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ABSTRACT 

 
NICOLE HOPE LOPEZ 

Salubrinal Mediates Fetal Hemoglobin induction via the eIF2a Signaling 

Pathway for the treatment of Sickle Cell Disease 

(Under the direction of DR. BETTY S. PACE, M.D.) 
 

Sickle cell disease (SCD) is an inherited disorder caused by the βS-globin mutation 

leading to hemoglobin polymerization, vaso-occlusion, chronic hemolysis and progressive 

organ damage. SCD affects ~100,000 people of African descent in the United States and 

millions worldwide. An effective therapy for SCD is fetal hemoglobin (HbF) induction by 

pharmacologic agents such as Hydroxyurea (HU), the only drug with FDA-approval that 

works via this mechanism. The goal of our study was to determine whether Salubrinal 

(SAL), a selective protein phosphatase 1 inhibitor, induces HbF expression by the 

activation of p-eIF2α (phosphorylated eukaryotic initiation factor 2α) and ATF4 (activating 

transcription factor 4). ChIP analysis in K562 cells showed ATF4 binding in the locus 

control region along with the predicted ATF4 binding sites in the y-globin promoter and 

HBB locus. Sickle erythroid progenitors treated with SAL 9, 18 and 24 µM increased F-

cells from 5.2%, 7.7% and 9% (p<0.05) respectively compared to untreated cells and 

decreased oxidative stress. Western blot analysis showed SAL 24 µM induce HbF by 1.5-

fold and mediated dose-dependent increases of p-eIF2α and ATF4 up to 11.1%. In 

preparation for preclinical studies, pharmacokinetic studies showed plasma concentration 

of SAL (5mg/kg) peaked 6 hours post IP injection. Subsequent treatments of SCD mice 



 
 

(n=10 per group) were conducted with SAL (3 and 5mg/kg), HU (100mg/kg) and water 

control (vehicle), 5 days a week for 4 weeks. Flow cytometry showed SAL produced a 

significant 2.3-fold increase in F-cells compared to a 2.6-fold increase by HU on week 4 

(p<0.05); SAL did not produce significant changes in peripheral blood counts. Our 

findings, supports HbF induction and decrease sickle cell formation by SAL in vivo and 

the potential this agent might be developed as a novel treatment option for SCD.  
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I. INTRODUCTION 

A. Statement of the Problem 

Sickle Cell Disease (SCD) affects about one in 500 African-American and one in 

36,000 Hispanic-American newborns [1]. Worldwide, about 3.2 million people have SCD 

and 43 million have sickle cell trait [2] [3]. Over one million Americans are affected by 

blood diseases and suffer serious morbidities, which creates a great burden to annual 

healthcare cost. [4] [5]. Despite sickle cell anemia being first described in 1910 by Dr. 

James B. Herrick, to date there is still limited Food and Drug Administration (FDA) 

approved drugs for treating SCD [6]. The most promising therapeutic intervention is to 

induce fetal hemoglobin (HbF; α2γ2) synthesis by pharmacologic agents [7]. This is 

demonstrated by individuals with high HbF levels due to genetic modifiers who have a 

milder clinical course. Currently hydroxyurea (HU) is the only Food and Drug 

Administration (FDA)-approved drug used to induce HbF in SCD patients. However, 

limitations of HU are bone marrow suppression, concerns over long term potential 

carcinogenic complications along with a 30% non-response rate [8]. The development of 

new and safer alternatives or combination treatments with HU is highly desirable, along 

with the further understanding of γ-globin gene regulation. The goal of this project is to 

determine if Salubrinal (SAL) a selective protein phosphatase 1 inhibitor, can be used as a 

therapeutic agent to induce γ-globin gene transcription as a treatment for SCD. 
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AIM 1. Test the hypothesis that SAL induces HbF expression via the eIF2α-ATF4 

stress signaling pathway 

Studies will be conducted in K562 cells and primary erythroid progenitors generated from 

CD34+ stem cells in a primary liquid culture system. The ability of SAL to induce HbF 

expression will be quantified by flow cytometry. Stress signaling activation will be studied 

by western blot analysis of eIF2α and ATF4 levels after SAL induction and correlated with 

HbF levels. The ability of SAL to protect against oxidative stress will be ascertained by 2’, 

7’-dichlorodihydrofluoresce in diacetate (DCF-DA) stain and flow cytometry. Similar 

studies will be completed in erythroid progenitors generated from SCD patients.  

AIM 2. Test the hypothesis that SAL mediates ATF4 activation and alterations in γ-

globin chromatin structure to reactivate gene expression   

Chromatin immunoprecipitation (ChIP) assay will determine ATF-4 binding in the 

predicted sites at -835bp γ-globin and second intron of β-globin. 

AIM 3. Test the ability of SAL to induce HbF in vivo using the preclinical SCD 

transgenic mouse model  

The SCD mouse is a useful model to test the ability of various drugs to induce HbF in vivo. 

Therefore we will conduct drug treatments in Townes’s knock-in SCD mice consisting of 

4 mice per treatment group including: 1) SAL 3 mg/kg/day, 2) SAL 5 mg/kg/day, 3) HU 

100 mg/kg/day, 4) water (vehicle) control. All treatments will be by intraperitoneal (IP) 

injections, 5 days a week for 4 weeks, for three independent treatment courses for a sample 

size of 12 mice per group. Weekly weights will determine overall health of the mice after 

treatments. Blood samples at week 0, 2, and 4 for complete blood count with differential 

will assess hematopoiesis; flow cytometry will quantify reticulocyte count to evaluate 
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erythropoiesis, F-cells, mean fluorescence intensity (HbF levels) and Giemsa staining to 

determine anti-sickling effects. All data will be normalized for the 12 mice per group and 

the treatment response at week 2 and 4 compared to week 0 using a paired t-test. In 

addition, ANOVA will be performed to compare across treatment groups with statistical 

significance set at p<0.05. 
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B. Review of Literature 

 Hemoglobin Overview 

Adult hemoglobin A is a tetrameric protein containing two α- and β-globin polypeptide 

chains found in red blood cells (RBCs). Ninety-five percent of RBC cytosolic protein is 

hemoglobin, which consist of an iron containing porphyrin ring or heme functional group 

responsible for binding and releasing oxygen from the hemoglobin molecule in a 

cooperative manner [9]. As a net result, hemoglobin’s main function is to transport oxygen 

from the lungs to tissues throughout the body.   

The α-like globin genes are found on chromosome 16 and encodes three functional 

genes (ζ, α2 and α1), while the β-like globin gene is found on chromosome 16 also known 

as the HBB-locus, encodes five function genes (ε, γG,γA, δ, β) (Fig.1A). Upstream of the 

HBB-locus is located five DNase1 hypersensitive sites (HS), known as the locus control 

region (LCR) which spans approximately 81 kb on the short arm of chromosome 11. [10] 

The five HS are approximately 250 nucleotides long containing regions of chromatin that 

are sensitive to cleavage by the DNase 1 enzyme. Each HS have specific function, for 

example, HS3 functions as an activator of ε- and γ- globin gene expression during 

development [10].  

Although the globin genes are arranged on two different gene clusters, they represent 

a coordinated and differential pattern of expression from the 5’ to 3’ in the order which 

genes are expressed during development [11]. The LCR together with the proximal cis-

element that bind transcription factors, control the developmental stage specific expression 

of the globin genes in a temporal and spatial manner on the HBB-locus. The LCR is around 
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~15Kb and located ~6 to 20kb upstream of the ε-globin gene [12] and serves as an 

erythroid-specific enhancer element [13]. Stage specific transcription factors that interact 

with the LCR, that consist of distinct globin gene promoters through DNA looping 

facilitated by various transcription factors and chromatin remodeling provides the LCR the 

ability to regulate globin gene expression [14] [15] [16].  

As shown in Fig. 1B, the process of hemoglobin switching consists of two stages 1) ε-

globin to γ- globin and 2) γ- globin to β- globin [17] . Embryonic hemoglobin (ζ2ε2 and 

α2ε2) is produced after primitive erythropoiesis occurs in the yolk sac after conception. The 

site of erythropoiesis moves from the yolk sac to the fetal liver and spleen after six to eight 

weeks of development [18]. Fetal hemoglobin (HbF; α2γ2) expression is produced at the 

fetal stage after ε-globin gene silencing and is replaced with two identical γ-globin proteins 

except at position 136 where glycine is found in Gγ-globin and alanine in Aγ-globin gene. 

The production of Gγ- and Aγ-globin ratio changes from 3:1 during fetal development to 

2:3 after birth. Erythropoiesis shifts to the bone marrow at 20 weeks, then the second 

hemoglobin switch occurs when γ-globin is silenced and β-globin is activated just before 

birth; the second stage of hemoglobin switching is completed 3-6 months after birth in 

normal babies. In adults, only 0.5-1% of the total hemoglobin is HbF [19] and is restricted 

to 3 to 7% erythrocytes called F-cells, which is maintained at this level [20]. The bone 

marrow becomes the major source of hemoglobin A (α2β2) and A2 (α2δ2) production during 

definitive adult erythropoiesis. Throughout life in HbA is the predominate form of 

hemoglobin produced in RBCs, while HbA2 represents ~2.5% of total hemoglobin [17]. 

Once the second hemoglobin switch is complete from γ-globin to β-globin, clinical 

complications begin to manifest for individuals with SCD, due to the sickle mutation in the 
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β-globin. Therefore, understanding globin gene silencing and mechanisms of γ-globin 

activation is crucial for developing effective therapies for SCD and all β-

hemoglobinopathies. 

 

 

 

 

Figure 1. HBB-locus and Hemoglobin Switch Curve. 

A) Diagram of chromosome 11 and the position of globin genes on the HBB-locus including the embryonic 

(e), fetal (Gg and Ag), and adult (d and b) b-like globin genes and the 5 DNase hypersensitive sites that 

comprise the upstream locus control region. B) Hemoglobin switching curve shows the expression pattern of 

the β-like globin gens expression and sites of hematopoiesis during development. Adapted from A cell stress 

signaling model of fetal hemoglobin induction: what doesn’t kill red blood cells may make them stronger by 

Dr. Elizabeth Macari, 2006, Elsevier Publishing group [21]. 
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Hemoglobinopathies 

The most common monogenic diseases are the hemoglobinopathies that effect 

approximately 7% of the global population, leading to a world major health problem [22] 

[23] [24] [25]. Hemoglobin disorders can be divided into two main groups: 1) Thalassemia 

syndromes (i.e. decreased production), 2) structural hemoglobin variants (i.e. abnormal 

hemoglobin).  All hemoglobinopathies are caused by mutations and/or deletions in the a- 

or b-like globin genes. In the case of  thalassemia gene defects lead to hemoglobin synthesis 

disorders [26]. In other words, hemoglobin structure is normal produced at a lower level.  

By contract, for structural gene variants, abnormal hemoglobin protein is produced [23] 

[27] [28]. Various combinations of gene mutations occur that combines feature of both 

groups, for example, β0/β+ -thalassemia, HbSC disease and HbE α-thalassemia. 

Thalassemia disorders are autosomal recessive conditions leading to a- and b- thalassemia 

having the greatest clinical significance, however, heterozygous thalassemia carriers have 

less clinical manifestations than homozygous forms, which are accompanied by serious 

disease [27] [28] [29]. Each type has many different subtypes, which includes thalassemia 

major and minor.  

Structurally abnormal hemoglobin disorders are autosomal dominant inherited 

resulting in an altered amino acid sequence in the a- and/or b-globin chains causing in 

structural defects [24] [30] [31]. These disorders include HbSS, HbSC and HbEE among 

others. Sickle cell anemia (HbSS) is the most dangerous of all hemoglobinopathies, with 

HbSS causing sickle cell disease and a range of mixed heterozygous hemoglobinopathies 

(HbS/β-thalassemia, HbSC disease, and other combinations) [31]. Hemoglobinopathies 
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affect individuals world-wide mainly affecting  people of  Southeast Asia, China, the 

Middle East, the Mediterranean and African descent [27]. 

Sickle Cell Disease 

Millions of individuals world-wide suffer from one of the most common types of 

genetic diseases known as sickle cell disease. The prevalence is associated with resistance 

of the heterozygous carrier population to malaria, however, those with homozygous 

mutations have the disease, which is associated with decreased quality of life and lifespan 

[7, 32]. SCD is autosomal recessive inherited hemoglobin disorders caused by point 

mutations in the β-globin gene on chromosome 11. SCD is characterized by the inheritance 

of two mutated alleles of the β-globin gene caused by a point mutation of a single 

nucleotide substitution in the 6th codon from A to T, resulting in an amino acid substitution 

in the protein sequence of valine for glutamic acid (glu6val). The replacement of the 

hydrophilic acid glutamic acid by hydrophobic valine, creates hemoglobin S (HbS; a2bS2) 

[33]. HbS created as a consequence of the amino acid substitution, significantly decreases 

solubility under physiological conditions within the RBCs compared to normal HbA 

(a2b2). The pathophysiology and complications observed in the disease are mainly caused 

by deoxygenated states that cause HbS to polymerize into rigid fibers which results in the 

RBCs to form into the classic sickled shape [17] (Fig. 2).  
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Figure 2. Pathophysiology of Sickle Cell Disease. 

In sickle cell disease (hemoglobin S), a substitution of A for T in the sixth codon of the β-globin gene leads 

to the replacement of a glutamic acid residue by a valine residue. During deoxygenation, hemoglobin S 

polymers form, causing red blood cell sickling and damage to the membrane. Some sickle cells adhere to 

endothelial cells, leading to vaso-occlusion. Reproduced with permission from Management of Sickle Cell 

Disease by Dr. Martin Steinberg, 1999,  Copyright Massachusetts Medical Society [34]. 
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Pathophysiology 

In the United States the average life expectancy of people with SCD is ~50 years old 

[35]. In the last 30 years, SCD survival rates have significantly improved due to decreased 

death rates in infants, however, morbidity remains high due to central nervous system and 

pulmonary complications during childhood and end-organ damage in adults [36] [37] [38]. 

