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Abstract

Gamma globin induction remains a promising pharmacological therapeutic treatment mode for 

sickle cell anemia and beta thalassemia, however Hydroxyurea remains the only FDA approved 

drug which works via this mechanism. In this regard, we assayed the γ-globin inducing capacity 

of Cis-vaccenic acid (CVA). CVA induced differentiation of K562, JK1 and transgenic mice 

primary bone marrow hematopoietic progenitor stem cells. CVA also significantly up-regulated γ-

globin gene expression in JK-1 and transgenic mice bone marrow erythroid progenitor stem cells 

(TMbmEPSCs) but not K562 cells without altering cell viability. Increased γ-globin expression 

was accompanied by KLF1 suppression in CVA induced JK-1 cells. Erythropoietin induced 

differentiation of JK-1 cells 24 h before CVA induction did not significantly alter CVA induced 

differentiation and γ-globin expression in JK-1 cells. Inhibition of JK-1 and Transgenic mice bone 

marrow erythroid progenitor stem cells Fatty acid elongase 5 (Elovl5) and Δ9 desaturase 

suppressed the γ-globin inductive effects of CVA. CVA treatment failed to rescue γ-globin 

expression in Elovl5 and Δ9-desaturase inhibited cells 48 h post inhibition in JK-1 cells. The data 

suggests that CVA directly modulates differentiation of JK-1 and TMbmEPSCs, and indirectly 

modulates γ-globin gene expression in these cells. Our findings provide important clues for 

further evaluations of CVA as a potential fetal hemoglobin therapeutic inducer
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1. Introduction

The hallmark of current molecular strategies in the therapy of sickle cell anemia (SCA) and 

beta thalassemia is centered on the pharmacological reactivation of fetal hemoglobin in these 

patients (Musallam et al., 2013). The central feature of the human β-globin gene expression 

is the existence of a two stage-specific switch that regulates the expression of hemoglobin 

from embryonic hemoglobin to fetal hemoglobin to adult hemoglobin (Bieker, 2010; 

Perrine, 2011; Sankaran et al., 2010). Several studies have documented the clinical benefits 

of increased fetal hemoglobin synthesis in the hemoglobinopathies (Fibach et al., 1993; Platt 

et al., 1984). However, Hydroxyurea remains the only FDA approved sickle cell treatment 

drug that functions by inducing HbF. But its widespread use is limited due to concerns over 

its long term side effects, and moreover, a significant number of patients do not respond to 

hydroxyurea therapy (Kinney et al., 1999; Platt et al., 1984; Steinberg et al., 2003). Studies 

by Perrine and colleagues revealed that butyrate, a short chain fatty acid, induced significant 

γ-globin gene expression and fetal hemoglobin synthesis in SCA and β-thalassemia patients 

(Perrine et al., 1987). Butyrate was shown to increase γ-globin gene expression through 

mechanisms dependent on histone deacetylase inhibition (Perrine et al., 1993).

Bone marrow stem cell transplant (which is unaffordable to a significant population of 

people living with SCA) remains the only cure for SCA (Walters, et al., 2000), it involves 

the complete replacement of the individuals’ bone marrow using stem cells from a normal 

compatible donor to replace that of the affected individual. The heightened risks associated 

with the procedure also contribute to limiting its applications. Gene therapy is also another 

SCA therapeutic procedure that attempts to overcome the limitations of bone marrow 

transplant using stem cells from patient’s own blood transduced with a lentiviral vector 

containing an anti-sickling gene leading to improved production of healthy RBCs (Pawliuk 

et al., 2001). However the clinical success of gene therapy has been greatly limited due to 

the low titers observed as a result of regulatory elements of the β-globin gene locus used for 

the improvement of the transgene’s expression and the eventual silencing of the transgene 

(Papanikolaou and Anagnou, 2010). More recently, some progress have also been made 

using zinc finger nucleases or transcription factor activator-like nucleases targeted editing of 

the abnormal β-globin gene leading to mutations such as frame-shift or deletions or to 

stimulate homologous recombination thus activating fetal hemoglobin production in these 

cells (Bauer et al., 2012). This approach however is not advanced enough for human 

therapeutic purposes and would require precise specificity to prevent off target mutagenic 

effects which could be deleterious. This underscores the requirement for a pharmacologic 

intervention which can up-regulate fetal hemoglobin with minimal toxicity.

