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ABSTRACT 
 

 Erythropoiesis is the biological process by which red blood cells are produced 

from multipotent progenitors in the adult bone marrow.  Due to their short 120 day 

lifespan, there is a constant demand for new red cells placed on the marrow.  

Proliferation, differentiation and survival of erythroid progenitors are tightly controlled 

by multiple factors, including levels of the hormone erythropoietin (EPO) and iron bio-

availability.  While abundant data indicate that EPO and iron cooperate to optimize red 

cell production, the precise mechanisms coupling these two factors remain poorly 

understood.  Prior studies identified the aconitase enzymes as mediators of the erythroid 

response to iron deficiency.  In the current study, a role for aconitase during 

erythropoiesis was evaluated in iron-replete conditions. 

 Based on a targeted pharmacological approach, results presented here demonstrate 

that aconitase activity regulates erythroid differentiation.  Inhibition of aconitase with 

fluoroacetate (FA) impaired the proliferation and differentiation of primary human 

erythroid progenitors, but not viability or total ATP content.  In vivo, aconitase inhibition 

caused a normochromic, normocytic anemia with low reticulocyte counts and elevated 

serum EPO, but spared other lineages.  FA treatment also reduced the red cell mass in a 

mouse model of erythrocytosis caused by mutant JAK2V617F.  A likely mechanism 

involves disruption of a subset of ERK1/2-mediated signaling events.  Activation of the 

downstream ERK1/2 target RSK was severely diminished under aconitase inhibition, and 

inhibition of ERK activation recapitulated all the effects of the aconitase inhibitor.  

Furthermore, aconitase was found to physically interact with ERK1 and ERK2.  
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Aconitase may act as a scaffold for ERK1/2 activation and target the kinase to key 

downstream effectors of the erythroid development program.  Interestingly, ERK1 -/- 

mice were partially resistant to the effects of the aconitase inhibitor, supporting a role for 

ERK1 in mediating the effects of aconitase inhibition.  Taken together, these results 

support a regulatory role for aconitase in erythropoiesis, possibly as an integrator of EPO 

and iron-mediated signals.  Targeting this pathway may yield novel therapeutic options in 

several diseases of dysregulated erythroid production. 
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1.1  Overview of hematopoiesis 

 

 Hematopoiesis is the physiological process by which a small population of self-

renewing pluripotent hematopoietic stem cells (HSCs) give rise to all differentiated blood 

cell types [1].  Upon transplant, HSCs can reconstitute the entire hematopoietic system of 

a lethally irradiated host, a seminal discovery made fifty years ago by Till and McCulloch 

[2].  A single HSC can undergo symmetric division, yielding two identical daughter 

HSCs, or asymmetric division, where one daughter retains the pluripotent characteristics 

of its parent (self-renewal) and the other commits to a specific differentiation program 

[3].  The factors regulating HSC fate are still under investigation; the current model 

emphasizes key roles for intrinsic (i.e., transcription factors) and extrinsic factors (i.e., 

growth factors) [4].    

 According to the prevalent model, HSCs give rise to two multipotent progenitors; 

the common lymphoid progenitor (CLP) cell and the common myeloid progenitor (CMP) 

cell (Figure 1.1).  The CLP eventually gives rise to T and B lymphocytes and NK cells, 

while the CMP is a common progenitor for red cells, platelets, neutrophils, monocytes, 

basophils, and eosinophils [5,6].  As progenitor cells become lineage-restricted, they 

progressively lose their self-renewing potential; mature blood cells have no regenerative 

capabilities.  Stage-specific upregulation and downregulation of a cohort of transcription 

factors is critical to ensure hematopoietic differentiation.  The recent discovery of a 

subset of HSCs with myeloid and lymphoid potential but unable to yield megakaryocyte 
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Figure 1.1  Current and alternative models for hematopoietic stem cell and blood 

lineage commitment.  (A) Current model of blood lineage commitments based on 

studies of Weissman and colleagues.  (B) Alternative model proposed by Adolfsson et al. 

based on the identification of a multipotent progenitor that cannot yield erythroid and 

megakaryocytic colonies.  (C) Composite model devised by Adolfsson et al., integrating 

the findings of the Weissman group with their own.  LT-HSC, long-term hematopoietic 

stem cell; ST-HSC, short-term hematopoietic stem cell; MPP, multipotent progenitor; 

LMPP, lymphoid-primed multipotent progenitor; CLP, common lymphoid progenitor; 

CMP, common myeloid progenitor; GMP, granulocyte/macrophage progenitor; MkEP, 

megakaryocyte/erythroid progenitor; B, B cell; T, T cell.  (Adapted from Adolfsson et al., 

2005) 
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Figure 1.1  Current and alternative models for hematopoietic stem cell and blood 

lineage commitment. 
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or erythroid colonies suggests that the roadmap of blood lineages may need to be redrawn 

[7].  This alternate model argues for earlier divergence between the MEP and a common 

Lymphoid-Primed Multipotent Progenitor capable of yielding lymphoid and myeloid 

cells (Figure 1.1B).  While fascinating, a discussion of HSC biology and hematopoietic 

lineages other than the erythroid lineage is beyond the scope of this dissertation.  

 

1.2  Erythroid development 

 

 1.2.1  Commitment to the erythroid lineage 

 

 Under the influence of extrinsic and intrinsic factors, the CMP cell can give rise 

to two progenitor cells, Megakaryocyte-Erythroid Progenitors (MEPs or MkEPs) and 

Granulocyte and Macrophage Progenitors (GMP) (Figure 1.1A).  MEP cells are the last 

bipotent progenitors before lineage commitment.  MEPs give rise to either 

megakaryocyte or erythroid progenitors.  Several genetic factors that control fate decision 

in MEP cells have been identified; these include the transcriptions factors GATA1, FOG-

1, RUNX1, Fli-1, c-Myb, EKLF, and more recently, STAT5 [8-13].  Some of these 

factors are lineage-specific; this is the case of RUNX1 and Fli-1, two critical factors for 

megakaryocytic differentiation, and EKLF, an erythroid-specific transcription factor 

essential for β-globin synthesis [14].  Several factors, however, are shared between the 

megakaryocytic and erythroid lineages, and specificity is provided by gene dosage rather 

than by the presence or absence of a given transcription factor [14].  For instance, 



6 

 

GATA1 exerts a regulatory role during the ontogeny of megakaryocytes, erythrocytes, 

mast cells, and eosinophils; four cell types with vastly different functions [15-17].  One 

way to achieve specificity is through lineage-specific GATA1 regulatory sequences in 

promoters of target genes.  This allows fine-tuning of the concentration of GATA1 within 

a given cell.  In addition, regulatory sequences in the GATA1 gene itself ensures 

appropriate GATA1 levels in a given cell [18].   

 

 1.2.2  Erythroid developmental stages 

 

 Definitive erythropoiesis takes places in the bone marrow, in contrast to 

embryonic and fetal erythropoiesis, which take place in the yolk sac and liver, 

respectively [19].  Upon commitment to the erythroid lineage, cells are classified 

functionally into progenitor (early) and precursor (late) populations.  As detailed in 

Figure 1.2, erythroid progenitor cells are composed of morphologically indistinguishable 

Burst Forming Colony-erythroid (BFU-e) cells and Colony Forming Unit-erythroid 

(CFU-e) cells that represent a continuum of differentiation.  BFU-e cells are the earliest 

committed erythroid progenitors and are identified by their ability to form large colonies 

of hemoglobinized cells when plated in semi-solid medium [20].  BFU-e cells have some 

self-renewing capabilities, as evidenced by the appearance of colonies upon replating.  

Most BFU-e cells are dormant, but are highly proliferative in vitro upon entering the cell 

cycle.  The average time to erythroid colony formation upon plating is 14 days.  The next 

stage is the Colony Forming Unit-erythroid.  CFU-e cells are for the most part cycling at 
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any given time, have less proliferative capacity than BFU-e cells, and cannot self-renew.  

The average time from CFU-e plating to erythroid colony formation is 7 days.  In 

addition to replating characteristics, molecules expressed on the surface of progenitors 

can be used to distinguish BFU-e from CFU-e cells.  Cluster of differentiation 34 (CD34) 

is a cell surface glycoprotein expressed in BFU-e cells, but not in CFU-e cells [21].  It is 

also expressed in all other hematopoietic progenitors and in vascular endothelial cells.   

 Erythroid precursors can be staged developmentally using a combination of 

morphological features and cell surface markers.  The first morphologically recognizable 

erythroid precursor and direct progeny of the CFU-e is the proerythroblast.  Precursor 

cells go through three additional stages - basophilic, polychromatophilic, and 

orthochromatic stages - before undergoing enucleation and becoming reticulocytes 

(Figure 1.2).  In addition to nuclear extrusion, terminal maturation requires clearance of 

cytoplasmic organelles, including mitochondria, Golgi remnants, and ribosomes, and 

extensive membrane remodeling [22-24].  Mature erythrocytes enter the bloodstream 

carrying little else but hemoglobin and have highly deformable membranes, which make 

them optimally suited to transport oxygen to all tissues.  Cell surface markers commonly 

used to stage erythroid precursors include Glycophorin A (GPA) and Transferrin 

Receptor (TfR).  Glycophorin A, also referred to as CD235a, is sialoglycoprotein 

expressed on the surface of erythroid precursors, beginning at the CFU-e stage (Figure 

1.2) [25].  Its expression increases continually throughout terminal differentiation.  TfR 

molecules, or CD71, are abundantly expressed in erythroid precursors, and their  
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Figure 1.2  The erythroid differentiation pathway.  The differentiation pathway from 

the first committed erythroid progenitor cell (BFU-e) to the mature circulating red cell is 

depicted based on the morphological, functional and antigenic characteristics of erythroid 

progenitor cells during differentiation.  The association of membrane expression of a 

particular receptor or antigen is not meant to imply functionality but only the potential for 

expression at the particular stage of erythroid differentiation.  CD34, an adhesive protein 

that is expressed by primitive hematopoietic progenitor cells; CD36, an adhesive protein 

expressed by erythroid progenitor cells; CD41, a membrane protein expressed by MEPs, 

megakaryocytes and endothelial cells; CD71, the transferrin receptor; CXCR4, the 

stromal-cell-derived factor-1  receptor; EPOR, erythropoietin receptor; KIT, Stem Cell 

Factor receptor; IL-3R, interleukin 3 receptor.  (Adapted from Spivak, 2005) 
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Figure 1.2  The erythroid differentiation pathway. 
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expression is downregulated as cells transition from reticulocytes to mature red blood 

cells [25].  The combined pattern of GPA and CD71 expression has been extensively 

used to break down erythroid precursor populations into distinct stages of maturation by 

flow cytometric analysis [26]. 

 

 1.2.3  The erythroblastic island 

 

 Erythroid development from the proerythroblast stage through the orthochromatic 

stage takes places in specialized structures within the bone marrow called erythroblastic 

niches or islands.  These structures consist of a centrally-located macrophage cell 

surrounded by a ring of erythroblasts [27].  Adhesions between the macrophage and 

erythroid progenitors appear to be key for the development of the latter.  These points of 

contact are created by cytoplasmic protrusions emanating from the macrophage, as 

identified by electron microscopy [28].  Of the several molecules shown to mediate 

macrophage-erythroblast interaction, expression of α4β1 integrin on the erythroblast cell 

surface and VCAM-1 on the macrophage cell surface is essential [29].  The macrophages 

within erythroblastic islands have been shown to serve functions essential for erythroid 

maturation: secretion of cytokines such as IGF-1 with positive effects on growth of CFU-

e progenitors and phagocytosis of extruded nuclei [30].  They may also facilitate iron 

transit and acquisition by the erythroid precursors.  Lastly, direct contact between 

neighboring erythroblasts are thought act as a sensor of precursor mass and can regulate 

final erythroid output through FAS-FAS ligand-mediated signaling (see section 1.3.5). 
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1.3  Regulation of erythropoiesis 

 

 1.3.1  EPO-EPOR signaling 

 

 Erythropoietin is a 166 amino acid, 35 kDa glycopeptide synthesized by the 

peritubular cells of the kidney that is absolutely required for definitive erythropoiesis 

[31].  Its existence was postulated as early as the 1950s and was first isolated from urine 

of patients with aplastic anemia.  The EPO gene was cloned in 1985 [32].  The cell 

surface receptor for EPO, EPOR, was cloned in 1989 and was shown to be essential for 

the proliferative and survival functions of EPO, despite lacking a functional cytoplasmic 

kinase domain [33,34].  EPOR is a 507 amino acid protein with a single transmembrane 

domain that belongs to the cytokine receptor superfamily.  Binding of EPO induces 

dimerization of the receptor and interaction with cytoplasmic kinases.  Shortly after the 

EPOR was cloned, the cytoplasmic kinase JAK2 was identified and shown to be required 

to mediate the mitogenic effects of EPO [35].  The EPO-induced conformational change 

in EPOR triggers activation of JAK2 molecules pre-bound to its cytoplasmic tail.  

Autophosphorylation of JAK2 and subsequent cross phosphorylation of tyrosine residues 

on the EPOR cytoplasmic tail creates recruitment sites for adapter proteins with Src 

homology 2 (SH2) domains and further binding of signal transducing proteins, including 

p85 and STAT5 [36,37].   

 Functional requirement for EPO, EPOR, and JAK2 during erythropoiesis has been 

demonstrated in mouse knockout models.  Germline deletions of any of these genes are 
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embryonic lethal [38-40].  EPOR is expressed on BFU-e progenitors and upregulated as 

the cells transition to the CFU-e stage.  Autoradiography-based studies have established 

that cell surface EPOR expression is at its highest at the transition from CFU-e to 

proerythroblast [41].  BFU-e and CFU-e colonies can be derived in the absence of EPO 

or EPOR, but these colonies cannot produce terminally differentiated erythrocytes.   

 

  1.3.1.1  STAT5 signaling 

 The actions of EPO are mediated by multiple intracellular signaling pathways.  A 

list of experimentally described EPO-stimulated pathways is presented in Table 1.1.  

Historically, JAK2-mediated activation of STAT5 has been touted as the critical pathway 

in erythroid development.  Activation of JAK2 upon EPO-EPOR interaction allows 

recruitment and activation of Signal Transducer and Activator of Transcription 5 

(STAT5).  Specifically, it was shown that a single tyrosine residue, Y343, in the EPOR 

cytoplasmic tail was necessary for STAT5 activation to occur [42].  STAT5 was 

identified in the mid 1990s and found to be activated by the hormone prolactin [43].  

Cloning of the murine homolog revealed that STAT5 consists of two closely related 

proteins: STAT5a and STAT5b.  Initial characterization of STAT5a -/- b -/- mice failed 

to show any defect in the red cell compartment of these animals [44].  EPO-induced ex 

vivo colony formation of bone marrow-derived cells was also unimpaired.  However, 

studies of fetal erythropoiesis in these animals revealed profound anemia in 
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Table 1.1.  Signaling pathways activated by EPO-EPOR interactions in erythroid 

progenitors 

 

 

Pathway Effect on erythropoiesis References 

JAK2 - STAT5 Survival [45] 

[26] 

ERK1/2 Proliferation [46] 

p38 Terminal differentiation [47] 

[48] 

JNK Proliferation [47] 

[49] 

PI3K - Akt Survival [50] 

[51] 

[52] 

PKCα/βII Differentiation 

Regulation of EPOR signaling 

[53] 

[54] 

PLCγ Differentiation 

EPO-mediated calcium signaling 

[55] 

[56] 
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STAT5a -/- b -/- embryos due to increased apoptosis [45].  The studies of Socolovsky et 

al. demonstrated direct regulation of Bcl-XL, a transcription factor well-known to 

promote survival in erythroid progenitors by preventing apoptosis, by the EPO-JAK2-

STAT5 axis [57].  Follow-up studies showed that STAT5a/b is specifically required for 

the survival of early erythroblasts, and that adult mice lacking STAT5a/b with normal red 

cell parameters at baseline fail to respond to acute anemic stress [26].  The precise 

contribution of STAT5a/b signaling during EPO-mediated erythropoiesis was challenged 

when mice bearing a truncated form of EPOR were studied.  Zang et al. generated mice 

lacking all cytoplasmic tyrosine residues in EPOR but Y343 (EPO H mice) and Y343F 

mutant mice also lacking all other tyrosine residues (EPO HM mice) [58].  The EPO HM 

mice were predicted to show severe, possibly fatal, anemia due to failure to activate 

STAT5a/b.  However, these mice had a rather mild red cell phenotype, characterized by a 

modest decrease in hematocrit.  EPO HM mice had no splenomegaly, and embryos were 

indistinguishable from their wild type counterparts, a finding divergent from that reported 

by Socolovsky et al. [45,58].  Thus significant phenotypic differences between STAT5a -

/- b -/- and EPO HM mice have raised new questions about the precise role of STAT5a/b 

in erythropoiesis.  One recent study suggests that EPOR Y343 and STAT5a/b activation 

are critical during the response to acute anemic stress [59].  Surprisingly, BCL-XL was 

not found to mediate this phenotype.  Rather additional STAT5a/b target genes as well as 

surface receptor-activated pathways other than EPO appear to be involved [59].  Thus the 

pleiotropic effects of STAT5 signaling during erythropoiesis remain to be fully dissected. 
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  1.3.1.2  ERK1/2 signaling 

 Another relevant pathway is EPO-mediated activation of Extracellular-Regulated 

Kinases 1 and 2 (ERK1/2).  ERK1/2, also referred to as Mitogen-Activated Protein 

Kinases (MAPKs), are proline-directed kinases that regulate many cellular processes, 

including proliferation in response to mitogenic stimuli.  The MAPK cascade, a three-tier 

cascade comprised of the kinases Raf, MEK, and ERK, is activated in response to EPO 

binding to EPOR.  Phosphorylated tyrosine residues in the cytoplasmic tail of EPOR 

recruit adaptor proteins such as Grb2, which in turn activate Ras and Raf [60].  The 

importance of ERK signaling in erythroid development was first inferred from studies 

looking at the consequences of abnormal Ras signaling.  Mice lacking K-Ras die in utero 

with anemia, while overexpression of mutant N-Ras in primary hematopoietic 

progenitors impairs erythroid differentiation [61,62].  Further studies in fetal livers, a site 

of abundant erythropoiesis during the fetal period, revealed that oncogenic Ras inhibits 

differentiation of CFU-e progenitors while promoting EPO-independent growth [63].  

These effects were entirely due to constitutive signaling via MEK and ERK [46].  

Pharmacologic inhibition of MEK1/2 in erythroleukemic cell lines and primary 

hematopoietic progenitors favored the formation of erythroid colonies over 

megakaryocytic colonies and favored erythroid differentiation [64,65].  In addition to 

proliferation and differentiation, ERK signaling may regulate survival of erythroid 

progenitors by promoting degradation of the pro-apoptotic protein Bim [66].   
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Figure 1.3  Schematic representation of the ERK signaling cascade.  Activation and 

inactivation processes are indicated.  Bold arrows stand for the main pathway upon 

growth factor activation.  Red, activating phosphorylation; green, accessory 

phosphorylation; blue, inhibitory phosphorylation and dephosphorylation.  (Adapted from 

Shaul and Seger, 2007) 
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Figure 1.3  Schematic representation of the ERK signaling cascade. 
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 ERK1 and ERK2 are 83% identical in their protein sequences and are expressed 

in all tissues at varying levels [67].  They do, however, have non-redundant functions.  

Analysis of the erythroid compartment in ERK1 -/- mice has suggested that ERK1 may 

be a negative regulator of erythropoiesis [68].  Mice lacking ERK1 had slightly increased 

red cell parameters at baseline and responded to acute anemic stress more robustly than 

wild type mice.  ERK2 deletion in mice is embryonic lethal due to severe placental 

defects; and its specific contribution to erythroid development is not known [69].  

ERK1/2 have over 150 know targets located in various subcellular compartments, and the 

outcome of ERK activation is further regulated by interaction with scaffolds, other 

signaling cascades, and duration of activation [70].   

 

 1.3.2  Hypoxia 

 

 Decreased oxygen tension has been known to stimulate red cell production since 

the seminal observations that high altitude correlates with increased levels of circulating 

red blood cells.  Efforts to understand the mechanistic underpinnings of this surge of 

erythropoietic activity ultimately led to the discovery of the EPO gene and the Hypoxia 

Inducible Factor (HIF) family of transcription factors.  Hypoxic conditions lead to 

activation of the EPO gene, a response that is orchestrated by HIF-1 [71].   HIF-1 

consists of an oxygen-sensitive α subunit and a constitutively expressed β subunit.  HIF-1 

heterodimers bind the EPO gene via a hypoxia response element to activate transcription.  

Under normoxic conditions, HIF-1α molecules are hydroxylated on specific proline 
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residues by HIF prolyl-hydroxylases, a post-translational modification that is oxygen-

dependent [72][73].  Hydroxylation subsequently targets HIF-1 for degradation via 

recognition by the von Hippel-Lindau tumor suppressor protein (pVHL).  pVHL is part of 

an E3 ubiquitin ligase complex and targets HIF-1 to the proteasome for degradation [74].  

Under hypoxic conditions, failure to hydroxlate HIF-1 leads to its stabilization, formation 

of active transcription complexes, and upregulation of EPO transcription.  In addition to 

EPO production, the HIF-mediated response to hypoxia enhances iron uptake and 

utilization and acts directly on the bone marrow to modulate erythroid proliferation and 

maturation [75-77].  HIF-1α has been shown to regulate the transcription of key iron 

metabolism players, including hepcidin and transferrin [78,79].   

 

 1.3.3  Iron 

 

  Bioavailable iron is required by all tissues for multiple processes.  Ferrous iron is 

incorporated in iron-sulfur clusters (ISCs) in the catalytic site of a variety of enzymes 

participating in cellular metabolism.  In developing erythrocytes, there is a large 

additional demand for iron during heme synthesis.  Continuous production of red blood 

cells at an estimated rate of 200 billion new erythrocytes daily accounts for about 80% of 

all iron demands in humans [80].  Upon absorption, dietary iron is transported from the 

intestinal cells to sites of utilization by transferrin, a carrier protein with a very high 

affinity for ferric iron (Fe
3+

).  Iron-bound transferrin interacts with transferrin receptors at 

the cell surface.  Transferrin Receptor 1 (TfR1) is ubiquitously expressed.  Iron-loaded 
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transferrin binds TfR1 and the complex is internalized via endocytosis.  Acidification of 

early endosomes promotes iron release from transferrin, conversion to ferrous iron (Fe
2+

), 

and release into the cytosol, or possibly direct delivery to the mitochondria, the site of 

most iron requiring processes [81,82].  Transferrin and TfR1 are subsequently recycled to 

the cell surface.  Transferrin Receptor 2 (TfR2) is expressed only on hepatocytes, 

duodenal cells, and erythroid cells.  TfR2 was recently shown to interact with EPOR 

complexes and be required for efficient erythropoiesis [83].   