As HbF falls below protective levels, dactylitis involving pain and/or swelling of the hands 

or feet is one of the earliest manifestations of SCD seen in infants; dactylitis is an indication 

as a risk factor for severe disease [39] . Splenic sequestration occurs in up to 30% of 

children between the ages of six months to three years of age leading to shock and death if 

not treated promptly. Over time splenic injury occurs leading to infarction and a marked 

increased risk for infection including Streptococcus pneumonia, Haemophilus influenza, 

and Staphylococcus aureus among others [40]. 

SCD pathophysiology leads to chronic hemolytic anemia caused by HbS 

polymerization under deoxygenated conditions, leading to shortened life span (14-21 days) 

of the sickled RBCs due to oxidative membrane damage [41].  The HbS in sickled 

erythrocytes circulate in the vascular system and is subjected to repeated rounds of 

deoxygenation causing the sickled RBCs to shift back and forth from sickle to normal 

shape leading to hemolysis [42]. The most common pathophysiology occurrence is vaso-

occlusive (VOC) events produced by tissue ischemia due to the abnormal erythrocytes 

shape and its ability to adhere to the endothelial cells within the microvasculature [43]. The 

VOC cause blood vessel occlusion that leads to repeated episodes of severe pain (most 

common clinical manifestation) and acute or chronic injury to the spleen, brain (strokes), 

lungs (acute chest syndrome and pulmonary hypertension), eyes (retinopathy), kidneys and 
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bones. In addition, VOCs also cause endothelial activation, inflammation, oxidant damage 

and nitric oxide depletion over time [42].   

Due to chronic hemolysis that occurs in SCD the system is overwhelmed and unable to 

compartmentalize hemoglobin from the damaging side effects of autoxidation and protect 

the body from oxidative stress unlike intact RBCs [44] . Furthermore, large quantities of 

reactive oxygen species  (ROS) such as hydrogen peroxide and superoxide are released 

from the hemolyzed RBCs due to the inability of functional non-enzymatic antioxidants 

defense system to clear ROS [45]. In addition, free hemoglobin is released contributing to 

an increase in free plasma heme concentration. When levels of free hemoglobin and heme 

exceed the ability of neutralization, severe clinical manifestations occur [46]. Free 

hemoglobin has a plethora of effects such as disrupting nitric-oxide mediation function, 

bind to receptors to alter cellular function and gene transcription, and promote a pro-

inflammatory state [47].  

The clinical phenotypes of SCD are diverse with patients showing various degrees of 

disease severity resulting in their quality of life and mortality being negatively impacted 

[48]. In the Cooperative Study of Sickle Cell Disease (CSSCD), carried out for 20 years 

with ~4,000 sickle cell patients, it was demonstrated that higher HbF levels > 8.6% had 

improved survival and was shown to be a predictor of long-term survival compared to those 

with HbF < 8.6%[7] [49]. HbF directly interferes with polymerization of deoxygenated 

HbS molecules, by decreasing HbS levels and producing a hemoglobin hybrid (a2bSg), 

resulting in the mixed tetramers not partaking in the polymerization process [49]. 

Moreover, newborns with homozygous for HbSS attributed to high levels of HbF, which 

showed a delay in the clinical manifestations of SCD [50]. Individuals with co-inherited 
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hereditary persistence of fetal hemoglobin (HPFH) have elevated HbF levels as high as 

40% which continues into adulthood and are asymptomatic [17, 51]. Therefore, 

reactivation of γ-globin gene expression by pharmacologic agents can recapitulate 

inherited mutations that produce hereditary persistence of HbF expression is an effective 

and viable therapeutic strategy.  

Treatment Options for SCD 

The first disease-specific therapeutic option for SCD is aimed at inducing HbF levels 

by pharmacological agents. In 1998 the FDA approved HU for the treatment of SCD based 

on the findings of the Multicenter Study of Hydroxyurea [52] and currently HU is the only 

approved agent to induce HbF. Subsequent studies including BABY HUG demonstrated 

HU is more effective in children as an HbF inducer and can be used in children with 

abnormal transcranial Doppler studies [53]. Unfortunately, HU has a 30% nonresponse rate 

in adults, along with causing bone marrow suppression and has detrimental effects on 

fertility [8] [54]. The establishment of newborn screening and initiation of penicillin 

prophylaxis in the first few months of life decreased the rate of overwhelming sepsis and 

improved survival in infants with SCD [55].  

Presently, the only cure for SCD is a hematopoietic stem cell transplantation and has 

been successful in hundreds of patients involving long-term disease free survival of >70% 

[21]. However, this strategy has many limitations, such as poor outcome with patients with 

significant disease complications and finding a suitable donor match. Therefore, making 

this approach not available for wide-spread application. A potential alternative is gene 

therapy and recently, Dr. Marina Cavazzana lab demonstrated SCD patients infused with 

CD34+ stem cells transduced with a gene coding for an anti-sickling variant of HbA (50% 
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of total hemoglobin), prevented the reoccurrence of VOCs during a 15-month period [56]. 

More studies are underway with reports of promising results; however, additional human 

studies are required to demonstrate the efficacy of gene therapy.  

Blood transfusions are the main line of therapy for individuals suffering from acute and 

chronic complication of SCD, such as severe anemia associated with splenic sequestration 

and aplastic crisis due to Paro-virus infection [57]. The purpose of RBC transfusions is to 

improve and prevent sickling by decreasing the HbS level to <30% of total hemoglobin 

thereby decreasing blood viscosity, and increasing oxygen saturation [58] [59] [60]. Acute 

and chronic pain due to tissue ischemia is the most common symptom in patients with 

SCD. Furthermore, the frequency of pain episodes is directly correlated with long-term 

survival and the standard of care to prevent complications is early aggressive treatment of 

pain episodes [7] [61]. Insight into the mechanism of pain related to tissue injury  

(nociceptive), nerve injury (neuropathic), or unknown causes (idiopathic) has been 

provided through recent research [38]. Treatment of pain is most often achieved using 

opioid narcotics combined with nonsteroidal anti-inflammatory drug. To address the 

devastating effects of pain episodes extensive research has been conducted to develop 

drugs that induce HbF since it inhibits HbS polymerization [62] to improve clinical 

symptoms of SCD.   

After two decades of clinical investigation as seen in Table 1, three new agents were 

recently approved by the FDA including Endari (L-glutamine), Voxelotor and 

Crizanlizumab for the treatment of SCD, however, these drugs are not HbF inducers [63]. 

Endari reduces oxidative damage to red blood cells by improving the redox potential of 

nicotinamide adenine dinucleotide and helps reduce the frequency of pain crises [64].  
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Voxelotor is an inhibitor of deoxygenated HbS polymerization and increases total 

hemoglobin in sickle cell patients to aide in improving anemia [65]. By contrast, 

crizanlizumab is a monoclonal antibody against the adhesion molecule P-selectin, which 

prevents sickle red cell interaction with endothelial cells to prevent and reduce the 

frequency of vaso-occlusive episodes / pain crises [66]. The development of more novel 

therapeutic agents that can be used alone or in combination with HU based on inherited 

mutations in key regulatory agents to establish precision medicine is highly desirable.  

 

 

 

 

Table 1. Current drug treatment options used to treat SCD and that phases of development and standard of 

care. 
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Pharmacological Induction of HbF 

As the only FDA-approved drug to specifically induce HbF expression in SCD patients, 

HU is a short-acting cytotoxic ribonucleotide reductase inhibitor which increases nitric 

oxide levels, causing soluble guanylyl cyclase activation with a rise in cyclic GMP (cyclic 

Guanosine Monophosphate), leading to the activation of g-globin gene expression [67]. In 

addition, HU also blocks DNA synthesis, terminates actively dividing progenitors, disrupts 

cellular growth, and drives rapid erythroid cell maturation, thus favoring RBCs production 

that contain high levels of HbF [68]. Furthermore, HU has shown to have several 

mechanisms of increasing g-globin gene expression by upregulating specific miRNAs and 

decreasing levels of transcription factors known to decrease g-globin gene expression, such 

as BCL11A, MYB, and KLF1 [69]. However, only two-third of patients respond to 

treatment and its dose-limiting side effects, such as bone marrow suppression and concerns 

of long-term potential carcinogenic complications, makes HU less than ideal [8] [52] [54] 

[70] [71].  

Several drugs induce γ-globin expression like HU, but through diverse molecular 

mechanisms. Sodium Butyrate, a histone deacetylase (HDAC) inhibitor, is a short chain 

fatty acid that can selectively stimulate fetal globin expression [72]. Decitabine (analogue 

of 5-azacytidine)  incorporates into the DNA and inactivates the DNA methyltransferase 

enzyme that methylates DNA, which effectively reactivates gene transcription [73] . 

Unfortunately, none of these other HbF inducers have advanced to clinical FDA-approval. 

Factors such as route of administration, which is a critical factor influencing patient 

compliance, limited preclinical data required for use in humans and concerns over long 

term potential toxic complications have hindered their applicability [74]. For example, 
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Arginine butyrate, is a potent HbF inducer, however it requires intravenous administration 

since the agent is rapidly inactive when administered orally. In addition, Decitabine 

demonstrated HbF induction in a Phase 1 clinical trial, however side effects related to bone 

marrow suppression such as febrile neutropenia prevented its approval for a treatment [75]. 

Therefore, the discovery of non-chemotherapeutic HbF inducers that act by unique 

molecular and cellular mechanisms for potential use as a standalone agent or combined 

with HU support development of additional novel treatment options for SCD.  

Salubrinal 

Discovery of Salubrinal and Phosphatase Inhibitors 

Salubrinal (SAL) was discovered in 2005 by Dr. Junying Yuan’s laboratory at Harvard 

Medical School. SAL was identified in a screening of ~19,000 chemicals for compounds 

that protect the endoplasmic reticulum (ER) stress-induced apoptosis in rat 

pheochromocytoma cell line PC12 [76]. SAL, a compound that interferes with a protein 

phosphatase in cells to withstand endoplasmic reticulum (ER) stress caused by misfolded 

protein. This discovery opened a wave of research for cell-protective agents that target ER 

stress and the potential development of anti-apoptotic drugs. Furthermore, phosphatase 

enzymes are known to be extremely difficult drug targets as their protein structure is 

promiscuous for their choice of substrate [77]. In addition, they tend to be toxic in humans 

due to a lack of selectivity or specificity, inhibiting a wide variety of substrates or different 

phosphatases simultaneously. However, from a boarder drug discovery perspective, SAL 

was non-toxic at the peak in which the dose reached cell protection and is more selective 

and specific in only inhibiting protein phosphatase 1 (PP1) and four of its substrates [76].  
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Both proteases and phosphatases are important enzymes that function in a variety of 

biochemical pathways, with phosphatases playing a key role in regulating signal 

transduction in eukaryotic cells [78]. In a protein, protein kinases transfer a phosphate from 

ATP to a serine, threonine or tyrosine residue and phosphatases are known to remove the 

phosphoryl group. The most common post-translational modification on proteins is 

phosphorylation occurring mainly on serine. Phosphatase inhibitors are specific for 

cleavage of either serine-threonine or tyrosine phosphate groups. There are several known 

phosphatase inhibitors that have been useful in many aspects of research and the first to be 

widely used was Okadaic acid, others include tautomycin, cyclic peptide hepatoxins and 

cantharidin [79]. The regulation and function of phosphatase complexes are being studied 

to be potentially targeted for therapeutic benefits.  

Mechanism of Action 

Salubrinal (C21H17Cl3N4OS; MW: 479.81) is a small semi-permeable synthetic 

compound, (2E)-3-phenyl-N-[2, 2, 2-trichloro-1-[[(8- quinolinylamino) thioxomethyl] 

amino] ethyl]-2-propenamide [80]. SAL, a selective dephosphorylation inhibitor of eIF2α 

phosphorylation (p-eIF2α) interferes with the recruitment of p-eIF2α to PP1 through 

growth arrest and DNA damage inducible protein 34 (GADD34) and constitutive repressor 

of eIF2α phosphorylation (CReP). The eIF2 activity is regulated by a mechanism involving 

both guanine nucleotide exchange and phosphorylation. Phosphorylation takes place at the 

α-subunit, which is a target for a number of serine kinases that phosphorylate serine 51 due 

to the result of various types of cellular stress, such as amino acid deprivation, ER stress 

and heme deficiency. Under stress conditions, the first action of p-eIF2α is to inhibit 

general protein synthesis, especially globin to prevent proteotoxicity. P-eIF2α also 
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increases translation of selective mRNAs, such as ATF4 mRNA that translocate into the 

nucleus to reprogram gene expression for adaptation to stress. During cellular stress, there 

is limiting function of eIF2 due to elevated p-eIF2α that impairs the re-initiation of 40s 

ribosomal subunits at upstream open reading frame (uORF2) of the ATF4 protein. The 

AUG codon of coding sequence of ATF4 mRNA is initiated as the 40S ribosomal subunits 

continue to scan downstream permitting the synthesis of ATF4 protein [81] [82].  

  As a result of higher p-eIF2α levels due to SAL, an increase translation of selective 

mRNAs such as downstream ATF4 activation occurs to reprogram gene expression for 

adaptation to stress, while increased levels of p-eIF2α inhibit the negative feedback loop 

of the integrated stress response (ISR) pathway to aid cell survival and recovery (Fig. 3) 

[83] [84] [85] [86] [87]. The pathway presented in Fig. 3, is part of the elaborate ISR 

signaling pathway present in eukaryotic cells, which under various stress conditions 

activate four kinases: general control nonderepressible 2 (GCN2; amino acid deprivation 

and UV radiation), protein kinase R (PKR; lipid exposure and viral infection), PKR-like 

endoplasmic reticulum (ER) kinase (PERK; ER stress and hypoxia stress), and heme-

regulated eIF2α kinase (HRI; heme deprivation and oxidative stress) [85, 86]. It is known 

that stress stimuli activate ISR, leading to the phosphorylation of eIF2α, reduction in global 

protein synthesis, and activation of ATF4 for aide in cell survival and recovery. However, 

severe cellular stress worsens systemic disease states resulting in cell death through C/EBP 

homologous protein (CHOP) [88] [89]. Boyce et. al, discovered that in the unfolded protein 

response (UPR), SAL did not affect the branches of the UPR where gene transcription 

occurs, only affecting post-transcriptional modifications [76]. It is unclear how SAL 

molecule induces phosphorylation by either directly inhibiting the PP1 or the regulatory 
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proteins, but it does manage to interfere with the protein complex without activating one 

of the four kinases [78] [90]. 