Primary erythroid progenitor stem cell cultures from bone marrow or peripheral blood 

remain the best in vitro models for determining potential pharmacologically active agents, 

although cell lines have been used widely as good in vitro models for drug screening and 

have been widely used to screen and identify novel gamma globin inducers (Bianchi et al., 

2001; Cioe et al., 1981; Gambari, 2003; Zein et al., 2010). Human K562 cells established by 

Lozzio and Lozzio (1975), co-express ε and γ but not β-globin genes; however, transgenic 

mouse bone marrow erythroid progenitor stem cells (TMbmEPSCs) and human JK-1 cells 
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express β in addition to γ-globin, similar to the in vivo scenario of humans (Blau et al., 

2005; Okunno et al., 1990).

Globin synthesis is developmentally regulated by a host of factors, key amongst which is the 

Kruppel like factor 1 (KLF1) (Zhou et al., 2010). Knockdown of KLF 1 an erythroid specific 

transcription factor (Bieker, 2010), in human and mouse adult erythroid progenitors leads to 

reduced expression of B cell lymphoma 11a (BCL11a) and consequently induced γ-globin 

levels. Studies have also demonstrated that happloinsufficiency of KLF 1 leads to hereditary 

persistence of fetal hemoglobin (Zhou et al., 2010) thus illuminating KLF1 as a molecular 

target for the reactivation of fetal hemoglobin synthesis in humans.

In vivo inhibition of the mechanistic target of Rapamycin (mTOR) synthesis has been shown 

to remarkably improve erythroid cell maturation and anemia in a model of β-thalassemia 

(Zhang et al., 2014). (Z) 11 octadecenoic acid also called Cis-vaccenic acid (CVA) an 18 

carbon n-7 mono-unsaturated fatty acid is biosynthesized in humans by hepatic fatty acid 

elongase 5 (Elovl5). CVA has also been shown to be the fatty acid precursor of 9-cis 11-

trans octadecenoic acid an isomer of conjugated linolenic acid (CLA), a reaction also 

catalyzed by Elovl5 (Tripathy and Jump, 2013). Elovl5 expression studies have shown that it 

is down regulated during post natal development and its activity shown to be linked to the 

control of the mTORC2-Akt-FOXO1 pathway (Tripathy et al., 2010; Wang et al., 2008). The 

significance of this down-regulation was previously demonstrated and shown to be diet 

linked (Wang et al., 2008). CLA and its derivatives have been shown to induce 

differentiation and inhibit proliferation of HT-29 cells in a dose and time dependent fashion 

(Palombo et al., 2002). Studies have also showed that Vaccenic acid in the form of either Cis 

or Trans, significantly reduced growth of HT-29 human colon cancer cells by 23% when 

compared with control cells (Awad et al., 1995; Banni et al., 2001). Several other studies 

have demonstrated the anti-inflammatory effects of mono-unsaturated fatty acids (MUFA). 

Increase in RBC membrane CVA content has been shown to protect humans against 

coronary heart disease (Djoussé et al., 2012), However, very little is known about the link 

between CVA metabolism and hemoglobin expression. We have previously reported the fetal 

hemoglobin inducing activity of a water purified fraction of Terminalia catappa leaf extract 

on primary hematopoietic progenitor cells (Aimola et al., 2014). Further chromatographic 

studies on this fraction revealed that this fraction contained CVA (un-published data).

Herein we report the findings of the differentiation inducing effects and γ-globin inducing 

activity of CVA and the possible mechanisms up-stream and downstream of CVA 

metabolism on its gamma globin inducing activity.

2. Materials and methods

2.1. Compound

CVA was obtained from Sigma. Stock solution of CVA was prepared in ethanol (molecular 

grade). CVA was further diluted to desired concentrations using culture media consisting of 

RPMI 1640 supplemented with 20% FBS in the presence of penicillin streptomycin mix 

(1%).
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2.2. Cell culture

K562 and JK-1 cell lines were maintained in RPMI 1640 medium supplemented with 20% 

FBS (Sigma) in the presence of penicillin streptomycin mix (100 U/ml penicillin and 200 

μg/ml streptomycin) (Zhang and Bieker, 1998). JK-1 erythroleukemic cells were established 

from a patient with chronic myelogenous leukemia in erythroid crisis (Okunno et al., 1990) 

and their differentiation potential has been shown to be enhanced by differentiation inducers. 

Cells were seeded at a density of 1.5×104 cells/ml. Cells were cultured in a humidified 

environment at 37 °C in 5% CO2 and passaged every 48 h (Kourembanas et al., 1991). 

Induction was carried out by adding CVA to the cell culture at specified concentrations for 

varying time lengths. Viable cell count was done using Trypan blue staining as previously 

described (Lee et al., 2006). Accumulation of hemoglobinized cells was assayed using 

Benzidine staining. Cell morphology was determined using cytospin preparations stained 

with Benzidine-Giemsa staining and May Grumwald-Giemsa staining (Ji et al., 2008).

