); however, the gene
regulatory networks that sustain these aggressive
diseases are unknown. Reduced miR-146a expres-
sion in del(5q) HR MDS/AML and miR-146a!/! he-
matopoietic stem/progenitor cells (HSPCs) results in
TRAF6/NF-kB activation. Increased survival and pro-
liferation of HSPCs frommiR-146alowHRMDS/AML is
sustained by a neighboring haploid gene, SQSTM1
(p62), expressed from the intact 5q allele. Overex-
pression of p62 from the intact allele occurs through
NF-kB-dependent feedforward signaling mediated
by miR-146a deficiency. p62 is necessary for
TRAF6-mediated NF-kB signaling, as disrupting the
p62-TRAF6 signaling complex results in cell-cycle ar-
rest and apoptosis of MDS/AML cells. Thus, del(5q)
HR MDS/AML employs an intrachromosomal gene
network involving loss of miR-146a and haploid over-
expression of p62 via NF-kB to sustain TRAF6/NF-kB
signaling for cell survival and proliferation. Interfering
with the p62-TRAF6 signaling complex represents a
therapeutic option in miR-146a-deficient and aggres-
sive del(5q) MDS/AML.

INTRODUCTION

Deletions involving the long arm of chromosome 5 (chr5), del(5q),
are the most common cytogenetic abnormalities in myelodys-
plastic syndrome (MDS) and secondary acute myeloid leukemia
(AML) (Ebert, 2009). 5q! syndrome, a clinical entity defined by

an isolated del(5q) with a blast count of <5%, confers a favorable
prognosis and responsiveness to lenalidomide (Greenberg et al.,
2012; List et al., 2006). However, a large proportion of del(5q) pa-
tients have bone marrow (BM) blasts exceeding 5%, complex
cytogenetics, and extremely poor prognosis and are refractory
to available treatments (Giagounidis et al., 2006). Minimally
deleted regions (MDRs) have been mapped and extensively
studied (Ebert, 2009). The distal MDR (5q33.3) on chromosome
5q (chr5q) is associated with a favorable outcome, while the
proximal MDR (5q31.1) is associated with worse prognosis
and leukemic transformation. More recently, high-resolution
genomic analyses on an extensive patient cohort has added
new insight into the clinical and genomic correlates of del(5q)
myeloid malignancies. It was shown that the extent of the
deleted region on 5q determines clinical characteristics (Jerez
et al., 2012); that is, chr5q deletions extending beyond q34
portend a worse overall survival and are associated with high-
risk (HR) disease. One potential candidate on chr5q is miR-
146a, a microRNA (miRNA) implicated in del(5q) MDS/AML
pathogenesis, which resides on band q34. From previous
work, a subset of miR-146a!/! mice develop MDS, a myeloid
proliferative disease, and/or myeloid tumors resembling AML,
in part by derepression of tumor necrosis factor receptor-asso-
ciated factor 6 (TRAF6) and persistent NF-kB activation (Boldin
et al., 2011; Starczynowski et al., 2010; Zhao et al., 2011,
2013). The mechanism accounting for the variable phenotype
and disease latency of miR-146a!/! mice is still unresolved,
particularly as it relates to disease initiation versus diseasemain-
tenance. In addition, a small-molecule inhibitor of IRAK1 sup-
presses TRAF6 and NF-kB activation and induces apoptosis of
primary MDS-propagating cells but is less effective as a single
agent in primary AML (Rhyasen et al., 2013). Therefore, under-
standing the contribution of miR-146a deficiency to the main-
tenance of HR MDS/AML and uncovering novel therapeutic
opportunities is warranted.
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miR-146a and TIFAB, neighboring 5q genes, 
cooperate to regulate TRAF6 and IRAK1/4 