 

 

 

 

Figure 3. eIF2α-ATF4 signaling pathway with SAL. 

A part of the elaborate Integrated Stress Response Pathway (ISR) and the four kinases that leads to its 

activation. SAL, a selective inhibitor of the phosphatase complexes that dephosphorylate eIF-2α. 

 

 

Current studies using Salubrinal 

 SAL is currently not FDA approved; however, it was recently used in a Phase II clinical 

trial to explore its role in augmenting the effectiveness of carfilzombib in patients with 

multiple myeloma [91]. In addition, SAL is a versatile molecule under investigation for the 
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treatment of osteoporosis to accelerate bone healing, plays a neuroprotective role in 

cerebral ischemia, and induces stress mediated apoptosis in several different types of 

cancers [92] [93] [94].  

Salubrinal in treating Sickle Cell Disease 

 It was shown that HRI activates the eIF2αP-ATF4 integrated stress response in primary 

erythroid precursors to control reactive oxygen species (ROS). In iron deficiency states in 

humans, HRI-eIF2αP-ATF4 signaling is necessary to reduce oxidative stress and promote 

erythroid differentiation [84]. Furthermore, iron deficiency reduces α-globin chain 

synthesis and induces translation of ATF4 mRNA in erythroid precursors produced from a 

β-thalassemia mouse model. SAL in the DDRGK1F/F mouse model with a conditional 

knockout of CreERT2, SAL rescues anemia [95]. More directly related to g-globin gene 

regulation. Hahn et al [96], demonstrated in erythroid progenitors generated from human 

CD34+ stem cells, that SAL prevents dephosphorylation of p-eIF2α (phosphorylated 

eIF2α), mediating ATF4 (activating transcription factor 4) activation and regulation of the 

integrated stress response (ISR) pathway [86]. In addition, it was shown that SAL increases 

HbF production in erythroid progenitors in culture with a concomitant decrease of adult 

hemoglobin synthesis by a posttranscriptional mechanism, without affecting cell 

proliferation, differentiation, or mRNA levels of γ-globin and β- globin. In people with 

SCD endoplasmic reticulum stress is due to the mast cell activation, mitochondrial 

dysfunction, and associated oxidative stress, leading to increased endothelial cell 

permeability. Gupta and colleagues [97] showed mediators released from activated mast 

cells in SCD mice mediated activation of the ISR pathway. Furthermore, SAL attenuates 

pain in the transgenic HbSS- Berk mouse model [83], decreased reactive oxygen species 
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(ROS) levels [84] and inhibits endoplasmic reticulum stress [85] [86].  Collectively these 

data support development of SAL as a novel agent which induces HbF and modulates the 

ISR as a therapeutic target to improve vascular dysfunction along with inhibiting HbS 

polymerization in SCD [87]. The goal of our study was to develop a non-chemotherapeutic 

agent that induce HbF under oxidative stress conditions using human erythroid progenitors 

and a SCD mouse model. 

Innovation 

Studies outlined in this project will define the mechanism of γ-globin activation by 

SAL via the eIF2α-ATF4 signaling pathway. Our ex vivo two-phase culture system using 

human CD34+ stem cells closely recapitulates in vivo erythroid development. This model 

will be instrumental in determining the effects of SAL and its γ-globin induction 

capabilities at the mRNA and protein levels. Our second approach will utilize sickle 

erythroid progenitors generated from peripheral blood mononuclear cells (PBMC), which 

will provide a direct approach and insight for the development of this agent as a treatment 

option for SCD. Preclinical studies will be completed in the novel Townes SCD transgenic 

mouse model, which completes the switch from HbF to HbS after birth [16]. Using the 

Townes model will determine the effect of SAL in vivo during hemoglobin switching, 

similar to what occurs in newborns with SCD. This will provide further evidence for the 

clinical development of SAL as a single agent or combined with HU to impact treatment 

options for SCD patients. The ability of SAL to directly activate γ-globin gene transcription 

is not known. The approaches in this research proposal are designed to determine the 

molecular mechanism by which SAL mediates γ-globin activation. Defining the 

mechanism of HbF induction by SAL has the potential to not only aid in the treatment of 
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SCD, but in other β-hemoglobinopathies, either alone or combined with other 

pharmacological agents to increase efficacy [98]. The expected outcome of this research 

proposal is that SAL will induce HbF in sickle erythroid progenitors and in a SCD mouse 

model. Our research findings will impact SCD treatment options through the development 

of a novel therapeutic agent that can be used alone or combined with HU.  
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II. MATERIALS AND METHODS 

Therapeutic Agents 

 Salubrinal (SML0951) was purchased from Sigma-Aldrich (St. Louis, MO). It was 

reconstituted in 100% dimethyl sulfoxide (DMSO; vehicle control) for a 50mM stock 

concentration. A second salubrinal reagent (SC202332) was purchased from Santa Cruz 

Biotechnology (Dallas, TX) and reconstituted in water at a 1mM concentration. Hemin 

(51280), Hydroxyurea (H8627) and L-Cysteine (168149) was purchased from Sigma-

Aldrich (St. Louis, MO). Dimethyl Sulfoxide (BP231-100) was purchased from Fisher 

Scientific (Waltham, MA). For K562 and KU812 cells, normal erythroid progenitors, 

Towne’s mouse studies 1-3 and the single b-Yac mouse study, SAL was dissolved in 

DMSO. The data that is shown for sickle progenitor experiments conducted with two 

unique donors and the Townes mouse studies 4-5 were completed with SAL dissolved in 

water to avoid potential toxicities.  

Tissue Culture 

 K562 and KU812 cells were cultured in Iscove’s Modified Dulbecco medium 

(IMDM), fetal bovine serum (10%), penicillin (100 U/mL), and streptomycin (0.1 mg/mL). 

Drug inductions were conducted for 48 hours and cell viability assessed by 0.4% Trypan 

blue exclusion. Cell counts and percent viability was obtained using an Automated Cell 

Counter (Bio-Rad). 

 For primary cultures, human erythroid progenitors were generated from healthy adult 

CD34+ stem cells (STEMCELL Technologies, Vancouver, BC) and sickled peripheral 

blood mononuclear cells (PBMCs) isolated from discard blood of sickle cell patients under 
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an Institutional Review Board (IRB) exempt protocol. Both cell sources were grown in a 

two-phase culture system established in our laboratory [99] [100] [101]. During phase 1, 

cells were grown in IMDM with fetal bovine serum (15%), human AB serum (15%), 

interleukin-3 (10 ng/mL), stem cell factor (50 ng/mL) and erythropoietin (2 IU/mL) to 

promote erythroid lineage commitment. During phase 2, on day 7, cells transitioned to a 

similar media that did not contain stem cell factor. On day 8, erythroid progenitors were 

induced at a cell density of 1x106 cells/ml in the presence of complete growth media with 

various concentrations of SAL and corresponding DMSO concentrations, Cysteine (CYS 

10μM; negative control), Hemin (HM 75 or 100μM; positive control), Salubrinal/Hemin 

(SAL 12 μM/HM 50μM mixture), Hydroxyurea (HU 75 or 100μM; positive control), or 

Salubrinal/Hydroxyurea (SAL 12 or 18μM/HU 75μM mixture). On day 10, cells were 

harvested for the following analysis: flow cytometry, reactive oxygen species (ROS) assay, 

and protein and mRNA analysis.  

Flow Cytometry 

 K562 cells and erythroid progenitors from each treatment group were fixed with 4% 

paraformaldehyde for 20 min, and then permeabilized in ice-cold acetone/methanol (4:1). 

Cells were stained with fluorescein isothiocyanate (FITC) anti-HbF antibody (AB-19365, 

Abcam Cambridge MA) and FITC-isotype control IgG antibody (AB-37406) for 15 min at 

room temperature. Flow cytometry was conducted on the FACSCanto (BD Biosciences, 

San Jose CA) using the DIVA software to measure percent HbF positive cells (F-cells) and 

analyzed using FlowJO. The mean fluorescent intensity (MFI) was measured by the shift 

in fluorescence intensity of the positive F-cell populations through FlowJO. The 

histograms were generated by counting 10,000 erythroid cells used to quantify F-cells.  
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Reactive Oxygen Species Assay 

 To detect ROS levels, K562 cells and erythroid progenitors were incubated with 2', 7’-

dichlorodihydrofluorescein diacetate (DCF-DA) (10 µM; Invitrogen, Carlsbad CA) for 4 

hours before harvest. Cells were fixed with 4% paraformaldehyde for 20 min and flow 

cytometry was conducted on the FACSCanto (BD Biosciences, San Jose CA) using the 

DIVA software and analyzed using FlowJo. The histograms show an estimate of 10,000 

erythroid acquired cells used to quantify ROS.  

Reverse transcription-quantitative PCR (RT-qPCR) analysis 

 Total RNA was isolated from the different treatment conditions and extracted using 

TRIzol according to manufacturer’s instructions (Ambion, Carlsbad CA). mRNA was 

converted to cDNA using Improm-11TM Reverse Transcription System (Promega 

Madison, WI). Gene-specific primers were used to quantify mRNA levels for γ-globin, β-

globin, NRF2 and internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

using the CFX connect Real-Time system using SSO AdvancedTM Universal SYBBR 

Green Super Mix (Bio-Rad) as previously published by the Pace lab [102] [103] [101].  All 

mRNA levels were normalized to GAPDH.  

Western Blot 

 Whole cell lysates were lysed in RIPA buffer (Thermo Scientific, Rockford, IL) 

supplemented with proteinase and phosphatase inhibitors [104]. Total protein was loaded 

in sodium dodecyl sulfate-polyacrylamide gel followed by electro-transferring to a 

nitrocellulose membrane followed by incubation with the following antibodies  purchased 

from Santa Cruz Biotechnology (SC; Dallas, TX) and Cell Signaling Technology (CS; 

Danvers, MA) specific for HbF (SC-21756; 1:1000 dilution), HbS (SC-21757; 1:1000 



 

26 
 

dilution), phospho-eIF2α (Ser51) (CS-3398S; 1:800 dilution), eIF2α (SC-11386; 1:800 

dilution) and ATF4 (CS-11815S; 1:800 dilution). Tubulin (SC-53646; 1:1000 dilution)  

was purchased from Santa Cruz Biotechnology (Dallas, TX) and β-Actin (AM4302 

(1:1000 dilution) purchased from Invitrogen (Waltham, MA) were used as loading 

controls. The membranes were washed with Tris-buffered saline with Tween-20 (TBS-T) 

and developed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific) and images were captured using Fujifilm LAS-3000 gel imager (Stamford, CT) 

and Multigate software was used to complete quantitative densitometry.  

Chromatin Immunoprecipitation Assay (ChIP) 

ChIP assay was performed using the Active Motif ChIP-IT High Sensitivity (Carlsbad, 

CA). Briefly, DNA was cross-linked with 1% formaldehyde, the cells lysed in the presence 

of protease inhibitors and sonicated using a Bioruptor to shear DNA to ~500 bp. 

Immunoprecipitations were performed using ATF4 antibody (SC-390063 AC) purchased 

from Santa Cruz Biotechnology (Dallas, TX), normal mouse (IgG) and anti-RNA 

polymerase II provided by the Active Motif Kit.  Chromatin enrichment was quantified by 

qPCR using primer pairs designed with Primer-BLAST software at the predicted ATF4 

binding sites at -835 HBG2 (forward AGAATGGGGCACAGTGGATG, reverse 

CCAGCATCCCGACCATGATT ) and second intron HBB ( forward 

GGCCCACAAGTATCACTAAGC, reverse CACTGACCTCCCACATTCCC). 

Additional primers were used: 1) locus control region DNase I hypersensitive site 2 (LCR-

HS2; positive control) (forward CCTTCTGGCTCAAGCACAGC, reverse 

ATAGGAGTCATCACTCTAGGC); 2) Gγ-globin cAMP response element (G-CRE; 

negative control) (forward CGGCGGCTGGCTAGGGATGAA, reverse 
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CTGTGAAATGACCCATGGCG); 3) γ-globin promoter (forward 

GGCAACCTGTCCTCTGCCTC, reverse GAAATGGATTGCCAAAACGG).  

C4’,6-diamidino-2-phenylindole (DAPI) and Fluorescein Isothiocyante (FITC)-HbF 

Staining 

The cells were fixed with 4% formaldehyde for 10 minutes, and then three times with 

washed in 1X phosphate-buffered saline, 0.1% tween 20 (PBST) for 30 minutes. The fixed 

cells were washed three times with phosphate buffered saline (1x PBS; 13 mM NaCl, 0.2 

mM KC1, 0.8 mM Na2HP04, 0.2 mM KH2P04, pH 7.4) for 15 min and incubated with DAPI 

stain in the dark for 25 min at room temperature. The DAPI solution was prepared with 

4,6-diamidino-2-phenylindole (DAPI) (Sigma Chemical; St. Louis, MO) in PBS at 0.5 

µg/mL concentration. Cells were also  stained with (FITC) anti-HbF antibody (AB-19365, 

Abcam Cambridge MA) following the same steps above. The slides were evaluated and 

images were captured microscopically using an AMG-EVOS fluorescent microscope 

(Bothell, WA) . 