 Iron levels are critical regulators of erythropoiesis.  Genetic deletion of TfR1 

causes embryonic death prior to embryonic day E12.5 [84].  TfR1 +/- mice are viable but 

have hypochromic and microcytic red cells, two hallmarks of iron deficiency anemia.  

Knockdown of TfR2 delays terminal erythroid maturation [83].  Iron restriction, i.e. 

diminished amounts of bio-available iron, results in diminished red cell production due to 

decreased erythroid proliferation and maturation [85].  Iron regulation of erythropoiesis 

has also been documented in a rat experimental model, where iron deficiency causes a 

defect in the transition from the CFU-E stage to the proerythroblast stage [86].  We have 

shown that erythroid progenitors cultured in low iron conditions proliferate and 

differentiate less, and have a decreased survival capacity when compared to iron-replete 

control cultures [87].   
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 1.3.4  Calcium 

 

 Activation of cytokine receptors such as EPOR does not trigger rapid calcium 

influx as occurs with antigen receptor activation [88].  Nevertheless, calcium levels can 

modulate erythropoiesis.  Calcium signaling contributes to the differentiation of murine 

erythroleukemia cells [89,90].  Furthermore, EPO was shown to mediate a dose-

dependent increase in calcium in human BFU-e progenitors via a voltage-independent ion 

channel [91].  Systematic deletion studies identified key tyrosine residues in the 

cytoplasmic tail of EPOR necessary for EPO-mediated calcium influx [92].  

Subsequently, the Transient Receptor Potential Cation (TRPC) channel family was 

investigated as possible voltage-independent Ca
2+

-permeable channels on erythroid 

progenitors.  Studies spearheaded by the Miller lab have shown that TRPC3 is the 

primary EPO-modulated Ca
2+

 channel in developing red blood cells [56][93].  EPO 

promotes Ca
2+ 

influx in a dose-dependent manner, likely via TRPC3-Phospholipase C-γ 

(PLCγ) interactions.  PLCγ catalyzes the hydrolysis of phosphatidylinositol 4,5-

bisphosphate to inositol 1,4,5, triphosphate (IP3) and diacylglycerol.  IP3 is known to 

trigger Ca
2+ 

release from the endoplasmic reticulum [94].     

 

 1.3.5  FAS-FAS ligand 

 

 FAS ligand (FASL), or CD95L, is a member of the Tumor Necrosis Alpha (TNF) 

family of death ligands.  Its cognate receptor, FAS, or CD95, belongs to the TNF death 
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receptor family [95].  FASL and FAS are expressed on the surface of erythroid 

progenitors, starting at the BFU-e stage [96].  Cross-linking of ligand and receptor leads 

to caspase-mediated apoptosis [97].  Interestingly, the ability of FAS-FASL to trigger 

apoptotic cell death requires that the cells be cycling; quiescent CD34
+
 cells were shown 

to be resistant to FAS-mediated apoptosis.  Furthermore, detailed studies revealed that 

immature erythroid precursors express more FAS, while more mature precursors have 

high levels of FASL.  Thus mature precursors can negatively regulate the expansion of 

early precursors by FAS-FASL cross-linking.  This interaction is inhibited when EPO 

levels are high, suggesting that FAS-FASL functions as a negative feedback loop to blunt 

ineffective proliferation when EPO levels are suboptimal [98].  In a model of stress 

erythropoiesis, EPO-mediated downregulation of FAS-FASL expression on splenic 

erythroblasts allowed for the rapid expansion of progenitors [99].  In a separate study, 

caspase-dependent cleavage of GATA1 secondary to FAS-FASL interactions was 

proposed as the mechanism mediating arrest of erythroid differentiation under low EPO 

conditions [100]. 

 

1.4  Aconitases 

 

 1.4.1  Enzymatic function 

 

 The aconitase proteins are members of the hydratase family of enzymes (EC 

4.2.1.3) [101].  They reversibly interconvert the metabolites citrate and isocitrate in a 
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two-step reaction that yields a short-lived intermediate, cis-aconitate [101].  This catalytic 

reaction depends on the presence of an intact [4Fe-4S] ISC in the enzyme's active site 

[101].  Shortly after their discovery in 1937, it was found that cells have a mitochondrial 

aconitase isoform (m-aconitase) and a cytosolic one (c-aconitase).  Each isoform is 

encoded by separate genes located on different chromosomes.  M-aconitase is encoded by 

a nuclear gene located on chromosome 22 [102].  The gene coding for c-aconitase is 

located on chromosome 9 [103].  In the mitochondria, aconitase participates in the citric 

acid cycle and contributes to the production of ATP and NADPH.  Cytosolic aconitase is 

a free-standing enzyme.  Citrate is an important intermediate in several cellular energy-

producing metabolic pathways.  Cytoplasmic citrate can be converted to acetyl-coenzyme 

A by ATP-citrate lyase, which is a critical building block for cholesterol and fatty acid 

synthesis [104,105].   

  

 1.4.2  Regulation of catalytic activity    

 

 Aconitase activity can be regulated by several mechanisms.  A first layer of 

regulation occurs at level of the ISC.  Defects in the ISC biogenesis machinery, such as 

deficiency in the mitochondrial protein frataxin, precludes assembly of functional clusters 

[106].  Frataxin has been shown to interact with scaffold proteins involved in ISC 

assembly and may function as a chaperone for iron incorporation in the ISC.  Clinically, 

frataxin deficiency causes Friedreich's ataxia, a neurodegenerative disease characterized 

by decreased heme synthesis, mitochondrial iron overload, and oxidative damage 
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[107,108].  The alpha iron of the ISC is extremely labile and [3Fe-4S] clusters are 

unstable.  Reactive oxygen species, including hydrogen peroxide and peroxynitrite, can 

rapidly inactive aconitase [109-111].  The enzymatic activity of both aconitase isoforms 

can also be modulated by phosphorylation.  In diabetic rat hearts, mitochondrial aconitase 

was found to be phosphorylated after PKC activation [112].  Interestingly, this 

phosphorylation event correlated with increased reverse catalytic activity, while the rate 

of citrate to isocitrate conversion remained unchanged.  Conversely, phosphorylation of 

serine residue 711 of cytosolic aconitase by PKC impairs the forward reaction, while the 

conversion of isocitrate back to citrate is unimpaired [113].   

 Aconitase activity can be inhibited pharmacologically by the small molecule 

fluoroacetate (FA), a precursor of fluorocitrate (FC).  Over fifty years ago, FC was shown 

to be produced by citrate synthase and to inhibit the catalytic activity of aconitase 

[114,115].  Reaction of  FC with aconitase and subsequent defluorination yields hydroxy-

aconitate, a reactive intermediate that cannot be displaced from the active site despite 

addition of up to 20 molar excess citrate, leading to stable inhibition [116].  These data 

were later confirmed by solving the crystal structure of FC-aconitase complexes [117].  It 

has also been suggested that FC can inhibit transport of certain carboxylic acids [118].  

Excessive FA intake primarily affects the cardiovascular and central nervous systems, 

and can cause death quickly [119,120].  At lower doses however, FA has been a useful 

tool to dissect the relative contribution of mitochondrial aconitase activity to overall ATP 

production and citrate level regulation in astrocytes and prostate cell lines [121,122].   
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 1.4.3  Cytosolic aconitase 

 

 In addition to its catalytic function, c-aconitase has RNA-binding properties and 

can function as an iron regulatory protein, hence its alternate name, Iron Regulatory 

Protein 1 (IRP1) [123].  These two functions are mutually exclusive; the protein exists 

either as an aconitase or as an IRP [124].  When iron levels dip below a certain threshold, 

IRP1 binds Iron Responsive Element (IRE) sequences in the 3’ or 5’ untranslated region 

(UTR) of messenger RNA (mRNA) of many genes involved in iron metabolism.  IREs 

are short hairpin structures composed of 30 nucleotides on average.  There may be 

several IREs in the UTR of a given iron metabolism gene.  The opposing regulation of 

TfR1 and ferritin, an intracellular iron storage protein, is the classical example and is 

depicted in Figure 1.4 [125-127].  Under low iron conditions, TfR1 mRNA is stabilized 

while translation of ferritin mRNA is reduced, leading to increase iron uptake and 

decrease storage in order to maximize intracellular iron availability.  Under high iron 

conditions, IRE binding is decreased, leading to less TfR1 and increased ferritin protein 

synthesis for enhanced iron storage.   

 IRP2 is another cytoplasmic post-transcriptional regulator of IRE-containing 

mRNAs.  IRP1 and IRP2 are close homologues, sharing 57% sequence homology [123].  

IRP2 -/- mice show abnormal regulation of iron homeostasis in their intestinal mucosa 

and central nervous system, as well as cerebellar neurodegeneration, and develop a 

microcytic anemia [128,129].  These results indicated that IRP1 cannot compensate for 

loss of IRP2.  Generation of IRP1 -/- mice further helped tease out important functional  
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Figure 1.4  Iron-dependent regulation of IRP binding activity. Under conditions of 

iron deficiency, IRP1 and IRP2 bind to IREs, and thus repress mRNA translation (A) or 

prevent mRNA degradation (B).  Increased iron levels lead to the loss of IRP affinity for 

IREs, and increase the translation of 5' IRE-containing mRNAs and the degradation of 3' 

IRE-containing mRNAs.  (Adapted from Recalcati, 2010) 
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Figure 1.4  Iron-dependent regulation of IRP binding activity. 
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differences between the two IRP proteins.  As opposed to their IRP2 -/- counterparts, 

mice lacking IRP1 have no overt phenotype [130].  Studies have shown that IRP1 exists 

predominantly in its c-aconitase form and is not recruited to regulate iron metabolism, 

even when mice are kept on a low iron diet, and that IRP2 levels increase in IRP1 -/- 

animals.  Thus IRP2 appears to be the primary regulator of iron responsive genes [130].  

 

 1.4.4  Mitochondrial aconitase 

 

 Mitochondrial aconitase is an essential member of the citric acid cycle, converting 

citrate to isocitrate.  This step is reversible and not rate-limiting.  Isocitrate is further 

metabolized to α-ketoglutarate by isocitrate dehydrogenase, a reaction that yields one 

NADH molecule.  The 5’ UTR of the m-aconitase mRNA contains an IRE, and the 

relative abundance of m-aconitase can thus be regulated by iron levels via IRP proteins.  

[131].  As predicted, iron loading increased m-aconitase protein levels while iron 

depletion diminishes its abundance [132].  It has been suggested that iron regulation of 

m-aconitase levels may couple citrate metabolism to iron content, possibly because 

citrate is a known iron chelator [132,133].  More recently, m-aconitase was found in 

mitochondrial nucleoids, a cluster of proteins that assist in packaging of mitochondrial 

DNA (mt DNA) and shown to be essential for mtDNA maintenance [134].  M-aconitase 

was subsequently shown to have intrinsic double-stranded mtDNA binding activity [135].  

Direct binding of m-aconitase to mtDNA appears to be essential to protect the 

mitochondrial genome from point mutation and other forms of DNA damage [135]. 
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 1.4.5  Aconitases in erythropoiesis 

 

Both the cytosolic and mitochondrial isoforms of aconitase are intimately linked to 

erythropoiesis.  C-aconitase, in its IRP1 form, can regulate translation of iron metabolism 

genes, while m-aconitase contributes to heme synthesis by generating isocitrate, a 

precursor for the heme building block succinyl CoA [123,136].  Recent studies in our 

laboratory identified the aconitases as mediators of the response to iron deprivation in 

vitro and in vivo [87].  Primary erythroid progenitor cells maintained in low iron 

conditions exhibited decreased proliferation and differentiation and diminished aconitase 

activity in a lineage-restricted manner.  Only progenitors cultured in erythroid 

differentiation medium and low iron underwent aconitase inactivation.  Importantly, 

provision of isocitrate rescued erythroid differentiation in these cultures.  Isocitrate was 

also shown to transiently reverse anemia in mice fed an iron-deficient diet [87].   

 

1.5  Clinical connections 

 

  1.5.1  Iron deficiency anemia 

 

 Iron deficiency anemia (IDA) has been a long-standing public health issue 

worldwide, with an estimated affected population of nearly 3 billion [137].  The anemic 

condition has been recognized for centuries, and formally proven to be due to iron 

deficiency in the 1930s when parenteral administration of iron was shown to correlate 
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with an increase in hemoglobin [138].  Iron deficient status most often results from blood 

loss, which can arise from trauma or gastrointestinal bleeding secondary to a parasitic 

infection such as Helicobacter pylori (H. pylori), as well as inadequate dietary intake.  

Menstruating women are at an increased risk of IDA due to low iron reserves at baseline.  

Rare mutations in genes involved in iron metabolism and homeostasis can also be the 

cause of IDA.  This is the case with a point mutation in the DMT1 gene, which encodes 

an iron transporter at the apical surface of duodenal enteroctytes, and transferrin 

mutations, which prevent transport and delivery of gut-absorbed iron to erythroid 

progenitors [139-141].  As detailed in section 1.3.3, iron deficiency impairs erythroid 

proliferation and differentiation [85].  The classic findings in the complete blood count of 

a patient with IDA include microcytic, hypochromic red cells that are diminished in 

number.  This is in contrast to anemias not due to iron deficiency, as outlined in Table 

1.2.  First-line treatment of IDA consists in replenishing iron stores via oral iron therapy.  

Intravenous iron can be used as second line therapy in patients with intestinal 

malabsorption or on concurrent EPO therapy secondary to chronic kidney disease.  In the 

case of IDA caused by H. pylori infection, eradication of the bacterium can lead to 

complete reversal of the anemia [142].  Red cell transfusion is not recommended for the 

treatment of IDA.   
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 1.5.2  Polycythemia Vera 

 

 Disorders of red cell production can also manifest as excess red cell production; a 

condition called polycythemia.  Congenital polycythemia can arise due to mutations in 

EPOR or pVHL [143,144].  Acquired polycythemias are classified as primary, when 

caused by a clonal expansion of hematopoietic stem cells, or secondary, when due to 

sustained hypoxia caused by several conditions, including high altitude living, chronic 

lung disease, or EPO injections [145].  Only primary polycythemia vera (PV) will be 

discussed further.  PV has been recognized as a disease entity since the late 1800s, but its 

etiology remained unknown until a point mutation in the JAK2 gene was shown to cause 

disease in the great majority of PV patients [146].  This mutation, a substitution of valine 

to phenylalanine at codon 617 (JAK2V617F), affects a pseudo kinase domain of JAK2 

and is believed to impair auto regulation of its kinase activity.  The resulting constitutive 

signaling is thought to mediate the disease phenotype.  PV is a clonal disease that arises 

at the level of multipotent hematopoietic stem cells [147].  Clinically, hallmarks of the 

disease include elevated red cell counts, splenomegaly, low serum EPO, pruritus, and 

EPO-independent erythroid colony formation [148].  PV patients are at increased risk of 

thrombotic events (40% of cases) and transformation to acute myelocytic leukemia (5-

20% of cases) [148,149].   
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Table 1.2  Characteristic CBC findings in anemias of varying etiologies. 

 
Normal 

value* 
IDA AI 

Sideroblastic 

Anemia 

Megaloblastic 

Anemia 

RBC 

(M/µl) 
5.2 Low Low Low Low 

Hct  

(%) 
47 Low Low Low Low 

Hb  

(g/dl) 
15.5 Low Low Low Low 

MCHC  

(g/dl) 
34 Low Normal Low Normal 

MCV  

(fl) 
90 Low Normal Low High 

Reticulocyte 

(k/µl) 
75-100 Low Low low Low 

Transferrin 

Saturation 

(%) 

20-50 Low Low High High 

 *  Average normal value in males age 18-49. 

 IDA, iron deficiency anemia; AI, anemia of inflammation; RBC, red blood cells; 

Hct, hematocrit; Hb, hemoglobin; MCV, mean corpuscular volume; MCHC, mean 

corpuscular hemoglobin concentration.  
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 Several mouse models expressing JAK2V617F have been generated, including 

bone marrow transplant, constitutive knockout in the hematopoietic compartment, floxed 

mutant allele, and conditional heterozygous or homozygous knock-in models [150-153].  

Expression of the mutant allele in mice can also cause essential thrombocythemia (ET) 

and primary myelofibrosis (PMF), two myeloproliferative diseases related to PV.  

Patients with ET or PMF can also carry the JAK2V617F mutation, and the exact role of 

mutant JAK2 as the driver of the disease process remains controversial.  It has been 

suggested that gene dosage could explain the various clinical outcomes seen in patients 

with this mutation [152].  Other genetic defects associated with PV include mutations in 

JAK2 exon 12, TET2, IDH1, and IDH2 [154-156].  

 Treatment options for PV are still limited, despite a recent increased 

understanding of the molecular pathology.  Cytoreductive therapy employing phlebotomy 

remains the gold standard [148].  This approach, however, carries significant risks of 

thrombotic events due to a rise in platelet count [157].  Other therapeutic options include 

2-hydroxurea and pegylated interferon-γ.  Since the identification of JAK2V617F, 

multiple JAK2 inhibitors are under development and a handful have been tested in 

clinical trials [158].  A major challenge with JAK2-targeted therapy is preserving wild-

type JAK2 function while targeting the mutant protein. 
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 1.5.3  Clinical evidence for synergy between iron and EPO 

 

 The advent of commercially available recombinant human EPO and  

Erythropoiesis-Stimulating Agents (ESAs) have considerably improved treatment options 

for patients suffering from anemias due to chronic kidney disease, inflammatory diseases, 

and malignancy [159].  However, resistance to the pro-erythropoietic effects of ESAs 

develops in a subset of patients over time [160-162].  Interestingly, concurrent 

administration of IV iron can restore ESA effectiveness, despite the presence of adequate 

iron stores.  These clinical observations point to a synergistic relationship between iron 

and EPO in promoting erythroid output.   

 

1.6  Thesis objectives 

 

 The unique relationship between iron and EPO has long been appreciated, but the 

molecular mechanisms that optimize red cell production are still poorly understood.  The 

worldwide prevalence of IDA underscores the need for further understanding of erythroid 

development and identifying new agonists to boost red cell production.  Additionally, 

dissecting the iron-EPO relationship is of great clinical interest in anemias secondary to 

chronic kidney disease, inflammation, and malignancy, where poor iron utilization 

impairs the marrow's ability to respond to exogenous EPO.  Identification of new targets 

that integrate iron and EPO-mediated signals could thus lead to new therapeutic options 
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for patients with anemias, as well as new means to control red cell production in patients 

with polycythemias.   

 Our laboratory has been at the forefront of studying iron-mediated signals that 

affect erythroid production.  We previously showed that the aconitase enzymes are 

selectively inactivated in erythroid progenitors by low iron levels.  The key role of 

aconitase was confirmed by the ability of its metabolic product, isocitrate, to rescue 

erythroid differentiation in primary progenitors and correct anemia in iron-deficient mice 

[87].  This body of work suggested an important role for the aconitase enzymes during 

steady-state erythropoiesis and raised several new questions.  Is aconitase activity 

required during iron-replete erythropoiesis?  How is aconitase activity mechanistically 

connected to the erythroid differentiation program?  Do cytosolic and mitochondrial 

aconitases play different roles?  Intriguingly, our prior studies strongly argued for a non-

metabolic role for aconitase in erythroid differentiation.  The central hypothesis of the 

work presented below is that aconitase enzymes regulate erythropoiesis by interacting 

with ERK-mediated signaling. 

 In chapter 2, data will be presented arguing for a positive role for aconitase during 

erythroid development.  Pharmacologic inhibition of aconitase impaired proliferation and 

differentiation of erythroid progenitors, but spared viability.  In mice, aconitase inhibition 

caused anemia and impaired the response to acute anemic stress.  These effects are not 

mediated by defects in metabolic processes involving aconitase but rather by interactions 

with discrete ERK signaling events.  Chapter 3 will provide additional evidence 

regarding the role of ERK1/2 as a mediator of aconitase and address a possible role for 
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ERK-directed RSK signaling.  Data will also be presented highlighting important 

differences between the effects of iron deprivation and aconitase blockade on 

erythropoiesis.  Collectively, these results suggest that aconitase enzymes function as 

integrators of EPO signals and iron status.  Manipulation of this pathway may have 

therapeutic benefits in disorders of erythroid production. 
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Aconitase Regulation of Erythropoiesis Correlates with a Novel Licensing Function 

in Erythropoietin-induced ERK Signaling 
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Abstract 

 

  Erythroid development requires the action of erythropoietin on committed 

progenitors to match red cell output to demand.  In this process, iron acts as a critical 

cofactor, with iron deficiency blunting EPO-responsiveness of erythroid progenitors.  

Aconitase enzymes have recently been identified as possible signal integration elements 

that couple erythropoiesis with iron availability.  In the current study, a regulatory role 

for aconitase during erythropoiesis was ascertained using a direct inhibitory strategy.   In 

C57BL/6 mice, infusion of an aconitase active-site inhibitor caused a hypoplastic anemia 

and suppressed responsiveness to hemolytic challenge.  In a murine model of 

polycythemia vera, aconitase inhibition rapidly normalized red cell counts, but did not 

perturb other lineages.  In primary erythroid progenitor cultures, aconitase inhibition 

impaired proliferation and maturation but had no effect on viability or ATP levels.  This 

inhibition correlated with a blockade in EPO signal transmission specifically via ERK, 

with preservation of JAK2-STAT5 and Akt activation.  Correspondingly, a physical 

interaction between ERK and mitochondrial aconitase was identified and found to be 

sensitive to aconitase inhibition.  Direct aconitase inhibition interferes with erythropoiesis 

in vivo and in vitro, confirming a lineage-selective regulatory role involving its 

enzymatic activity.   This inhibition spares metabolic function but impedes EPO-induced 

ERK signaling and disturbs a newly identified ERK-aconitase physical interaction.  We 

propose a model in which aconitase functions as a licensing factor in ERK-dependent 

proliferation and differentiation, thereby providing a regulatory input for iron in EPO-



39 

 

dependent erythropoiesis.  Directly targeting aconitase may provide an alternative to 

phlebotomy in the treatment of polycythemia vera.  
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Introduction 

 

 Production of red blood cells, or erythropoiesis, is regulated by the cytokine 

erythropoietin (EPO) in conjunction with iron.  In the context of an adequate iron supply, 

EPO promotes proliferation, differentiation, and survival of erythroid progenitors, 

beginning at the colony forming unit-erythroid stage.  Iron restriction, i.e. diminished 

amounts of bio-available iron, results in diminished red cell production due to decreased 

erythroid proliferation and maturation [85].  Iron regulation of erythropoiesis has been 

documented in many experimental models including rats, where iron deficiency causes a 

defect in the transition from the CFU-e stage to the proerythroblast stage [86].  Iron 

modulation of EPO bioactivity occurs clinically in patients whose response to 

recombinant EPO can be augmented by exogenous iron despite adequate iron stores 

[160].  Thus, iron sensing mechanisms in the erythroid compartment function in a 

rheostatic manner to adjust output based on iron availability. 