134.0 136.2

P
P

P
2C

A

P
IT

X
1

TI
FA
B

C
X

C
L1

4

IL
9

TG
Fb

1
S

M
A

D
5

q31.1Human Chr 5 q33.3

m
iR
-1
46
a

G
A

B
R

B
2

C
C

N
G

1
M

AT
2B

IL
12

B
S

O
X

30

A
D

A
M

19

157.4 163.5

H
2A

FY

Mouse Chr 13 Mouse Chr 11
55.8

P
itx

1

Ti
fa
b

C
xc

l1
4 il9

Tg
fb

1

S
m

ad
5

H
2a

fy

56.7

m
iR
-1
46
a

G
ab

rb
2

C
cn

g1
M

at
2b

Il1
2b

S
ox

30

A
da

m
19

46.240.6

mRNA
TRAF6

TIFAB

miR-146a

Protein

pIRAK1

TRAF6
W

T

T
if
a
b
 K

O

m
iR

-1
4
6
a
 K

O

d
K

O
Actin

pIRAK4

Varney et al., Leukemia (2016)



0 100 200 300 400 500

0

50

100

WT

Tifab KO

miR-146a KO

dKOD
is

e
a
s
e
-F

re
e
 S

u
rv

iv
a
l

Days

WBC

K
/u

l

RBC Platelets

WT (healthy) dKO (moribund)

* *
*

0

5

10

15

0

500

1000

1500

5

10

15

0

Spleen BM Blood

Liver KidneyLung

Deletion of miR-146 and TIFAB increases the severity 
of hematologic defects

Varney et al., Leukemia (2016)



TRAF6 overexpression results in differential 
sensitivity to TLR agonists
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Summary I: Regulation of TLR/TRAF6 by miR-146 and 
TIFAB, two del(5q) MDS genes

• Cooperating genetic events in del(5q) MDS activate the   
   TLR/TRAF6 pathway. 

• miR-146a = TRAF6 mRNA 
• TIFAB = TRAF6 protein 

• Combined deletion of miR-146a and TIFAB synergistically 
   regulates gene networks in HSPC. 

• Interferon, EGFR, immune regulation, and HSC/myeloid           
   differentiation 
• Increased sensitivity to TLR ligands  

• Combined deletion of miR-146a and TIFAB (via TRAF6  
   and IRAK1/4 activation) impacts HSPC function and   
   severity of hematologic defects.
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IRAK1 is activated in MDS
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Knockdown of IRAK1 or IRAK4 impairs MDS/AML 
HSPC function in vitro
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Knockdown of IRAK1 impairs MDS HSPC function 
in vivo
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Pharmacological inhibition of IRAK1/4

‘IRAK-Inh’  
(acyl-2-aminobenzamidazole) 
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Pharmacological inhibition of IRAK1/4 in 
primary MDS/AML
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IRAK-Inh is effective at targeting primary MDS cells, 
 but spares normal BM HSPC

Rhyasen et al., Cancer Cell (2013)
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Summary II: IRAK1/4 as a target for MDS 
and AML

• IRAK1 and IRAK4 is hyperactivated and required for maintaining the 
leukemic state of MDS and AML cells via TRAF6 signaling. 

• IRAK-Inh targets MDS-propagating cells: 
• increased apoptosis 
• reduced progenitor function 
• no effect on normal CD34+ cells 
• not sufficient to target AML-propagating cells 

• Dire need of compounds targeting IRAK1/4 with drug-like properties  
   and clinical potential. 



Alternative and emerging immune-related  
targeting approaches for MDS
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Induction of myelodysplasia by myeloid-
derived suppressor cells

Xianghong Chen,1 Erika A. Eksioglu,1 Junmin Zhou,1 Ling Zhang,1 Julie Djeu,1  
Nicole Fortenbery,1 Pearlie Epling-Burnette,1 Sandra Van Bijnen,2 Harry Dolstra,2  

John Cannon,3 Je-in Youn,1 Sarah S. Donatelli,1 Dahui Qin,1 Theo De Witte,2 Jianguo Tao,1  
Huaquan Wang,4 Pingyan Cheng,1 Dmitry I. Gabrilovich,1 Alan List,1 and Sheng Wei1,4