Sickle Cell Disease transgenic mouse treatment protocol 

The Townes SCD mouse model completes the switch of human γ-globin to βS-globin 

after birth [98]. In this model, the mouse β-globin locus genes are replaced with a 9.7 kb 

DNA fragment containing the human Aγ-globin gene (5.6kb) and human βS-globin gene 

(4.1 kb). The mouse α-globin genes are replaced with human α-globin genes. The Townes 

SCD mouse colony is maintained in Dr. Pace’s lab by standard breeding approaches, 

genotyping by PCR and confirmation of homozygous status by HPLC analysis of 

hemoglobin types. A single b-Yac mouse study was used to further evaluate the effect of 

SAL in vivo. The transgenic b-Yac mouse do not have the mutation for sickle cell, however 
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they have the human β-globin gene locus including the LCR in a yeast artificial 

chromosome (YAC) [105].  

Various drug treatments in Townes SCD mice along with a  single  b-Yac mice 

experiment  (4-6 months old) consisting of 3-6 mice per treatment group included: 1) water 

(vehicle control), 2) DMSO (0.5%-0.725%; vehicle control), 3) Decitabine 1.25 mg/kg/ 3 

times a week (HbF inducer; positive control) 4) HU 100 mg/kg/day (positive control), 4) 

SAL 1, 2, 3 and 5 mg/kg/day. All treatments were conducted by intraperitoneal (IP) 

injections daily, 5 days a week for 4 weeks using 200 μL per dose, for five independent 

treatment courses for a sample sizes ranging from 3-6 mice per group. Weekly weights 

were obtained to determine overall health of the mice after treatments. A total blood 

volume of 100 μL was collected in EDTA tubes by tail bleed at week 0, 2, and 4. Blood 

samples were analyzed for automated complete blood counts with differential using a 

Micros 60 machine (HORIBA Medical/ABX Diagnostics). The level of F-cells and MFI 

were performed by flow cytometry as previously published by our group [106]. For 

reticulocyte counts, whole blood was stained with BD retic-count reagent (acridine orange) 

and flow cytometry was completed using the FACSCanto (BD Biosciences, San Jose CA). 

RNA was isolated for γ- and βS- globin mRNA and blood plasma was collected to run 

western blots to test HbF levels after SAL treatment (same materials were used as 

mentioned in respective methods above).   

Genotyping and HPLC for sickle mice 

Ear punch samples were collected from pups between 28-34 days. Tail tip buffer 

(100uL) consisting of Proteinase K, was added to each sample and incubated over night at 

52°C. Supernatant (15 µL) was used for DNA purification and genotyped by PCR-based 
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genotyping: Common forward sense primer (Sigma), HbA anti sense primer (Sigma: 

320bp), HbS anti sense primer (Sigma: 250bp). The PCR product was verified using 2% 

agarose gel for fragment detection using a Bio-rad imager. 

 For HPLC whole blood (~100 μL) was collected and spun at high speed (13,000 rpm 

for 10 min.) the pellet was then washed with 500 µl of normal saline by gently inverting 

the tube and the centrifuged at high speed. The supernatant was discarded and 500 µl of 

HPLC grade water was added to the pellet and thoroughly vortexed for 30 seconds. The 

suspension was centrifuged at high speed to remove cellular debris and 500 µl of the clear 

supernatant was added to a clean tube containing 500 µl of water and then two drops of 1% 

KCN was added and gently vortexed. The supernatant was used to perform Cation 

Exchange high performance liquid chromatography (HPLC) using a Synchropak CM-300 

column (0.46_25 cm dimensions, 7 mm particle size; Eprogen, Darien, IL, USA) for 

hemoglobin separation. Retention times for control human and mouse hemoglobin curves 

were generated using blood isolated from normal subjects and sickle cell patients [107] 

[108] [65]. 

Geimsa Staining 

Mouse blood (10uL) was collected for each mouse at week 0, 2 & 4 for blood smears. 

A drop of blood was placed on the end of a clean slide and with the use of another slide at 

a 45° angle the blood was smeared. Slides were stained according to manufacturer’s 

instructions Sure-Stain Wright-Giemsa (CS434D) purchased from Fisher Scientific 

(Waltham, MA). RBC morphology was evaluated microscopically using an AMG light 

microscope (Bothell, WA) and the number of sickled cells per high power field were 

manually counted for 500 cells per triplicate per condition.  
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ELISA 

The ELISA (enzyme-linked immunosorbent assay) was purchased from Bethyl 

Laboratories (Montgomery, TX) and was used on the b-YAC mouse blood plasma 

collected from baseline, week 2 & 4 after treatment. The Human Fetal Hemoglobin ELISA 

Quantitation set was used as the primary the diluted coating antibody (1:100 dilution) and 

the HRP detection antibody and the Human Total Hemoglobin ELISA Quantitation set was 

used as s standard as recommended by the manufacturer.  Samples were processed 

according to manufacturer’s protocol (Bethyl Laboratories; Montgomery, TX). 

Absorbance was measured at 450nM on the Model 680 microplate reader (Bio-Rad 

Laboratories, Philadelphia, PA).  

Pharmacokinetics 

Mice were weighed and received a single SAL 5mg/kg dose. Blood was drawn at the 

following time points: 15 min, 30 min, 1 hr, 3 hr, 6 hr, 12 hr and 24 hr. Blood was also 

collected from two untreated mice as a control. A total of 14 mice were used with 2 mice 

per time point. At the corresponding time point blood was drawn by tail bleed into an 

EDTA tube. Plasma was immediately collected and sent off for mass spectrometry (MS) 

analysis at the Augusta University center for Biotechnology and Genomic Medicine.  

For sample preparation, 80µl acetonitrile was added to 20µl of mouse serum/plasma 

and vortexed for 5 minutes. The sample was then centrifuged at 16,000g for 10 minutes 

and the supernatant was transferred into a glass vial for LC-MS analysis. For liquid 

chromatography- multiple reaction monitoring mass spectrometry (LC-MRM MS) analysis 

separation of mouse serum/plasma samples (5µl) were performed using a Thermo Hypersil 

C8 column (50x2.1mm, 1.9um) on a  Shimadzu Nexera UHPLC system at a flowrate of 
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0.2ml/min using a gradient elution from 35% to 95% acetonitrile (with 0.1% formic acid) 

in 5 minutes. The effluent was ionized using positive ion electrospray on a TSQ Quantiva 

triple-quadrupole mass spectrometry with the following instrument settings: ion spray 

voltage 3500V, sheath gas 10, ion transfer tube temperature 350, aux gas 5, and unit 

resolution for Q1/Q3. The optimal collision energy and RF lens were determined using 

purchased standards. The transitions monitored for SAL was 481/187, 481/129 and 

481/189. The integrated peak areas for these transitions were calculated for each sample 

using Skyline software (version 20.0, University of Washington).  

Statistical Analysis 

Each tissue culture experiment was repeated in 3-5 independent experiments and 

performed in triplicate. The unpaired student's t-test was performed and *p<0.05 was 

considered statistically significant. The fold change data is plotted as the mean ± standard 

error of the mean (SEM). For the Townes and b-YAC mouse studies one-sample paired 

student’s t-tests were performed to determine differences in blood counts, reticulocytes, F-

cells, and MFI at week 0 compared to week 2 and 4 within treatment groups (n=10). 

Baseline normalization was based on 100* [Activity (therapeutic) – mean activity (neg 

control)] / [Activity (pos control) – mean activity (neg control)]. To compare the effect 

across treatment groups, pairwise comparisons analysis of variance (ANOVA) was 

performed to identify the specific pairs with significant differences. The Tukey's HSD 

(honest significant difference) test was performed, to adjust for the multiple pairwise 

comparisons. A level of p≤0.05 was utilized for statistical significance.     
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III. RESULTS 

 
SAL induces γ-globin gene transcription and HbF expression along with p-eIF2α 

and ATF4 activation in K562 cells  

To gain insight into mechanisms of HbF induction by SAL studies were conducted in 

K562 cells carrying an embryonic/fetal phenotype characterized by endogenous expression 

of the ε, γ and α globin genes [109] [110]. Furthermore, K562 cells have been used for 

initial drug screening and discovery of potential HbF inducers [111]. K562 cells were 

treated with SAL and various controls for 48 h (Table 2). RT-qPCR was performed to 

determine γ-globin gene mRNA levels using GADPH as internal control. Since SAL was 

dissolved in DMSO (vehicle) the effects of SAL was compared to vehicle control. A 

significant 3.5-fold and 2.8-fold increase (p<0.05) in γ-globin mRNA levels was observed 

at SAL 12 and 18 µM concentrations respectively (Fig. 4A) compared to cells treated with 

0.5% DMSO; for the positive control hemin we observed 6-fold induction as well. K562 

cells were stained with FITC-conjugated HbF antibody and analyzed by flow cytometry to 

determine the percentage of HbF positive cells (F-cells). Similar to mRNA levels, 

treatment with SAL 12 and 18 µM increased F-Cells percent by 1.3-fold and 1.4-fold 

respectively (p<0.05) (Fig. 4B). As a quantitative measure of HbF per cells we measured 

MFI, which showed no effect (Fig. 4C).  Shown in Fig. 4D is representative histograms 

illustrating the percentage of FITC- positive F-cells cells per treatment groups. Since SAL 

is known to inhibit cellular stress, we next determined if SAL has an effect on oxidative 

stress by measuring ROS levels. K562 cells were treated with the SAL for 48 h and stained 

with DCF-DA (10 µM) for 4h following flow cytometry. Hemin was used as a positive 
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control, as it is known that an increase of free heme generates radicals resulting in increased 

ROS production. The correct concentration was determined by testing various 

concentrations of Hemin and staining with DCF-DA (Fig. 5A). As expected, Hemin 

increased ROS 3.7-fold as compared to untreated cells. By contrast, a decrease in ROS by 

6.1% and 8.7% at SAL 6 µM and 12 µM respectively was produced (Fig. 5B). Additional 

ROS studies were conducted to validate the ability of SAL to decrease ROS (Fig. 5C). 

To gain insights into the role of stress signaling in HbF induction by SAL western blot 

analysis was performed to quantify changes in protein.  As shown in the representative gels 

in Fig. 6A, SAL induced HbF, p-eIF2α and ATF4 expression. Protein densitometry 

analysis showed SAL 18 µM increased HbF 2.5-fold and p-eIF2α 3.8-fold (p<0.05) (Fig. 

6B and 6C); likewise, total ATF4 levels increased 1.6-fold at SAL 12 µm and 2.2-fold at 

SAL 18 µm (Fig. 6D). These data suggest that the transcription factor ATF4, may play a 

role in the mechanism of γ-globin activation by SAL. 

In addition, time dependency of SAL on the synthesis of HbF at the mRNA and protein 

level was investigated. We induced K562 cells with SAL and monitored its effect on γ-

globin gene mRNA levels after 6 and 24 hours after treatment (Table 3). After 6 hours 

there was no g-globin induction with SAL (Fig. 7A), however after 24 h of treatment a 

significant 1.38-fold for Hemin (positive control) and 1.35-fold for SAL increase (p<0.05) 

in γ-globin mRNA levels (Fig. 7B).  Furthermore, HbF induction of SAL by Western blot 

was observed at both time points (Fig. 7C).  Protein densitometry analysis showed SAL 12 

µM increased HbF 1.7-fold and 2.2-fold after 6 and 24 h of treatment (p<0.05) (Fig. 7D). 

Collectively, our results suggested that SAL can induce HbF synthesis as early as 6 hours 

in K562 cells. 
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Table 2. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability of K562 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drugs Stock Conc. Final Conc. Sample Size(n)
Average

% Viability 
Untreated (UT) - - 24 96.25

Cysteine (CYS; - CTRL) 100mM 10µM 24 94.5
Hemin (HM; + CTRL) 4mM 50µM 24 95.38

Hydroxyurea (HU; + CTRL) 100mM 100µM 3 97
DMSO (Vehicle CTRL) 100% .05% 24 95.5

Salubrinal (SAL 5) 52mM 5µM 3 94
Salubrinal (SAL 6) 52mM 6µM 18 94.5
Salubrinal (SAL 9) 52mM 9µM 6 96.5
Salubrinal (SAL 10) 52mM 10µM 3 94
Salubrinal (SAL 12) 52mM 12µM 18 93
Salubrinal (SAL 18) 52mM 18µM 15 89.8
Salubrinal (SAL 24) 52mM 24µM 3 96

Salubrinal & Hemin (SAL/HM) 52mM/ 100mM 12µM/ 50µM 15 89.6
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Figure 4. SAL increased γ-globin transcription and F-cells in K562 cells. 

K562 cells were treated with the following conditions for 48 h: Untreated (UT; black), Cysteine 10µM as the 

negative control (CYS; white), Hemin 50µM as the positive control (Hem; white), dimethyl sulfoxide as the 

vehicle control (DMSO; white), and SAL 12 and 18 μM (grey). Total RNA was isolated for RT-qPCR. After 

treatments, K562 cells were fixed and stained for flow cytometry. All data is shown as the mean ± SEM 

(N=15) and *p<0.05 was considered statistically significant. A) Shown in the bar graph is quantified γ-

globin/GAPDH mRNA data generated by RT-qPCR for each treatment conditions. B) K562 cells under the 

different treatment conditions were stained with FITC conjugated anti-HbF antibody and analyzed by flow 

cytometry to determine the percentage of F-cells quantified using FACS Diva software. C) The level of HbF 

expression was measured by MFI data generated by flow cytometry analysis. D) Representative histograms 

demonstrating the right shift correlating with an increase of FITC-HbF positive cells per treatment groups.  
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Figure 5. SAL decreased ROS in K562 cells. 