2.3. Isolation of bone marrow cells

Mice bone marrow was flushed from the femurs of sickle cell transgenic mice using 1× PBS 

(Tanimoto et al., 1999). Bone marrow cells were washed twice with 1× PBS. Hematopoietic 

progenitor stem cells were enriched by plastic adherence as previously described (Sieff et 

al., 1986). Hematopoietic progenitor stem cells were subsequently cultured at a density of 

2×106 cells/ml in IMDM supplemented with 20% FBS 250 units/ml penicillin and 200 

μg/ml streptomycin. Culture was carried out in a humidified environment at 37 °C in 5% 

CO2.

2.4. Clonogenic assay

TMbmEPSCs were cultured at a density of 5×103 cells in 35 mm petri dish containing semi-

solid media containing Iscove Modified Dulbecco Medium supplemented with 20% FBS, 

200U/ml penicillin, 250 μg/ml streptomycin, 2 mM L-glutamine and 0.9% methylcellulose 

at 37 °C in 5% CO2 in a humidified environment. To quantify the number of BFUe colonies, 

plates were estimated daily for hemoglobinized colonies with large aggregates of 65 or more 

hemoglobinized cells.

2.5. Fetal hemoglobin (HbF) assay

fetal hemoglobin was assayed using Cell lysates according to the method of Jonxis and 

Huisman (1956). Briefly, cells were harvested at the end of culture by centrifuging at 450g. 

Cells were then washed twice with phosphate-buffered saline (PBS) pH7.2. Washed cells 

were lysed using 10% saponin (Sigma), in PBS and the mixture was centrifuged at 300g for 

10 min. Adult hemoglobin in the supernatant was denatured using Drabkin’s reagent for 30 

min and then precipitated out of the solution using saturated ammonium sulfate. Absorbance 

of HbF was then assayed at 415 nm using a Nanodrop spectrophotometer.

2.6. Quantitative real time PCR

RNA was isolated from cells using TRIZOL as previously described (Valadi et al., 2007), 

RNA was treated with DNAse I and subsequently cleaned using RNAeasy minikit (Qiagen) 

according to manufacturers protocol. Complementary DNA was synthesized from equal 
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amounts of total RNA with Promega Reverse Transcription System (A3500) with a 

combination of random primers and oligo dT. γ-globin, β-globin and KLF1/EKLF gene 

expression was quantified using a Applied Biosystems 7900HT Fast Real-Time PCR. The 

level of each gene was normalized with that of GAPDH expression in the respective cells. 

The PCR conditions used were as follows: denaturation at 95 °C for 15 s, annealing and 

extension at 60 °C and 72 °C for 1 min respectively for up to 50 cycles.

All the primers for real time and regular PCR are listed in Supplementary Table 1.

3. Results

3.1. CVA induces differentiation of K562, JK-1 and transgenic mice bone marrow erythroid 
progenitor cells (TMbmEPSCs)

To identify novel compounds capable of differentiation induction, we employed K562 and 

JK-1 erythroleukemic cell lines and TMbmEPSCs. K562 and JK-1 cells have been shown to 

differentiate to the erythroid lineage and express γ-globin gene in response to differentiation 

inducers (Lozzio and Lozzio, 1975; Okuno et al., 1990). To ascertain the differentiation 

effect of CVA, we added CVA exogenously to the cell cultures on Day 1 of the culture and 

cells were assessed for differentiation using benzidine and May Grumwald Giemsa staining 

at specified time points. CVA increased the percentage of benzidine positive cells in K562 

cell cultures comparable to Hemin (40 μM), a known inducer of fetal Hb (Cioe et al., 1981) 

(Fig. 1A). CVA induced differentiation in K562 cells was assayed with increasing 

concentrations of CVA at sub-toxic concentrations of CVA (50 μM, 75 μM and 100 μM) as 

assessed from previous studies (Briggs and Lefkowitz, 1980) and compared with vehicle 

alone (Fig. 1A). CVA induced differentiation appeared to be concentration dependent in 

K562 cells with 50 μM CVA being the most effective concentration with more than 20% of 

the K562 cells showing positive for benzidine stain after 48 h of incubation with CVA (Fig. 