1H. Lee Moffitt Cancer Center, Tampa, Florida, USA. 2Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands. 3Department of Pediatrics, 
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Myelodysplastic syndromes (MDS) are age-dependent stem cell malignancies that share biological features 
of activated adaptive immune response and ineffective hematopoiesis. Here we report that myeloid-derived 
suppressor cells (MDSC), which are classically linked to immunosuppression, inflammation, and cancer, were 
markedly expanded in the bone marrow of MDS patients and played a pathogenetic role in the development 
of ineffective hematopoiesis. These clonally distinct MDSC overproduce hematopoietic suppressive cytokines 
and function as potent apoptotic effectors targeting autologous hematopoietic progenitors. Using multiple 
transfected cell models, we found that MDSC expansion is driven by the interaction of the proinflammatory 
molecule S100A9 with CD33. These 2 proteins formed a functional ligand/receptor pair that recruited compo-
nents to CD33’s immunoreceptor tyrosine-based inhibition motif (ITIM), inducing secretion of the suppres-
sive cytokines IL-10 and TGF-β by immature myeloid cells. S100A9 transgenic mice displayed bone marrow 
accumulation of MDSC accompanied by development of progressive multilineage cytopenias and cytological 
dysplasia. Importantly, early forced maturation of MDSC by either all-trans-retinoic acid treatment or active 
immunoreceptor tyrosine-based activation motif–bearing (ITAM-bearing) adapter protein (DAP12) interrup-
tion of CD33 signaling rescued the hematologic phenotype. These findings indicate that primary bone mar-
row expansion of MDSC driven by the S100A9/CD33 pathway perturbs hematopoiesis and contributes to the 
development of MDS.

Introduction
Understanding the selective pressures and mechanisms involved in 
the initiation of stem cell malignancies is critical to development 
of effective strategies for prevention and treatment. Inflammatory 
molecules have long been implicated as regulatory cues driving the 
proliferation and apoptotic death of hematopoietic progenitors in 
myelodysplastic syndromes (MDS) (1–3). Chronic immune stimu-
lation, coupled with senescence dependent changes in both hema-
topoietic stem/progenitor cells (HSPC) and the BM microenviron-
ment, are believed to be critical to the pathogenesis of the disease 
(4). Increasing evidence implicates the activation of innate immune 
signaling in both hematopoietic senescence and the pathobiology 
of MDS (5). TLR4, for instance, is overexpressed in MDS BM HSPC 
and is implicated in progenitor apoptosis and subsequent develop-
ment of cytopenias (6). Furthermore, gene expression of the TLR 
adaptor E3 ubiquitin ligase, TNF receptor-associated factor-6 
(TRAF6), is markedly upregulated in MDS CD34+ cells (7) accom-
panied in some cases by amplification of genomic regions encod-
ing TRAF6 or the Toll IL-1 receptor domain-containing adap-
tor protein (TIRAP), key intermediates in TLR4 signaling (8, 9).  
Recent investigations showed that TLR signaling is constitu-
tively activated in MDS with chromosome 5q deletion [del(5q)] 
as a result of allelic deletion of microRNA 145 (miRNA-145) and  

miRNA-146a and consequent upregulation of their respective 
targets, TIRAP and TRAF6 (10). Moreover, knockdown of these 
specific miRNAs or overexpression of Traf6 in murine HSPC reca-
pitulates the hematologic features of del(5q) MDS in a transplant 
model (10), providing convincing evidence that sustained TLR 
activation is a critical factor driving the malignant phenotype. 
More recent findings indicate that TRAF6 is essential for survival 
and proliferation of MDS HSPC (11) and sustained TLR activa-
tion skews their commitment toward the myeloid lineage while 
suppressing osteoblast differentiation (12, 13), analogous to the 
senescence-dependent changes observed with normal aging (14).

Immature myeloid-derived suppressor cells (MDSC), known to 
accumulate in tumor-bearing mice and cancer patients, are site-
specific inflammatory and T cell immunosuppressive effector 
cells that contribute to cancer progression (15, 16). Their suppres-
sive activity is in part driven by inflammation-associated signal-
ing molecules, such as the danger-associated molecular pattern 
(DAMP) heterodimer S100A8/S100A9 (also known as myeloid-
related protein 8 [MRP-8] and MRP-14, respectively), which inter-
act with several innate immune receptors that are involved in the 
biology of MDSC activation (17–20). Murine CD11b+Gr1+ MDSC 
form the basis of the vast majority of the mechanistic studies; how-
ever, much less has been reported on their human counterparts. 
Human MDSC lack most markers of mature immune cells (LIN–, 
HLA-DR–) but possess CD33, the prototypical member of sialic 
acid–binding Ig-like super-family of lectins (Siglec) (15, 21–23). 
Importantly, while its precise action is unknown, CD33 possesses 
an immunoreceptor tyrosine-based inhibition motif (ITIM) that is 
associated with immune suppression (23).
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ORIGINAL ARTICLE