 Aconitase enzymes have recently been identified as mediators of the erythroid 

response to iron restriction [87].  In mammals, aconitases consist of mitochondrial and 

cytosolic isoenzymes that both utilize a prosthetic 4Fe-4S cubane iron-sulfur cluster 

group at their active site to interconvert the metabolites citrate and isocitrate [106].  They 

are highly sensitive to intracellular iron levels and redox conditions.  Cellular iron 

deprivation causes loss of the α-Fe
2+

 group from the iron-sulfur cluster, while oxidative 

stress induces complete cluster disassembly, both of which conditions inactivate 

enzymatic function [111,163].  An additional level of enzymatic regulation may arise 
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from phosphorylation [112,164].  Both isoforms also exert non-enzymatic functions 

through interaction with nucleic acid targets.  Cytosolic aconitase, in its role as Iron 

Regulatory Protein 1, binds iron response elements within mRNA sequences of a cohort 

of iron responsive genes and regulates their expression [124].  Mitochondrial aconitase 

contributes to the protein complexes assembled with the mitochondrial genome and 

participates in mitochondrial DNA maintenance [135].  

 EPO engagement of its receptor activates the associated cytosolic tyrosine kinase 

JAK2, which in turn activates multiple signal transduction pathways critical in 

erythropoiesis.  One such pathway consists of Raf-MEK-ERK [165-167].  In many cell 

types, ERK activation exerts both positive and negative effects on proliferation and 

differentiation, with signal output determined by kinetics and magnitude of activation, 

subcellular localization, scaffolds, and crosstalk with other signaling modules [70].  

Known subcellular locations for ERK include the plasma membrane, endosomes, Golgi 

apparatus, nucleus, and mitochondria [168-172].  With regard to erythropoiesis, enforced 

ERK activation by mutant N-Ras V12 expression in ex vivo murine fetal liver 

erythroblast cultures blocked differentiation and promoted proliferation [46].  In vivo 

studies also suggest that ERK1 signaling negatively regulates red cell production.  In 

these studies, ERK1 null mice displayed a higher basal rate of splenic erythropoiesis and 

responded more rapidly to hemolytic challenge [68].  On the other hand, MEK inhibition 

strongly diminished the yield of erythroid colonies from wild type murine marrow 

cultured in the presence of EPO [66].  Thus, as with many cell types, ERK signaling 

exerts both positive and negative effects during erythropoiesis. 
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 Iron regulation of erythropoiesis appears to involve aconitase-mediated alterations 

in EPO signal transduction and cellular metabolism [87].  Because iron deprivation 

affects numerous cellular pathways in addition to aconitase, the current studies have 

employed a targeted inhibitory approach to more specifically define the role of aconitase 

activity in erythropoiesis.  These studies, using a potent active-site inhibitor, revealed that 

aconitase activity regulates in vivo steady-state erythropoiesis, as well as responsiveness 

to acute anemia.  Ex vivo studies confirmed this regulatory relationship, with aconitase 

inhibition affecting proliferation and differentiation but not viability.  Surprisingly, doses 

of the aconitase inhibitor that effectively inhibited erythropoiesis had no effects on 

cellular ATP levels or on EPO induction of JAK2 activation but did block ERK-mediated 

phosphorylation of RSK substrates.  A physical interaction between aconitase and ERK 

was observed and found to be sensitive to the inhibitor.   

 As a putative mediator of the erythroid response to iron restriction, aconitase 

activity could offer a target for controlling disease in patients with polycythemia vera.  

PV is a hematopoietic stem cell disorder associated with an activating mutation in JAK2 

[147,173] that causes expansion of red cell mass and possible thrombotic and 

hemorrhagic complications [149].  The treatment of choice for normalizing red cell mass 

has consisted of induction of iron deficiency through repeated phlebotomy.  In this study, 

low-dose infusion of the aconitase inhibitor rapidly normalized red cell counts in a 

murine model of PV.  Thus the novel pathway for aconitase regulation of erythropoiesis 

described herein bears potential for therapeutic manipulation in the setting of oncogenic 

signaling. 
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Results 

 

Induction of anemia by the aconitase inhibitor fluoroacetate  

 

 Aconitase enzymes have recently been implicated in the erythroid iron restriction 

response in ex vivo progenitor cultures and in iron deficient mice [87].  To define the 

contribution of aconitase enzymatic activity to erythropoiesis in vivo, the potent and 

specific active-site inhibitor of aconitase fluoroacetate (FA) was administered to mice 

[117].  Previous studies have shown that FA can be safely administered to mice at a dose 

of 4 mg/kg/day using a continuous infusion pump, a regimen that causes a 60% increase 

in resting serum citrate levels [174].  Accordingly, an infusion of FA or 0.9% saline was 

delivered to C57BL/6 mice at this dosing rate [174].  Complete blood counts obtained 

after 14 days revealed anemia in the FA-treated animals compared with controls (Table 

2.1).  In particular, red blood cell (RBC) counts, hemoglobin, and hematocrit were 

significantly decreased in the FA-treated group.  Importantly, the mean corpuscular 

hemoglobin concentration (MCHC) was unaffected by aconitase inhibition (Table 1), in 

contrast to the hypochromic anemias associated with defective heme biosynthesis (see 

Discussion).  With regard to non-erythroid cells, FA treatment at 4 mg/kg/day caused a 

slight decrease in absolute neutrophil counts (ANC) and did not affect platelets (Table 1).  

The inhibition of the ANC was not reproducible in subsequent experiments.  By contrast, 

the erythroid abnormalities associated with FA infusion were highly reproducible in 
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Table 2.1  Hematologic parameters of C57BL/6 mice treated for 14 days with saline 

(0.9%) or FA (4 mg/kg/day). 

 

Blood parameter Saline 

(n = 10) 

FA-treated 

(n = 10) 

P 

value  

RBC, x 10
6
/L 9.32 ± 0.7 7.45 ± 0.09 < 0.001

*
 

Hematocrit, % 44.0 ± 3.5 36.0 ± 4.4 < 0.005
*
 

Hemoglobin, g/dL 14.7 ± 1.08 11.6 ± 1.0 <  0.001
*
 

MCV, fL 47.24 ± 0.71 48.49 ± 0.7 0.01
*
 

MCHC, g/dL 33.6 ± 2.76 32.41 ± 3.10 0.38 

Platelets, x 10
3
/L 804 ± 84 734 ± 7.3 0.067 

Neutrophils, x 10
3
/L 1.28 ± 0.3 0.89 ± 0.4 0.02

*
 

 RBC indicates Red Blood Cell; MCV, Mean Corpuscular  

Volume; MCHC, Mean Corpuscular Hemoglobin Concentration. 

 Data are presented as mean  SD. 
 * 

significantly different from value for saline-treated mice. 
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multiple experiments; even those using a 2 mg/kg/day dosing regimen (see Table 2.2).  

To confirm that FA treatment inhibited aconitase activity in vivo, serum citrate levels 

were measured, and the 2 mg/kg/day dosing regimen was found to cause a 1.9-fold 

increase in mean serum citrate concentration (Figure 2.1).  

 Further characterization revealed the anemia to be associated with a 2.5-fold 

increase in serum EPO levels (Figure 2.2A) and a significant decrease in absolute 

reticulocyte counts (Figure 2.2B).  Flow cytometric analysis of bone marrow erythroid 

maturation employed co-staining for CD71 and Ter119, as has been described (Figure 2.2 

C) [26].  The FA-treated mice showed a significant increase in frequency and absolute 

number of R3 erythroid precursors (CD71
Intermediate

 Ter119
Bright

) (Figure 2.2.C-E).  This 

defect in erythroid maturation was observed in multiple independent experiments 

involving in vivo aconitase inhibition.  Maturation was also analyzed using a recently 

described approach that resolves Ter119
+
 erythroid precursors into five distinct 

subpopulations based on CD44 levels and forward scatter (FSC) [175].  This approach 

showed a significant increase in the frequency of CD44
-
 FSC

low
 cells (stage V) associated 

with FA treatment (Figure 2.3). 
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Figure 2.1  Elevated serum citrate levels in mice treated with fluoroacetate.  Sera 

from saline-treated and FA-treated (2 mg/kg/day) mice were isolated from whole blood 

collected on day 26 post initiation of treatment.  Citrate levels were determined 

enzymatically.  Data are presented as mean ± SD; n = 8 per group; 
‡ 

P < 0.001.  
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Figure 2.1  Elevated serum citrate levels in mice treated with fluoroacetate.   
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Figure 2.2  In vivo effects of aconitase inhibition.  (A) Serum EPO levels in mice 

treated for 14 days with an infusion of saline (0.9%) or FA (4 mg/kg/day).  Data represent 

mean ± SD; n = 9 for saline group and 10 for FA group; 
‡ 

P < 0.001.  (B) Absolute 

reticulocyte counts in mice treated as in panel A.  Data represent mean  SD; n = 10 per 

group; 
‡ 

P < 0.001.  (C) Erythroid maturation in marrows from mice who received a four-

week infusion of FA (2 mg/kg/day) or saline (0.9%).  Representative flow cytometry 

plots are shown.  Boxes indicate erythroid developmental stages R1-R4, from top left 

(R1) to bottom right (R4).  (D), (E) Summary of data from panel C displayed as cell 

percentages (D) or absolute cell numbers per femur (E) in regions R1-R4.  Data is 

presented as mean ± SD; n = 4 per group; 
*
 P < 0.05. 
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Figure 2.2  In vivo effects of aconitase inhibition.   
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Figure 2.3  Analysis of the bone marrow erythroid maturation using Ter119 and 

CD44.   

(A) Erythroid maturation in marrows from mice who received a four-week infusion of 

FA (2 mg/kg/day) or saline (0.9%).  After gating on the Ter119
+
 fraction, cells were 

analyzed for CD44 expression versus Forward Scatter (FSC).  Representative flow 

cytometry plots are shown.  Roman numerals I-V indicate distinct erythroid 

subpopulations.  (B) Summary of data from panel A with mean percentages of cells in 

subpopulations I-V ± SD; n = 4 per group; 
*
 P < 0.05.  (C) Summary of data from panel 

A with absolute number of cells per femur in subpopulations I-V ± SD; n = 4 per group; 
†
 

P < 0.01. 
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Figure 2.3  Analysis of the bone marrow erythroid maturation using Ter119 and 

CD44.   
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Aconitase inhibition impairs responsiveness to anemic challenge 

 

 Erythropoiesis can increase dramatically in response to acute anemia.  To 

determine whether aconitase inhibition interferes with the capacity to respond to anemic  

challenge, mice treated with saline or 4 mg/kg/day FA received intraperitoneal injections 

of the hemolytic agent phenylhydrazine (PHZ) with dosage reduction made for the FA- 

treated group to prevent lethality (see Materials and Methods).  PHZ treatment typically 

leads to an RBC nadir on day 3 post-injection followed by complete recovery on day 7 

[59].  Despite receiving half the standard PHZ dose, mice treated with FA developed an 

anemia that was much more pronounced and prolonged than that of the control mice.  

Specifically, their RBC counts reached nadir on day 7 instead of day 3 and did not return 

to baseline even 17 days after PHZ administration (Figure 2.4A).  In addition, their 

reticulocyte response was delayed and diminished (Figure 2.4B). 

 Further characterization of the role of aconitase in the response to acute anemia 

employed mice lacking cytosolic aconitase (IRP1 -/- mice) [130].  These mice, along 

with wild-type aged-matched controls, received standard doses of PHZ and were 

monitored for responsiveness.  As shown in Figures 2.4C and 2.4D, IRP1 -/- mice 

responded to PHZ-induced anemia in a manner indistinguishable from wild type mice.  

The starting RBC counts, the magnitude of their decrease, and the rate of recovery were 

not significantly different in the two groups; both also exhibited a similar reticulocyte 

response during the recovery phase.  These results indicate that cytosolic  
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Figure 2.4  Inhibition of aconitase impairs responsiveness to anemic challenge.  (A) 

RBC and (B) absolute reticulocyte counts in PHZ-challenged mice treated with either FA 

(4 mg/kg/day; n = 11) or saline (0.9%; n = 6).  PHZ injections on days 0 and 1 consisted 

of 30 mg/kg/day for the FA group and 60 mg/kg/day for the saline group.  Data represent 

mean  SD.  (C) RBC and (D) absolute reticulocyte counts in IRP1 -/- and wild type 

(WT) mice.  PHZ doses for both groups consisted of 60 mg/kg/day on days 0 and 1.  Data 

represent mean  SD; n = 8 per group. 
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Figure 2.4  Inhibition of aconitase impairs responsiveness to anemic challenge. 

 

 

 

 

 

 

 

 

 

 

 

B A 

C D 



55 

 

aconitase is dispensable for both steady-state erythropoiesis and for responsiveness to 

acute anemia (see Discussion). 

 

Aconitase inhibition affects erythropoiesis in a cell-intrinsic manner 

  

 The in vivo effects of FA infusion support a role for aconitase activity in the 

regulation of erythropoiesis but could also reflect indirect influences mediated by the 

marrow microenvironment.  Therefore, ex vivo primary cultures were used to examine 

the effects of aconitase inhibition directly on erythropoiesis.  In these experiments, 

purified human CD34
+
 cells were cultured in unilineage erythroid medium (see Materials 

and Methods) with or without fluoroacetate.  Aconitase inhibition caused a dose-

dependent decrease in proliferation over a five day culture period, with 10 M causing a 

statistically significant decrease and 100 M abrogating growth altogether (Figure 2.5A).  

The proliferation defect was not secondary to cell death, as FA treatment had minimal 

effects on overall viability and no effects on apoptotic signaling (Figure 2.5B-C).  All 

subsequent experiments employed 50 M FA because this dose reproducibly inhibited 

proliferation and maturation (see below) without affecting viability.  In addition, this dose 

strongly inhibited aconitase activity in erythroid progenitors, causing a 10-fold increase 

in intracellular citrate levels (Figure 2.5D). 

 Erythroid differentiation was assessed by examining the expression of two 

developmental markers: CD34, a stem cell antigen rapidly downregulated after the early 

BFU-e stage, and glycophorin A (GPA), an erythroid- specific antigen appearing  
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Figure 2.5  Effects of aconitase inhibition on erythroid proliferation, survival and 

maturation in vitro.  (A) Fold increase in number of primary human progenitors 

cultured for five days in erythroid medium with the indicated doses of FA.  Shown are 

mean  SD for three independent experiments; 
* 
P < 0.05; 

† 
P < 0.01.  (B)  Survival of 

cells from day 5 erythroid cultures  50 M FA assessed by staining with 7-amino 

actinomycin D (7-AAD) and annexin V-PE followed by flow cytometry; numbers 

indicate percentages of cells in each quadrant.  (C) Apoptotic signaling in cells from day 

5 erythroid cultures with 0, 10, 50, and 100 M FA assessed by immunoblotting of whole 

cell lysates for caspase-3 (arrow indicates position of cleavage product).  (D) Increased 

intracellular citrate in FA-treated cells.  CD34
+
 cells were cultured in erythroid medium 

for 5 days ± 50 µM FA.  Cellular extracts were assayed for citrate levels enzymatically.  

Data are presented as mean fold increase over control cells ± SD; n = 4; 
†
 P < 0.01.  (E)  

Differentiation of erythroid progenitors cultured as in panel C.  Surface expression of 

CD34 and GPA was assessed by flow cytometry on live cells; numbers indicate 

percentages of cells in each quadrant.  (F) Multiple independent experiments as in panel 

E show an increase in the percentage of CD34
+
 GPA

+
 cells associated with FA treatment.  

Shown are mean  SD; n = 6; 
‡
 P < 0.001. 
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Figure 2.5  Effects of aconitase inhibition on erythroid proliferation, survival and 

maturation in vitro.   
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initially at the proerythroblastic stage and continually increasing with differentiation 

[25,176].  Addition of FA to the erythroid cultures impaired the downregulation of CD34 

while attenuating the upregulation of GPA (Figure 2.5E).  Specifically, FA treatment 

caused a 5-fold increase in the frequency of cells coexpressing CD34 and GPA, two 

markers that minimally overlap during normal maturation (Figure 2.5F).  These results 

demonstrate cell-intrinsic defects in proliferation and maturation associated with 

aconitase inhibition in cultured erythroid progenitors. 

 

The effects of aconitase inhibition on erythropoiesis occur independently of 

metabolic impairment 

 

 To determine whether the defect in erythropoiesis caused by aconitase inhibition 

occurred secondary to alterations in Krebs cycle metabolism or mitochondrial 

dysfunction, several parameters were assessed.  Firstly, 50 M FA had no effect on 

cellular steady state ATP levels in day 5 erythroid cultures (Figure 2.6A).  Secondly, FA 

treatment did not alter the activation status of AMP-kinase (AMPK) (Figure 2.6B).  

AMPK functions as a sensor of the AMP:ATP ratio; an increase in this ratio activates 

AMPK, which in turn upregulates catabolic pathways to restore cellular ATP levels 

[177].  Thirdly, the FA treatment did not alter levels of reactive oxygen species, as 

detected by the fluorescent indicator 3’-(aminophenyl)-fluorescein (APF) [178].  APF 

mean fluorescence intensity (MFI) was identical in untreated and FA-treated erythroid 

cultures, both in early (GPA negative gate) and late progenitors (GPA positive gate) 
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Figure 2.6  FA inhibits erythropoiesis in the absence of changes in cellular ATP, 

ROS, or MMP.  (A) ATP levels in cells from day 5 erythroid cultures of human CD34
+
 

progenitors treated with 0-100 µM FA.  Shown are values relative to untreated cultures 

consisting of mean  SD from three independent experiments.  (B) APMK activation in 

cells from day 5 erythroid cultures with 0-100 µM FA assessed by immunoblotting of 

whole cell lysates for phospho- and total AMPK.  (C) Levels of reactive oxygen species 

(ROS) in cells from day 3 erythroid cultures  50 M FA detected by the fluorescent 

probe APF.  Mean fluorescence intensities (Geom. Mean) of the APF signal within GPA-

negative and positive gates are shown adjacent to flow cytometry plots.  (D) 

Mitochondrial membrane potential in cells from day 3 erythroid cultures  50 M FA 

detected by MitoTracker CMXRos.  Mean fluorescence intensities (Geom. Mean) of the 

MitoTracker signal within GPA-negative and positive gates are shown adjacent to flow 

cytometry plots. 
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Figure 2.6  FA inhibits erythropoiesis in the absence of changes in cellular ATP, 

ROS, or MMP. 
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(Figure 2.6C).  Fourthly, 50 µM FA did not alter the mitochondrial membrane potential 

(MMP), as assessed by staining with the membrane permeant dye MitoTracker CMXRos 

[179].  In both early (GPA negative) and more mature (GPA positive) populations, the 

MFI of MitoTracker staining was unaffected by FA treatment (Figure 2.6D).  These 

results demonstrate that the degree of aconitase inhibition sufficient to impair 

erythropoiesis is below the threshold that disrupts cellular ATP levels, redox status, or 

MMP.   

 

Aconitase modulates ERK signaling downstream of EPO 

 

 Several studies have identified non-metabolic functions for aconitase, including 

participation in signaling modules [87,111,112].  Therefore experiments addressed 

whether aconitase inhibition affected the activation state of EPO-dependent signaling 

pathways.  Immunoblotting with phospho-specific antibodies on whole cell lysates from 

erythroid cultures showed no effects of FA on basal signaling via JAK2-STAT5, 

calcineurin-NFAT, PI3K-Akt, PKCα/βII, and PLCγ  pathways (data not shown) [55,180-

183].  However, aconitase inhibition correlated with increased steady state levels of 

phosphorylated ERK (Figure 2.7A).  Unexpectedly, this increase in phospho-ERK was 

accompanied by a decrease in phosphorylation of p90 ribosomal S6 kinase (RSK) on an 

ERK target site, threonine 573 [184].   
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Figure 2.7  Aconitase inhibition interferes with EPO activation of ERK signaling in 

a pathway-specific manner.  (A) Steady state phosphorylation of ERK and RSK as 

determined by immunoblotting of whole cell lysates of cells from days 3-4 erythroid 

cultures treated with 50 M FA and 10 M U0126 as indicated (NT, untreated).  (B) 

Time course of ERK1/2 and RSK phosphorylation.  Cells from day 3 erythroid cultures ± 

50 µM FA were subjected to 3 hours of cytokine starvation followed by stimulation with 

4.5 U/ml EPO for the indicated time periods.  (C) EPO induction of multiple downstream 

pathways in cells treated as in panel B.  (D) Densitometric analysis of pERK1/2:ERK1/2 

and pRSK:RSK levels in five independent experiments conducted as in panel C.  

Presented are mean values ± SEM for relative phosphoprotein signal divided by total 

protein signal; * P < 0.05; 
†
 P < 0.01; n.s., not significant. 
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Figure 2.7  Aconitase inhibition interferes with EPO activation of ERK signaling in 

a pathway-specific manner.   

 

 

B 

p-ERK1/2 

ERK1/2 

p-RSK 

RSK1 

Tubulin 

FA Control 

Time (min) 
(min) 

0 
 

5 
 
10 
 

15 
 

30 
 

60 
 

0 
 

5 
 
10 
 

15 
 

30 
 

60 
 

C 

p-ERK1/2 

ERK1/2 

p-RSK 

STAT5 

p-Akt 

Akt 

Tubulin 

RSK1 

p-STAT5 

10' EPO + + - - 

FA NT 

A 

N
T

 

U
0

1
2

6
 

F
A

 

F
A

 +
 U

0
1
2

6
 

N
T

 

U
0

1
2

6
 

F
A

 

F
A

 +
 U

0
1
2

6
 

72 hours 96 hours 

ERK1/2 

p-RSK 

RSK1 

Tubulin 

p-ERK1/2 

D 

* 

* 

10' EPO + + - - 

10' EPO + + - - 

† 

n.s. 



64 

 

The requirement of MEK-ERK signaling for RSK T573 phosphorylation was confirmed 

by treatment of cells with the MEK inhibitor U0126 (Figure 2.7A).   

 To characterize the effects of aconitase inhibition on the initiation of EPO 

signaling, erythroid progenitors pre-cultured with or without FA underwent cytokine 

starvation followed by acute stimulation with EPO.  FA treatment did not prevent EPO 

activation of ERK but almost completely blocked its activation of RSK (Figure 2.7B).  In 

control cells treated with EPO, phospho-ERK levels peaked at 10 minutes, and phospho-

RSK levels peaked at 15 minutes (Figure 2.7B).  In the FA treated cells, EPO induction 

of phospho-ERK also peaked at 10 minutes, but phospho-RSK showed no increase over 

the entire 1 hour time course.  These signaling abnormalities were consistently observed 

in multiple independent experiments (Fig. 2.7D).  By contrast, FA pretreatment had no 

effect on EPO induction of STAT5 or Akt activation (Figure 2.7C).  The data from steady 

state erythroid cultures and from EPO stimulation of cytokine-starved cells thus show 

that aconitase inhibition interferes with ERK-mediated activation of RSK.       