DCFDA was used to measure ROS in K562. All data is shown as the mean ± SEM (N=6) and *p<0.05 was 

considered statistically significant A) Shown in the bar graph is the percentage of ROS at different 

concentrations of Hemin, to determine the best concentration to use as a positive control. Representative 

histograms demonstrating the right shift correlating with an increase of ROS in response to the hemin 

concentrations. K562 cells were treated with the following conditions for 48 h: Untreated (UT; black), 

dimethyl sulfoxide as the vehicle control (DMSO; white) Hemin 50µM as the positive control (Hem; white), 

dimethyl sulfoxide as the vehicle control (DMSO; white), and SAL 6, 12 and 18 μM (grey). B) Shown in the 

bar graph is the percentage of ROS after a 4-hour incubation with DCFDA in the different treatment groups 

and the representative histograms. C) Shown in the bar graph is the percentage of ROS in a similar experiment 

with the addition of Salubrinal/ Hemin (SAL12μM/ HEM50 μM mixture; grey stripes) and HU (100μM; 

white). 
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Figure 6. SAL increased HbF synthesis in K562 cells. 

K562 cells were treated with the following conditions for 48 h: Untreated (UT; black), Cysteine 10µM as the 

negative control (CYS; white), Hemin 50µM as the positive control (Hem; white), dimethyl sulfoxide as the 

vehicle control (DMSO; white), and SAL 12 and 18 μM (grey). Total whole cell lysates were isolated for 

Western blot analysis. A) Western blot analysis determined HbF, p-eIF2α and ATF4 levels compared with 

tubulin as the internal loading control in the representative blots. Quantitative data generated by densitometry 

analysis shows the expression levels of B) HbF normalized to tubulin, C) p-eIF2a normalized  to total eIF2a,  

and D) ATF4 normalized to tubulin. 
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Table 3. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability of K562 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drugs Stock Conc. Final Conc.
Sample
Size(n)

Average
% Viability 

(6 hr)

Average
% Viability 

(24 hr)
Untreated (UT) - - 3 99 99

Cysteine (CYS; - CTRL) 100mM 10µM 3 98 97

Hemin (HM; + CTRL) 4mM 50µM 3 97 98

DMSO (Vehicle CTRL) 100% .02% 3 99 97

Salubrinal (SAL 12) 52mM 12µM 3 99 97

Salubrinal & Hemin (SAL/HM) 52mM/100mM 12µM/ 50µM 3 99 98
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Figure 7. SAL increased γ-globin transcription and HbF synthesis. 

K562 cells were treated with the following conditions for 6 and 24 h: Untreated (UT; black), Cysteine 10µM 

as the negative control (CYS; white and black), Hemin 50µM as the positive control (Hem; white and black), 

dimethyl sulfoxide as the vehicle control (DMSO; grey stripes, white and grey), SAL 12  μM (grey), and 

Salubrinal/ Hemin (SAL12μM/ HM50 μM mixture; grey). Total RNA and whole cell lysates were isolated 

for RT-qPCR and Western blot analysis after 6 and 24 h treatments. All data is shown as the mean ± SEM 

(N=3) and *p<0.05 was considered statistically significant. A) Shown in the bar graph is quantified γ-

globin/GAPDH mRNA data generated by RT-qPCR for each treatment conditions after 6-hour incubation. 

B) Shown in the bar graph is quantified γ-globin/GAPDH mRNA data generated by RT-qPCR for each 

treatment conditions after 24-hour incubation. C) Western blot analysis determined HbF levels compared 

with tubulin as the internal loading control after 6 and 24-hour treatments. D) Quantitative data generated by 

densitometry analysis shows the expression levels HbF compared to tubulin.  
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Effect of SAL on HBB locus gene promoter activity 

To explore whether ATF4 binding is altered by SAL in vivo, we first generated 

potential ATF4 consensus motifs by conducting an integrated system for motif activity 

response analysis (ISMARA). The ATF4 consensus 5’-TGACGTCA-3’ was identified in 

the Gγ promoter cAMP response element-binding protein response element (G-CRE) 

located at -1225 upstream of the HBG2 cap-site (Fig. 8A). We previously demonstrated 

ATF2/CREB1 binding to the G-CRE as a complex that was required for HbF induction by 

sodium butyrate [112]. Since ATF2 is a known binding partner of ATF4 [113] 

subsequently, we performed in silico ENCODE analysis to examine ChIP-seq data 

generated in K562 cells. We observed strong ATF4 binding in the human HBB on 

chromosome 11 at -835bp Gγ-globin (HBG2) and a weaker binding site in the second 

intron of the β-globin gene (HBB) (Fig. 8B). The data generated from the ENCODE 

analysis of the ATF4 binding sites at HBG2 and HBB was used along with Primer-BLSAT 

software to design qPCR primers for chromatin enrichment (Fig. 8C).   

The association of ATF4 in the γ-globin promoter and potentially activate expression 

was furthered evaluated in K562 cells induced with SAL. Selected primers used for the 

assay were designed to target specific gene regions of the locus control region 

hypersensitive site 2 (LCR-HS2), Gγ-globin cAMP response element (G-CRE),  γ-globin 

promoter, and the predicted binding sites of ATF4 HBG2 (-835 upstream Gγ-globin cap 

site) and ATF4 HBB (2nd intron of β-globin gene) generated from the ENCODE analysis. 

As shown in Figure 9A, the expected fragmentation between 400-1,000bp of chromatin 

shearing validated the efficiency of sonication of input DNA from each condition. The 

LCR-HS2 used as a positive region and as another site of potential ATF4 binding, 
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demonstrated a significant chromatin enrichment of ATF4 binding of 4.77% and 7.15% 

enrichment at SAL 12 and 24 µM, respectively compared to the IgG control studies (Fig. 

9B). The G-CRE used as a negative region did not show changes in chromatin enrichment 

for any of the antibodies studied (Fig. 9C). At the g-globin promoter region, we observed 

significant chromatin enrichment for ATF4 up to 5.69% at SAL 24 µM (Fig, 9D). The 

ATF4 HBG2 site showed a significant enrichment of ATF4 of 4.54% and 5.2% input at 

SAL 12 and 24 µM, respectively (Fig. 9E). The ATF4 HBB site showed lower chromatin 

enrichment (3.76%) at SAL 24 µM, respectively (Fig. 9F). The enrichment of POIII  

(positive control) varied among the different locations of interests as each site has various 

POIII binding sites. IgG was used as a negative control and determine background.  

To further validate our findings in the K562 cells, we conducted similar studies with 

SAL treatments in KU812 cells. KU812 belong to the erythroid lineage and also express 

g- and b- globin genes and used to screen HbF inducers [114]. KU812 cells were treated 

with SAL and various controls (Table 4) for 48 h and RT-qPCR performed to determine γ-

globin gene mRNA levels and Western blot to determine HbF synthesis. SAL showed a 

dose-dependent increase at 12 and 18 µM in γ-globin mRNA levels compared to DMSO 

(Fig. 10A). In addition, the SAL and Hemin (SAL/HM) combination treatment showed a 

significant 2.4- fold increase in γ-globin mRNA. As shown in the representative blot (Fig. 

10B), SAL induced HbF expression and protein densitometry analysis showed SAL 6, 12 

and18 µM along with the combination treatment increased HbF 2.8, 3.2, 2.7 and 6.1- fold 

respectively (p<0.05).  
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Figure 8. The role of ATF4 in the γ-globin promoter. 

Data generated suggest ATF4 might be involved in the mechanism of γ-globin. A) ATF4 binds in the β-locus. 

Integrated System for Motif Activity Response Analysis (ISMARA) software was used to generate the ATF4 

motif consensus sequence: 5’GTGACGT [A/C] [A/G]’3. B) ChIP-seq in K562 cells. ATF4 binding sites in 

the HBB locus shows a strong -835bp binding site upstream of HBG2 promoter and a weaker binding site in 

the second intron of HBB gene body (arrows). C) Schematic showing the predicted ATF4 binding site primer 

sequences.  
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Figure 9. ATF4 binds in the HBB locus in K562 cells. 

K562 cells were treated with the following conditions for 48 h: Untreated (UT; black), HU (75 μM; white), 

SAL 12 μM (light grey) and SAL 24 μM (dark grey). ChIP assay was conducted to analyze for IgG (pull 

down control), RNA polymerase II (POIII) (positive pull down control), and ATF4 binding at the following 

locations: LCR-HS2, G-CRE (negative region), g-globin promoter, ATF4 HBG2 (-835 predicted site on g-

globin promoter) and ATF4 HBB (2nd intron predicted site in β-globin gene). A) Shown is a 1% agarose gel 

to validate the chromatin shearing efficiency of the input DNA collected from each group. qPCR data was 

collected to show chromatin enrichment for the IgG, POIII and ATF4 at B) LCR-HS2, C) G-CRE, D) g-

globin promoter, E) ATF4 HBG2, and F) ATF4 HBB; N=3 per group and *p<0.05 was considered 

statistically significant.  
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Table 4. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability in KU812 cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Drugs Stock Conc. Final Conc. Sample Size (n)
Average

% Viability 
Untreated (UT) - - 6 94

Cysteine (CYS; - CTRL) 100mM 10µM 6 95

Hemin (HM; + CTRL) 4mM 50µM 6 96.5

DMSO (Vehicle CTRL) 100% .02% 6 95.5

Salubrinal (SAL 6) 52mM 6µM 6 96
Salubrinal (SAL 12) 52mM 12µM 6 93

Salubrinal (SAL 18) 52mM 18µM 6 89

Salubrinal & Hemin (SAL/HM) 52mM/100mM 12µM/ 50µM 6 92.5
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Figure 10. SAL increased γ-globin transcription and HbF synthesis in KU812 cells. 

KU812 cells were treated with the following conditions for 48 h: Untreated (UT; black), Cysteine 10µM as 

the negative control (CYS; black), Hemin 50µM as the positive control (Hem; black), dimethyl sulfoxide as 

the vehicle control (DMSO; grey), SAL 6, 12 and 18 μM (grey) and Salubrinal/Hemin (SAL12μM/HM50 

μM mixture; grey). Total RNA and whole cell lysates were isolated for RT-qPCR and Western blot analysis. 

All data is shown as the mean ± SEM (N=6) and *p<0.05 was considered statistically significant. A) Shown 

in the bar graph is quantified γ-globin/GAPDH mRNA data generated by RT-qPCR for each treatment 

conditions. B) Western blot analysis determined HbF levels normalized to tubulin as the internal loading 

control. C) Quantitative data generated by densitometry analysis shows the expression levels HbF normalized 

to tubulin.   
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SAL induces γ-globin transcription and HbF expression in normal human erythroid 

progenitors via p-eIF2α signaling  

While K562 and KU812 cells are excellent models for screening HbF inducers, in order 

to move potential agents to clinical trials requires confirmation in human primary erythroid 

progenitors. As shown in Fig. 11, the erythroid progenitor maturation recapitulates 

hemoglobin switching as it occurs in human, which will allow us to examine the effects of 

SAL on normal erythroid differentiation. Therefore, we next explored the ability of SAL 

to induce HbF synthesis in erythroid progenitors generated from normal human CD34+ 

stem cells grown in culture as previously published by our group (Fig. 12A & B) [101]. On 

day 8, cells were treated with SAL 12, 18 and 24 µm for 48 h and cell viability remained 

>90% for all conditions (Table 5). RT-qPCR was performed and the γ-goblin and β-globin 

mRNA was normalized by GAPDH followed by the calculation of γ/β-globin ratio; 

untreated and DMSO groups were normalized to one to assess fold change. We observed 

a significant 1.2-fold and 1.3-fold (p<0.05) at SAL 18 and 24 µm respectively. To 

determine if SAL can increase the efficacy of HU, combination studies were completed. 

Treatment with both agents (SAL 12 µm /HU 75 µm) decreased the γ/β ratio compared to 

HU treatment alone (Fig. 13A). To support HbF induction SAL 12, 18 and 24 µm increased 

F-cells to 89.7-90.6% compared to 30.9% F-cells for DMSO treated erythroid progenitors 

(Fig. 13B). In contrast to mRNA levels for combination treatment with SAL/HU, we did 

not observe a change in F-cells compared to HU alone (90.3% versus 88.8%).   

Furthermore, we performed Western blot analysis to quantify HbF and p-eIF2α protein 

levels in normal erythroid progenitors. As shown in Fig. 13C, SAL 24 µM mediated a 1.8-

fold increase in HbF levels and a 1.9-fold increase in SAL/HU combination treatment. 
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Parallel HbF induction the level of p-eIF2 increased 1.6-1.7-fold with SAL 12 and 24 µM 

treatment using total eIF2α as internal control (Fig. 13D). Similar to K562 cells, ATF4 

levels increased 4.4-4.8 fold with SAL 12 and 18µM compared to DMSO (Fig. 13E).  

Finally, Immunofluorescence was utilized to determine if SAL can increase the 

expression of HbF in human erythroid progenitor cells. After the 48 h induction after 

treatment of DMSO, SAL 5 and 12 µM cells were collected, fixed and stained. DAPI 

(nucleus; blue) was used to stain the nucleus and FITC-HbF (green) was used to determine 

the expression of HbF (Fig. 14). After the SAL 12 µM treatment, visually there is an 

increase in HbF expression when compared the UT and DMSO images.  
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Figure 11. Recapitulating the hemoglobin switch in normal erythroid progenitors. 

Healthy human erythroid progenitors were cultured and total RNA isolated at day 0, 6, 12 and 14 for mRNA 

analysis. A) RT-qPCR demonstrated the γ/γ+β-globin and β/γ+β-globin mRNA ratio calculated after the 

individual γ-globin and β-globin gene expression levels was normalized to GAPDH the internal control. B) 

Geimsa staining at day 7 and 14 to demonstrate erythroid lineage commitment.  

 

 

 

 

 

 

 

γ/
γ+

β
(  

  )
β/

γ+
β

(▲
)

m
R

N
A

/G
A

PD
H

 le
ve

ls

Day 7 Day 14

A 

B 



 
 

49 
 

 

 

 

 

Figure 12. Two phase culture system of normal erythroid progenitors. 