Toll-like receptor alterations in myelodysplastic syndrome
Y Wei1, S Dimicoli1, C Bueso-Ramos2, R Chen3, H Yang1, D Neuberg4, S Pierce1, Y Jia1, H Zheng1, H Wang3, X Wang3, M Nguyen2,
SA Wang2, B Ebert5, R Bejar5, R Levine6, O Abdel-Wahab6, M Kleppe6, I Ganan-Gomez1,7, H Kantarjian1 and G Garcia-Manero1

Recent studies have implicated the innate immunity system in the pathogenesis of myelodysplastic syndromes (MDS). Toll-like
receptor (TLR) genes encode key innate immunity signal initiators. We recently identified multiple genes, known to be regulated by
TLRs, to be overexpressed in MDS bone marrow (BM) CD34þ cells, and hypothesized that TLR signaling is abnormally activated in
MDS. We analyzed a large cohort of MDS cases and identified TLR1, TLR2 and TLR6 to be significantly overexpressed in MDS BM
CD34þ cells. Deep sequencing followed by Sanger resequencing of TLR1, TLR2, TLR4 and TLR6 genes uncovered a recurrent genetic
variant, TLR2-F217S, in 11% of 149 patients. Functionally, TLR2-F217S results in enhanced activation of downstream signaling
including NF-kB activity after TLR2 agonist treatment. In cultured primary BM CD34þ cells of normal donors, TLR2 agonists
induced histone demethylase JMJD3 and interleukin-8 gene expression. Inhibition of TLR2 in BM CD34þ cells from patients with
lower-risk MDS using short hairpin RNA resulted in increased erythroid colony formation. Finally, RNA expression levels of TLR2 and
TLR6, as well as presence of TLR2-F217S, are associated with distinct prognosis and clinical characteristics. These findings indicate
that TLR2-centered signaling is deregulated in MDS, and that its targeting may have potential therapeutic benefit in MDS.

Leukemia (2013) 27, 1832–1840; doi:10.1038/leu.2013.180
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INTRODUCTION
The myelodysplastic syndromes (MDS) are a complex group
of malignant myeloid disorders arising from bone marrow
(BM) hematopoietic stem and progenitor cells (HSPCs).1 The
pathophysiology of MDS is not fully understood. We recently
performed a genome-wide chromatin immunoprecipitation
(CHIP)-Seq analysis of H3K4me3 in MDS.2 This analysis identified
multiple genes marked by increased H3K4me3 in BM CD34þ
cells. A large majority of the genes identified are known to be
involved in Toll-like receptor (TLR)-mediated innate immunity
signaling and NF-kB activation.2 TLRs are a family of pattern-
recognition receptors that function as key initiators of innate
immunity signaling.3 In the same study, we also identified that the
histone demethylase JMJD3 (KDM6B) is significantly
overexpressed in MDS BM CD34þ cells and has an important
role in the regulation of expression of genes involved in innate
immunity.2 Prior work by De Santa et al.4 in murine macrophages
has indicated that JMJD3 expression is regulated by TLR-mediated
NF-kB activation. These findings suggested a potential role for TLR
function in MDS.

On the basis of these findings, we performed gene expression
and mutational analysis of eight human TLRs in a large cohort of
MDS. Several major findings are reported here. First, we identified
that TLR1, TLR2 and TLR6 are significantly overexpressed in
MDS BM CD34þ cells. Of importance, both TLR1 and TLR6 are
known to form functional heterodimers with TLR2. Second, deep
sequencing identified a rare genetic variant of TLR2 (F217S)
present in 11% of BM mononuclear cells (BM-MNCs) of patients
with MDS. The incidence of TLR2-F217S in MDS is significantly
higher than its known frequency in normal population. Third, we

demonstrated that inhibition of TLR2 in cultured BM CD34þ cells
from patients with lower risk of MDS results in increased formation
of erythroid colonies. Finally, clinical analysis indicated that RNA
expression levels of TLR2 and TLR6, as well as the presence of
TLR2-F217S, were associated with distinct clinical characteristics.
These results indicate that TLR2-mediated innate immune
signaling has a role in the pathophysiology of MDS, and that its
targeting may have therapeutic potential.