 

MEK inhibition recapitulates the effects of aconitase inhibition on erythropoiesis 

 

 To determine whether impaired ERK signaling might underlie the erythroid 

defects associated with aconitase inhibition, FA and the MEK inhibitor U0126 were 

compared for their effects on erythropoiesis as in Figure 2.5.  The MEK inhibitor at 10 

µM reproducibly inhibited proliferation to the same degree as 50 µM FA (Figure 2.8A), 

and both agents yielded similar cell cycle perturbations on propidium iodide staining, i.e. 
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Figure 2.8  The effects of MEK inhibition on erythropoiesis recapitulate those of 

aconitase inhibition.  (A) Fold increase in number of primary progenitors cultured for 3 

days with either 50 µM FA or 10 µM U0126.  Shown are mean ± SD for three 

independent experiments;
 † 

P < 0.01.  (B) Cell cycle profiles of cells from day 3 cultures 

as in panel A determined by propidium iodide staining followed by flow cytometry.  

Percentages of cells in G0/G1, S, and G2/M phases are indicated.  (C) Multiple 

independent experiments as in panel B showing an increase in the percentage of cells in 

G0/G1 associated with either FA or U0126 treatment.  Data represent mean ± SD; n =3; 
†
 

P < 0.01.  (D) Erythroid differentiation of progenitors cultured as in panel A assessed by 

staining for GPA and CD34 followed by flow cytometry; percentages of cells in each 

quadrant are shown.  (E) Viable fractions from panel D determined by forward (FSC) and 

side (SSC) light scatter properties.   
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Figure 2.8  The effects of MEK inhibition on erythropoiesis recapitulate those of 

aconitase inhibition.   
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increased cells in G0/G1 (Figure 2.8B-C).  MEK inhibition also impaired erythroid 

differentiation in a manner similar to aconitase inhibition, characterized by the 

accumulation of an aberrant CD34
+
 GPA

+
 double positive population (Figure 2.8D).  As 

with aconitase inhibition, MEK inhibition minimally affected cell viability (Figure 2.8E).  

The similar phenotypic effects resulting from FA and U0126 treatments thus support the 

notion that aconitase and ERK signaling participate in a common erythroid regulatory 

pathway. 

 

An aconitase-ERK protein complex that is disrupted by aconitase inhibition 

 

 Large scale proteomic mapping of interaction networks in Saccharomyces 

cerevisiae has shown mitochondrial aconitase to interact with ~20-30 partner proteins, of 

which one is KSS1, a yeast homolog of ERK; reciprocal analysis of KSS1 also identified 

aco1 (yeast mitochondrial aconitase) as an interaction partner [185].  Furthermore, high 

stringency scanning for motifs using Scansite 2.0 predicts ERK Docking Domains (D-

Domains) in both aconitase isoforms [186].  To test for interaction between aconitase 

enzymes and ERK in a mammalian system, immunoprecipitation was conducted on 

epitope-tagged proteins co-expressed in HEK293T cells cultured under a variety of 

conditions, including FA and EGF treatment.  Higher FA doses were used in these 

experiments due to the relative resistance of HEK293T cells to the growth inhibitory 

effects of FA, most likely related to high levels of endogenous aconitases.  ERK bound 

both aconitase isoforms, showing a stronger interaction with mitochondrial aconitase  



68 

 

Figure 2.9  Identification of an ERK-aconitase protein complex that is disrupted by 

aconitase inhibition.  (A) Assessment of ERK-aconitase interactions by coexpression 

followed by coimmunoprecipitation.  ERK2 and FLAG-tagged cytosolic aconitase 

(cAcon-FLAG) or mitochondrial aconitase (mAcon-FLAG) were coexpressed in 

HEK293T cells  500 M FA.  Immunoprecipitation (IP) with FLAG beads was 

followed by immunoblotting (IB) for total ERK and for the FLAG epitope.  (B) Role of 

ERK D-domain interacting motif in ERK2 binding to mitochondrial aconitase.  mAcon-

FLAG was coexpressed with ERK2 WT or D319N in HEK293T cells  500 M FA,  

100 ng/ml EGF, followed by IP and IB as in panel A. 
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Figure 2.9  Identification of an ERK-aconitase protein complex that is disrupted by 

aconitase inhibition.   
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(Figure 2.9A).  FA treatment potently and reproducibly diminished ERK2 interaction 

with mitochondrial aconitase.  ERK activation by EGF treatment of serum-starved cells 

did not significantly affect the interaction, nor did mutation of the D-domain binding site 

in ERK2 (D319N) (Figure 2.9B) [187].  ERK1 was also found to interact with 

mitochondrial aconitase (data not shown).  Our data thus confirm an interaction of 

mitochondrial aconitase with ERK1/2, reinforcing previous findings in Saccharomyces 

cerevisiae.  This interaction is disrupted by inhibition of aconitase activity but does not 

appear to depend on ERK activation or D-domain recognition.  Activation of cytoplasmic 

ERK targets such as RSK has been shown to depend on dimerization of ERK monomers 

[188].  Dimerization occurs in response to mitogenic stimuli, such as EGF in HEK293T 

cells, and provides a mechanism to spatially regulate ERK signaling.  To test whether 

interaction with aconitase regulates ERK dimer formation, HEK293T cells ± FA and 

EGF were subjected to ERK2 dimer detection according to the method of Casar et al 

[188].  FA treatment had no effect on ERK2 dimer formation (Figure 2.10), arguing 

against a role for aconitase in regulating ERK dimerization. 

 

Low dose aconitase inhibition normalizes red cell counts in a mouse model of 

polycythemia vera 

 

 To determine whether aconitase inhibition could provide a therapeutic strategy for 

lowering red cell mass in polycythemia vera, we treated C57BL/6 mice expressing a  
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Figure 2.10  Aconitase inhibition does not prevent ERK dimerization.  Detection of 

ERK2 dimer formation upon EGF stimulation by native gel electrophoresis followed by 

immunoblotting.  HEK293T cells ± 500 µM FA, ± 10µM U0126 were cytokine-starved 

overnight and stimulated with 100 ng/ml EGF for 5 minutes prior to harvest.    
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Figure 2.10  Aconitase inhibition does not prevent ERK dimerization.   
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human mutant JAK2V617F transgene (PV mice) and wild type (WT) littermate controls 

with a low dose infusion of FA (2 mg/kg/day) [151].  Mock-treated PV mice had 

significantly elevated red cell counts compared with normal controls (10.4-10.7 x 10
6
/l 

in PV vs. 8.4-8.7 x 10
6
/l in WT) (Figure 2.11A).  FA infusion normalized the RBC 

counts in PV mice after seven days and stably maintained these counts in the normal 

range for the duration of treatment (Figure 2.11A).  Platelet, neutrophil, and lymphocyte 

counts were not affected by FA treatment (Table 2.3).  In PV marrows, as previously seen 

in WT marrows, FA increased the proportion of R3 erythroid precursors.  A significant 

decrease in the percentage of more mature R4 precursors was also observed (Figure 

2.11B-C).  These results suggest that a minor degree of aconitase inhibition in vivo may 

suffice to achieve clinically significant reductions in red cell mass in polycythemia vera.   

 To determine effects of aconitase inhibition on signaling by the constitutively 

active mutant JAK2V617F, Ba/F3 transfectants expressing EPOR + JAK2V617F 

[189,190] underwent treatment with FA.  These cells however were resistant to growth 

inhibition by FA doses 20-fold higher than those effective on primary erythroid 

progenitors (Figure 2.12A-B).  As an additional complication, the Ba/F3 EPOR 

JAK2V617F cells showed a paradoxical response to EPO stimulation consisting of 

marked downregulation of RSK phosphorylation (Figure 2.12C).   
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Figure 2.11  Aconitase inhibition normalizes red cell counts in a murine model of 

polycythemia vera.  (A) RBC values over the course of a four-week infusion of saline 

(0.9%; n = 3) or FA (2 mg/kg/day; n = 10).  Data represent mean  SD.  (B) Erythroid 

maturation in day 28 PV marrows.  Boxes indicate erythroid developmental stages R1-

R4.  (C) Summary of data from panel B with mean percentages of cells in R1-R4 ± SD; n 

= 3 per group; 
*
 P < 0.05; 

†
 P < 0.01. 
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Figure 2.11  Aconitase inhibition normalizes red cell counts in a murine model of 

polycythemia vera.   
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Figure 2.12  Effects of FA and EPO on Ba/F3 cells expressing EPOR or EPOR 

JAK2V617F.   (A) Proliferation of Ba/F3 EPOR cells cultured in the presence of 2 ng/ml 

murine IL-3 and treated with 0 - 5 mM FA for 72 hours.  Data are presented as mean ± 

SD; n = 3; * P < 0.05; n.s., not significant.  (B) Proliferation of Ba/F3 EPOR 

JAK2V617F cells cultured as in panel A.  Data are presented as mean ± SD; n = 3; 
†
 P < 

0.01.  (C)  Paradoxical RSK deactivation in Ba/F3 EPOR JAK2V617F cells in response 

to EPO stimulation.  Ba/F3 EPOR and Ba/F3 EPOR JAK2V617F cells were starved of 

cytokines for four hours prior to stimulation with 10 U/ml EPO for ten minutes.  

Phosphorylation of ERK and RSK was assessed by immunoblotting of whole cell lysates. 
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Figure 2.12  Effects of FA and EPO on Ba/F3 cells expressing EPOR or EPOR 

JAK2V617F. 
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Table 2.2  CBC parameters of WT mice treated for four weeks with saline (0.9%) or 

FA (2 mg/kg/day). 

 

Blood parameter Saline 

(n = 3) 

FA-treated 

(n = 10) 

P 

value 

RBC x 10
6
/L 7.93  0.72 6.76  0.37 0.0024

*
 

Hematocrit, % 35.60  3.64 34.62  1.39 0.47 

Hemoglobin, g/dL 12.20  1.56 11.76  1.45 0.18 

MCHC, g/dL 34.57  4.77 33.98  1.13 0.70 

MCV, fL 44.83  0.6 51.16
 
 1.24 <0.0001

*
 

Platelets, x 10
3
/L 866  46 866  147.6 0.99 

Neutrophils, x 10
3
/L 1.78  1.00 2.34  1.13 0.43 

Lymphocytes, x 10
3
/L 5.50  2.04  5.68  0.77 0.91 

 Data are presented as mean  SD. 
 * 

indicate values that are significantly different from saline- 

treated mice. 

 

 

Table 2.3  CBC parameters of PV mice treated for four weeks with saline (0.9%) or 

FA (2 mg/kg/day). 

 

Blood parameter Saline 

(n = 3) 

FA-treated 

(n = 10) 

P 

value 

RBC, x 10
6
/L 9.16  0.25 7.73  0.54 .002

*
 

Hematocrit, % 38.20  2.20 35.41  1.83 .037
*
 

Hemoglobin, g/dL 13.53  0.57 12.59  0.72 .068 

MCHC, g/dL 35.47  0.67 35.93  3.0 .8 

MCV, fL 40.2  1.04 45.52  1.56 .0003
*
 

Platelets, x 10
3
/L 1841  672 1785  416 .86 

Neutrophils, x 10
3
/L 1.43  0.41 3.91  2.42 .25 

Lymphocytes, x 10
3
/L 5.11  0.17 6.97  3.17 .35 

 Data are presented as mean  SD. 
 * 

indicate values that are significantly different from saline- 

treated mice. 
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Discussion 

 

 Inactivation of aconitase enzymes contributes to the erythroid response to iron 

restriction [87].  However, because iron deprivation simultaneously affects multiple 

signaling and metabolic pathways, the exact role of aconitases in erythropoietic 

regulation has remained unclear.  The current studies have directly examined the role of 

aconitases during erythroid development by use of a specific active site inhibitor.  

Application of this approach has confirmed that aconitase activity potently regulates 

erythropoiesis in vivo and in vitro.  In vivo, aconitase inhibition caused a rapid-onset 

hypoplastic anemia with slightly macrocytic, normochromic red cells (Table 2.1).  These 

red cell features suggest that the anemia did not arise from impaired production of heme 

due to deficiency of succinyl CoA.  Anemias caused by defective heme synthesis, such as 

those due to deficiencies of erythroid-specific δ-aminolevulinate synthase or 

ferrochelatase, are characteristically microcytic and hypochromic [191,192].  The low 

reticulocyte counts combined with increased serum EPO levels (Figure 2.2A-B) suggest 

that FA treatment interfered with red cell production, a conclusion further supported by 

the poor reticulocyte response to phenylhydrazine challenge seen in FA-treated animals 

(Figure 2.4B).  Furthermore, in vivo and in vitro studies both showed impaired 

differentiation of erythroid progenitors associated with aconitase inhibition (Figures 

2.2C, 2.5E, 2.11B). 

 Precise definition of the isoform-specific contributions of aconitases to erythroid 

regulation will require development of new conditional knockout mice with individual 

and compound gene deletions.  Several lines of evidence, however, suggest that 
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mitochondrial aconitase plays a key role.  Firstly, fluoroacetate acts predominantly as an 

inhibitor of mitochondrial aconitase, based on the location of its enzymatic conversion to 

fluorocitrate, the active inhibitor [193].  Secondly, infusion of FA in mice lacking 

cytosolic aconitase (IRP1 -/-) induced an anemia identical to that occurring in wild-type 

mice (Figure 2.13).  Thirdly, IRP1 -/- mice showed no hematologic defects in response to 

anemic challenge (Figure 2.4C-D).  Fourthly, mitochondrial aconitase bound ERK more 

avidly than cytosolic aconitase and, unlike its cytosolic counterpart, displayed modulation 

of ERK binding by FA (Figure 2.9).  Several studies have previously demonstrated 

mitochondrial regulation of erythroid differentiation and proliferation.  For example, the 

inhibition of mitochondrial biogenesis by chloramphenicol is associated with impaired 

erythropoiesis in vivo and in vitro [194,195].  The ability of exogenous isocitrate to 

reverse in vitro differentiation defects caused by chloramphenicol has suggested that 

mitochondrial aconitase may participate in the regulation of erythropoiesis by 

mitochondrial function [87].  Further supporting this notion, multiple murine models of 

impaired mitochondrial function all show a similar, distinctive erythroid maturation 

defect, i.e. an increase in CD71
Intermediate

 Ter119
Bright

 progenitors (R3 stage), closely 

resembling the defect seen with FA infusion (Figures 2.2C and 2.11B) [196-198]. 

 Among the various pathways downstream of EPO regulating erythroid 

development, only the ERK pathway displayed consistent modulation in response to 

aconitase inhibition.  In particular, FA treatment diminished RSK T573 phosphorylation 

in erythroid progenitors subjected to either acute or chronic EPO stimulation (Figure 2.7).  

The effects of aconitase inhibition on ERK signaling are likely to be biologically relevant 
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because direct inhibition of ERK activation with the MEK inhibitor U0126 recapitulated 

several key features of the erythroid response to FA (Figure 2.8).  By contrast, our data 

suggest that the effects of FA were unrelated to changes in ATP, ROS, or mitochondrial 

membrane potential (Figure 2.6).  Why FA had no effect on these latter parameters may 

be related to the dose employed, to possible metabolic compensation by cytosolic 

aconitase, or to the dependence of early hematopoietic progenitors more on glycolysis 

than on oxidative phosphorylation.  

 The mechanism underlying the cross-talk between aconitase and ERK, while 

unclear, may relate to the assembly of protein complexes containing ERK and 

mitochondrial aconitase (Figure 2.9).  Interestingly, such complexes are phylogenetically 

conserved back to yeast and are regulated by aconitase activity.  Previous studies have 

documented localization of ERK in mitochondria [172,199,200].  Whether mitochondrial 

aconitase participates in an organelle-specific ERK scaffolding complex, as has been 

described for endosomes and Golgi [169,170], remains a subject of investigation.  

Nevertheless, the current studies provide a novel function for aconitase as a licensing 

factor for erythropoietin-dependent transduction of ERK signaling.  This regulatory input 

could permit adjustment of ERK activity in accordance with aconitase function, which in 

turn is affected by iron availability, redox, and iron-sulfur cluster assembly pathways.  In 

this manner, a variety of signals reflecting mitochondrial status potentially could be 

transmitted to the machinery driving proliferation and differentiation.    
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Figure 2.13  Mice lacking cytosolic aconitase respond normally to fluoroacetate 

infusion.   

(A) RBC and hematocrit values in WT, IRP1+/- and IRP1-/- mice treated for 23 days 

with (2 mg/kg/day).  Data represent mean ± SD; n = 6 per group.  (B) Absolute 

reticulocyte counts in the WT, IRP1-/WT and IRP1-/- groups, as in panel A.  (C) 

Erythroid maturation in marrows from FA-treated animals.  Representative flow 

cytometry plots are shown.  Boxes indicate erythroid developmental stages R1-R4.  (D) 

Summary of results from panel C showing mean percentages of cells in R1-R4 ± SD; n = 

3 per group. 
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Figure 2.13  Mice lacking cytosolic aconitase respond normally to fluoroacetate 

infusion.   
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 The ability to modulate red cell production with low dose aconitase inhibition 

may have therapeutic implications for polycythemia vera.  Phlebotomy, the primary 

treatment for this disease, controls red cell mass via induction of iron deficiency, most 

likely acting through erythroid inactivation of aconitase.  Attainment of iron deficiency 

may require numerous blood draws over a prolonged period and may be complicated by 

significant thrombocytosis [157].  Repeated phlebotomy also poses a risk for phlebitis 

and infection.  In a mouse model of JAK2V617F-driven polycythemia, low dose 

aconitase inhibition rapidly normalized red cell counts in a lineage specific manner 

without causing anemia (Figure 2.11).  However, further studies are needed to determine 

the clinical feasibility of this approach.  Fluoroacetate is a known toxic agent that targets 

the cardiovascular and central nervous systems in mice and humans.  Reported lethal 

doses range from 0.5 to 19 mg/kg in mice and 2 to 10 mg/kg in humans [120].  While a 

continuous FA infusion of 2 mg/kg/day corrects red cell counts in PV mice in the absence 

of overt symptoms, toxicology studies will be necessary to rule out adverse effects of 

both acute and chronic administration. 
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Materials and methods 

 

Mice 

 

PV mice consisted of line A JAK2V617F transgenic mice between the ages of 10 and 14 

weeks [151].  IRP1 -/- mice were generously donated by Dr. Tracey Rouault (National 

Institute of Child Health & Human Development, Bethesda, MD) [130].  Animal studies 

were approved by the University of Virginia Animal Care and Use Committee (ACUC, 

protocol 3545, latest annual renewal approved on 6.15.10).  Mice were housed in a 

pathogen-free facility and handled in accordance with the policies of the University of 

Virginia ACUC.  For continuous in vivo infusions, a sterile 0.9% saline solution or 

sodium fluoroacetate (FA) solution prepared in 0.9% saline was delivered subcutaneously 

using Alzet osmotic pumps model 1002 or 1004 (Durect, Cupertino, CA) based on the 

approach of Isken and colleagues [174].  Phenylhydrazine (Sigma, St. Louis, MO) 

prepared in sterile phosphate-buffered saline (PBS) was administered by intraperitoneal 

bolus injection at doses of 30 mg/kg/day x 2 days (FA-treated mice) or 60 mg/kg/day x 2 

days (saline-treated mice).  Blood was collected from the retro-orbital plexus into EDTA-

coated micro tubes (BD Biosciences, Franklin Lakes, NJ) using heparinized micro-

capillary tubes.  Complete blood counts were measured on a Hemavet 850FS automated 

analyzer (Drew Scientific, Dallas, TX).  Serum EPO levels were determined with the 

Quantikine Mouse EPO ELISA kit (R&D Systems, Minneapolis, MN).   
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Cell culture 

 

Peripheral blood mobilized, purified human CD34
+
 cells were obtained from the 

Hematopoietic Cell Processing Core at the Fred Hutchinson Cancer Center (Seattle, WA) 

as previously described [87].  After 72 hours in multi-lineage serum-free medium, the 

cells were seeded in serum-free erythroid differentiation medium consisting of Iscove’s 

modified Dulbecco medium (IMDM) supplemented with 4.5 U/ml EPO (Amgen, 

Thousand Oaks, CA), 25 ng/ml stem cell factor (SCF) (PeproTech, Rocky Hill, NJ), 

bovine serum albumin (BSA, Sigma), and 100% Fe-saturated transferrin (Stem Cell 

Technologies, Vancouver, Canada) [87].  Sodium fluoroacetate was purchased from 

Sigma, and U0126 from Cell Signaling Technology (Beverly, MA).  For cytokine 

starvation experiments, cells that had been cultured in erythroid medium for 72 hours 

were washed in PBS and re-suspended in IMDM supplemented with 0.1% BSA for 3 

hours, followed by stimulation with 4.5 U/ml EPO.  Murine Ba/F3 EPOR and Ba/F3 

EPOR JAK2V617F cell lines have been previously described [201].  Both cells lines 

were maintained in Roswell Park Memorial Institute (RPMI) medium supplemented with 

10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 2 ng/ml murine IL-3 

(PreproTech).  For cytokine starvation experiments, cells were washed twice in RPMI 

and cultured for 4 hours in RPMI prior to stimulation with 10 U/ml EPO (Amgen). 
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Plasmids and transfections 

 

pcDNA3-HA-ERK2 wt and D319N, as well as pcDNA3-T7-ERK1, were purchased from 

Addgene (Cambridge, MA).  Full-length cDNAs for human ACO1 (encoding cytosolic 

aconitase) and ACO2 (encoding mitochondrial aconitase) (Open Biosystems, Huntsville, 

AL) were subcloned into the XhoI and NotI sites of pCMV Tag4A (Stratagene, La Jolla, 

CA) to express mAcon-FLAG and cAcon-FLAG.  A 3’ SalI, rather than XhoI, site was 

introduced into the ACO2 insert.  Transient transfections in HEK293T cells were carried 

out using the calcium phosphate method, as previously described [202].  Cells were 

serum-started for 6 hours, followed by stimulation with 100 ng/ml epidermal growth 

factor (EGF) (PeproTech) for 5 minutes prior to harvest where indicated.  36 hours post-

transfection, cells were resuspended in NP-40 extraction buffer containing 50 mM Tris-

HCl (pH 7.6), 150 mM NaCl, 0.5% NP-40, 1
 
mM MgCl2, 50 µM ZnSO4, EDTA-free 

protease inhibitor cocktail (Roche, Indianapolis, IN), 1 mM sodium orthovanadate  and 

10 mM sodium fluoride.  Following a 20 minute incubation at 4
o
C, insoluble debris was 

removed by centrifugation. 