1B). Additional tests were carried out on TMbmEPSCs and JK-1 cells using CVA at 50 μM 

(the concentration at which it was most effective in K562 differentiation induction). CVA 

induction of TMbmEPSCs led to a significantly higher percentage of reticulocytes (which 

was evident 24 h post induction) as assessed with benzidine-giemsa staining compared to 

control TMbmEPSCs cultures (Fig. 1C). Erythroid lineage Cell differentiation usually 

proceeds from the stem cells to erythroid burst forming units (BFUe) colonies. We observed 

that CVA increased the percentage of TMbmEPSCs BFUe colonies (Fig. 1D). CVA at 50 

μM also increased the percentage of benzidine positive JK-1 cell (Fig. 1E), however JK-1 

cell growth and viability was not significantly altered by CVA at this concentration (Fig. 2A 

and B). Trypan blue assays of cell suspensions of JK-1 cell in RPMI 1640% and 20% FBS 

revealed that cell growth rate of CVA induced cells and control cells did not differ 

significantly. Although JK-1 cells induced with CVA differentiated faster than control cells, 

we observed that the overall growth rate of CVA induced cells was comparable with the un-

induced cells. Higher concentrations of CVA affected JK-1 cell viability significantly (P < 

0.05).
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3.2. CVA increases gamma globin mRNA levels and fetal HB in JK-1 and TMbmEPSCs

We then examined the effects of CVA on γ-globin gene expression in K562, JK-1 and 

TMbmEPSCs using either semi-quantitative PCR or real time PCR or both. K562 cells 

express primarily γ-globin and to a lesser extent embryonal hemoglobins (Portland, Gower 

1 and Hb X) (Cioe et al., 1981). Semi-quantitative RT-PCR of isolated RNA from CVA 

treated K562 cells revealed no significant γ-globin induction beyond the control (data not 

shown). However we observed that CVA induced and increased significantly (P < 0.05) 

amounts of γ-globin mRNA in JK-1 cells treated with CVA (Fig. 3A; quantitative real time 

PCR data is presented as fold changes of mRNA amounts relative to vehicle treated cells in 

Fig. 3B). CVA induction of γ-globin gene expression was time dependent (Fig. 3A) and 

concentration dependent (Fig. 3C). Significant increase of JK-1 γ-globin mRNA was 

evident 48 h post induction with CVA and the γ-globin mRNA level peaked after 96 h of 

induction after which its level tapered off. CVA was most effective at inducing JK-1 γ-

globin gene expression at 50 μM; at this concentration CVA was also able to up-regulate 

JK-1 β-globin gene expression, suggesting a threshold requirement of CVA for globin gene 

expression.

We then studied the effect of CVA on primary erythroid progenitor stem cells isolated from 

transgenic mice bone marrow. Cells were treated with 50 μM CVA on day one of culture and 

γ-globin was monitored at 24, 96, 168 and 240 h post incubation (Fig. 3D). The data 

revealed that CVA up-regulated γ-globin expression in TMbmEPSCs. CVA was able to 

increase γ-globin mRNA levels relative to the control within 24 h of incubation with 50 μM 

CVA (Fig. 3D). Increased γ-globin levels were still apparent in the progenitor cells after 96 

h of induction.

HbF synthesis stems from increased transcription of gamma globin gene, so we assessed the 

effects of CVA treatment on HbF levels in JK1 cells. Cells were grown in RPMI medium 

and HbF level was assessed 72 h after incubation using the alkaline denaturation assay. HbF 

levels were significantly (P < 0.05) higher in CVA induced cells compared to the control 

(Fig. 3E). However Hemin, an established inducer of Fetal Hb inducer in K562, cells failed 

to induce significant Fetal Hb synthesis in JK-1 cells compared to CVA.

3.3. CVA induction suppresses KLF1 expression in JK-1 cells

We further assessed the effects of CVA on KLF1 (formerly called EKLF) expression. KLF1, 

an erythroid specific trans-acting factor, is known to be critical in erythroid cells gene 

expression and is known to indirectly modulate γ-globin expression (Yien and Bieker, 

2013). Simvastatin and T. hydroquinoline have been shown to induce γ-globin expression 

via suppression of KLF1 expression (Macari et al., 2013). Our results show a slight but 

significant (P < 0.05) suppression of KLF1 expression in CVA treated JK-1 cells (Fig. 4).

3.4. CVA gamma globin gene induction is enhanced by erythropoietin

Erythropoietin (EPO) has been shown to direct hematopoietic progenitor cell fate (Orkin and 

Zon, 2008), and is known to be required for normal erythropoiesis. To test the effects of 

EPO on CVA induced JK-1 cell γ-globin gene expression. We examined the potential of 

CVA to alter JK-1 cell differentiation potential and globin gene expression in the presence 
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and absence of EPO (2 U/ml). The results suggest that CVA induced gamma globin 

expression is enhanced by EPO (Fig. 5A). However, pre-differentiation of JK-1 cells with 

EPO did not enhance γ-globin gene expression in these cells. The experiment was set-up 

with two groups of JK-1 cell cultures; the first group was pre-differentiated with 2 U/ml 

EPO for 48 h before induction with CVA, the control consisted of EPO pre-differentiated 

JK-1 cells un-induced with CVA, while the second group consisted of largely un-

differentiated JK-1 cells induced with CVA (Fig. 5A). Cells from either groups were induced 

with either CVA (50 μM) or EPO (2 U/ml) alone or CVA (50 μM)+EPO (2 U/ml).