MATERIALS AND METHODS
Isolation and culture of BM CD34þ cells
Human samples were obtained following institutional guidelines. MDS BM
specimens were freshly obtained from patients who were referred to the
Department of Leukemia at MD Anderson Cancer Center following
institutional guidelines. Diagnosis was confirmed by a dedicated hemato-
pathologist (CB-R) as soon as sample was obtained. BMs from healthy
individuals were obtained from AllCells (Emeryville, CA, USA). Isolation of
CD34þ cells was performed using MicroBead Kit (Miltenyi, Bergisch
Gladbach, Germany). Primary BM CD34þ cells were cultured in IMDM
(Invitrogen, Carlsbad, CA, USA), 20% BIT 9500 (bovine serum albumin,
insulin and transferin), human thrombopoietin 50 ng/ml, interleukin (IL)-3
10 ng/ml, stem cell factor 100 ng/ml, FLT3L 100 ng/ml (Stem Cell
Technology, Vancouver, CA, USA). For colony-forming assays, healthy
and MDS BM CD34þ cells were seeded at 1000 and 10 000 cells per ml,
respectively, in 3.5-cm round culture dishes with methocult GF H4434
(Stem Cell Technology).

Cell lines and culture
293T cells were cultured in DMEM, 10% fetal calf serum, 1% penicillin-
streptomycin and 2 mM L-glutamine. OCI-AML3 cells were cultured in
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Isolated, interstitial deletion of chromosome 5q in patients with MDS 
is associated with a clinical phenotype, termed the 5q- syndrome, that 
is characterized by a severe macrocytic anemia, a normal or elevated 
platelet count with hypolobated micromegakaryocytes and a low rate 
of progression to acute myelogenous leukemia1–3. The severe macro-
cytic anemia in del(5q) MDS patients has been linked to haploinsuf-
ficiency of RPS14 (ref. 4). In a screen for genes in the chromosome  
5q33 common-deleted region associated with the 5q- syndrome, 
only small hairpin RNAs (shRNAs) targeting the RPS14 gene caused 
a severe block in erythroid differentiation, whereas forced overex-
pression of RPS14 in cells from MDS patients with the 5q deletion  
rescued erythropoeisis4.

Germline, heterozygous inactivating mutations or deletions of 
RPS19 and other ribosomal protein genes cause Diamond-Blackfan 
anemia (DBA), a disorder that, like del(5q) MDS, is characterized by 
macrocytic anemia5–9. Ribosomal dysfunction is sensed by the p53 
pathway, leading to apoptosis and cell cycle arrest. Decreased expres-
sion of individual ribosomal proteins, including that of RPS19 and 
RPS14, increases p53 protein levels and p53 target-gene expression in 
cell lines, primary human hematopoietic progenitor cells and patient 

samples10–12. Pharmacologic or genetic inactivation of p53 rescues 
the differentiation defect in cells with ribosomal haploinsufficiency 
in multiple model systems7,8,10,13.

Several in vivo models of ribosome dysfunction have been 
described14. A mouse model with a hematopoietic-specific, heter-
ozygous deletion of Rps6 recapitulates the erythroid phenotype of 
del(5q) MDS and DBA, and this phenotype is rescued by p53 inac-
tivation7,8,15; however, RPS6 inactivation has not been described 
in either DBA or MDS. To model del(5q) MDS in mice, a series of 
DNA segments syntenic to the commonly deleted region on human 
chromosome 5, including those containing Rps14, was condition-
ally deleted from the HSC compartment13. Heterozygous loss of this 
region resulted in a macrocytic anemia and dysplastic megakaryo-
cytes, recapitulating aspects of the 5q- syndrome. The smallest  
deletion tested that resulted in the erythroid defect included Rps14 
and seven other genes.