 

Immunoblot and immunoprecipitation 

 

Western blot analysis was performed as previously described after sodium dodecyl 

sulfate-poly-acrylamide gel electrophoresis (SDS-PAGE) [203].  Antibodies to phospho-

ERK1/2 (T202/Y204), ERK1/2, RSK1, phospho-STAT5 (Y694), STAT5, phospho-Akt 
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(S473), Akt, AMPK, and phospho-AMPK (T172) were purchased from Cell Signaling 

Technology.  Anti-phospho-RSK (T573) was purchased from Epitomics (Burlingame, 

CA); anti-caspase 3 from Santa Cruz Biotechnology (Santa Cruz, CA).  Anti-tubulin and 

anti-actin were purchased from Sigma.  Immunoprecipitation of aconitase-containing 

complexes was performed by incubating cellular extracts with M2 agarose FLAG beads 

(Sigma) for 2 hours at 4
o
C.   Following washing of beads, proteins eluted in SDS-PAGE 

loading buffer underwent SDS-PAGE and immunoblot analysis using antibodies to 

ERK1/2 (Cell Signaling Technology) and FLAG (Sigma).  Densitometry data were 

acquired on a GS800 calibrated densitometer (Bio-Rad, Hercules, CA) and analyzed with 

the Quantity One software (Bio-Rad).  For ERK2 dimer formation analysis, HEK293T 

cells were serum-starved overnight ± 500 µM FA and stimulated with 100 ng/ml EGF for 

5 minutes prior to harvest and analysis by native gel electrophoresis as described [204]. 

 

Flow cytometry 

 

Cells were analyzed on a FACSCalibur instrument (Becton Dickinson, San Jose, CA).  

All fluorochrome-conjugated antibodies were purchased from BD Pharmingen (San 

Diego, CA), with the exception of PE-anti-CD71 (Dako, Carpinteria, CA).  Erythroid 

differentiation was assessed by co-staining human erythroid progenitors with 

fluorochrome-conjugated antibodies to GPA (FITC or PE), CD71 (PE), CD34 (APC), 

and CD44 (FITC).  Reticulocytes were measured by staining whole blood with thiazole 

orange as described [205].  Bone marrows were harvested from femurs into PBS 
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supplemented with 5 mM EDTA and stained with APC-anti-Ter119 and PE-anti-CD71.  

Cell death was analyzed with the Annexin V-PE Apoptosis Detection Kit I (BD 

Pharmingen).  For cell cycle analysis, cells underwent ethanol fixation and RNase A 

treatment followed by propidium iodide staining.  Data was analyzed using the FlowJo 

software (version 8.6.3, TreeStar Inc., Ashland, OR). 

 

Metabolic assays 

 

Citrate measurements were performed using the BioVision Citrate Assay kit according to 

the manufacturer’s instructions (BioVision, Mountain View, CA).  To measure 

intracellular levels, metabolic extracts from day 5 untreated and 50 µM FA-treated 

CD34
+
 erythroid cultures were obtained as previously described [87].  Fluorimetry was 

performed on a FluoSTAR Optima fluorescent microplate reader (BMG Labtech, Cary, 

NC) and analyzed with the MARS data analysis software (version 1.01, BMG Labtech).  

To measure serum citrate, whole blood was collected retro-orbitally and allowed to clot at 

room temperature for 30 minutes.  Clotted samples were centrifuged at 13,000g for 5 

minutes at room temperature and sera were stored at – 20
o
C.  Samples were deproteinized 

using the Deproteinization Sample Preparation kit (BioVision) according to the 

manufacturer’s instructions.   

 ATP measurements were performed as described [87].  Staining of cells with 3’-

(aminophenyl)-fluorescein (APF) followed the manufacturer’s guidelines (Invitrogen).  

Briefly, CD34 cells ± 50 µM FA were stained with APC-anti-GPA (BD Pharmingen) and 
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APF, and mean fluorescence intensity of the APF dye was determined by flow cytometry 

after gating on GPA-negative and positive populations.  Mitochondrial membrane 

potential was determined by staining cells with MitoTracker Red CMXRos dye 

(Invitrogen) according to the manufacturer’s instructions, followed by staining for GPA.  

The mean fluorescence intensity of MitoTracker stained cells was determined by flow 

cytometry after gating on GPA-negative and positive populations.   

 

Statistical analysis 

 

GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA) was used 

to display the data graphically and to perform statistical analysis.  Results were analyzed 

by unpaired two-tailed Student’s t test or one-way analysis of variance (ANOVA) with 

Newman-Keuls post-test when comparing multiple groups.  P values less than or equal to 

0.05 were considered significant. 
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Are RSKs direct mediators of the effects of aconitase on erythropoiesis? 

 

Pharmacologic inhibition of the RSK family of kinases  

 Our signaling data indicates that ERK signaling is a mediator of the response to 

aconitase blockade in primary erythroid cultures.  Specifically, a defect in ERK-mediated 

activation of RSK was consistently observed upon acute EPO stimulation (Figure 2.7).  

The RSK family of kinases is comprised of 4 highly homologous kinases, RSK1-4, and 

two structurally related kinases, MSK1-2 [184].  While MSKs can be activated by both 

ERK1/2 and p38 kinases, RSKs are exclusively activated by ERK1/2 [206,207].  RSK 

activation occurs in sequential steps; the first step consists of ERK-mediated 

phosphorylation of a threonine residue (threonine 573 in human RSK1) in the activation 

loop of the C-terminal kinase domain [208].  This activation event then directs further 

phosphorylation and full activation of the kinase.  The failure to phosphorylate RSK on 

this critical threonine residue under aconitase inhibition suggested that RSK may be a key 

mediator of proliferation and differentiation signals in developing erythroid cells.   

 To assess a functional role for RSK during erythropoiesis, pharmacological 

inhibitors were employed.  SL0101 is a novel, ATP-competitive, inhibitor of RSK with 

an in vitro IC50 of 89 nM in the presence of 10 µM ATP [209].  CD34
+
 cells were 

cultured in erythroid medium for five days in the presence of 50 µM SL0101 or 50 µM 

FA and the impact of RSK inhibition on differentiation, viability, and proliferation 
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Figure 3.1  SL0101-mediated RSK inhibition recapitulates the effects of FA on 

erythroid maturation and proliferation.  (A) Maturation profiles of day 5 erythroid 

cultures treated with 50 M FA or 50 M SL0101.  (B) Mean percentage of GPA
+
CD34

-
 

cells from three independent experiments as in panel A, 
*
 P < 0.05; 

† 
P < 0.01; n.s., not 

significant.  (C) Viability of day 5 erythroid cultures treated with 50 M FA or 50 M 

SL0101.  (D) Cell counts from three independent experiments set up as in panel A, 
†
 P < 

0.01; 
‡ 

P < 0.001; n.s., not significant. 
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Figure 3.1  SL0101-mediated RSK inhibition recapitulates the effects of FA on 

erythroid maturation and proliferation.  .   
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was compared to that of aconitase inhibition.  The RSK inhibitor reproducibly impaired 

differentiation of erythroid progenitors, characterized by a decreased percentage of 

CD34
-
GPA

+
 cells (Figure 3.1A-B).  The degree of impairment was similar to that caused 

by FA treatment.  Importantly, a 50 µM dose of SL0101 did not affect viability (Figure 

3.1C).  Furthermore, RSK inhibition significantly reduced proliferation of erythroid 

progenitors (Figure 3.1D).   

 To validate these results, we turned to a more recently described, unrelated ATP-

competitive inhibitor of RSK, Bi-D1870.  This compound was reported to have an IC50 of 

5 nM and 10 nM against RSK1 and RSK2, respectively, in the presence of 10 µM ATP 

[210].  Initial titration experiments conducted to find a suitable dose of Bi-D1870 in 

CD34
+
 cultures indicated that the compound had a very narrow window of tolerance, 

with 0.1-3 µM having no noticeable effects and 10 µM causing severe cell death (not 

shown).  The effects of 5 µM Bi-D1870, a well-tolerated dose (Figure 3.2B) were 

compared with those of 50 µM FA in erythroid cultures.  In contrast with SL0101, Bi-

D1870-mediated RSK inhibition had no impact on erythroid differentiation (Figure 

3.2A).  Furthermore, 5 µM Bi-D1870 had a very minimal impact on erythroid 

proliferation over the course of five days (Figure 3.2C).  Thus Bi-D1870 did not 

recapitulate the effects of SL0101 and the role of RSK in erythropoiesis remained 

unclear. 
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Figure 3.2  Bi-D1870-mediated inhibition of RSK does not impair erythroid 

differentiation or proliferation.  (A) Maturation profiles of day 5 erythroid cultures 

treated with 5 M Bi-D1870 or 50 M FA.  (B) Viability of day 5 erythroid cultures 

treated with 5 M Bi-D1870 or 50 M FA.  (C) CD34
+
 cells were cultured as in panel A 

and daily cell counts were enumerated. 
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Figure 3.2  Bi-D1870-mediated inhibition of RSK does not impair erythroid 

differentiation or proliferation.   

 

 

 

GPA 

C
D

3
4

 

Bi-D1870 Control FA 
A 

B 

FSC 

S
S

C
 

Bi-D1870 Control FA 

C 



98 

 

Impact of RSK mutants on erythroid differentiation 

 To address the discordant results obtained with pharmacologic inhibition of RSK, 

overexpression experiments were carried to assess the role of RSK activity on erythroid 

differentiation.  CD34
+
 cells were nucleofected with expression plasmid for wild type  

RSK2 (RSK2 WT); a constitutively active mutant, RSK2 Y707A; or a dominant negative 

mutant, RSK2 K100A [211,212].  Differentiation was assessed by flow cytometry 72 

hours and 96 hours post transfection.  As shown in Figure 3.3, overexpression of mutant 

RSK2 did not affect erythroid differentiation.  However, it is possible that other 

homologues, such as RSK1, were able to compensate for absent RSK2.  

 

Transient knockdown of RSK1 or 2 does not diminish erythroid  maturation 

 A significant challenge in studying the potential role(s) for RSK during 

erythropoiesis is due to the fact that there are 4 highly related homologues, RSK1-4 

[184].  Mining of gene expression profile datasets derived from erythroid primary cells in 

the Gene Expression Omnibus repository revealed that RSK1 and RSK2 are the dominant 

isoforms expressed in erythroid progenitors.  The functional impact of knocking down 

either RSK isoform was assessed in CD34
+
 cultures using small interfering RNAs 

(siRNA), following the method of Keerthivasan and colleagues [213].  Up to 100 nM 

total siRNA dose transfected on two consecutive days was well tolerated by the primary 

cells.  Despite a ~ 50% knockdown in RSK1 and RSK2 protein levels (Figure 3.4), 

erythroid differentiation was unaffected by the knockdowns.  In the first experiment, 
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Figure 3.3  Enforced expression of RSK kinase domain mutants does not affect 

erythroid differentiation of primary progenitors.  (A) Erythroid differentiation of 

CD34
+
 cells 72 hours after nucleofection with wild type (WT), kinase dead (K100A), or 

constitutively active (Y707A) RSK2 constructs.  Numbers indicate the percentage of cells 

in each quadrant.  (B) Summary of three independent experiments conducted as in panel 

A.  Data is presented as mean ± SD.  (C) Representative flow cytometry plots showing 

viability and nucleofection efficiency based on GFP expression in RSK2 WT transfected 

cells.  Numbers indicate the percentage of cells in the gated region.  Nucleofection of 

RSK K100A and Y707A mutants did not affect viability or transfection efficiency (not 

shown). 
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Figure 3.3  Enforced expression of RSK kinase domain mutants does not affect 

erythroid differentiation of primary progenitors.   
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combined knockdown of RSK1 and RSK2 very modestly decreased the percentage of 

more mature CD34
-
GPA

+
 erythroid precursors (Figure 3.4).  However, subsequent 

experiments looking at the effect of knocking down either RSK1 or RSK2 yielded 

opposite results (Figure 3.4).  While it is possible that a more efficient knockdown of 

both isoforms, i.e., greater than 50%, could yield more definitive data, RSK do not appear 

to mediate the effects of aconitase inhibition on erythroid maturation.  While interesting, 

the decrease in phosphorylated RSK upon FA treatment may simply be a marker of 

deregulated ERK1/2 signaling. 
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Figure 3.4  Transient knockdown of RSK1 and RSK2 does not impair erythroid 

differentiation.  (A) Differentiation of erythroid progenitor cells transiently transfected 

with 50 nM siRNA against RSK1, RSK2 or both.  Differentiation was assessed 72 hours 

post-transfection by flow cytometry.  (B) Viability of erythroid progenitors transfected as 

in panel A after 72 hours.  (C) Effects of a non-targeting siRNA negative control on 

differentiation and viability after 72 hours.  (D) Whole cell lysates prepared at the 72 

hour timepoint where analyzed by immunoblot for RSK1 and RSK2 protein levels.  

Tubulin is shown as a loading control.  Lane 1: untransfected cells; lane 2: mock-

transfected cells; lane 3: non-targeting siRNA; lane 4: siRNA againts RSK1 (50 nM) and 

RSK2 (50 nM). 
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Figure 3.4  Transient knockdown of RSKs 1 and 2 does not impair erythroid 

differentiation.   
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Aconitase blockade impairs ERK-mediated activation of MNK 

  

 The defect in ERK-mediated RSK activation in FA-treated erythroid progenitors 

raised the question of whether other cytosolic ERK targets may also be impaired in their 

activation.  MAPK-interacting kinases (MNK) are ERK targets known to regulate the 

translational machinery, including eukaryotic initiation factor 4F, and mRNA binding 

proteins [214,215].  In FA-treated erythroid progenitors, ERK-dependent phosphorylation 

of MNK was decreased when compared to untreated cells, while total MNK1 protein 

levels were unchanged (Figure 3.5).  These data provide additional support that aconitase 

inhibition may specifically disrupt ERK signaling to cytosolic targets.  An inhibitor of 

MNK is now available and could be used in erythroid progenitor cultures to assess 

whether MNK is an important mediator of growth and differentiation during 

erythropoiesis [216]. 
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Figure 3.5  Aconitase inhibition prevents ERK-directed phosphorylation of MNK.  

MNK and ERK1/2 phosphorylation in response to brief EPO stimulation.  Cells from day 

4 erythroid cultures ± 50 µM FA and ± 10 µM U0126 were subjected to 3 hours of 

cytokine starvation followed by stimulation with 4.5 U/ml EPO for 10 minutes.  Tubulin 

is shown as a loading control. 
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Figure 3.5  Aconitase inhibition prevents ERK-directed phosphorylation of MNK.  
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MEK activation is not dynamically modulated by EPO 

 

Classically, Raf-MEK-ERK activation is dependent on growth factor stimulation.  Under 

cytokine starvation conditions, phosphorylated levels of Raf, MEK1/2, and ERK1/2 are 

minimal and often below threshold of detection by immunoblotting.  Growth factor 

binding to its cognate receptor causes a transient activation of the signaling cascade, 

which can be assessed by measuring levels of phosphorylated and total protein.  Primary 

human erythroid progenitors have detectable baseline levels of phosphorylation of 

MEK1/2, despite a 3 hour starvation period in serum-free medium (Figure 3.5, lanes 1 

and 7).  Surprisingly, stimulation of starved progenitors with EPO did not cause any 

significant increase in p-MEK1/2 levels, while p-ERK1/2 levels rose considerably 

(Figure 3.6, lanes 1 vs. 2-5; lanes 7 vs. 8-10).  This stands in contrast with ERK 

activation.  Phospho-ERK1/2 levels were undetectable at baseline and increased 

transiently with EPO stimulation (Figure 3.6).  This was a reproducible finding, observed 

in four independent experiments.  These results suggest that erythroid progenitors 

maintain a steady level of activated MEK1/2 and that dynamic regulation of the MAPK 

cascade may occur at the level of ERK1/2. 
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Figure 3.6  MEK activation is not dynamic in EPO stimulated erythroid 

progenitors.  Time course of MEK1/2 and ERK1/2 phosphorylation.  Cells from day 3 

erythroid cultures ± 50 µM FA were subjected to 3 hours of cytokine starvation followed 

by stimulation with 4.5 U/ml EPO for the indicated time periods.  Tubulin is shown as a 

loading control. 
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Figure 3.6  MEK activation is not dynamic in EPO stimulated erythroid 

progenitors. 
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Elk-1 activation is not dynamically modulated by EPO 

 

 Elk-1 is an Ets-domain containing transcription factor classically activated by 

ERK1/2.  Growth factor stimulation at the cell surface and signaling via the MAPK 

cascade results in nuclear translocation of activated ERK1/2 and phosphorylation of Elk-

1 [217].  In conjunction with other transcription factors, Elk-1 regulates the expression of 

many genes involved in proliferation, including c-fos, a key regulator of proliferation and 

differentiation [218].  Since aconitase blockade correlated with impaired ERK-mediated 

RSK phosphorylation, the activation of Elk-1 was investigated.  As shown in Figure 3.7, 

phosphorylated Elk-1 was present in cytokine-starved erythroid progenitors.  Addition of 

EPO did not cause immediate upregulation of p-Elk-1 levels, as published data suggested.  

These observations suggest that EPO-induced MAPK signaling is not a regulator of Elk-1 

activation.  The presence of the aconitase inhibitor did not affect baseline or EPO-

stimulated levels of p-Elk-1 in these cultures (Figure 3.7).   
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Figure 3.7  Elk-1 activation is not dynamic in EPO-stimulated erythroid 

progenitors.  Time course of Elk-1 and ERK1/2 phosphorylation.  Cells from day 3 

erythroid cultures ± 50 µM FA were subjected to 3 hours of cytokine starvation followed 

by stimulation with 4.5 U/ml EPO for the indicated time periods.  Tubulin is shown as a 

loading control. 
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Figure 3.7  Elk-1 activation is not dynamic in EPO-stimulated erythroid 

progenitors. 
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Deregulated ERK signaling is not caused by defects in dephosphorylation  

  

 ERK signaling is regulated in part by duration of stimulus as well as by 

inactivation of the kinase via dephosphorylation of the TEY loop.  Failure to inactive 

MAPK signaling can lead to developmental defects and progression of certain cancers 

[219].  Dually-phosphorylated ERK1/2 on T202 and Y204 can be inactivated in one of 

two ways.  Dual-specificity phosphatases (DUSPs) can simultaneously remove both 

phosphate marks [220].  Alternatively, protein tyrosine phosphatases (PTPs) and protein 

serine phosphatases (PSPs) dephosphorylate tyrosine and serine/threonine residues, 

respectively [221,222].  Since aconitase inhibition correlates with increased steady-state 

p-ERK1/2 levels, the possibility of defective dephosphorylation as a mechanistic cause 

for increased ERK activation was investigated.   

 

Increased MKP-3 levels under aconitase inhibition 

 Among the family of DUSPs, also called MAP Kinase Phosphatases (MKPs), 

DUSP6/MPKP-3 was of interest because it is an ERK1/2-specific cytosolic MKP, as 

opposed to MKP-1 and MKP-2, who act in the nucleus on ERK1/2, p38, and JNK 

[219,223].  MKP-3 expression can be regulated transcriptionally; this appear to be cell-

type specific.  MKP-3 is also regulated post-transcriptionally.  Phosphorylation of MKP-

3 in a MEK-ERK dependent fashion promotes its degradation by the proteasome [224].   
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Figure 3.8  Increased MKP-3 total protein in FA-treated erythroid progenitors.  

CD34
+
 progenitors were cultured in erythroid medium ± 50 µM FA for 2-4 days.  Protein 

levels of MKP-3, p-ERK1/2, and ERK1/2 were assessed by immunblotting of whole cell 

lysates.  Tubulin is shown as a loading control. 
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Figure 3.8  Increased MKP-3 total protein in FA-treated erythroid progenitors.   
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Total levels of MKP-3 were elevated in primary erythroid progenitors treated with FA 

(Figure 3.8).  This increase was observed in several independent experiments and 

correlated each time with increased p-ERK1/2.  While the levels of phosphorylated 

MKP-3 were not assessed due to lack of commercially available antibodies, the increase 

in total MKP-3 levels suggest that this phosphatase is not actively being degraded despite 

increased ERK1/2 activity. 

 

PP2A does not mediate the effects of FA in erythroid progenitors 

 PP2A is an essential regulator of Raf-MEK-ERK signaling, with the ability to 

dephosphorylate all three kinases in this pathway [225-227].  PP2A is composed of three 

subunits, including a catalytic subunit, PP2Ac, whose activity can be regulated by 

methylation [228,229].  A small body of published data suggests that metabolic 

intermediates such as citrate can promote methylation of PP2Ac, a modification that 

inhibits PP2A activity and thus could conceivably maintain ERK1/2 in an activated state 

[229,230].  Since FA-mediated aconitase blockade causes an increase in citrate, 

inactivation of PP2Ac via citrate-induced methylation constituted an appealing 

mechanism.  The methylation status of PP2Ac was evaluated in primary erythroid 

progenitors by immunoblotting.  Chronic FA treatment did not affect the levels of 

methylated and demethylated PP2A (Figure 3.9). 

 As an alternative approach, the impact of pharmacological modulators of PP2A 

where compared to those of FA.  1,9-Dideoxy Forsoklin (DDF) is a potent activator of 

PP2A that does not activate adenylate cyclase, unlike its close relative forskolin  
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Figure 3.9  Aconitase blockade does not affect methylation of PP2A catalytic 

subunit.  CD34
+
 progenitors were cultured in erythroid medium ± 50 µM FA for 2-4 

days.  Protein levels of methylated PP2Ac (me-PP2Ac) and demethylated PP2Ac (deme-

PP2Ac) were assessed by immunblotting of whole cell lysates.  Tubulin is shown as a 

loading control. 
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Figure 3.9  Aconitase blockade does not affect methylation of PP2A catalytic 

subunit.   
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[231,232].  Inhibition of PP2A activity can be achieved with low-dose okadaic acid (OA), 

a natural product isolated from shellfish [233].  Treatment of erythroid progenitor 

cultures with DDF or OA did not affect erythroid proliferation in a statistically significant 

manner, although there was a trend toward diminished proliferation with addition of OA 

(Figure 3.10A-B).  Similarly, the PP2A modulators had no impact on the differentiation 

of erythroid progenitors.  DDF and OA-treated cells were able to differentiate as well as 

untreated cells, as assessed by the percentage of cells expressing GPA on their surface 

(78%, 72% and 77%, respectively) (Figure 3.10C).  As previously described, FA-treated 

cells had diminished GPA expression (58%).  Neither DDF nor OA had adverse effects 

on cellular viability (Figure 3.10D).  Thus, defective PP2A activity is unlikely to be the 

cause of the increase in ERK signaling observed in erythroid progenitors under chronic 

FA blockade.  
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Figure 3.10  Pharmacological modulation of PP2A catalytic domain activity does not 

affect erythroid proliferation, differentiation, or viability.  (A) Proliferation of CD34
+
 

cells cultured in erythroid medium ± 50 µM FA or ± 10 µM DDF.  DDF, 1,9-Dideoxy 

Forskolin.  
*
 P < 0.05 when comparing control and treated cells on day 5 of culture; n = 

3.  (B) Proliferation of CD34
+
 cells cultured in erythroid medium ± 50 µM FA or ± 10 

nM OA.  OA, Okadaic Acid.  
*
 P < 0.05 when comparing control and treated cells on day 

5 of culture; n = 3.  (C) Differentiation profiles of erythroid progenitors treated for 5 days 

with ± 50 µM FA, ± 10 µM DDF or 10 nM OA assessed by flow cytometry using GPA 

and CD34.  (D) Viability of erythroid progenitors treated for 5 days with 50 µM FA, 10 

µM DDF, or 10 nM OA. 
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Figure 3.10  Pharmacological modulation of PP2A catalytic domain activity does not 

affect erythroid proliferation, differentiation, or viability.   
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Aconitase inhibition correlates with increased ERK1/2 in an insoluble cellular 

compartment 

 

 Signaling studies in primary erythroid progenitors revealed that aconitase 

blockade impairs the activation of RSK, a cytosolic ERK1/2 target, but not that of Elk-1, 

a nuclear ERK1/2 target (Figures 2.7 and 3.6).  These observations prompted the study of 

the subcellular distribution of total and phosphorylated ERK1/2.  Erythroid progenitors 

were cultured for three days ± 50 µM FA.  The MEK inhibitor U0126 was added 30 

minute prior to harvesting the cells.  Cells were then fractionated into cytosolic, nuclear, 

and insoluble materials and analyzed by immunoblotting (Figure 3.10A).  Purity of each 

fraction was assessed using superoxide dismutase 2 (SOD2), a mitochondrial protein, 

lactate dehydrogenase (LDH), a cytosolic protein, poly (ADP-ribose) polymerase 

(PARP), a nuclear DNA repair protein, and histone H3, a chromatin-associated protein.  