JK-1 cells treated with EPO 2U/ml and CVA (50 μM) simultaneously in both experiments 

reflected a suppressed γ-globin mRNA synthesis compared to cells induced with CVA 

alone. However CVA induced γ-globin gene expression was significantly (P < 0.05) higher 

in JK-1 cells pre-differentiated with EPO suggesting a requirement of EPO for CVA γ-

globin induction in JK-1 cells (Fig. 5A).

JK-1 cells have been shown to have bi-potential differentiation capabilities (Tani et al., 

1996), with a potential to commit to either the erythroid or megakaryocytic cell lineages 

depending on the differentiation inducer. CVA was able to induce differentiation of JK-1 

cells to the erythroid lineage as assessed by benzidine-giemsa staining (Fig. 5B). However 

pre-differentiation of these cells with EPO 48 h before CVA induction did not significantly 

increase the percentage of benzidine positive JK-1 cells compared to the control, which 

consisted of JK-1 cells not treated with EPO before inducing differentiation with CVA (50 

μM) (Fig. 5B).

3.5. CVA induces differentiation preferentially of immature and early erythroid progenitor 
stem cells

In order to assess the stage of erythroid progenitor cell differentiation most responsive to 

CVA induced differentiation and γ-globin induction, the cells were grown in either 

semisolid IMDM before induction or in a phase II liquid culture medium consisting of 

IMDM, 20% FBS and Erythropoietin as the only cytokine which favors erythroid 

differentiation (Nagata et al., 1998). This two phase liquid culture system of isolated bone 

marrow closely reflects the in vivo physiological relevant culture system for erythroid 

differentiation (Wada et al., 1990; Pope et al., 2000). The results revealed that CVA (50 μM) 

significantly increased γ-globin expression per microgram of RNA 8 fold at 48 h post 

induction (Fig. 6).

Similarly, CVA significantly (P < 0.05) increased γ-globin gene expression in TMbmEPSCs 

when CVA was used to induce TMbmEPSCs at the start of culture and γ-globin gene 

expression assayed 48 h post CVA induction. However, pre-differentiation of TMbmEPSCs 

48 h before CVA-induction with erythropoietin reduced the CVA γ-globin induction 

potential in these cells (Fig. 6A).

Likewise, differentiation of TMbmEPSCs 48 h before CVA induction reduced the 

percentage of CVA induced TMbmEPSCs BFUe forming potential (Fig. 6B).
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3.6. Inhibition of fatty acid elongase 5 (Elvol5) and Δ9-desaturase activity with Isoxyl and 
Cycloate respectively alters CVA induced JK-1 γ-globin gene expression inducing activity 
and TMbmEPSCs differentiation and γ-globin gene expression

We further assessed the role of CVA metabolism in modulating γ-globin expression in JK-1 

cells. We inhibited Elovl5 and Δ9-desaturase enzymes involved in CVA turnover in vivo. 

Elovl5 is vital in modulating hepatic fatty acid and carbohydrate metabolism. It elongates 

unsaturated fatty acids like Palmitoleic acid (16:1, n-7) to form CVA (18:1, n-7). Elovl5 has 

also recently been identified as a key mediator of the mammalian target of rapamycin Akt 

linked FOXO1 (mTORC2-Akt–FOXO1) pathway through the control of CVA synthesis 

(Tripathy and Jump, 2013). CVA induced JK-1 and TMbmEPSCs γ-globin gene expression 

potential was greatly diminished by inhibition of either JK-1 Elovl5 (with Cycloate) or Δ9-

desaturase (with Isoxyl) (Fig. 7A and B). To further understand how CVA metabolism 

influences its effects on γ-globin expression, we tried to rescue γ-globin expression in JK-1 

cells treated with Isoxyl and Cycloate by exogenous addition of CVA 24 h post inhibition. 

γ-globin expression was assayed and presented as fold increase over JK-1 cells not inhibited 

nor induced. CVA (50 μM) failed to rescue γ-globin expression in these pre-treated JK-1 

cells (Fig. 7). Elovl5 and Δ9-desaturase inhibition in TMbmEPSCs also diminished CVA 

induced γ-globin gene expression in these cells (Fig. 7C). The data suggests that CVA 

indirectly modulates γ-globin gene expression in JK-1 cells. Inhibition of TMbmEPSCs Δ9-

desa-turase appeared to enhance CVA induced TMbmEPSCs BFUe forming capacity (Fig. 