To investigate the hematologic phenotype and molecular conse-
quences specific to Rps14 haploinsufficiency in vivo and to explore 
the role of this gene in del(5q) MDS, we generated a mouse model 
with conditional Rps14 inactivation.
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Rps14 haploinsufficiency causes a block in erythroid 
differentiation mediated by S100A8 and S100A9
Rebekka K Schneider1,2, Monica Schenone3, Monica Ventura Ferreira2, Rafael Kramann4, Cailin E Joyce5, 
Christina Hartigan3, Fabian Beier2, Tim H Brümmendorf2, Ulrich Germing6, Uwe Platzbecker7,  
Guntram Büsche8, Ruth Knüchel9, Michelle C Chen1, Christopher S Waters1, Edwin Chen1, Lisa P Chu1,  
Carl D Novina5, R Coleman Lindsley1,5, Steven A Carr2 & Benjamin L Ebert1,3

Impaired erythropoiesis in the deletion 5q (del(5q)) subtype of myelodysplastic syndrome (MDS) has been linked to heterozygous 
deletion of RPS14, which encodes the ribosomal protein small subunit 14. We generated mice with conditional inactivation of 
Rps14 and demonstrated an erythroid differentiation defect that is dependent on the tumor suppressor protein p53 (encoded by 
Trp53 in mice) and is characterized by apoptosis at the transition from polychromatic to orthochromatic erythroblasts. This defect 
resulted in age-dependent progressive anemia, megakaryocyte dysplasia and loss of hematopoietic stem cell (HSC) quiescence. 
As assessed by quantitative proteomics, mutant erythroblasts expressed higher levels of proteins involved in innate immune 
signaling, notably the heterodimeric S100 calcium-binding proteins S100a8 and S100a9. S100a8—whose expression was 
increased in mutant erythroblasts, monocytes and macrophages—is functionally involved in the erythroid defect caused by the 
Rps14 deletion, as addition of recombinant S100a8 was sufficient to induce a differentiation defect in wild-type erythroid cells, 
and genetic inactivation of S100a8 expression rescued the erythroid differentiation defect of Rps14-haploinsufficient HSCs. Our 
data link Rps14 haploinsufficiency in del(5q) MDS to activation of the innate immune system and induction of S100A8-S100A9 
expression, leading to a p53-dependent erythroid differentiation defect.

1. S100A9 chimeric decoy receptor (CD33-IgG1) 
2. TLR2 neutralization IgG4 
3. IRAK1/4 inhibitors 
4. Downstream effectors (p38 inhibitors)

Cancer Therapy: Clinical

A Phase I Study of Oral ARRY-614, a p38
MAPK/Tie2 Dual Inhibitor, in Patients with Low or
Intermediate-1 Risk Myelodysplastic Syndromes
Guillermo Garcia-Manero1, Hanna J. Khoury2, Elias Jabbour1, Jeffrey Lancet3,
Shannon L.Winski4, LouAnn Cable4, Selena Rush4, Lara Maloney4, Grant Hogeland4,
Mieke Ptaszynski4, Monica CabreroCalvo1, Zach Bohannan1, Alan List3, HagopKantarjian1,
and Rami Komrokji3

Abstract

Purpose: Data suggest that activity of p38 MAPK and Tie2
kinases is dysregulated inmyelodysplastic syndromes (MDS) and
maybe targets for novel therapies. Aphase I studyofARRY-614, an
oral dual inhibitor of p38 MAPK and Tie2, was conducted in
patients with low or intermediate-1 International Prognostic
Scoring System risk MDS to evaluate safety, pharmacokinetics
(PK), pharmacodynamics (PD), and preliminary responses by
International Working Group 2006 criteria.

Experimental Design: Forty-five patients received ARRY-614
either once daily or twice daily in dose escalation (400, 600, 900,
or 1,200 mg once daily; 200 or 300 mg twice daily) or expansion
cohorts.

Results: The 300 mg twice daily schedule was not tolerated,
and an MTD was not reached for once daily dosing. Treatment-
related adverse events were primarily grade 1–2, with the most

common being rash, diarrhea, dry skin, fatigue and anorexia.
Interpatient PK variability was high, although exposure was
sufficient to achieve reduction in p38 MAPK activation in bone
marrow and in the levels of circulating biomarkers. Disease
responses were observed in 14 of 44 (32%) evaluable patients,
13 (93%) of whom had previously been treated with a hypo-
methylating agent. Responses were observed in all lineages,
with 5 patients experiencing bilineage responses. Three of 25
red blood cell transfusion-dependent (TD) patients achieved
transfusion independence (TI) and 5 of 7 platelet TD patients
achieved TI.