The majority of p-ERK1/2 and total ERK1/2 were found in the cytosol (Figure 3.11A, 

lanes 1-4).  As expected, addition of U0126 reduced cytosolic p-ERK1/2 levels below the 

threshold of detection.  Surprisingly, a significant amount of ERK1/2 was observed in the 

insoluble fraction with FA treatment (Figure 3.11A, lanes 9 vs. 11).  This was unaffected 

by U0126 (Figure 3.11A, lanes 10 vs. 12).  This insoluble fraction, characterized by the 

chromatin-associated protein histone H3, is likely to contain cytoskeletal components, 

histones, and large protein-associated complexes.  These data suggest that ERK1/2 may 

participate in an insoluble complex (Figure 3.11A, lanes 9-10 vs. 11-12). 
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 These findings were confirmed in a separate experiment (Figure 3.11B).  A 

portion of ERK1/2 co-fractionated with histone H3 upon FA treatment, regardless of 

U0126 (Figure 3.11B, lanes 8, 10 vs. 9, 12).  Subcellular localization of phosphorylated 

and total Elk-1 were investigated as well, since acute EPO stimulation failed to 

dynamically regulate Elk-1 activation.  Surprisingly, the majority of p-Elk-1 was located 

in the cytosol (Figure 3.11B, lanes 1-2, 5-6).  Total Elk-1 was fairly evenly distributed 

between the cytosol and the nucleus (Figure 3.11B).  U1026 treatment abrogated ERK1/2 

activation but did not affect Elk-1 activation, thereby indicating that other protein kinases 

can phosphorylate Elk-1 (Figure 3.11B, lanes 1-4, 5-8).   
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Figure 3.11  Increased levels of ERK1/2 in the insoluble compartment of 

fractionated FA-treated erythroid progenitors.  (A) CD34
+
 cells were cultured for 3 

days in erythroid medium ± 50 µM FA.  10 µM U0126 was added where indicated 30 

minutes prior to harvest.  The harvested cells were fractionated and each fraction was 

analyzed by immunoblot.  SOD2, PARP, and histone H3 are loading controls for the 

cytosolic, nuclear, and insoluble fractions, respectively.  NT, untreated; U, U0126.  (B) 

Subcellular localization of activated and total ERK1/2 and Elk-1.  Cells treated as in 

panel A were fractionated and analyzed by immunoblot.  LDH, lactate dehydrogenase; 

SOD2, superoxide dismutase 2; PARP, poly (ADP-ribose) polymerase. 
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Figure 3.11  Increased levels of ERK1/2 in the insoluble compartment of 

fractionated FA-treated erythroid progenitors. 
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EPO does not promote ERK2 dimer formation 

 

 Despite the fact that FA did not modulate the formation of ERK2 dimers in 

HEK293T acutely stimulated with EGF (Figure 2.10), the status of ERK2 dimer 

formation in erythroid progenitor cells under acute EPO stimulation was investigated.  

Progenitors were cultured in erythroid medium ± 50 µM FA for three days and starved of 

cytokines for 3 hours prior to EPO stimulation.  As shown in Figure 3.12, ERK2 was 

found to exist exclusively in dimer form in CD34
+
 cells starved of cytokines.  This is in 

contrast to EGF-starved HEK293T cells, where only monomeric ERK2 was detected 

(Figure 3.12, lanes 1 vs. 3).  Neither EPO nor FA had any impact on ERK2 dimers.  

Thus, in erythroid progenitors, ERK2 exists exclusively in dimeric form and regulation of 

dimer assembly does not appear to be a relevant mechanism to control ERK signaling, as 

it is the case in HEK293T [188]. 
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Figure 3.12  ERK2 dimers are constitutively assembled in CD34
+
 erythroid 

progenitors in the absence of EPO.  Detection of ERK2 dimer formation upon EPO 

stimulation by native gel electrophoresis followed by immunoblotting.  HEK293T cells 

were cytokine-starved overnight and stimulated with 100 ng/ml EGF for 5 minutes prior 

to harvest.  CD34
+
 cells were cultured for 72 hours in erythroid medium ± 50 µM FA, 

starved of cytokines for 3 hours, and stimulated with 4.5 U/ml EPO for 10 minutes prior 

to harvest. 
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Figure 3.12  ERK2 dimers are constitutively assembled in CD34
+
 erythroid 

progenitors in the absence of EPO.   
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A role for ERK1 in mediating the effects of FA in vivo 

  

 Signaling and biochemistry studies have connected ERK1/2 signaling to aconitase 

function.  ERK1/2 signaling to some downstream targets is perturbed when aconitase is 

inhibited by FA (Figure 2.7).  To independently study a function for ERK during 

erythropoiesis under aconitase blockade, C57Bl/6mice bearing a germline deletion of 

ERK1 (ERK1 -/- mice) were obtained [234].  ERK1 -/- mice were of interest because 

they have been recently shown to have elevated RBC parameters at baseline and to 

respond better to acute anemic stress [68].  Interestingly, only splenic erythropoiesis was 

altered in these animals, which led the authors to conclude that ERK1 plays a negative 

role during steady state splenic erythropoiesis.  ERK1 -/- animals are viable, fertile, and 

histologically normal, but have defects in thymocyte maturation [235].  This is in stark 

contrast with ERK2 -/- animals, who die in utero at embryonic day E8.5-E11.5 due to 

defects in placental development [69,236].    

 Adult ERK1 -/- mice and wild-type aged-matched mice received a four week 

infusion of 2 mg/kg/day FA and their response to aconitase blockade was compared.  As 

shown in Figure 3.13A, ERK1 -/- mice baseline RBC count was not different from that of 

WT mice.  Furthermore, both the hematocrit and the MCV of ERK1 -/- mice were lower 

than those of WT mice in a statistically significant manner (Figure 3.13B-C).  These 

observations are in contrast to those of Guihard et al., who reported elevated RBC count, 

hematocrit, hemoglobin, and MCV in ERK1 -/- mice [68]. 
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Figure 3.13  The red cell compartment of ERK1 -/- mice is partially resistant to the 

effects of FA.  (A) RBC, (B) Hematocrit, (C) MCV, and (D) reticulocyte counts of 

ERK1 -/- and aged-matched WT mice treated with 2 mg/kg/FA by continuous infusion 

for 28 days.  Data is presented as mean ± SD; n = 8 per group; 
*
 P < 0.05; 

†
 P <0.01; 

‡
 P 

< 0.001. 
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Figure 3.13  The red cell compartment of ERK1 -/- mice is partially resistant to the 

effects of FA.   
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Table 3.1  Baseline platelet and white blood cell counts of WT and ERK1 -/- mice.  

Data are presented as mean ± SD. 

 WT 

(n = 8) 

ERK1 -/- 

(n = 8) 

P value 

Platelets (k/ul) 794 ± 125  819 ± 113 0.69 

Neutrophils (k/ul) 0.88 ± 0.29 0.95 ± 0.33 0.65 

Lymphocytes (k/ul) 6.55 ± 1.82 8.30 ± 1.90 0.08 

 

 

Table 3.2   Platelet and white blood cell count of WT and ERK1 -/- mice treated for 

four weeks with 2 mg/kg/day FA.  Data are presented as mean ± SD. 

 WT 

(n = 8) 

ERK1 -/- 

(n = 8) 

P value 

Platelets (k/ul) 960 ± 104 916 ± 82.4 0.36 

Neutrophils (k/ul) 0.73 ± 0.36 0.82 ± 0.45 0.66 

Lymphocytes (k/ul) 4.26 ± 1.67 3.31 ± 1.21 0.21 
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There were no differences in platelet, neutrophil, and lymphocyte counts at baseline 

(Table 3.1).  After 4 weeks of FA treatment (2 mg/kg/day), the RBC counts of ERK1 -/- 

mice were modestly but significantly higher than those of WT mice (Figure 3.12A).  The 

hematocrit trended higher as well, but the data was not statistically significant (Figure 

3.13B).  The MCV of ERK1 -/- animals increased over time as is seen in WT mice, but 

remained smaller at all time points (Figure 3.13C).  Reticulocyte counts were similar in 

both cohorts (Figure 3.13D).  As is the case with WT mice, chronic FA infusion had no 

effect on platelet, neutrophils, and lymphocyte counts (Table 3.2). 

 Analysis of the bone marrow erythroid compartment at endpoint revealed small 

but significant differences between the two groups.  Standard analysis using Ter119 and 

CD71 to resolve erythroid progenitors into 4 distinct subpopulations (R1-R4) did not 

show any differences between WT and ERK1 -/- progenitors (Figure 3.14A-B).  This is 

consistent with the findings of Guihard and colleagues [68].  However, analysis of the 

Ter119
+
 compartment using CD44 and FSC revealed a decrease in the absolute number 

of progenitors in the R5 subpopulation (Figure 3.14C-D).  R1 cells are considered the 

least mature, and R5 progenitors the most mature [175].  Thus ERK1 -/- status affects the 

impact of aconitase inhibition on the maturation profiles of erythroid progenitors in the 

bone marrow. 

 

 

 



134 

 

Figure 3.14  Effect of aconitase inhibition on the bone marrow erythroid 

compartment of WT and ERK1 -/- mice.  (A) Representative flow cytometry plots of 

marrow cells stained with CD71 and Ter119 are shown.  Boxes indicate erythroid 

developmental stages R1-R4, from top left (R1) to bottom right (R4).  (B) Summary of 

data from panel A displayed as absolute cell numbers per femur in regions R1-R4.  Data 

is presented as mean ± SD; n = 4 per group.  (C) Representative flow cytometry plots of 

marrow cells stained with Ter119 and CD44.  Subpopulations I-V are indicated.  

Numbers represent the percent cell present in each subpopulation.  (D) Summary of data 

from panel C displayed as absolute cell numbers per femur in subpopulations I-V.  Data 

is presented as mean ± SD; n=4 per group; 
*
 P < 0.05.  
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Figure 3.14  Effect of aconitase inhibition on the bone marrow erythroid 

compartment of WT and ERK1 -/- mice.   
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Isocitrate does not rescue erythropoietic defects due to FA 

 

 Isocitrate, the metabolic product of the forward reaction catalyzed by aconitase, 

was shown to rescue erythroid defects caused by iron restriction in primary progenitors 

[87].  Since FA inhibits the active site of aconitase and prevents isocitrate synthesis, the 

ability of isocitrate to rescue FA-induced decreases in proliferation and differentiation 

was investigated.  Erythroid cultures were treated with 50 µM FA ± 20 mM isocitrate, a 

dose shown to rescue differentiation [87].  As shown in Figure 3.15A, isocitrate did not 

increase the percentage of GPA
+
CD34

-
 cells.  Furthermore, isocitrate had no effect of the 

levels of p-ERK1/2 and p-RSK observed with FA (Figure 3.15B).  

 The ability of isocitrate to modulate the anemia caused by FA infusion in vivo 

was also investigated.  In a mouse model of dietary iron deficiency, intraperitoneal 

injections of 200 mg/kg isocitrate halted the progression of the anemia [87].  Mice were 

started on a 2 mg/kg/day FA infusion two weeks prior to receiving IP injections of 

isocitrate (200 mg/kg/day) or vehicle (0.9% saline) for five consecutive days.  The 

animals were bled prior to the first isocitrate injection, to assess the degree of FA-induced 

anemia, and again twenty four hours after the last isocitrate injection, to assess any 

potential correction in the RBC count.  Isocitrate had no effect on the course of the RBC 

and reticulocyte counts when compared to vehicle (Figure 3.16A-B).  The small upward 

shift in RBC numbers in both groups (Figure 3.16A) can be attributed to the onset of a 

modest reticulocyte response (Figure 3.16B).  Thus, unlike in iron deficiency, isocitrate is 

unable to rescue FA-mediated erythroid defects in vitro and in vivo. 



137 

 

Figure 3.15  Exogenous isocitrate does not reverse FA-mediated differentiation and 

signaling defect in primary erythroid cultures.  (A) Differentiation of progenitors from 

day 5 erythroid cultures ± 50 µM FA, ± 20 mM isocitrate (IC).  Surface expression of 

CD34 and GPA was assessed by flow cytometry on live cells; numbers indicate 

percentages of cells in each quadrant.  (B) Induction of ERK1/2 and RSK 

phosphorylation by EPO.  Cells from day 3 erythroid cultures ± 50 µM FA ± 20 mM 

isocitrate were subjected to 3 hours of cytokine starvation followed by stimulation with 

4.5 U/ml EPO for ten minutes.   
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Figure 3.15  Exogenous isocitrate does not reverse FA-mediated differentiation and 

signaling defect in primary erythroid cultures.   
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Figure 3.16  Isocitrate does not correct FA-induced anemia in wild type mice.  

Evolution of the (A) RBC counts and (B) reticulocyte counts of wild type C57Bl/6 mice 

who received a 2 mg/kg/day FA infusion and 5 consecutive IP injections of 200 mg/kg 

isocitrate or 0.9% saline on days 15-19.  Data is presented as mean ± SD; n = 8 per group. 
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Figure 3.16  Isocitrate does not correct FA-induced anemia in wild type mice.   
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Materials and Methods 

 

Cell culture and reagents 

 

Peripheral blood mobilized, purified human CD34
+
 cells were obtained from the 

Hematopoietic Cell Processing Core at the Fred Hutchinson Cancer Center (Seattle, WA) 

[87].  After 72 hours in multi-lineage serum-free medium (prestimulation medium), the 

cells were seeded in serum-free erythroid differentiation medium as described in Chapter 

2.  SL0101 was purchased from Tocris (Ellisville, MO); Bi-D1870 from the Cohen Lab at 

the University of Dundee (Scotland, United Kingdom); isocitrate from Sigma; okadaic 

acid from Roche (Indianapolis, IN); 1,9-dideoxy forskolin from Biomol-Enzo Life 

Sciences (Farmingdale, NY).  

 

Plasmids  

 

pKH3 RSK2, pKH3 RSK2 K100A and pKH3 RSK2 Y707A were obtained from Dr. 

Deborah Lannigan (University of Virginia, Charlottesville, VA).  pEYFP was from  

Clontech (Mountain View, CA), pcDNA3.1(+) from Invitrogen (Carlsbad, CA). 

 

Nucleofection 
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CD34
+
 cells cultured in prestimulation medium for 48 hours were transfected using the 

Amaxa nucleofection technology (Lonza, Walkersville, MD).  Briefly, 1 to 1.8 × 10
6
 cells 

resuspended in 100 μL of nucleofection solution provided in the Amaxa human CD34 

cell nucleofector kit were combined with 4 μg total DNA, transferred to the provided 

cuvettes, and electroporated using program U-08.  The DNA consisted of 3 μg of each 

expression construct and 1 μg of the pEYFP-C1 marker plasmid (Clontech, San Diego, 

CA).  The pcDNA3.1(+) plasmid was used as an empty vector control.  Immediately after 

electroporation, cells were transferred to 3 mL of prewarmed erythroid differentiation 

medium in a six-well plate followed by culturing for the indicated durations. 

 

siRNA knockdowns 

 

Knockdown of RSK1 and RSK2 in primary erythroid cells employed ON-TARGETplus 

small interfering RNA (siRNA) SMARTpool against either human RSK1 (L-003025-00) 

or human RSK2 (L-003026-00) purchased from Thermo Scientific Dharmacon 

(Lafayette, CO).  A non-targeting siRNA was used as a control (D-001810-10).  0.8 x 10
5
 

CD34
+
 cells were maintained in erythroid medium for 24 hours prior to transfection with 

up to 100 nM siRNA using TransIT-TKO reagent (Mirus Bio LLC, Madison, WI), 

according to the manufacturer’s instructions (day 1).  Cells underwent a second round of 

transfection the following day (day 2) and were allowed to differentiate in erythroid 

medium for an additional 48 hours (day 4).   
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Flow Cytometry 

Cells were analyzed as described in Chapter 2. 

 

Immunoblot 

 

Immunblot analysis was performed as described in Chapter 2.  Antibodies against Elk-1, 

p-Ser388-Elk-1, PARP, and SOD2 were from Santa Cruz Biotechnologies.  Anti-LDH 

was from Cell Signaling Technologies, anti-pSer228/231-MEK1/2 from Epitomics, and 

anti-histone H3 from Abcam (Cambridge, MA) 

 

Subcellular fractionation 

 

Untreated and 50 µM FA-treated day 3 erythroid cultures were harvested and fractionated 

using the NE-PER Nuclear and Cytosolic Extraction Kit according to the manufacturer's 

instructions (Thermo Scientific, Waltham, MA).  Cultures were also treated with 10 µM 

U0126 prior to harvest as indicated.  Extracted materials were resolved by SDS-PAGE 

electrophoresis and analyzed by immunoblotting. 

 

Mice 

 

ERK1 -/- mice were kindly provided by Dr. Gary Landreth (Case Western Reserve 

University, Cleveland, OH).  Aged-matched wild type mice were purchased from Jackson 
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Laboratories (Bar Harbor, ME).  For continuous in vivo infusions, a sodium fluoroacetate 

(FA) solution prepared in 0.9% saline was delivered subcutaneously using Alzet osmotic 

pumps model 1004 (Durect) as described in Chapter 2.  For isocitrate rescue experiment, 

adult female C57Bl/6 mice were placed on a continuous FA infusion (2 mg/kg/day) and 

onset of anemia was monitor by retro-orbital eye bleeds.  Isocitrate was dissolved in 0.9% 

saline to make a 200 mg/kg solution as previously described [87] and filtered through a 

0.2 µm filter.  Isocitrate and 0.9% saline vehicle solutions were administered by 

intraperitoneal injections using 27 gauge tuberculin syringes (BD Biosciences).   
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General Discussion 
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4.1   Aconitase activity regulates erythropoiesis 

 

 4.1.1  Inhibition of aconitase leads to decreased red cell production 

 

 The central aim of this project was to investigate a role for aconitase during 

erythropoiesis.  The data presented herein strongly show that aconitase activity modulates 

the production of red blood cells.  This previously unappreciated function of aconitase is 

not secondary to global metabolic dysfunction but rather due to discrete effects on EPO-

driven signaling events.  Pharmacologic inhibition of aconitase activity impairs erythroid 

proliferation and maturation in vitro (Figure 2.7), and causes a dose-dependent 

normochromic, normocytic anemia in mice (Tables 2.1 and 2.2).  In FA-treated mice, the 

reticulocyte count was decreased while EPO levels were elevated (Figure 2.2).  The 

percentage of circulating reticulocytes is a direct indication of the rate of erythropoietic 

activity in the marrow [23].  Thus a low reticulocyte count suggests that the marrow was 

unable to ramp up erythroid production in FA-infused mice despite increased EPO 

stimulation.  Analysis of the marrow erythroid compartment showed no absolute block in 

differentiation but instead an accumulation of cells at an intermediate stage of 

differentiation characterized by CD71
intermediate

Ter119
bright 

staining intensities (Figures 2.2 

and 2.11).  A possible interpretation is that cells are slowed in their transit from a 

CD71
intermediate

Ter119
bright

 phenotype to a more mature CD71
dim

Ter119
bright

 phenotype, 

thereby resulting in less circulating red cells and anemia, as reflected in the CBC.  The 

marrow Ter119
+
 erythroid progenitors was independently analyzed using a new scheme 
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that employs the cell surface marker CD44 and FSC to tease out five subpopulations of 

erythroid progenitors, with CD44
-
FSC

low
 being the most differentiated of the five 

subgroups [175].  Marrows of FA-treated mice had significantly more cells per femur in 

the CD44
-
FSC

Low 
compartment (subpopulation V) (Figure 2.3D).  This alternative 

approach to CD71 and Ter119 analysis has been touted as better able to resolve erythroid 

progenitors at distinct differentiation stages.  While CD44 expression levels are distinct 

in the five subpopulations, there is overlap in CD71 expression levels, making it a less 

useful marker [175].  Furthermore, CD71 expression may be regulated by cellular iron 

levels via the IRP system, regardless of the differentiation stage of the erythroid 

progenitor [123].  Similarly, STAT5a/b can regulate mRNA levels of TfR1 [237].  It is 

difficult to evaluate whether the CD71
intermediate

Ter119
bright

 R3 population that is increased 

in FA-treated marrows corresponds to the CD44
-
FSC

Low
 subpopulation.  Nevertheless, 

our data underscores the importance of conducting multiparametric FACS analysis when 

assessing erythroid maturation. 

 The notion of a generalized slowing of differentiation is further supported by in 

vitro data.  FA-treatment of primary erythroid progenitors resulted in a significant 

proportion of cells expressing both CD34 and GPA, two markers thought to be mutually 

exclusive (Figure 2.5E-F).  Cell cycle data showed partial accumulation of cells in G0/G1 

with FA treatment, but no discrete cell cycle arrest (Figure 2.8B-C).  It is tempting to 

speculate that a slow-down of the cell cycle causes the cells to proliferate and 

differentiate at a slower pace, resulting in aberrant co-expression of CD34 and GPA on 

the cell surface.  In vivo, this may translate into cells spending more time at the 
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CD71
intermediate

Ter119
bright

 stage; a stage through which cells normally transit very rapidly.  