8), however inhibition of TMbmEPSCs Elovl5 diminished CVA induced TMbmEPSCs 

BFUe forming capacity.

4. Discussion

γ-globin induction is key to sustainable management of SCA. The management of this 

disease using the only FDA approved drug (hydroxyurea) is largely limited due to its 

attendant side effects (Macari et al., 2013; Sankaran et al., 2008). Although several inducers 

of HbF have been identified, most are still inadequate for SCA and β-thalassemia 

therapeutic uses; hence a critical need remains to identify effective γ-globin 

pharmacological inducers with much less side effects.

Ineffective erythropoiesis has been implicated in erythroid disorders which have been shown 

to be orchestrated by dysregulation of the mTOR pathway which has been shown to be 

controlled by Elovl5 responsible for CVA synthesis (Tripathy and Jump, 2013; Zhang et al., 

2014). Addition of exogenous CVA increased fetal hemoglobin (HbF) synthesis in K562, 

JK-1, and TMbmEPSCs. To determine the concentration of CVA that did not significantly 

alter cell viability and proliferation, we assayed the effects of CVA on K562 cells at varying 

sub-toxic concentrations (Takahashi et al., 1993). CVA induced differentiation of K562, 

JK-1 and TMbmEPSCs and significantly increased γ-globin mRNA levels in JK-1 and 

TMbmEPS cells but not K562 cells. These findings differ from previous reports that 

induction of fetal hemoglobin is a property exhibited by short chain fatty acids (Liakopoulou 

et al., 2002). CVA an 18 carbon n-7 mono-unsaturated fatty acid showed significant and 

potent γ-globin inducing potentials in JK-1 and TMbmEPSCs but surprisingly not K562 

cells. The reason for this cell selective γ-globin induction is unclear but could be related to 
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the fact that these cells express little KLF1 which is required for normal globin expression 

(Donze et al., 1995). JK-1 cells were identified by Okuno et al. (1990) as a hemopoietic cell 

line from a patient with chronic myelogenous leukemia in erythroid crisis. JK-1 cells consist 

of largely immature immortal cells capable of differentiating to the erythroid lineage and 

expressing fetal hemoglobin at very low levels when treated with appropriate inducers. CVA 

induced differentiation and increased γ-globin gene expression were shown to be 

concentration and time dependent, with a concentration of 50 μM CVA being most effective. 

The earliest detection of γ-globin mRNA increase in JK-1 cells was at 48 h. We observed 

that CVA did not significantly alter cell proliferation in these cells. Similarly CVA (50 μM) 

induced TMbmEPSCs differentiation as assessed by CVA ability to drive BFUe formation of 

TMbmEPSCs.

γ-globin transcription is developmentally regulated (Donze et al., 1995; Mabaera et al., 

2007; Sankaran et al., 2008), such that γ-globin gene expression is down-regulated in adult 

erythroid cells. Studies have revealed that a subset of erythroid cells (F-cells) retain the 

ability to express γ-globin; however, findings in neonatal BFUe cultures suggest that 

hemoglobin switching does occur in the cells of the same stem cell lineages (Tani et al., 

1996). Our data suggest that CVA acts preferentially on relatively early erythroid precursors 

probably altering progenitor stem cell globin transcription. This may be significant as it 

appears to elicit its effects by altering γ-globin gene expression within erythroid stem cells 

of the same lineage.

KLF1 is an erythroid specific developmental stage-enriched zinc finger protein that 

preferentially activates human β-globin gene expression (Donze et al., 2005). KLF1 is an 

important trans-acting factor that is known to modulate γ-globin to β-globin gene switching. 

The transcriptional up-regulation of γ-globin gene induction is controlled by KLF1 both 

directly and indirectly (Siatecka and Bieker, 2011) and haploinsufficiency of KLF1 
expression has been shown to be responsible for hereditary persistence of fetal hemoglobin 

(HPFH) (Borg et al., 2011). CVA lowered JK-1 cell KLF1 gene expression compared to un-

induced cells, in a similar fashion to the Statins which were previously reported to induce γ-

globin gene expression in erythroid cells by lowering KLF1 gene expression (Macari et al., 

2013).