Conclusions: ARRY-614 was well tolerated and has sufficient
activity to warrant further evaluation in this patient population.
We recommend 1,200 mg once daily as the optimal dose for
further study. Clin Cancer Res; 21(5); 985–94. !2014 AACR.

Introduction
The myelodysplastic syndromes (MDS) are a heterogeneous

group of bone marrow stem cell disorders characterized by
ineffective hematopoiesis and increased risk of transformation
to acute myelogenous leukemia (AML; ref. 1). Several classifica-
tion systems have evolved to estimate prognosis, one of which is
the International Prognostic Scoring System (IPSS; ref. 2), and the
more recent revised IPSS (IPSS-R; ref. 3). A majority of newly

diagnosed patients (60%–70%) are classified as having "lower-
risk" disease (IPSS low or intermediate-1 risk; ref. 4).

Treatment of patients with lower-risk MDS is focused on
addressing cytopenias and improvements in quality of life. Com-
mon interventions include transfusions, growth factors, and
antimicrobials (5, 6). Treatment with a disease-modifying agent
is initiated when progressive cytopenias and/or transfusion
dependence develop (7). Three disease-modifying agents
[azacitidine (ref. 8), decitabine (ref. 9), and lenalidomide (ref. 10)
have been approved for patients with MDS. Although the intro-
duction of hypomethylating agents (HMA) represented a signif-
icant addition to theMDS treatment armamentarium, they are not
curative therapies (11, 12). Following the failure of HMAs, no
existing therapies have prospectively demonstrated substantial
activity in patientswith lower-riskMDS.Mortality in patientswith
lower-risk MDS is more commonly attributed to the conse-
quences of bone marrow failure, with infection being the leading
cause of death in patients with lower-risk MDS, followed by
hemorrhage and transformation to AML (2, 13–15). These find-
ings underscore the importance of addressing neutrophil and
platelet cytopenias, andproviding a therapeutic option to patients
with lower-risk MDS whose disease has relapsed following stan-
dard therapies.

The molecular mechanisms underlying MDS pathophysiology
are unclear, but emerging data support a role for both p38 MAPK
and Tie2 receptor tyrosine kinase (Tie2; ref. 16). The p38 MAPK
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Inhibition of overactivated p38 MAPK can restore hematopoiesis
in myelodysplastic syndrome progenitors
Tony A. Navas, Mani Mohindru, Myka Estes, Jing Ying Ma, Lubomir Sokol, Perry Pahanish, Simrit Parmar, Edwin Haghnazari, Li Zhou,
Robert Collins, Irene Kerr, Aaron N. Nguyen, Yin Xu, Leonidas C. Platanias, Alan A. List, Linda S. Higgins, and Amit Verma

The myelodysplastic syndromes (MDSs)
are collections of heterogeneous hemato-
logic diseases characterized by refrac-
tory cytopenias as a result of ineffective
hematopoiesis. Development of effective
treatments has been impeded by limited
insights into any unifying pathogenic
pathways. We provide evidence that the
p38 MAP kinase is constitutively acti-
vated or phosphorylated in MDS bone
marrows. Such activation is uniformly

observed in varied morphologic sub-
types of low-risk MDS and correlates with
enhanced apoptosis observed in MDS
hematopoietic progenitors. Most impor-
tantly, pharmacologic inhibition of p38!

by a novel small molecule inhibitor, SCIO-
469, decreases apoptosis in MDS CD34"

progenitors and leads to dose-dependant
increases in erythroid and myeloid colony
formation. Down-regulation of the domi-
nant p38! isoform by siRNA also leads to

enhancement of hematopoiesis in MDS
bone marrow progenitors in vitro. These
data implicate p38 MAPK in the pathobiol-
ogy of ineffective hematopoiesis in low-
risk MDS and provide a strong rationale
for clinical investigation of SCIO-469 in
MDS. (Blood. 2006;108:4170-4177)

© 2006 by The American Society of Hematology

Introduction

The myelodysplastic syndromes (MDSs) comprise a spectrum of
stem-cell malignancies characterized by cytologic dysplasia and
ineffective hematopoiesis.1-3 Although approximately one third of
patients may experience progression to acute leukemia, refractory
cytopenias are the principal cause of morbidity and mortality. MDS
can be divided into low- and high-risk subtypes using the Interna-
tional Prognostic Scoring System (IPSS), based on features such as
the number of hematopoietic deficits, the percentage of marrow
blasts, and cytogenetic pattern.4 Approximately two thirds of
patients present with lower-risk disease (Low and Int-1 IPSS
scores) characterized by increased rates of apoptosis in the
progenitor and differentiated cell compartments in the marrow.5-8

High intramedullary apoptosis leads to ineffective hematopoiesis
and peripheral cytopenias. Higher grade or more advanced disease
categories (Int-2 and High IPSS scores) are associated with a
significant risk of leukemia transformation with a corresponding
lower apoptotic index and higher percentage of marrow blasts.