CD34+ were cultured and differentiated down the erythroid lineage. A) Demonstrated is the two-phase 

culture system used to conduct drug inductions. B) Shown is the line graph of the cell growth curve and 

viability throughout the two-phase culture period.  
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Table 5. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability in normal erythroid progenitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drugs Stock Conc. Final Conc. Sample Size(n)
Average

% Viability 
Untreated (UT) - - 6 93

Cysteine (CYS; - CTRL) 100mM 10µM 3 89
Hemin (HM; + CTRL) 4mM 75µM 6 84.5

Hydroxyurea (HU; + CTRL) 100mM 100µM 6 90
DMSO (Vehicle CTRL) 100% .05% 6 90.5

Salubrinal (SAL 12) 52mM 12µM 6 87
Salubrinal (SAL 18) 52mM 18µM 6 83.5
Salubrinal (SAL 24) 52mM 24µM 6 90

Salubrinal & Hydroxyurea 
(SAL/HU)

52mM/ 100mM 12µM/ 75µM 6 80



 
 

51 
 

 

 

Figure 13. SAL increased γ-globin transcription and F-cells in normal human erythroid progenitors. 

Healthy human erythroid progenitors were treated on day 8 with the same controls (UT, Hem 75μM, HU 

75μM and DMSO) and SAL at 12, 18 and 24 μM, and SAL 12 μM mixed with HU 75 μM and harvested 

after 48 h for various studies. All data is shown as the mean ± SEM (N=6) and *p<0.05 was considered 

statistically significant. A) RT-qPCR demonstrated the γ/γ+β-globin mRNA ratio calculated after the 

individual γ-globin and β-globin gene expression levels was normalized to GAPDH the internal control. B) 

Healthy erythroid progenitors under the different treatment conditions were stained with FITC conjugated 

anti-HbF antibody and analyzed by flow cytometry. C-E) Western blot analysis determined HbF, p-eIF2α 

and ATF4 normalized to total eIF2α and tubulin as the internal loading control in the representative blots. 

Quantitative data generated by densitometry analysis shows the expression levels compared with total eIF2α 

and tubulin.  
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Figure 14. SAL increases HbF expression in normal erythroid progenitors. 

Healthy human erythroid progenitors were treated on day 8 with the same controls (UT and DMSO) and SAL 

at 5 and 12 μM and harvested after 48 h for staining. DAPI (blue) and FITC-HbF (green) shows the 

fluorescent expression between treatment groups.  
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SAL induces HbF expression under oxidative stress condition in sickle erythroid 

progenitors  

Since individuals with SCD experience an increase in oxidative stress that contributes 

to chronic hemolysis, endothelial dysfunction, and vaso-occlusion, [115] we investigated 

the ability of SAL to decrease ROS. First, we confirmed HbF induction by SAL under 

oxidative stress condition in erythroid progenitors generated from peripheral blood 

mononuclear cells isolated from SCD patients. For these studies, in our two-phase culture 

system after erythroid lineage commitment on day 8 (Fig. 15A-C), progenitors were treated 

with SAL dissolved in water (9, 18 and 24 µM); cell viability remained >90% for all drug 

conditions (Table 6). As shown in Fig. 16A, F-cells increased from 21.3%, 23.8% and 

25.1% at SAL 9, 18 and 24 µM (p<0.05) respectively when compared to 16.1% F-cells for 

the untreated control. MFI was used as a quantitative measure of HbF per cells, which 

showed a similar dose-dependent increase as F-cells (Fig. 16B). Western blot analysis and 

densitometry analysis showed SAL 24 µM mediated HbF 1.5-fold (Fig.16C). To confirm 

changes in the p-eIF2α and ATF4 signaling pathway in sickle erythroid progenitors, we 

performed western blot analysis. In the presence of SAL 24 µM, a significant dose-

dependent increase of p-eIF2α and ATF4 up to 1.8-fold and 1.5-fold respectively (p<0.05) 

was observed (Fig. 16D-F). In addition, SAL increased HbF levels without changing HbS 

expression (Fig 17A).  

Subsequently, we performed studies to determine is SAL decreases ROS in SCD 

progenitors; after 48 h of treatment, cells were stained with DCF-DA (10 µM) for 4h 

followed by flow cytometry analysis. In addition, hydrogen peroxide was used as a positive 

ROS control. The presence of ROS oxidizes the chemical DCFHDA into a highly 
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fluorescent signal detected by flow cytometry. Fig. 17B showed a representative overlay 

demonstrating a right shift in the ROS peaks in treatment groups compared to untreated 

cells. Of note, SAL 9, 18 and 24 µM decreased ROS levels in a dose-dependent manner by 

4%, 8.3% and 11.1% respectively compared to the untreated cells.   

Similar studies in the erythroid progenitors generated from peripheral blood 

mononuclear cells isolated from SCD patients were previously conducted in SAL dissolved 

in DMSO (Table 7). Similar to SAL dissolved in water, SAL dissolved in DMSO still 

showed an increase in F-Cell percentage at 6 and 12 µM compared to the corresponding 

DMSO concentration (Fig. 18A). However, SAL dissolved in DMSO showed no effect on 

MFI percentage (Fig. 18B), HbF protein levels (Fig. 18C) or ROS percentage (Fig. 18D). 

The difference in vehicles of SAL did show a significant overall difference in SAL 

expression between the normal and sickle erythroid progenitors, this is most likely due to 

DMSO cytotoxic effect in an already stressful and sensitive micro-environment for sickle 

erythroid progenitors.  
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Figure 15. Two phase culture system of sickled erythroid progenitors. 

Peripheral blood mononuclear cells (PBMCs) were cultured and differentiated down the erythroid lineage. 

A) Demonstrated is the two-phase culture system timeline used to conduct drug inductions. B) Shown is the 

cell number and corresponding cell viability at various days. C) Shown is the line graph of the cell growth 

curve throughout the two-phase culture period. 
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Table 6. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability in sickle erythroid progenitors treated with SAL dissolved in water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drugs
Stock
Conc.

Final 
Conc.

Sample
Size(n)
(Water)

Average
% Viability

(Water) 
Untreated (UT) - - 6 75

Hemin (HM; + CTRL) 4mM 50µM 6 59
Hydroxyurea (HU; + 

CTRL)
100mM 75µM 6 60

Water (Vehicle CTRL) 100% - 6 72
Salubrinal (SAL 6) 52mM 6µM 6
Salubrinal (SAL 9) 52mM 9µM 6 75
Salubrinal (SAL 12) 52mM 12µM - -
Salubrinal (SAL 18) 52mM 18µM 6 77
Salubrinal (SAL 24) 52mM 24µM 6 76

Salubrinal & 
Hydroxyurea (SAL/HU)

52mM/ 
100mM

18µM/ 
75µM

6 68
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Figure 16. SAL activates p-eIF2α/ATF4 signaling to induce HbF synthesis in sickle erythroid 
progenitors. 

Sickle erythroid progenitors were treated on day 8 with the same controls (UT, Hem 75μM and HU 75μM), 

SAL 9, 18 and 24 μM, and SAL 18 μM mixed with HU 75 μM dissolved in water and harvested after 48 h 

for various studies. All data is shown as the mean ± SEM (N=6) and *p<0.05 was considered statistically 

significant. A) F-cell levels were determined by flow cytometry and quantitative data of F-cells was generated 

by FlowJo analysis. B) The level of HbF protein was quantified by MFI generated by flow cytometry. C) 

Quantitative data generated by densitometry analysis shows the expression levels of HbF normalized to 

tubulin. E) Representative western blots of p-eIF2α and ATF4. Quantitative data generated by densitometry 

analysis shows the expression levels of F) p-eIF2α normalized to eIF2α and G) ATF4 normalized to β-actin. 
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Figure 17. SAL decreases oxidative stress conditions without changing HbS levels in sickle erythroid 

progenitors. 

Sickle erythroid progenitors were treated on day 8 with the same controls (UT, Hem 75μM and HU 75μM), 

SAL 9, 18 and 24 μM, and SAL 18 μM mixed with HU 75 μM dissolved in water and harvested after 48 h 

for various studies. All data is shown as the mean ± SEM (N=6) and *p<0.05 was considered statistically 

significant. A) Western blot and quantitative data generated by densitometry analysis shows the expression 

levels of HbS in sickle erythroid progenitors. B) Shown is a representative overlay of cell populations stained 

for levels of ROS generated by flow cytometry with the addition of hydrogen peroxide (H2O2) as a positive 

control and a bar graph of the quantitative data of the percentage of ROS compared to the untreated group. 
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Table 7. Stock and working concentrations of controls and experimental drugs with sample size and average 

percent viability in sickle erythroid progenitors treated with SAL dissolved in DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drugs
Stock
Conc.

Final 
Conc.

Sample
Size(n)
(DMSO)

Average
% Viability 

(DMSO)
Untreated (UT) - - 9 89

Hemin (HM; + CTRL) 4mM 50µM 9 82.6
Hydroxyurea (HU; + 

CTRL)
100mM 75µM 9 70.3

DMSO (Vehicle CTRL) 100% .05% 9 84.6
Salubrinal (SAL 6) 52mM 6µM 9 88.6
Salubrinal (SAL 9) 52mM 9µM 3 80
Salubrinal (SAL 12) 52mM 12µM 9 78.3
Salubrinal (SAL 18) 52mM 18µM 9 85
Salubrinal (SAL 24) 52mM 24µM 9 86

Salubrinal & 
Hydroxyurea (SAL/HU)

52mM/ 
100mM

18µM/ 
75µM

9 72
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Figure 18. DMSO interferes with the ability of SAL to activate HbF synthesis under oxidative stress 

conditions in sickle erythroid progenitors. 

 Sickle erythroid progenitors were treated on day 8 with controls (including UT, CYS, Hem 75μM and HU 

75μM and  SAL 6 and 12 μM, with corresponding concentrations of DMSO and harvested after 48 h for 

various studies. All data is shown as the mean ± SEM (N=6) and *p<0.05 was considered statistically 

significant. A) F-cell levels were determined by flow cytometry and quantitative data of F-cells was generated 

by FlowJo analysis. B) The level of HbF protein was quantified by MFI generated by flow cytometry. C) 

Western blot and quantitative data generated by densitometry analysis shows the expression levels of HbF 

compared to actin. D) Shown in the bar graph is the percentage of ROS after a 4-hour incubation with DCFDA 

in the different treatment groups. 
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SAL induces HbF expression in the Townes sickle transgenic mice  

Our research group along with others have shown drug mediated HbF induction in 

tissue culture systems, however, these findings do not always translate in vivo. Our studies 

were conducted in the Townes sickle transgenic mice, which completes the switch of 

human γ-globin to βS-globin after birth [98]. The Townes SCD mouse colony is maintained 

in Dr. Pace’s lab by standard breeding approaches, genotyping by PCR to determine 

phenotype (Fig. 19A) and confirmation of homozygous status by HPLC analysis of 

hemoglobin types. Human and mouse hemoglobin control curves are used blood isolated 

from normal subjects and sickle cell patients (Fig. 19B-C). Therefore, preclinical studies 

evaluated toxicity and pharmacokinetics characteristics of SAL dissolved in water in 

Townes SCD transgenic mice. To establish the plasma distribution of SAL mass 

spectrometry results showed SAL parent ion peak (SAL +1 charge) at 481.1, an additional 

major fragment at 187 and several smaller fragments at 334, 189 and 145. The direct 

infusion of the compound into mass spectrometry (MS) found the correct peak 

corresponding to the m/z of Sal (481 with 1+ and 240 with 2+) (Fig. 20A). The 

fragmentation of the compound was performed and optimized to generate the best 

parent/fragment ion pairs. Mice received a single SAL 5mg/kg dose and blood was drawn 

at 15 min, 30 min, 1 h, 3 h, 6 h, 12 h and 24 h. Using liquid chromatography- multiple 

reaction monitoring mass spectrometry (LC-MRM MS) analysis of the mouse blood 

plasma, the standard curve was obtained and the absorbance equals slope times 

concentration plus the y-intercept absorbance value formula was used to determine plasma 

concentrations of SAL at the various time points (Fig. 20B). The plasma concentration was 
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slowly absorbed starting at 15 minutes (4.13 fmol) to 3 h (14.8 fmol) and peaked at 6h (29 

fmol) and decreased by 24 h (3.06 fmol) (Fig. 20C).  

Next, our preclinical studies evaluated the potential of SAL to induce HbF in the 

Townes sickle transgenic mice. As shown in Fig. 21A , mice 4-6 months old were 

administered SAL dissolved in water (3mg/kg and 5mg/kg) or HU (100mg/kg) by 

intraperitoneal injections (IP) injections, 5 days per week for 4 weeks with five mice per 

treatment group and two independent replicates (N=10); a water control group was 

analyzed as the vehicle control (Table 8). At week 0, 2 and 4, mice were weighed and blood 

samples collected by tail bleed for automated complete blood counts with differential and 

reticulocytes, F-cells percentages and MFI by flow cytometry. Over 4 weeks of treatment, 

normal body weights were maintained (Fig. 21B) and no drug toxicity occurred for all 

groups. Treatment with HU increase reticulocytes from 38.18% at week 0 and 49.15% at 

week 4.  With 10 mice per treatment group, we performed ANOVA, which showed the 

decrease in reticulocyte by SAL was not significantly different than water control (p=3.04); 

however, for HU the increase in reticulocytes was significantly different than water control 

(p=0.004) (Fig. 21C).  

We next analyzed the ability of SAL to induce HbF in vivo. Peripheral blood was drawn 

at the designated times and stained with anti-HbF antibody (See Material and Methods) for 

F-cells and MFI analysis. For mice treated with SAL 3 mg/kg F-cells increased 2.6-fold 

from 3.67% at week 0 to 8.50% at week 4, while SAL 5 mg/kg F-cells increased 3.78% at 

week 0 to 7.96% at week 4 (2.3-fold), and HU 100 mg/kg increased F-cells (2.6-fold) from 

3.45% at week 0 to 8.98% at week 4 (Fig. 22A). We next quantified HbF level per cell 

using MFI measurements. We observed increases from 297 to 542 units and from 335 to 
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502 units respectively for SAL 3 mg/kg, and SAL 5 mg/kg respectively (Fig. 22B). Fig. 