In support of this idea, studies investigating the consequences of chelator-mediated iron 

depletion in primary erythroid cells suggest that the decreased proliferation in iron 

deficiency is due to slowing of the cell cycle.  Specifically, cells cultured in the presence 

of the iron chelator deferoxamine underwent three to four fewer rounds of cell division 

and were less like to be in S phase [238].  Another possibility is that aconitase inhibition 

regulates the lifespan of red blood cells, and that the anemia seen in vivo with FA 

infusion is due to increased turnover.  In vitro characterization of the effects of FA 

revealed no increase in cell death or evidence of caspase-3 cleavage (Figure 2.5C), 

arguing against this mechanism.  This could be tested in mock-treated and FA-treated 

mice by measuring red cell lifespan using a biotin-based approach [239]. 

  

 4.1.2  The erythroid lineage is highly sensitive to changes in aconitase activity 

 

 An important finding of this study is that erythroid progenitors are exquisitely 

sensitive to a modest amount of aconitase inhibition.  The dose of FA that robustly 

inhibited in vitro erythroid proliferation and differentiation, 50 µM, did not cause a drop 

in cellular ATP levels or activation of the energy sensor AMPK (Figure 2.6A-B).  It is 

possible that progenitor cells compensated for decreased ATP synthesis via oxidative 

phosphorylation by upregulating glycolytic activity.  This erythroid-specific sensitivity 

was confirmed in mice treated with a 4 mg/kg/day FA infusion, a dose that had a 

profound effect on red cell parameters, but inconsistent effects on white blood cell (Table 
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2.1).  A low 2 mg/kg/day dose was also found to be effective, with no discernable impact 

on platelet, neutrophil, and lymphocyte counts (Table 2.2).  Collectively, these data argue 

that erythroid progenitors depend on a high threshold of aconitase activity and that partial 

inhibition of aconitase may target the erythroid compartment exclusively, an important 

consideration in thinking about potential therapeutic applications of this approach.  In 

support of this notion, the murine erythroid G1-ER cell line arrested at the 

proerythroblast stage was also very sensitive to FA, with 10 µM causing an increase in p-

ERK1/2 levels (not shown) .  This was not the case in non-erythroid cells lines.  In 

HEK293T cells, a 500 µM FA dose was necessary to significantly impair their 

proliferation (not shown), and the murine pro-B lymphocyte cell lines Ba/F3 EPOR and 

EPOR JAK2V617F were extremely resistant to the antiproliferative effects of FA (Figure 

2.12A-B).   

 

 4.1.3  Iron deficiency and FA blockade of aconitase  

 

 We have previously reported on the impact of iron deficiency-mediated aconitase 

inactivation [87].  Similar to FA treatment, iron-restricted erythroid progenitor cultures 

were impaired in their proliferation and differentiation, two hallmarks of defective 

erythropoiesis.  Iron restriction was associated with cell death, which was not seen with 

FA (Figure 2.5B).  We did not observe cell cycle defects in erythroid progenitors cultured 

in low iron, but in one study, deferoxamine treatment reduced the percentage of erythroid 

progenitors in S phase [87,238].  Thus iron deficiency may have similar effects than FA 
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on cell cycle kinetics, i.e. partial accumulation of cells in G0/G1 (Figure 2.8B-C).  Iron 

restriction in vivo caused a hypochromic, microcytic anemia, while FA blockade resulted 

in a normochromic, normocytic anemia (Table 2.1).  Thus, the effects of iron deficiency 

and FA are not identical.  This could be explained by the fact that iron restriction affects a 

large number of cellular processes while FA is specific for aconitase. 

 Isocitrate was shown to rescue erythroid differentiation in vivo and to correct 

anemia in a mouse model of dietary iron deficiency [87].  It seemed plausible that 

isocitrate could also reverse the effects of FA, either by bypassing the need for aconitase 

or by competing with FA for binding to the aconitase active site.  Exogenous isocitrate 

failed to rescue FA-induced defects in maturation when used at a dose proven to restore 

maturation under low iron conditions (Figure 2.3.13).  Similarly, intraperitoneal 

injections of 200 mg/kg/day isocitrate for five consecutive days in mice with documented 

reduction in red cell count due to ongoing FA treatment had no effect on red cell 

parameters (Figure 3.14).  These data further argue that inactivation of aconitase by low 

iron and FA is not equivalent.  Additionally, the failure of isocitrate to correct FA-

induced anemia supports the notion that isocitrate functions in a non-metabolic way in 

IDA [87].  If that were the case, flooding of the cells with excess isocitrate should have 

corrected the FA-induced differentiation defect, at least partially.  A recent body of 

literature supports non-traditional functions for metabolic intermediates.  Wellen and 

colleagues have shown that acetyl CoA generated from citrate by ATP citrate lyase 

functions to regulate histone acetylation in response to growth factor stimulation [240].  

In glioblastomas, gain of function mutations in isocitrate dehydrogenase 1 (IDH1) enable 
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the enzyme to convert α-ketoglutarate to 2-hydroxyglutarate (2-HG), a metabolite known 

to be elevated in gliomas [241].  2-HG was previously shown to accumulate in the central 

nervous system of patients with 2-hydroxyglutarate dehydrogenase deficiency; these 

patients are at an increased risk for brain tumors [242,243].  These new roles of acetyl 

CoA and 2-HG provide a link between metabolic status and differentiation and 

tumorigenesis, respectively.  It is thus reasonable to conceive of isocitrate as a potential 

second messenger and of aconitase functioning as a nexus between metabolic status and 

differentiation signals during erythropoesis. 

 

4.2  A role for ERK signaling during erythropoiesis 

 

 4.2.1  Inhibition of ERK activation impairs erythropoiesis in vitro 

 

 Published data posit both positive and negative roles for ERK signaling during 

erythroid development.  Our studies argue that the outcome of ERK activation is not all 

positive or all negative, but rather the result of the integration of multiple activating and 

inhibitory signals.  Initial observations suggested that ERK signaling had a positive effect 

on erythropoiesis.  Chronic aconitase inhibition correlated with increased ERK1/2 

phosphorylation without concomitant increase in RSK1 phosphorylation on a ERK1/2 

target residue, threonine 573 [208,244] (Figure 2.7A).  Docking of ERK1/2 onto the C-

terminus of RSK1 and phosphorylation at T573 are believed to be the first steps leading 

to full activation of RSK1 [245].  When ERK signaling was induced with short term EPO 
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stimulation after prolonged cytokine starvation, p-ERK1/2 levels in FA-treated cultures 

were similar to those in untreated cultures (Figure 2.7B-D).  Again, aconitase inhibition 

correlated with severely decreased RSK1 activation (Figure 2.7B-D).  Thus, aconitase 

inhibition specifically impairs ERK-mediated RSK activation under both chronic and 

acute EPO stimulus.  The consequences of diminished RSK activation are discussed 

below (see Section 4.2.2.1).  The increase in p-ERK1/2 levels seen with long term EPO 

and FA treatment, but not with short term EPO stimulation, may reflect a delayed 

compensatory mechanism in FA-treated cells whereby ERK1/2 activity is enhanced in an 

attempt to restore signaling downstream. 

 Inhibition of ERK activation by the MEK inhibitor U0126 reduced proliferation 

and differentiation of primary erythroid progenitors (Figure 2.8), also arguing for a 

positive role of ERK signaling during erythropoiesis.  These data are in line with several 

previous studies.  MEK inhibition was shown to inhibit formation of CFU-e colonies 

from wild type bone marrow extracts plated on semi-solid medium [66].  The negative 

effects caused by enforced ERK signaling secondary to constitutive Ras activation can be 

dampened by U0126 treatment, specifically restoring erythroid differentiation [46].  In 

erythroleukemic cells, expression of a constitutively active form of MEK1 inhibited γ-

globin expression, but U0126 treatment reactivated gene expression and promoted 

synthesis of hemoglobin F [246].  In our studies, the negative effects of MEK inhibition 

on erythropoiesis paralleled those of FA, providing correlative evidence for a connection 

between aconitase inhibition and ERK signaling (Figure 2.8).  
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 A recently published study suggested that ERK1 is a negative regulator of 

erythropoiesis during stress erythropoiesis [68].  ERK1 -/- mice were treated with FA to 

assess the role of this ERK isoform in the response to aconitase blockade.  We observed 

no differences between baseline red cell parameters of WT and ERK1 -/- mice, except for 

a statistically significant decrease in hematocrit and MCV (Figure 3.12).   Since the 

hematocrit parameter takes into account the number and volume of the red cells, the low 

MCV, rather than low red cell number, explained the lower hematocrit.  These results 

differ from those reported by Guihard et al., who observed elevated RBC, hemoglobin, 

hematocrit, and MCV in their ERK1 -/- cohort at baseline [68].  It is possible that the 

smaller number of mice used in this study, 8 mice per group instead of 20, precluded us 

from measuring statistically significant differences.  However this in unlikely to be the 

case since our study was adequately powered to detect differences in hematocrit and 

MCV.  The ages of the animals may explain some the discrepancies observed on CBC at 

baseline.  The study of Guihard et al. employed mice ranging in age from 2-4 months, 

while our cohort was 3 month-old at the start of the month-long experiment.  Younger 

mice, i.e. 2-month old, may rely more heavily on ERK1 signaling.  Sex-specific 

differences could also account for discrepancies on CBC.  Our cohort was all female; the 

sex ratio of that of Guihard et al. is unknown.  Lastly, differences in the approach chosen 

to generate the ERK1 -/- animals may explain the differences in baseline CBCs.  The 

mice used in this study have a targeted deletion of exons 1-6 of the ERK1 gene, 

eliminating expression of kinase subdomains I-X [234,247].  The study of Guihard and 

colleagues employed mice where exon 3 of the ERK1 gene was disrupted, such that 
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truncated form of ERK1 protein containing exons 1 and 2 may still be expressed and 

retain function [235].  After a four week course of FA, ERK1 -/- mice had a slightly 

higher RBC count than the WT cohort, a statistically significant difference (Figure 

3.12A).  The hematocrit trended higher, but this was not significant, as was the case for 

the reticulocyte count (Figure 3.12B and C).  These data suggest that ERK1 -/- mice were 

partially resistant to the negative effects of FA on red blood cells.   

 Thus, we obtained data supporting both positive and negative roles of ERK 

signaling during erythroid development.  While seemingly contradictory, these findings 

suggest to us that downstream effectors of ERK signaling have pro-differentiation and 

anti-differentiation effects, and that the balance between these signals dictates outcome.  

Aconitase participates in the maintenance of this balance, the mechanism for which is not 

yet clear, and aconitase inhibition tips the balance in favor of diminished growth and 

maturation.  Interestingly, U0126 treatment of erythroid progenitors and ERK1 knockout 

had opposite effects, with MEK inhibition impairing development and genetic knockout 

promoting resistance to an anemia-inducing drug.  However, the latter approach is more 

targeted and preserved signaling via ERK2, while U1026 completely abrogated signaling 

by ERK1 and ERK2.  These data may point to isoform-specific roles of ERK1 and ERK2 

(see section 4.3.4).  Further studies are needed to look comprehensively at the entire 

subset of downstream targets that are engaged upon ERK1/2 activation in erythroid 

progenitors.  A phosphoproteomics approach would take an unbiased look at changes in 

the phosphorylation of all relevant ERK targets in erythroid cells.  This technique would 

identify the subset of ERK targets relevant to erythropoiesis.  After identification of 
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candidate proteins, inhibitor studies with U0126 would be done to confirm that a 

particular target is relevant and would yield a manageable pool of ERK targets to further 

study.  The next step would then look at how phosphorylation of these targets is 

modulated by aconitase inhibition.  Such an approach was developed in HeLa cells to 

probe the phosphoproteome in response to acute EGF stimulation [248].  An interesting 

finding of that particular study was that while a large number of proteins are 

phosphorylated, only a small subset those phosphorylation events are sensitive to EGF 

stimulation.  Because a phosphoproteomics approach is likely to yield a fairly large 

number of potentially relevant targets, further analysis could use gene set enrichment 

analysis to cluster ERK target genes that belong to known biological pathways [249]. 

 

 4.2.2  Signaling downstream of ERK1/2  

 

  4.2.2.1  RSK family of kinases 

 Initial observations that aconitase blockade caused increased p-ERK1/2 levels in 

steady state conditions (Figure 2.7A) prompted the study of the activation status of 

downstream targets phosphorylated by ERK1/2.  Survey of the literature indicated 

numerous nuclear targets for ERK1/2, including the transcription factor Elk-1 (See 

section 4.2.2.2).  Activated ERK1/2 can also be retained in the cytoplasm and 

phosphorylate cytoplasmic targets, including the RSK family of kinases.  These kinases 

were appealing candidates as potential mediators of the effects of FA during erythroid 

development because of their known role in proliferation, cell cycle regulation, and 
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survival signaling [209,250-253].  An erythroid-specific role for RSK has not yet been 

ascribed, but RSK signaling is relevant to hematopoiesis.  In erythroleukemic cells, 

activation of an ERK-RSK-NF-κB signaling axis by phorbol ester promoted 

megakaryocytic differentiation [254].  Two recent studies indicate that RSK activation, 

either by the tyrosine kinase receptor FGFR3 or the FMS-like tyrosine kinase 3 internal 

tandem duplication mutant, participates in hematopoietic transformation [255,256].   

 A possible role for RSK signaling in erythropoiesis was investigated using several 

approaches.  Collectively, our data in erythroid progenitors argue against a critical role 

for RSK signaling during erythroid differentiation.  First, partial knockdown of both 

RSK1 and 2 did not affect erythroid differentiation (Figure 3.4).  Second, overexpression 

of kinase-dead and constitutively active RSK2 mutants also had no impact on 

differentiation (Figure 3.3).  Third, pharmacologic inhibition of RSKs yielded mixed 

results.  The discrepancies observed between the two RSK inhibitors tested, SL0101 and 

Bi-D1870, remain unexplained.  SL0101 significantly diminished both proliferation and 

differentiation while Bi-D1870 had a modest effect on growth and did not impair 

maturation (Figures 3.1 and 3.2 ).  Both are ATP-competitive, reversible inhibitors, 

thought to be specific for RSKs.  One study suggests that SL0101 is much less potent 

than Bi-D1870 [257].  It is possible that Bi-D1870 has a very narrow therapeutic window 

in CD34
+
 cells, with 5 µM being too low and 10 µM too potent.  A survey of the 

literature indicates that Bi-D1870 is well tolerated by cell lines at 10 µM [258-260].  Bi-

D1870 also inhibits Polo-Like Kinase 1 (PLK1) with almost equal potency than RSKs 

[257].  PLK1 is a protein kinase essential during mitosis, regulating entry into mitosis as 
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well as centrosome assembly, cytokinesis, and more recently asymmetric cell division 

[261].  Although there are no published data on the role of PLK1 in erythroid 

development, it is possible that rapidly dividing erythroid progenitors have high levels of 

PLK1, causing Bi-D1870 to be toxic.  SL0101 also inhibits the protein kinase Pim3, 

albeit somewhat less potently than RSKs [257].  Pim3 is a constitutively active kinase 

that promotes proliferation and has been associated with hematological malignancies 

[262].  Although the effects of SL0101 on RSKs have been extensively documented, it is 

possible that the defects observed in primary erythroid progenitor cultures are due to in 

part to Pim3 inhibition. 

 Further studies are needed to 1) implicate RSKs in erythroid development, 2) 

formally conclude whether RSKs are mediators or simply markers of aconitase-mediated 

erythropoiesis and 3) investigate the possibility of isoform-specific roles.  Scanning of 

gene expression data deposited in the NCBI Gene Expression Omnibus database suggest 

that RSK1 and 2 are the predominantly expressed isoforms in human erythroid 

progenitors.  Nevertheless, it would relevant to assess protein levels of all four RSK 

isoforms in these cells.  Isoform-specific antibodies for each RSK are now commercially 

available.  These studies may shed light on the RSK1 and RSK2 siRNA knockdown 

experiment, in particular if RSK3 and/or 4 are expressed in erythroid progenitors.  One 

possibility is that RSK3 is able to compensate for diminished RSK1 and RSK2.  

Combined transient knockdown of RSK1 and RSK2 yielded approximately a 50% 

reduction in the levels of each protein.  It is possible that the residual kinase activity was 

sufficient to maintain RSK function.  This could explain why the knockdown cells 
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differentiated as well as control cells (Figure 3.4).  Stable knockdown using retrovirally-

transduced short-hairpin RNAs may yield stronger RSK knockdown and unmask 

important differences.  Stable cells could also be assessed for growth over time, a 

parameter that cannot be measured in transiently transfected cells.  Alternatively, the in 

vivo relevance of RSKs to erythropoiesis could be gathered from knockout mice.  RSK2 

knockout mice have been generated after mutations in human RSK2 were found to cause 

Coffin-Lowry Syndrome (CLS), a neurological disease inherited in an X-linked dominant 

manner and characterized by mental retardation, small brain volumes, cardiovascular 

defects, and skeletal abnormalities [263,264].  RSK2 -/- mice show growth retardation as 

well as impaired learning and coordination [265].  Osteoclast differentiation defects in 

these animals have been subsequently reported [266].  Neither group has reported on the 

red cell parameters of these mice; CLS is not associated with anemia [264].  Triple 

RSK1/2/3 -/- animals have been generated and appear to be viable, but no phenotypic 

data has been reported [267].  It is possible that RSKs are dispensable during steady state 

erythropoiesis but necessary for the erythroid response to stress caused by aconitase 

inhibition, iron deficiency, or another stressor.  Studying the effects of PHZ and FA in 

RSK -/- mice, either alone or in combination, as was done in WT mice, could help tease 

out important contribution of RSKs during erythropoiesis. 

 

   4.2.2.2  Elk-1 

 Elk-1 is one of the best characterized nuclear targets of ERK signaling.  Elk-1, a 

member of the Ets family of transcription factors, is phosphorylated by ERK1/2 within 
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minutes of stimulation and regulates gene transcription [268].  Among the genes 

regulated by Elk-1 is c-fos, an extensively studied effector of growth factor signaling 

[269].  The FA-mediated disruption in ERK signaling led us to hypothesize that Elk-1 

activation may also be defective.  This however was not the case.  Robust p-Elk-1 levels 

were detected at baseline in cytokine-starved cells, and these levels were not modulated 

by acute EPO stimulation (Figure 3.6).  While surprising at first, these results may be 

explained by the fact that multiple upstream kinases can phosphorylate Elk-1, including 

p38 and JNK [270,271].  Unlike p-ERK1/2 levels, FA did not affect the levels of p-p38 

and p-JNK in erythroid progenitors (not shown).  Thus it is conceivable that Elk-1 

activation is carried out by p38 and/or JNK in erythroid progenitors.  Additional control 

of phosphorylation of Elk-1 occurs via calcium-mediated activation of calcineurin, a 

phosphatase that can dephosphorylate Elk-1 regardless of the upstream kinase involved in 

its activation [272].  An alternative interpretation may be that the subcellular location of 

the ERK1/2 target dictates whether Elk-1 is able to be activated (see section 4.3.2). 

 

 4.2.3  Evidence for MEK-independent activation of ERK1 

 

 An unexpected finding of our study was that robust activation of ERK occurred 

without a corresponding increased in MEK activation (Figure 3.5).  In fact, while 

cytokine starvation of erythroid progenitors resulted in barely detectable amounts of p-

ERK1/2, p-MEK1/2 levels were detectable at baseline and did not change with short-term 

EPO treatment.  These results raise several questions.  First, how are basal p-MEK1/2 
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levels maintained in the absence of growth factor stimulus?  Second, since MEK is 

thought to be the only kinase able to phosphorylate ERK, how is the surge in p-ERK1/2 

level achieved without increased MEK activation?  Is there a previously unrecognized 

kinase capable of activating ERK?  

 Our observations that EPO stimulation following cytokine starvation does not 

dynamically regulate p-MEK1/2 levels are unexpected and do not concord with published 

data.  In a study using starved primary erythroid progenitors (PEPs), Schmidt and 

colleagues showed increased p-MEK1/2 levels after 10 minutes of EPO [183].  

Furthermore, the level of MEK1/2 activation was dependent on the dose of EPO used.  A 

possibly explanation may reside in the manner in which the erythroid progenitors were 

derived.  In our study, CD34
+
 multipotent progenitors were isolated from the peripheral 

blood of healthy donors who had received granulocyte-macrophage colony-stimulating 

factor injections to mobilize bone marrow progenitors (GM-CSF).   These cells were 

expanded in multi-lineage supporting medium containing stem cell factor (SCF), 

thrombopoietin, Flt3-ligand, and IL-3 prior to a three day culture period in erythroid-

specific serum-free medium supplemented with EPO and SCF.  In contrast, Schmidt and 

colleagues used cord-blood derived CD34
+
 cells.  Cells were initially expanded for 7 days 

in serum-free medium composed of IL-3, IL-6, and SCF, and separated by FACS based 

on CD36 expression.  CD36
+
 cells were further cultured for 4 days in medium containing 

IL-3, IL-6, SCF, and EPO [183].  Thus not only the source of the progenitors, marrow vs. 

cord blood, but also the culture conditions varied significantly between the two studies 

and could account for the differences observed in response to EPO stimulation.  The 
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source of early progenitor cells and culture conditions are known to affect ex vivo 

expansion and marrow repopulation upon transplant [273,274].  Alternatively, MEK-

independent ERK activation may be specific to bone marrow CD34
+
 progenitors. 

 Conventional activation of the Raf-MEK-ERK signaling cascade by a given 

growth factor is thought to proceed in a linear fashion, but an accumulating body of 

evidence strongly suggests that additional players can modulate MAPK signaling.  In 

particular, PI3K and the classical PKCs are thought to be involved [183,275,276].  

Sustained ERK signaling in response to Platelet-Derived Growth Factor stimulation was 

inhibited when cells were treated with the PI3K inhibitor Wortmannin [275].  In those 

studies, down-regulation of the classical PKCs had a similar effect.  In the above-

mentioned study by Schmidt and colleagues, Wortmannin, as well as another unrelated 

PI3K inhibitor, LY294002 , inhibited ERK1/2 phosphorylation in response to EPO 

stimulation [183].  In parallel, activation of MEK and ERK was detected in PEPs 

stimulated with low-dose EPO, despite pre-treatment with a Raf inhibitor.  Inhibition of 

the classical PKCs, however, impaired MEK and ERK activation with low dose EPO.  