CVA is a monounsaturated n-7 fatty acid that is a product of Elovl5 activity and has been 

previously identified as a mediator of mTORC2-Akt-FoxO1 pathway (Tripathy and Jump, 

2013), a pathway which has been implicated in the differentiation of B cells (Limon and 

Fruman, 2012). Δ9 desaturase converts vaccenic acid to CLA in vivo in humans, a pathway 

which has been shown to be dysregulated in sickle cell anemia individuals (Enomoto et al., 

1998). CLA (9-cis 11-trans octadecenoic acid) is one of a group of conjugated C18: Δ9,11 

fatty acids that are known to mediate various beneficial health effects in humans (Turpeinen 

et al., 2002). Inhibition of Δ9 desaturase using 10 μM Isoxyl significantly suppressed γ-

globin gene expression in JK-1 and TMbmEPSCs suggesting that CVA is not directly 

responsible for the observed increase in γ-globin expression in these cells and may be linked 

to induced rictor proteins (Tripathy and Jump, 2013). Similarly, Cyloate inhibition of in vivo 
biosynthesis of CVA from palmitoleic acid the precursor of CVA completely suppressed γ-

globin expression in JK-1 and TMbmEPSCs. Addition of CVA (50 μM) to the culture 
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medium 48 h after inhibition failed to restore γ-globin gene synthesis in both cell types 

suggesting that CVA induced γ-globin expression is mediated primarily by a downstream 

biosynthetic product of CVA. Inhibition of Δ9 desaturase and Elovl5 also completely 

suppressed the CVA-induced BFUe forming capacity of TMbmEPSCs on semisolid IMDM; 

however addition of CVA (50 μM) to the semisolid culture medium significantly restored 

CVA induced BFUe activity in cells treated with Isoxyl but not cells treated with Cycloate, 

suggesting that CVA directly modulates TMbmEPSCs differentiation and commitment to the 

erythroid lineage.

The results described above strongly suggest that CVA induces erythroid differentiation and 

up-regulates human γ-globin gene expression, however γ-globin gene expression appeared 

to be indirectly modulated by CVA. Site directed mutagenesis of erythroid Elovl5 and Δ9 

desaturase in progenitor stem cells in vitro or in vivo could provide additional information 

on the endogenous role of this fatty acid on fetal hemoglobin gene switching.
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Fig. 1. 
CVA induces differentiation to the erythroid lineage. Differentiation was assayed as a 

measure of the emergence of hemoglobinized cells positive for benzidine. Analysis was 

carried out with K562, transgenic mice bone marrow progenitor stem cells and JK-1 cells. 

A. K562 cells induced with CVA for 72 h and stained with Benzidine and Giemsa stains. B. 

K562 cells were induced with varying concentrations of CVA and monitored for percentage 

of benzidine positive cells at 48 and 120 h post induction. C. Transgenic mice bone marrow 

progenitor stem cells depleted of plastic adherent cells in IMDM supplemented with 20% 

FBS, 100 U/ml penicillin, 200 μg/ml streptomycin and 2 U/ml EPO. Cells were induced 

with CVA for 96 h, and cytospin preparations of the cells were stained using benzidine-

giemsa stain. D. Percentage of BFUe colony formation from TMbmEPSCs induced by CVA. 

TMbmEPSCs depleted of plastic adherent cells were seeded in plates containing semisolid 

IMDM supplemented with 20% FBS, 100 U/ml penicillin and 200 μg/ml streptomycin. E. 

JK-1 cells induced with 50 μM CVA and monitored for percentage of benzidine positive 

cells at 24 and 72 h post induction.
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Fig. 2. 
CVA does not alter JK-1 Cell survival or growth. A. Cell survival was assayed as a measure 

of percentage positive Trypan blue stained cells. Cell viability was monitored at 24, 48 and 

120 h post CVA induction. B. JK-1 cell growth was monitored for 96 h. The data represents 

the mean and corresponding S.D. of three independent experiments.
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Fig. 3. 
CVA up-regulates γ and β-globin gene expression and fetal hemoglobin synthesis. CVA 

induced γ-globin gene expression was monitored in A. JK-1 cells using RT-PCR at 24, 48 

and 72 h post CVA induction. B. qRT-PCR was used to measure JK-1 cell relative γ-globin 

gene expression 24, 48, 72, 96 and 120 h post CVA induction. Expression data was 

normalized to JK-1 GAPDH expression. C. Concentration dependent effect of CVA on JK-1 

cell γ-globin gene expression was assayed using semi-quantitative RT-PCR. D. Effect of 

CVA induction on transgenic mice bone marrow erythroid progenitor stem cells γ-globin 

gene expression. Relative γ-globin gene expression was assessed using qRT-PCR at 24, 96, 