Cytokines play important roles in the regulation of normal
hematopoiesis, and a balance between the actions of hematopoietic
growth factors and myelosuppressive factors is required for
optimal production of different hematopoietic-cell lineages. Excess
production of inhibitory cytokines contributes in part to ineffective
hematopoiesis in MDS. Tumor necrosis factor-! (TNF!) has been
implicated in the increased stem-cell apoptosis seen in MDS,9,10

and high expression of TNF receptors and TNF mRNA have been
reported in MDS bone marrows.11-14 Transforming growth factor-"
(TGF"), interleukin-6 (IL-6), vascular endothelial growth factor
(VEGF), and interferon (IFN-# and -!) are also myelosuppressive,
and these proinflammatory cytokines have been found to be
elevated in serum of patients with MDS in various studies and are

hypothesized to play a role in suppressing hematopoiesis in this
disease.9,11,15-17 Because multiple cytokines are involved in promot-
ing abnormal hematopoietic development in MDS, targeting one
single cytokine may not yield appreciable clinical benefit. In fact,
anti-TNF therapeutic strategies (monoclonal antibodies and TNFR
blockers) have only shown minimal efficacy.18-21 Thus, it is
imperative to identify common targetable pathways that regulate
many different cytokines. Our previous studies have shown that
myelosuppressive cytokines such as interferons (IFN-!, -", and
-#), TGF", and TNF! can all activate the p38 mitogen activated
protein kinase (MAPK) in primary human hematopoietic progeni-
tors. MAP kinases are an evolutionarily conserved family of
enzymes that include Erk1/2, p38, Jnk, and Erk5 kinases.22,23 p38
MAPK is a serine-threonine kinase, originally discovered as a
stress-activated kinase, that has now been shown to be involved in
controlling cell cycle or regulating apoptosis, with its effects being
cell and context specific.24-28

We have previously shown that IFN-! and -", TGF", and
TNF! treatments lead to dose-dependent inhibition of both my-
eloid and erythroid colonies in methylcellulose colony-forming
assays performed with normal human hematopoietic progeni-
tors.29,30 Furthermore, we have shown that activation of p38 is
required for effective biologic activities of these cytokines on
hematopoiesis.29,30 Concomitant treatment of hematopoietic cells
with pharmacologic inhibitors of p38 MAPK (SB203580 and
SB202190) lead to a reversal of the growth inhibitory effects of
these cytokines.30 However, the inactive structure analog SB202474
(control) or inhibitors of the Mek/Erk pathway (PD98059) do not
reverse the growth inhibition by these 3 cytokines.1,2 Studies to
define the molecular basis of these observations have shown that
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Conclusions: Chronic innate immune signaling is an 
important mechanism and druggable target in MDS

• Chronic immune signaling contributes to cell-intrinsic and systemic hematopoietic 
defects that contribute to the pathogenesis of MDS. 

• Combined deletion of TIFAB and miR-146a, two del(5q) MDS genes, enhance 
TRAF6 signaling and contribute to hematopoietic defects. 

• TRAF6 overexpression is sufficient to induce hematopoietic defects and features of 
MDS. 

•  Targeting the TLR/IRAK/TRAF6 signalosome may be an effective therapeutic 
strategy against MDS-propagating cells.
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Final Remark

TLR/TRAF6 induced MDS/AML is a two-step process:  

• one step provides the normal cell with the new ability to 
activate TLR/TRAF6 as a consequence of aberrant 
epigenetic regulation or deletion of negative regulators;  

• the second step involves progression to a malignant state 
through the constitutive activation of oncogenic pathways 
mediated by TLR/TRAF6 signaling. 
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