From these data the authors concluded that PI3K, and possible PKC, can activate MEK 

and ERK in a Raf-independent manner [183].  Specifically, PI3Kγ seems to the primary 

P3IK isoform capable of Raf-independent MEK/ERK activation.  This was elegantly 

suggested by using caffeine, a PI3K inhibitor that has little selectivity toward the γ 

isoform.  While phosphorylation of Akt was potently inhibited by low-dose caffeine, 

higher doses were required to prevent phosphorylation of ERK1/2.  Thus a mechanism 

can be envisaged where by PI3Kα,β, δ function to activate Akt while PI3Kγ specifically 
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acts on MEK and ERK activation.  In our own studies, phosphorylation of Akt was 

robustly enhanced by EPO stimulation and was insensitive to the effects of aconitase 

inhibition (Figure 2.7C).  It is conceivable that in the presence of FA, Raf-independent, 

PI3Kγ-dependent ERK1/2 activation is inhibited, thereby resulting in decreased ERK1/2 

signaling.  Future experiments in our primary erythroid progenitor cultures could use 

caffeine in conjunction with FA.  If PI3Kγ mediates some of the effects of FA, caffeine 

may further sensitize the cells to the aconitase inhibitor and worsen the growth and 

maturation defects.  Alternatively, overexpression of a constitutively active form of the 

kinase may rescue some of the anti-proliferative effects of FA.  Additional evidence for 

non-canonical activation of ERK signaling comes from studies looking at the role of 

peroxynitrite in MAPK signaling.  Treatment of rat fibroblasts with peroxynitrite 

increased ERK activation in a MEK-independent manner [277].  The authors go on to 

show that this activation is dependent on PKCα, PKCε, and calcium, with translocation of 

the PKC isoforms to the plasma membrane following treatment with peroxynitrite.  In 

summary, while there is no definite precedent for the seemingly MEK-independent 

activation of ERK seen in erythroid progenitors acutely stimulated with EPO, there are 

several lines of evidence supporting the existence of an alternative pathway, possibly 

involving PI3-kinase.   It is worth mentioning however, that scaffolding, rather than an 

alternative signaling pathway, could explain changes in ERK activation without changes 

in MEK phosphorylation status.  For instance, the recruitment of ERK1/2 to assembled 

pre-activated MEK1/2 complexes could be regulated by high EPO.  According to such a 

model, in the absence of EPO, erythroid progenitors have constant low p-MEK1/2 and no 
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p-ERK1/2 due to physical separation of the two kinases.  With addition of EPO, ERK1/2 

is actively recruited to poised p-MEK1/2 modules and a surge of p-ERK1/2 occurs.  

Evidence for such a model is minimal, but the well-documented presence of dedicated 

MAPK scaffolds in several cell types suggests such a mechanism could be in place.  An 

alternative explanation may be that FA-mediated aconitase inhibition results in ROS 

accumulation, which could in turn lead to inactivation of cytosolic phosphatases 

responsible for ERK1/2 dephosphorylation.  ROS have been shown to mediate oxidation 

of a critical cysteine residue in the catalytic site of phosphatases [278].  We, however, did 

not observe any changes in ROS levels in erythroid cultured treated with FA for several 

days and ruled out PP2A as a relevant player (Figures 2.6C, 3.8, and 3.9), making this 

mechanism less appealing.     

 

4.3  Mechanistic insights 

  

 4.3.1  A novel aconitase-ERK interaction 

  

 The physical interaction between aconitase and ERK1/2 described herein is the 

first report of such an association in a mammalian system.  The interaction was first 

reported in a high throughpout study in S. cerevisiae that employed mass spectrometry to 

define new protein complexes [279].  The functional consequences of aconitase 

interacting with the yeast homolog of ERK were not investigated.  In HEK293T cells, 

both aconitase isoforms were found to interact with ERK2 (Figure 2.9A).  The m-
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aconitase-ERK2 interaction was more robust and sensitive to FA.  If the two proteins are 

capable of interacting directly, a domain of the m-aconitase sequence must serve as a 

docking site for ERK.  Two unrelated ERK interacting-domains have been detected in 

multiple ERK targets; DEF domains and D-Domains [208,280].  Interestingly, Elk-1, the 

nuclear transcription factor, interacts with ERK via a DEF domain, while RSK, the 

cytosolic ERK target, uses a D-Domain.  Since aconitase inhibition disrupted ERK-

mediated RSK activation, but not Elk-1, the possibility that aconitase inhibition 

specifically affected D-Domain-mediated interactions was appealing.  Scanning of the 

protein sequence of c- and m-aconitase revealed the presence of a consensus D-Domain 

in both isoforms.  Co-immunoprecipitation experiments using an ERK2 mutant defective 

in D-Domain interaction (ERK2 D319N) did not, however, show defective interaction of 

this mutant with m-aconitase (Figure 2.9B).  The ERK2 L198/232A mutant, unable to 

interact with DEF Domain-containing proteins, was bound to m-aconitase as well as wild 

type ERK2 (not shown).  It is thus unclear presently how the interaction between 

aconitase and ERK is facilitated.  The interaction may employ an alternate domain on 

aconitase.  Not all ERK targets contain DEF or D-domains.  An alternative explanation is 

that the interaction is indirect, and that an unidentified protein serves as a linker between 

aconitase and ERK.  In HEK293T cells, the interaction did not rely on activation of ERK, 

since acute stimulation with EGF prior to harvest did not modulate the strength of the 

aconitase-ERK interaction (Figure 2.9B). 

 While investigating the significance of this novel aconitase-ERK interaction,  
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Casar et al. published a study demonstrating a critical role for ERK dimerization onto 

protein scaffolds for the activation of cytosolic targets [188].  Failure of ERK to dimerize 

and activate cytosolic targets led to decreased proliferation.  Enforced nuclear 

localization of ERK had no significant impact on growth.  Based on these results, we 

hypothesized that aconitase may function as a dimerization platform for ERK in the 

cytosol and that FA bound to aconitase prevents dimerization.  However, assessment of 

ERK2 dimers in HEK293T cells acutely stimulated with EGF showed no defect in 

dimerization when the cells were pre-treated with FA (Figure 2.10).  Furthermore, in 

primary erythroid progenitors, the majority of ERK2 was found to be in the dimer 

configuration even when the cells were starved of cytokines (Figure 3.12).  There was no 

further dimerization observed when EPO was added acutely.  It would appear that ERK2 

molecules exist almost exclusively as dimers in CD34
+
 cells, an important difference 

from HEK293T cells, where EGF stimulation induces robust dimerization.  Collectively, 

these data suggest that aconitase and ERK are normally found in complex with each other 

in HEK293T cells.  Further studies should include endogenous pull-down experiments in 

HEK293T cells.  The interaction should also be tested in an erythroid model system.  If 

CD34
+
 cells are not amenable to these experiments due to their limited proliferative 

capacity, the murine cell line G1-ER may be a useful resource.  This erythroid cell line 

harbors a gene fusion between the master erythroid regulator gene GATA-1 and the 

estrogen receptor and is arrested at the proerythroblast stage unless exogenous estrogen is 

added [18]. 
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 4.3.2  Subcellular site of ERK activation: location matters 

 

 ERK1/2 can interact with a large variety of targets located in various cellular 

compartments.  In fact, subcellular localization provides an elegant mechanism to fine-

tune the outcome of ERK activation.  Early on, ERK1/2 was understood to shuttle 

between the cytosol and the nucleus, where key transcription factor targets reside.  It has 

become very clear however that ERK1/2 can translocate to additional subcellular 

compartments, including mitochondria, endosomes, Golgi, and plasma membrane.  

ERK1/2 can be targeted to endosomes via interactions with MP1 and p14, lipid rafts via 

p18, and the Golgi the scaffold protein Sef [169,170,281,282].  Compartmentalization 

between cytosol and nucleus relies in part on β-arrestin-2 and PEA-15.  The earlier acts 

as a scaffold for Raf-MEK-ERK activation, but also mediates targeting of G-coupled 

protein receptors to early endosomes, thereby restricting ERK1/2 to the cytosol 

[283,284].  PEA-15 is a small cytosolic protein that also sequesters ERK1/2 to the 

cytosol.  Of particular relevance is recent work showing that PEA-15 specifically brings 

ERK1/2 and RSK2 together to promote RSK2 phosphorylation and activation of the 

transcription factor CREB [285].  This scaffolding function of PEA-15 may be regulated 

by phosphorylation.  Importantly, PEA-15 did not enhance ERK1/2-mediated activation 

of other cytosolic targets such as Stathmin and MNK.  Since we observed a severe defect 

in ERK to RSK signaling in FA-treated erythroid progenitors (Figure 2.7B), it is tempting 

to speculate that aconitase activity may also regulate ERK/RSK interactions, either at the 

level of, or in parallel to,  PEA-15.  It would be of interest to assess total and 
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phosphorylated levels of PEA-15 in erythroid progenitors  50 M FA.  PEA-15 -/- mice 

have phenotypic abnormalities, but show no differences in red cell parameters [286]. 

 

 4.3.3  A mitochondrial signaling complex? 

 

 The interaction data presented herein argues that the mitochondrial isoform of 

aconitase principally interacts with ERK1 and ERK2 (Figure 2.9 and not shown).  This is 

further supported by the in vivo data in mice lacking cytosolic aconitase.  IRP1 -/- status 

does not affect the response to FA infusion or to PHZ-induced acute anemic stress 

(Figures 2.13 and 2.4C-D).  While the co-immunprecipitation experiments do not rule out 

the possibility of a third, unidentified player mediating an indirect interaction between m-

aconitase and ERK1/2, it is tempting to speculate that a portion of cytosolic ERK1/2 

either resides in the mitochondria and is activated within that compartment or translocates 

to the mitochondria upon activation.  ERK1/2 has been localized to mitochondria in many 

different cell types.  Neuronal SH-S5Y5 cells treated with 6-Hydroxydopamine have 

increased levels of activated ERK2 located in the mitochondria, which correlates with 

increased mitophagy [287].  In HeLa cells, mitochondrially located ERK1 was found to 

interact with a variety of proteins, including histone proteins associated with the outer 

mitochondrial membrane, and mitochondrial transport proteins such as VDAC [172].  

ERK1/2 is also present in murine heart mitochondria and activation of ERK by a 

PKA/MEK module regulates steroidogenesis in MA-10 Leydig cells [200,288].  At the 

time of writing, localization of ERK1/2 to the mitochondria in erythroid progenitors has 
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not been reported.  One approach to address this question would be to use 

immunofluorescence in primary erythroid progenitors to study the subcellular distribution 

of ERK1/2 under steady-state, starved, and acute EPO stimulation conditions.  A variety 

of fluorescent markers, such as MitoTracker CMX ROS used in this study to assess 

mitochondrial membrane potential (Figure 2.6D), could be used to identify specific 

organelles.  Since the interaction between m-aconitase and ERK1/2 was down-regulated 

by FA, immunofluorescence studies should include FA-treated cells in parallel with 

untreated cells.  Alternatively, subcellular fractionation using sucrose density gradient 

could be used to isolate mitochondria.  The presence of ERK1/2 could be assessed in the 

collected fractions by immunoblotting.  Raf -1 and MEK1/2 have also been shown to be 

targeted to the mitochondria [289,290].  In erythroid cells, it may be the case that 

aconitase serves as a scaffold to retain ERK1/2 in the mitochondria, and that 

mitochondrially-generated ERK1/2 signals are important for proliferation and 

differentiation.  Disruption of this interaction by inhibiting the enzymatic activity of 

aconitase may therefore prevent ERK signaling to a small, specific subset of targets.  It is 

unclear how FA disrupts this interaction.  Our data suggest that the putative D-Domain of 

aconitase identified by scanning of its protein sequence does not participate in this 

interaction since an ERK2 D-Domain-interacting mutant, ERK2D319N, co-

immunoprecipitated with aconitase (Figure 2.9).  Lastly, ERK1/2 can interact with 

components of the cytoskeleton, mainly actin and microtubules.  These interactions can 

be direct or rely on adaptor proteins such as calponin, IQGAP1, and LSP1 [291-293].  An 

intriguing function of the cytoskeleton in regulating MAPK signaling was demonstrated 
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in embryonic stem cells, where addition of retinoic acid (RA) induced differentiation at 

the expense of proliferation by preventing activation of nuclear Elk-1 and c-fos while 

preserving activation of RSK in the cytosol [294].  Inhibitors of microtubule 

polymerization and actin filaments can re-activate c-fos-mediated transcription, 

indicating that the cytoskeleton acts to restrict nuclear entry of p-ERK1/2.  This model is 

appealing and may be relevant to erythroid progenitors.  Yeast interaction studies have 

identified two myosin motor proteins, MLC-1, a light chain for Myo1, and Myo4, as an 

interacting partner of Aco2, the yeast homolog of m-aconitase [295].  One model would 

posit that ERK-aconitase interactions with myosin help target activated ERK1/2 to 

downstream targets.  In the presence of FA, aconitase is no longer able to bind ERK1/2 or 

myosin motors, which may results in mislocalization of activated ERK1/2 and diminished 

nuclear signaling, ultimately resulting in decreased proliferation.  A role for the 

cytoskeleton in mediating some of the effects of FA could be investigated by 

immunofluorescence as well as inhibitor studies in the manner described by Smith and 

colleagues [294]. 

  

4.3.4  ERK1 vs. ERK2 

 

 An important future direction for this study will be to assess possible specific 

roles for ERK1 and ERK2 during erythropoiesis.  The partial resistance to the effects of 

FA seen in ERK1 -/- mice (Figure 3.12) raises the possibility of isoform-specific 

contributions.  According to Guihard and colleagues, levels of total and activated ERK2  
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in the ERK1 -/- animals are similar to those of ERK1 +/+ animals, indicating that ERK2 

does not compensate for lack of ERK1 and that the effects are indeed ERK1-specific 

[68].  In addition to the previously described dramatic differences between ERK1 -/- and 

ERK2 -/- animals (see Chapter 3), emerging data point to specific functions for ERK1 

and ERK2.  In rat hepatocytes, ERK2 is exclusively involved in cell cycle progression 

and proliferation [296].  ERK1, but not ERK2, regulates adipocyte differentiation in vitro 

and in vivo [297].  More generally, the proliferative effects of ERK signaling appear to 

be largely mediated by ERK2, while ERK1 has a negative effect on proliferation [298].  

Ectopic expression of ERK1 impaired proliferation and transformation in NIH 3T3 

fibroblasts co-expressing mutant H-Ras.  ERK1 also attenuated Ras-dependent tumor 

formation in nude mice [298].  These data suggest that ERK1 modulate the final output of 

ERK activation by antagonizing ERK2 activity.  Except for the work of Guihard and 

colleagues, it is unknown whether there are erythroid-specific functions of ERK1 and 

ERK2 [68].  Future studies could use the siRNA approach of Frémin et al. to study 

ERK1- and ERK2-specific roles in CD34
+
 erythroid cultures in response to a variety of 

stimuli, including EPO [296].  Inactivation of aconitase by FA or by iron deficiency 

could further help dissect the contributions of each isoform to erythroid development.  

Alternatively, ERK1 -/- splenic erythroblasts from ERK1-/-mice could be expanded ex 

vivo and transfected with shRNA against ERK2.  Additionally, given that ERK1 may 

exert negative effects on proliferation, it would be of great interest to test the impact of 

ERK1 overexpression in a cell line with constitutive JAK2 signaling.  Constitutively 

activated JAK2 does result in increased ERK1/2 activation [146].  This could be assessed 
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by transiently overexpressing wild-type ERK1 or constitutively active MEK1 in Ba/F3 

JAK2V617F cells.  The kinase-deficient ERK1 K72R would provide adequate control.  

Alternatively, knockdown of ERK2 in Ba/F3 JAK2V617F could unmask the 

antiproliferative effects of ERK1.  If ERK1 is shown to negatively regulate proliferation 

in the Ba/F3 JAK2V617F cell line, then crossing the ERK1 -/- mice with the PV mice 

should result in enhanced erythrocytosis and confirm ERK1 as a negative regulation of 

proliferation in red cell progenitors.   

 

 4.3.5  A role for aconitase in unexplained anemia of the elderly? 

 

 Multiple studies have linked erythroid dysplasia with mitochondrial dysfunction 

[196-198].  The underlying cause of mitochondrial dysfunction, however, can vary.  

Diwan and colleagues showed that defective autophagy secondary to disruption of the 

Nix gene in mice caused anemia and growth retardation [197].  Inoue et al. and Chen et 

al. independently provided strong evidence showing anemia in mice secondary to 

alterations in mitochondrial DNA [175,196].  Of particular interest is the fact that each 

group showed that the anemia was accompanied by an increase in the proportion of 

CD71
intermediate

Ter119
bright 

erythroid progenitors in the marrow.  This finding is analogous 

to our own observations in FA-treated mice (Figure 2.2C and 2.11B), providing 

compelling evidence for a critical role of mitochondrial function in supporting bone 

marrow erythropoiesis.  Whether aconitase function is specifically affected in these 

models of erythroid dysplasia is unknown but would be worth investigating. 
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 Mitochondrial dysfunction occurs naturally with aging.  Accumulation of reactive 

oxygen species in particular has long been proposed to mediate some aspects of aging by 

interfering with essential mitochondrial functions such as cellular respiration [299].  

Aconitase activity is very sensitive to ROS through its ISC (see section 1.4.2).  Our work 

and that of others suggest that alterations in mitochondrial function are intimately 

associated with onset of anemia.  Anemia in the elderly population was diagnosed in 

about 10% of individuals aged 65 or greater in a recent nation-wide study [300].  An 

underlying cause could not be ascertained for a third of these patients, and after bone 

marrow analysis, 25% still have unexplained anemia (UA).  A similar prevalence of UA 

in older patients was reported in at least two additional studies [301,302].  Anemia in the 

elderly is an independent risk factor for all-cause mortality [303].  Some studies suggest 

that unrecognized myelodysplastic syndromes (MDS) may explain a portion of UA cases 

[301,302].  MDS are age-related pathologies characterized in part by clonal abnormalities 

in primitive marrow progenitor cells, and mitochondrial dysfunction being increasingly 

considered as a possible disease mechanism [304].  Drugs known to impair mitochondrial 

protein synthesis, chloramphenicol and linezolid, can cause dyserythropoiesis [305,306].  

Mutations in mitochondrial DNA have been detected in bone marrow cells isolated from 

MDS patients [307], and changes in transcription of mitochondrial genes in CD34
+
 cells 

of MDS patients have been reported [308].  Although m-aconitase is a nuclear-encoded 

gene, its function in the mitochondria may be perturbed in MDS and contribute to 

dyserythropoieisis.  One could envision a mechanism whereby accumulation of mutations 
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in mitochondrial DNA, along with ROS-mediated inactivation of proteins such as 

aconitase could reach a threshold level and contribute to impaired erythropoiesis.   

 

4.4  Clinical perspectives 

 

 4.4.1  Targeting aconitase in polycythemia vera 

 

 Our studies suggest that direct modulation of aconitase activity can control 

erythroid production in mice harboring the mutant JAK2V617F allele.  FA infusion 

rapidly normalized RBC counts in PV mice to those of wild type mice mock-treated with 

saline (Figure 2.11A).  Stable aconitase inhibition in the FA-infused mice was 

documented by an increase in serum citrate levels (Figure 2.1), suggesting that 

monitoring of citrate levels in the serum, or possibly in the urine, could be used clinically 

to assess response to treatment and titrate dosage.  The current therapeutic standard for 

PV remains phlebotomy.  While the exact mechanism explaining the effects of 

phlebotomy remains unclear, it is likely to be effective by inducing a state of functional 

iron deficiency following removal of a portion of circulating red cells.  This acute 

depletion of iron, combined with the fact that reacquiring iron by dietary means takes 

time, blunts erythroid production, possibly by causing inactivation of ISC-containing 

enzymes such as aconitase.  Thus, it may be possible to target aconitase and diminish the 

need for repeated phlebotomy, which would decrease the probability of undesired side 
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effects, including reactive thrombocytosis.  Indeed, FA-treated PV mice displayed no 

changes in their platelet counts (Table 2.3). 

 

 4.4.2  Augmenting or preserving erythroid-specific ERK signaling to treat IDA 

 

 A potential application of the research findings presented herein pertains to the 

treatment of anemia.  Preserving aconitase function appears to be critical for erythroid 

development both in vitro and in vivo.  Although exogenous isocitrate administration 

failed to rescue FA-induced anemia in mice, isocitrate has been shown to rescue iron-

deficiency anemia in cells and in mice [87].  Furthermore, primary erythroid progenitors 

cultured in low iron conditions show increased ERK activation, a defect that can be 

reversed by addition of isocitrate (not shown).  Further dissection of the mechanism 

connecting aconitase activity to ERK signaling may identify key mediators of this 

pathway that could be targeted pharmacologically.  Agonists of this pathway may help 

restore erythropoiesis and lessen the need for exogenous EPO injections.  
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4.5  Summary of future directions 

 

 Signaling studies 

o Investigate further the contribution of RSKs to erythropoiesis 

 Assess protein levels of  RSK isoforms 1-4 in erythroid progenitor 

cultures 

 shRNA knockdown of relevant RSK isoforms in CD34
+
 cells to 

assess impact on proliferation and maturation 

 If RSK2 appears relevant in vitro studies, assess RSK 2 -/- mice 

for anemia after FA challenge and/or PHZ challenge 

o Role of PI3K 

 Treat erythroid progenitor cultures with Wortmannin, LY, and 

caffeine 

 Assess p-ERK1/2, p-RSK levels 

 Assess differentiation by FACS using Ter119 and CD71 

o Phosphoproteomics screen 

 Identify ERK1/2 targets modulated by EPO in erythroid 

progenitors 

 Use gene set enrichment analysis to cluster targets into 

biologically relevant pathways to inform downstream 

analysis 

 Validate targets in erythroid cultures pre-treated with U1026 prior 

to EPO stimulation 

 Assess phosphorylation status of candidate targets by 

immunoblot 

 Assess impact of FA on phosphorylation of candidate targets 

 Aconitase-ERK interaction 

o Investigate a role of PEA-15 

o Attempt endogenous reciprocal pull downs in HEK293T cells 

o Attempt endogenous pull downs in erythroid progenitor cultures 
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o Assess possible role of cytoskeleton in mediating the aconitase-ERK 

interaction 

 Inhibitor studies with nocodazole and cytochalasin D 

 

 ERK subcellularlocalization in erythroid progenitors 

o Immunofluorescence studies to establish ERK1/2, pERK1/2 subcellular 

localization 

o Fractionation by sucrose density gradient to isolate mitochondria and 

probe for ERK via immunoblot 

 

 Dissect the relative contributions of ERK1 and ERK2 to erythropoiesis 

o Measure ERK2 mRNA and protein levels in ERK1 -/-  mice 

o Isolate ERK1 -/- splenic erythroblasts by cell sorting and culture ex vivo ± 

FA. 

 

 Develop mitochondrial aconitase knockout models 

o Culture m-aconitase -/- embryonic stem (ES) cells and assess viability and 

growth  

o Induce differentiation of parental and m-aconitase -/- ES cells into 

embryoid bodies 

o Generate m-aconitase -/- murine embryonic fibroblasts (MEFs) for 

biochemistry studies 

 assess ERK signaling by immunoblot 

 Compare proliferation rates of control MEFs and m-aconitase -/- 

MEFs 
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