22C is a representative histograms showing the percentage of FITC- positive F-cells cells 

per treatment groups from week 0 to week 4.  ANOVA analysis (shown in the brackets) 

demonstrated significant differences in F-cells in mice treated with SAL 3mg/kg 

(p=0.0357), SAL 5mg/kg (p=0.0421) and HU 100mg/kg (p=0.0305) compared to water 

(vehicle control) by week 4.  

Although HbF induction is a good indicator of drug efficacy, it is also desirable to 

achieve an anti-sickling effect. Therefore, mouse blood was collected, stained and 

examined by light microscopy. As shown in Fig. 23A-B, SAL 5mg/kg reduced the 

percentage of sickled red blood cells up to 6.6% (p<0.05), greater than HU, which reduced 

sickling up to 4.6% after week 4 of treatment. This data supports an anti-sickling effect of 

SAL. The untreated control mice, SAL 3 and SAL 5 mg/kg had no significant change in 

blood counts over 4-weeks of treatment. By contrast, even though HU increase total white 

cell count transiently, there was a sustained decrease in granulocytes, monocytes and 

platelets counts by week 4 (Fig. 24A-D). To gain insight into the effects of SAL on 

erythropoiesis, there was no significant change in red blood cells indices produced by SAL; 

interestingly, HU increase hemoglobin and hematocrit (Fig. 25A-D). These findings 

support the ability of SAL to induce HbF in vivo in the preclinical Townes SCD transgenic 

mouse model without significant toxicity.  
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Figure 19. Genotyping and high performance liquid chromatography (HPLC) confirmation of SCD  in 

the Townes mouse model. 

The Townes SCD mouse colony is maintained in Dr. Pace’s lab by standard breeding approaches. A) Shows 

a DNA gel confirming the presences of specific phenotypes AS (trait) or SS (sickle). B) Shows the retention 

times generated from the HPLC analysis for the control human and mouse hemoglobin curves generated 

using blood isolated from normal subjects and sickle cell patients control globin peaks generated at different 

retention times from the HPLC. C) Represents the data generated to confirm an SS mouse.  
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Figure 20. Plasma concentrations of SAL peak after 6-hour post IP injection in the Townes SCD 

transgenic mice. 

A) Multiple collision energy product scan for the SAL molecule shows the different fragmentation by mass 

spectrometry. B) Raw standard curve of SAL generated the formula that was used to determine plasma 

concentrations of SAL. C) Shows the plasma concentration of SAL from the mouse blood plasma collected 

at various time points.  
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Table 8. Stock and working concentrations of controls and experimental drugs with sample size and IP 

injection schedule for mouse studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Townes Sickle Mouse 
Experiments (Water)

SAL
Stock Conc.

SAL 
Final Conc. HU (+ CTRL)

Water 
(vehicle 
ctrl. for 

SAL & HU)
Sample
Size(n)

IP inj.
Schedule

Experiment 4 1.4mM 3 & 5 mg/kg 100mg/kg 100% 5 per group
20 total

5/days for 
4/weeks

Experiment 5 1.4mM 3 & 5 mg/kg 100mg/kg 100% 5 per group
20 total

5/days for 
4/weeks



 
 

67 
 

 

 

 

Figure 21. SAL dissolved in water treatment schematic with no effect on weight or peripheral blood 

counts in the Townes SCD transgenic mice. 

A) Schematic showing IP injections administration of SAL, 4-6 months old Townes SCD transgenic mice 

were treated with 3 or 5 mg/kg of SAL dissolved in water for 4 weeks, water (vehicle) and hydroxyurea (HU; 

positive control) treatments were completed as controls (N=10 per group; 5 males and  5 females). Peripheral 

blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. B) Mouse weight measured in Grams 

(g) was obtained at week 0 (baseline), week 2 and week 4 for each mouse. C) Blood samples were stained 

with acridine orange for reticulocyte prevent by flow cytometry. Data are shown as the mean +/- SEM and p 

< 0.05 was considered significant. 
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Figure 22. SAL increases HbF expression in the Townes SCD transgenic mice. 

A) Peripheral blood was stained with FITC- conjugated anti-HbF antibody and flow cytometry performed to 

quantify the F-cells by FlowJo data analysis. B) The level of HbF expression was measured by MFI data 

generated by flow cytometry analysis. C) Representative histograms demonstrating the right shift correlating 

with an increase of FITC-HbF positive cells per treatment groups from week 0 to week 4. 
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Figure 23. SAL decreases sickling in Townes SCD transgenic mice. 

Mouse blood (10uL) was collected for each mouse at week 0, 2 & 4 for blood smears. A) Microscope images 

of sickled RBCs from each group at week 0 & 4. B) Graph demonstrates the quantitative data of 500 cells 

per triplicate (sickled RBC/sickled RBC + normal RBC) X (X/100).  
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Figure 24. SAL has no effect on white blood cell or platelet counts in Townes SCD transgenic mice. 

 Peripheral blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. Blood samples were analyzed 

for automated complete blood counts with differential using a Micros 60 machine (HORIBA Medical/ABX 

Diagnostics). A-D) WBC, white blood count; Grans, granulocyte; Lymps, lymphocytes; Mono, monocyte; 

Plts, platelets. 
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Figure 25. SAL has no effect on red blood cell counts in Townes SCD transgenic mice. 

Peripheral blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. Blood samples were analyzed 

for automated complete blood counts with differential using a Micros 60 machine (HORIBA Medical/ABX 

Diagnostics). A-D) RBC, red blood cells; Hb, hemoglobin; HCT, hematocrit;  MCV, mean corpuscular 

volume; MCH, mean corpuscular hemoglobin; RDW, red cell distribution width. 
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 Studies with SAL dissolved in DMSO in the Townes and b-YAC transgenic mice 

Studies had been conducted in SAL dissolved with DMSO before the purchase of the 

new formulation of SAL dissolved in water. The mouse studies conducted with DMSO as 

the vehicle for SAL consisted of IP injections with various dosages of SAL, DMSO and 

positive controls (Table 9 &10). At week 0, 2 and 4, mice were weighed and blood samples 

collected by tail bleed for automated complete blood counts with differential and 

reticulocytes, F-cells percentages and MFI by flow cytometry, RT-qPCR, western blot and 

Elisa. We analyzed the ability of SAL dissolved in DMSO to induce HbF in vivo. Peripheral 

blood was drawn at the designated times and stained with anti-HbF antibody (See Material 

and Methods) for F-cell and MFI analysis (data not shown). In Fig. 26A-C, F-cell analysis 

shows among the separate mouse experiments that DMSO showed a dose dependent 

increase at 2 and 4 week after treatment. There was no significant increase of F-cells of 

SAL at the difference dosages compared to DMSO.  

To demonstrate that SAL dissolved in DMSO had no overall significant differences, 

data from SAL mouse EXP. 2 is shown, other raw experimental data in mouse studies with 

DMSO as the vehicle will not be shown. In Fig. 27A, over 4 weeks of treatment, normal 

body weights were maintained. Mouse blood was collected. Total RNA was isolated from 

the different treatment conditions and RT-qPCR was performed. The γ-goblin and β-globin 

mRNA was normalized by GAPDH and the γ/β-globin ratio was calculated. The untreated 

and DMSO groups were normalized to one to calculate fold change. The levels of g-globin 

mRNA expression showed no significant differences within each group after 2 and 4-weeks 

of treatment (Fig. 27B). Whole cell lysates were collected and total protein was used to 

determine HbF expression. In Fig. 27C-D, western blot and quantitative densitometry 



 
 

73 
 

comparing each group with the corresponding week, showing that overall, there was no 

significant difference of HbF expression. At SAL 1mg/kg after week 2 and 4 of treatment 

showed an increasing trend in HbF, but not significant. At SAL 2mg/kg showed a 

significant increase at week 2 of treatment of HbF expression, however, it drastically 

decreased by week 4. At week 0, HU group had a high HbF baseline and was maintained 

but not increased as expected in week 2, by week 4 levels had greatly decreased. Suggesting 

that the positive control did not work. In addition, reticulocyte percentage determine no 

significant difference among the treatment groups after treatment (Fig. 28A). The untreated 

control mice, SAL 1 and SAL 2 mg/kg had no significant change in blood counts over 4-

weeks of treatment (Fig 28B-C). By contrast, HU increased total white cell count 

transiently, but there was a sustained decrease in granulocytes, monocytes and platelets 

counts by week 4 (Fig. 28D). Furthermore, a single study in the b-YAC transgenic mice 

was conducted similarly to the previous Townes mouse studies (Table 11). In each group 

F-cell analysis showed a similar pattern of significant increase within both the vehicle 

control and experimental groups after 2 and 4-week of treatment, but there was no 

significant difference among groups (Fig. 29A). The increase in the water group was 

technical error and the mice could have been sensitive to the DMSO vehicle group as it 

showed similar expression in the SAL treated groups. Lastly, Elisa was conducted as a 

different technique to measure HbF levels, however for the SAL groups compared to the 

corresponding DMSO group had inconsistent levels of HbF between week 2 and 4 of 

treatment. (Fig. 29B). The HU group compared to water showed a significant increase as 

expected. These findings suggest that DMSO impairs the ability of SAL to induce HbF in 

vivo.  
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Table 9. Stock and working concentrations of controls and experimental drugs with sample size and IP 

injection schedule for mouse studies. 

 

 

 

 

Table 10. Stock and working concentrations of controls and experimental drugs with sample size and IP 

injection schedule for mouse studies. 

 

 

 

 

 

 

 

 

Townes Sickle Mouse 
Experiments (DMSO)

SAL
Stock
Conc.

SAL 
Final Conc.

DMSO 
(vehicle ctrl. 

for SAL)
Final Conc.

Untreated 
ctrl.

Sample
Size(n)

IP inj.
Schedule

Single Dose Study 100mM 1 & 2 mg/kg 0.5% - 3 per group
12 total

1 single 
inj.

Townes Sickle Mouse 
Experiments (DMSO)

SAL
Stock
Conc.

SAL 
Final Conc.

DMSO 
(vehicle ctrl. 

for SAL)
Final Conc.

Decitabine
(+ CTRL) HU (+ CTRL)

Water 
(vehicle 
ctrl. for 

HU)
Sample
Size(n)

IP inj.
Schedule

Experiment 1 100mM 1 mg/kg 0.5% 1.25mg/kg - - 3 per group
9 total

5/days for 
2/weeks

Experiment 2 100mM 1 & 2 mg/kg 0.625% - 100mg/kg 100% 4 per group
20 total

5/days for 
4/weeks

Experiment 3 100mM 2 & 3 mg/kg 0.725% - 100mg/kg 100% 6 per group
30 total

5/days for 
4/weeks
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Figure 26. SAL shows no effect F-cells in the Townes SCD transgenic mice treated with SAL 

dissolved in DMSO. 

To assess the in vivo effect of SAL, 4-6 months old Townes SCD transgenic mice were treated with various 

concentration of SAL dissolved in DMSO (vehicle) for 4 weeks by IP injections in multiple experiments; 

water (vehicle) and 100mg/kg of hydroxyurea (HU; positive control) and decitabine (DEC; positive control) 

treatments were completed as controls. Peripheral blood was collected in EDTA tubes by tail bleed at week 

0, 2, and 4. Blood samples were analyzed for automated complete blood counts with differential using a 

Micros 60 machine (HORIBA Medical/ABX Diagnostics. A-C) Among the various experiments  peripheral 

blood was stained with FITC- conjugated anti-HbF antibody and flow cytometry performed to quantify the 

F-cells by FlowJo data analysis. The mice weight, percent reticulocytes and complete blood count with 

differential data not shown. 
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Figure 27. SAL shows no effect on γ-globin expression in the Townes SCD transgenic mice treated with 

SAL dissolved in DMSO. 

Peripheral blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. A) Mouse weight measured 

in Grams (g) was obtained at week 0 (baseline), week 2 and week 4 for each mouse. B) RT-qPCR 

demonstrated the γ/γ+β-globin and β/γ+β-globin mRNA ratio calculated after the individual γ-globin and β-

globin gene expression levels was normalized to GAPDH the internal control. C) Western blot analysis 

determined HbF levels compared with tubulin as the internal loading control at baseline, week 2 & 4 after 

treatment. D) Quantitative data generated by densitometry analysis shows the expression levels of HbF in the 

sickle mice.  
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Figure 28. SAL shows no effect on peripheral blood counts in Townes SCD transgenic mice treated 

with SAL dissolved in DMSO. 

Peripheral blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. Blood samples were analyzed 

for automated complete blood counts with differential using a Micros 60 machine (HORIBA Medical/ABX 

Diagnostics). A) Blood samples collected at weeks 0, 2 and 4 were stained with acridine orange for 

reticulocyte percentage by flow cytometry. Data are shown as the mean +/- SEM and p < 0.05 was considered 

significant. Peripheral blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. B-D) WBC, 

white blood count; Grans, granulocyte; Lymps, lymphocytes; Mono, monocyte; Plts, platelets; RBC, red 

blood cells; Hb, hemoglobin; HCT, hematocrit;  MCV, mean corpuscular volume; MCH, mean corpuscular 

hemoglobin; RDW, red cell distribution width. 
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Table 11. Stock and working concentrations of controls and experimental drugs with sample size and IP 

injection schedule for the β-YAC  mouse studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Β-YAC Mouse 
Experiments (DMSO)

SAL
Stock
Conc.

SAL 
Final Conc.

DMSO  
(vehicle ctrl. 
for SAL 3)
Final Conc.