168 and 240 h post CVA induction. γ-globin gene expression was normalized to transgenic 

mice bone marrow progenitor stem cells GAPDH gene expression. E. effect of CVA on JK-1 

cells fetal hemoglobin synthesis. Fetal hemoglobin was assayed in JK-1 cell lysates using 

alkaline denaturation assay as previously described (Fibach et al., 1993). Hemin was used as 

a positive control inducer. The experiment was carried out in duplicate, and although precise 

globin mRNA levels appeared to fluctuate from culture to culture, but relative γ-globin 

levels were always higher in cells induced in transgenic mice primary bone marrow 

progenitor stem cells induced with 50 μM CVA. The data represents the mean and 

corresponding S.D. of three independent experiments. ANOVA was used to analyse the 

differences between groups and differences were considered significant at P<0.05.
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Fig. 4. 
CVA lowers KLF1 gene expression in JK-1 cells. JK-1 cells were grown in RPMI 1640 

medium supplemented with 20% FBS, 100U/ml penicillin and 200 μg/ml streptomycin, cells 

induced with CVA (50 μM). KLF1 gene expression was monitored quantitatively using qRT-

PCR 24 h post induction. KLF1 gene expression was normalized to JK-1 GAPDH gene 

expression and compared to un-induced controls. The data represents the mean and 

corresponding S.D. of three independent experiments. ANOVA was used to analyse the 

differences between groups and differences were considered significant at P<0.05.
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Fig. 5. 
Effects of Erythropoietin on CVA induced JK-1 cell differentiation and γ-globin gene 

expression. EPO has been shown to direct erythroid cell development and maturation (Orkin 

and Zon, 2008). JK-1 cells were induced with EPO (2 U/ml) for 48 h prior to induction with 

CVA; cells were then induced using 50 μM CVA, EPO (2 U/ml) and ‘CVA (50 μM)+EPO (2 

U/ml)’ for 48 h. Controls were set-up for each treatment using JK-1 cells which have not 

been induced with EPO. JK-1 cell differentiation and γ-globin gene expression were 

assayed 48 h post CVA induction. A. Experimental set-up B. JK-1 relative γ-globin gene 

expression normalized to GAPDH C. JK-1 cell differentiation assayed by benzidine-giemsa 

staining. The data represents the mean and corresponding S.D. of three independent 

experiments. ANOVA was used to analyse the differences between groups and differences 

were considered significant at P<0.05.
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Fig. 6. 
Effects of CVA on Transgenic Mice Bone Marrow Erythroid Progenitor Stem Cell 

Differentiation. Cells were induced with 50 μM CVA at the start of culture or 48 h after the 

commencement of culture. A. TMbmEPSCs were grown in IMDM supplemented with 20% 

FBS, 100U/ml penicillin, 200 μg/ml streptomycin and 2 U/ml EPO. γ-globin gene 

expression was assayed 48 h post CVA induction. B. TMbmEPSCs were grown in semisolid 

IMDM supplemented with 20% FBS, 100U/ml penicillin, 200 μg/ml streptomycin and 0.9% 

methylcellulose. BFUe colonies were enumerated 24 h post CVA induction. The data 

represents the mean and corresponding S.D. of three independent experiments. ANOVA was 

used to analyse the differences between groups and differences were considered significant 

at P<0.05.
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Fig. 7. 
Inhibition of Eukaryotic Fatty acid Elongase V and Δ9-desaturase Modulates CVA induced 

differentiation and γ-globin induction capacity. JK-1 cells were grown in RPMI 1640 

medium supplemented with 20% FBS, 100U/ml penicillin and 200 μg/ml streptomycin. 

Fatty acid elongase V (Elovl5) and Δ9-desaturase were inhibited at the start of culture in 

separate experiments using Cycloate (40 μM) or Isoxyl (10 μM) respectively or jointly. CVA 

was used to induce JK-1 cell γ-globin gene expression in both inhibited culture systems. A. 

CVA was used to induce Elovl5 and Δ9-desaturase inhibited JK-1 cells at the start of 

cultures. B. CVA (50 μg) was used to induce Elovl5 and Δ9-desaturase inhibited 

TMbmEPSCs cells at the start of cultures. C. CVA (50 μM) was added to Elovl5 and Δ9-

desaturase inhibited JK-1 cells 48 h post inhibition, γ-globin gene expression was assayed 

48 h post induction. The data represents the mean and corresponding S.D. of three 

independent experiments. ANOVA was used to analyse the differences between groups and 

differences were considered significant at P<0.05.
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Fig. 8. 
Effect of CVA Rescue on TMbmEPSCs differentiation. CVA (50 μM) was added to Elovl5 

and Δ9-desaturase inhibited TMbmEPSCs 48 h post inhibition on semisolid IMDM 

supplemented with 20% FBS, 100 U/ml penicillin and 200 μg/ml streptomycin, BFUe 

colonies were enumerated 24 h post induction. The data represents the mean and 

corresponding S.D. of three independent experiments. ANOVA was used to analyse the 

differences between groups and differences were considered significant at P<0.05.
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