DMSO  
(vehicle
ctrl. for 
SAL 5)

Final Conc. HU (+ CTRL)

Water 
(vehicle 

CTRL. for 
HU)

Sample
Size(n)

IP inj.
Schedule

Experiment 1 1mM 3 & 5 mg/kg 0.13% 0.23% 100mg/kg 100% 5 per group
30 total

5/days for 
4/weeks
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Figure 29. SAL shows no effect on HbF induction or erythropoiesis in the �-YAC mice treated with 

SAL dissolved in DMSO. 

 To assess the in vivo effect of SAL, 4-6 months old b-YAC mice transgenic mice were treated with 3 or 5 

mg/kg of SAL dissolved in the corresponding DMSO (vehicle) concentrations for 4 weeks by IP injections; 

water (vehicle) and 100mg/kg of hydroxyurea (HU; positive control) treatments were complete. Peripheral 

blood was collected in EDTA tubes by tail bleed at week 0, 2, and 4. A) Peripheral blood was stained with 

FITC- conjugated anti-HbF antibody and flow cytometry performed to quantify the F-cells by FlowJo data 

analysis. B) Peripheral blood was stained with Human Fetal Hemoglobin ELISA Quantitation to and 

quantitate data shows the levels of HbF absorbance. The mice weight,  percent reticulocytes and CBC data 

not shown. 
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IV. DISCUSSION 

Identifying molecular mechanisms involved in γ-globin activation by pharmacological 

agents will contribute to strategies for the development of novel therapies for individuals 

living with SCD. HU is the only FDA-approved drug that specifically induces HbF 

expression in SCD. Other agents have been previously tested in clinical trials such as 

arginine butyrate, [116] [117] 5-azacytidine, [118] decitabine, [119] and short chain fatty 

acid derivatives [120] [121] function through diverse molecular mechanisms but none have 

advanced to FDA-approval. Unfortunately, factors such as route of administration, which 

is a critical factor influencing patient compliance, limited preclinical data required for use 

in humans and concerns over long term potential toxic complications have hindered their 

applicability [74]. For example, arginine butyrate, is a potent HbF inducer, however it 

requires intravenous administration since the agent is rapidly inactivated in the liver when 

administered orally. In addition, Decitabine demonstrated HbF induction in a Phase 1 

clinical trial; however, side effects related to bone marrow suppression such as febrile 

neutropenia [75] along with rapid metabolism when given orally makes this agent less 

attractive for further development. Therefore, the discovery of non-chemotherapeutic HbF 

inducers that act by unique molecular and cellular mechanisms for potential use as a 

standalone agent or combined with HU is desirable for the development of novel treatment 

options for SCD.  

We investigated the ability of the SAL to induce HbF expression through the eIF2α-

ATF4 signaling pathway in both in vitro and in vivo models. SAL regulates the ISR 

pathway in eukaryotic cells, which is activated by stress stimuli. SAL is a small semi-

permeable synthetic compound and a selective dephosphorylation inhibitor of p-eIF2α. The 
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net result of this action is to interfere with the recruitment of p-eIF2α to protein phosphatase 

1 (PPase 1) through GADD34 (growth arrest and DNA damage inducible protein 34) and CReP 

(constitutive repressor of eIF2α phosphorylation). The activity of eIF2 is regulated by a 

mechanism involving both guanine nucleotide exchange and phosphorylation. 

Phosphorylation takes place at the α-subunit, which is a target for a number of serine 

kinases that phosphorylate serine 51 due to the result of various types of cellular stress, 

such as amino acid deprivation, ER stress and heme deficiency. Under stress conditions, 

the first action of p-eIF2α is to inhibit general protein synthesis, including globin chains to 

prevent proteotoxicity. As p-eIF2α levels increase, the translation of selective mRNAs, 

such as ATF4 to reprogram gene expression for adaptation to stress occurs. After treatment 

with SAL and higher p-eIF2α levels accumulate, an increase translation of selective 

mRNAs such as downstream ATF4 occurs to reprogram gene expression for adaptation to 

stress, while  simultaneously inhibiting the negative feedback loop of the ISR to aid cell 

survival and recovery [83, 84] [85] [86, 87].  

Severe cellular stress associated with chronic hemolytic states such as SCD would be 

predicted to mediate cell death via ATF4-mediated activation of C/EBP homologous 

protein (CHOP) [88]. The transcription factor ATF4 belongs to the ATF/CREB family of 

basic region-leucine zipper DNA binding proteins that bind the CRE [122]. ATF4 has 

numerous dimerization partners including nuclear factor (erythroid-derived 2)-like 2 

(NRF2) [123] and is required for terminal murine erythropoiesis [84]. Furthermore, NRF2 

has been shown to activate γ-globin after drug inductions [124] [125]. However, K562 cells 

treated with SAL did not show an induction of NRF2 mRNA levels (Supplemental Figure 

1A). SAL most likely did not have an effect on NRF2 mRNA due to its post-transcriptional 
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mechanism [96]; HbF synthesis via western blot was not determined. Further studies would 

need to be conducted to validate the relationship between SAL and NRF2.  The consensus 

motif at -1225 upstream of the Gγ-globin cap-site (G-CRE) binds the ATF2/CREB 

heterodimer to induce HbF expression [126]. Since ATF4 binds the consensus motifs 5’-

TGACGTCA-3’ identified in the G-CRE, these data suggested ATF4 might be involved in 

the mechanism of γ-globin gene transcription. 

To test this speculation, we performed studies in K562 cells to support mechanistic data 

of HbF induction by SAL. We observed a dose-dependent increase in γ-globin transcription 

at the mRNA level, HbF protein synthesis and F-cells percentage produced by SAL with a 

parallel decrease in ROS levels. Time dependency of SAL’s effect in K562 cells showed 

no expression of g-globin mRNA levels at 6 h after treatment, however, there was a 

significant increase at 24 h and doubled in significance at the 48 h. On the other hand, at 

the 6, 24 and 48 h of treatment HbF protein expression was significantly increased. This 

data confirmed the 48 h time point to be ideal for drug inductions of SAL for all in vitro 

experiments.   

Similar to K562 cells, KU812 cells are also an erythroleukemia cell, but in contrast 

KU812 cells express adult β-globin. Treatment of KU812 cells with SAL showed an 

increase in γ-globin transcription at the mRNA level, HbF protein synthesis. To investigate 

the role of stress signaling we observed increases in p-eIF2α and ATF4 levels and in vivo 

binding of ATF4 at the -835Gγ site by ChIP assay in agreement with ChIP-seq data 

generated by ENCODE.  Furthermore, there was an increase of ATF4 binding at the LCR-

HS2 that was also used as another site of potential for ATF4 binding since it is important 

for globin gene activation and has a weaker predicted binding site on the 2nd intron of the 
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β-globin gene. SAL is enhancing the ability to for ATF4 to bind to the HBB locus to 

influence HbF synthesis.  

Although K562 cells are valuable for drug screening, they lack adult β-globin 

expression and do not undergo spontaneous erythroid maturation and differentiation [127]. 

To gain insights into the ability of SAL to induce HbF in primary cells we performed drug 

induction studies in sickle erythroid precursors under oxidative stress. Treatment with SAL 

produced a dose-dependent increase in γ-globin transcription and HbF levels in sickle 

erythroid progenitors. Interestingly, changes in HbS protein did not change significantly 

suggesting SAL preferentially activated γ-globin. In addition, eIF2α and ATF4 were 

activated in a dose-dependent manner by SAL suggesting HbF induction involves signaling 

through this pathway. We also observed HbF induction in healthy erythroid progenitors. 

 Studies have shown that SAL activates eIF2α signaling to enhance HbF production in 

normal primary human erythroid cells in the absence of oxidative stress [128]. During 

erythropoiesis regulation of oxidative stress is extremely important as chronic iron 

deficiency [129] and heme-free globin precipitation [128] contribute to increased ROS 

levels in erythroid cells. As data has shown SAL mediates the added benefits of protecting 

sickled progenitors against ROS generation and showed no effect on HbS levels. In 

addition, SAL produced anti-sickling effects  in mouse blood after a four-week treatment, 

making SAL a clinically desirable agent. 

Heme-regulated eIF2α kinase (HRI) is known to activate the p-eIF2α-ATF4 integrated 

stress response in primary erythroid precursors to control ROS. In iron deficiency states, 

HRI-eIF2αP-ATF4 signaling is necessary to reduce oxidative stress and promote human 

erythroid differentiation [83]. The increase in p-eIF2α produced by SAL inhibits globin 
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translation and reduce insoluble globin protein aiding the coordination of globin translation 

based on the availability of heme. Studies have shown that ATF4 regulates a variety of 

genes that control cell adaptation to stress conditions, however, long-term stress results in 

CHOP activation leads to the initiation of apoptosis [130]. Furthermore, limited data exist 

to support a role of ATF4 signaling in erythroid differentiation, however, our data supports 

an important role of ATF4 in reducing oxidative stress encountered in sickled progenitors 

and HbF induction. SAL inhibits the negative feedback loop of the ISR pathway to promote 

increased p-eIF2α levels and ATF4 activation. Increased levels of ATF4 then translocate 

to the nucleus and binds to the γ-globin promoter to increase transcription (Fig. 30).  

To provide further insight and evidence of efficacy for the potential development of 

SAL as a candidate drug treatment for SCD, preclinical studies were completed in the 

Townes SCD transgenic mouse model. This well-established SCD mouse model has been 

previously used to test various agents for their capacity to induce HbF in vivo [131] [132]. 

We treated Townes SCD mice, 5 days per week for 4 weeks, without signs of toxicity. We 

demonstrated the ability of SAL to induce HbF and observed an anti-sickling effect after 4 

weeks of treatment. Mouse plasma collected at various time points showed a 6 h peak for 

the major SAL metabolite after a single intraperitoneal injection. This confirms SAL 

dissolved in water is absorbed without toxicity and produced a global effect of increasing 

HbF, while decreasing ROS and sickling. A similar study was conducted in rats with SAL 

being administered intravenously using a biocompatible vehicle consisting of polyethylene 

glycol (PEG 400) and polysorbate (Tween 80), resulting in a SAL plasma concentration 

peek 6 h post administration [133].  The pharmacokinetic study of SAL shows the potential 

of SAL being used as a treatment option for SCD patients. In addition, Gupta and 
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colleagues [97] showed mediators released from activated mast cells in SCD mice 

mediated activation of the ISR pathway. Furthermore, SAL attenuates pain in the 

transgenic HbSS- Berk  mouse model, [83] decreased reactive oxygen species (ROS) levels 

[84] and inhibits endoplasmic reticulum stress [85] [86]. Previously, DMSO as a vehicle 

control for SAL in our in vitro and in vivo studies. However, DMSO is a known HbF 

inducer by affecting erythroid maturation [134] and is known to have cytotoxic effects 

[135] [136]. In our in vitro studies DMSO did not inhibit the ability of SAL to induce HbF 

synthesis, however, it impaired the effect of SAL in the in vivo studies. Therefore, 

designing a new formulation dissolved in water that has the same potent effect is ideal for 

clinical studies.   

Studies outlined in this project defined a mechanism of γ-globin activation by SAL via 

the eIF2α-ATF4 stress-signaling pathway. Our ex vivo two-phase culture system using 

sickle erythroid progenitors generated from peripheral blood mononuclear cells (PBMC) 

and our preclinical studies in the Townes SCD mouse provided insights towards the 

development of SAL and demonstrated in vivo efficacy as a treatment option for SCD. 

Collectively, along with Dr. Gupta’s pain studies with SAL, the data supports the 

development of SAL as a novel agent to induce HbF and reduce pain, ROS and HbS 

polymerization. Our research findings will impact SCD treatment options to further support 

the development of SAL as novel therapeutic agent that can be used alone or combined 

with HU for treatment of SCD.  
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Figure 30. Model of HbF induction by SAL. 

This schematic shows how we propose SAL can induce HbF. To achieve control of the integrated stress 

response, eIF2alpha is phosphorylated when one of four kinases is activated by a stress stimuli. Normally 

this negative feedback loop recruits p-eIF2α through the downstream activation of GADD34 or CReP in 

order to regenerate active eIF2 to control cellular homeostasis. However, SAL, a known dephosphorylation 

inhibitor of phoso-eIF2alpha interferes with protein phosphatase 1 enzyme causing a net result of increased 

phoso-eIF2alpha levels, which activates the downstream ATF4 transcription factor. Increased levels of ATF4 

protein translocate to the nucleus to bind to the γ-globin promoter at the predicted binding sites, which leads 

to an increase in HbF. In sickle progenitors, γ-globin synthesis is increased upon SAL treatment and 

simultaneously decreasing ROS and sickling. The dual action of SAL in sickled erythroid progenitors makes 

it an ideal candidate for SCD and other hemoglobinopathy treatments.
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APPENDIX A: SAL had no effect on nuclear factor erythroid 

2-related factor 2 (NRF2) transcription. 

 

SAL had no effect on nuclear factor erythroid 2-related factor 2 (NRF2) transcription. K562 cells were 

treated with the following conditions for 48 h: Untreated (UT; black), Cysteine 10µM as the negative control 

(CYS; black), Hemin 50µM as the positive control (Hem; black), dimethyl sulfoxide as the vehicle control 

(DMSO; grey), and SAL 6, 12 and 18  μM (grey). Total RNA was isolated for RT-qPCR. All data is shown 

as the mean ± SEM (N=3) and *p<0.05 was considered statistically significant. A) Shown in the bar graph is 

quantified NRF2/GAPDH mRNA data generated by RT-qPCR for each treatment conditions. B) Western 

blot analysis of peIF2a and eIF2a lysates normalized to tubulin to determine the optimal concentration. C) 

Western blot analysis of ATF4 lysate normalized to tubulin to determine the optimal concentration. 
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APPENDIX B: Cell viability in K562 and KU812 cells 

 

  

 

Cell viability in K562 and KU812 cells. The K562 and KU812 cells were seeded at different densities and 

after 48 h incubation cell viability and cell live count was determined. A) K562 cells cell density and cell 

viability as shown in the line graphs. B) KU812 cells cell density and cell viability as shown in the line 

graphs. 
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