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ABSTRACT 

Refractory anemia and erythroid dysplasia remain as one of the common clinical 

presentations and predominant causes of morbidity in patients with the blood 

malignancy, myelodysplastic syndromes (MDS). Better understanding of mechanisms 

underlying ineffective erythropoiesis in MDS is critically needed to develop novel 

therapeutic strategies. Reduced levels of the adaptor protein Dedicator of Cytokinesis 4 

(DOCK4) is frequently observed in MDS patients due to epigenetic silencing and/or 

chromosomal deletions and is associated with dismal prognosis. In this dissertation, I 

investigated the functional and signaling role of DOCK4 during red blood cell 

development from a hematopoietic stem cell (HSC). Firstly, my studies have determined 

that reduced levels of DOCK4 results in erythroid dysplasia. Furthermore, re-expression 

of DOCK4 in MDS patient samples lacking DOCK4, partially reversed the observed 

erythroid defects suggesting that re-activation of the DOCK4 pathway might be 

therapeutically beneficial in MDS patients harboring DOCK4 defects. Secondly, as a 

means to reactivate the DOCK4 pathway in MDS, I identified targetable signaling 

networks downstream of DOCK4 by performing unbiased phosphoproteomics using 

HSCs expressing reduced levels of DOCK4. Finally, I demonstrate avenues for 

restoring the DOCK4 functions by targeting signaling elements downstream of DOCK4. 

Specifically, pharmacological inhibition of one of the identified candidates; PTPN6, is 

capable of relieving the differentiation block along the erythroid lineage in MDS patients 

expressing reduced levels of DOCK4. In summary, my work has uncovered novel 

functions and signaling networks regulated by DOCK4 that can be targeted to reverse 

the aberrant phenotypes arising due to reduced expression of DOCK4 in hematopoietic 
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cells. Most importantly, my work has identified PTPN6 as a potential therapeutic target 

to alleviate anemia in MDS.
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BACKGROUND AND SIGNIFICANCE 

 

The hematopoietic system regulates critical functions in the body such as i) 

carrying oxygen and nutrients to various tissues, ii) clearance of metabolic wastes, iii) 

fighting foreign pathogens by providing immunity, iv) regulating body temperature and 

so on. Hematopoietic system is comprised of different types of blood cells broadly 

classified as erythroid (red), myeloid and lymphoid (white) cells. This chapter gives a 

brief overview about the various factors controlling the production of blood cells and 

their fate/characteristics under normal as well as malignant conditions. 

 

1. a). Hematopoiesis 

Hematopoiesis is defined as the process by which different types of blood cells 

are generated in the body. This is a very tightly regulated process which maintains a 

fine balance between the number of primitive pluripotent hematopoietic stem cells 

(HSCs) and mature differentiated cells (Orkin and Zon 2008; Wickrema and Kee 2009; 

Jagannathan-Bogdan and Zon 2013). HSCs are defined by their capacity to reconstitute 

the entire hematopoietic system in the recipient. These are rare cells which represent 

0.01% of nucleated cells in the bone marrow (Challen et al. 2009). While the HSCs are 

long-lived (van Galen et al. 2014), the mature cells produced by them are relatively 

short lived and there is always a constant need to replenish the supply of hematopoietic 

cells. HSCs remain at the apex of the hematopoietic hierarchy which not only undergo 

self-renewal through symmetric divisions but also give rise to lineage committed 
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progenitor cells through asymmetric divisions. Lineage committed progenitors then 

proliferate and differentiate into mature erythroid, myeloid and lymphoid cells (Lodish et 

al. 2010). Hematopoiesis occurs in multiple waves during development in vertebrates 

and the initial wave of blood generation in the mammalian yolk sac is called as primitive 

hematopoiesis. The primary function of the primitive hematopoiesis is generation of red 

blood cells (RBCs) which facilitate tissue oxygenation to the rapidly growing embryo. 

The hallmark feature of the primitive erythroid cells is expression of embryonic globin (ε 

and γ globin) proteins (Orkin and Zon 2008). The primitive hematopoietic system is 

transient and rapidly replaced by adult-type hematopoiesis that is termed as definitive 

hematopoiesis. Definitive hematopoiesis in the embryo begins with the emergence of 

the first identifiable HSCs in the aorto-gonado-mesonephros (AGM) region. 

Subsequently, hematopoiesis shifts to the fetal liver, and thereafter to the bone 

marrow, where HSCs will reside throughout the life span of the mammalian organism 

(Ng and Alexander 2017). Within the bone marrow, the HSCs reside within 

specialized zones/microenvironment called stem cell niche which regulates self-

renewal and differentiation (Morrison and Scadden 2014).  

 

1. b). Control of hematopoiesis and lineage commitment 

Research performed over the past two decades have demonstrated that the 

optimal maintenance of HSCs and production of different hematopoietic lineages is 

controlled by concerted regulation of several cell extrinsic and intrinsic factors such as 

cytokines/growth factors in the bone marrow microenvironment, signaling proteins and 

transcription factors (Zhu and Emerson 2002). Cytokines in the bone marrow are 
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predominantly secreted by various critical HSC niche component cells such as 

osteoblasts, vascular and stromal cells (Orkin and Zon 2008). Two such cytokine that 

are critical for HSC maintenance are thrombopoietin (TPO) and stem cell factor (SCF) 

which are secreted by osteoblasts and stromal cells respectively. Studies using 

prospectively isolated mouse HSC have shown that the cognate receptors for both TPO 

and SCF (c-Kit and c-Mpl) are expressed in high levels on HSCs, and genetic ablation 

of either TPO or c-Mpl leads to reduction of HSC. Consistent with this information, 

cytokines SCF and TPO support survival and proliferation of purified human and mouse 

HSCs under serum-free culture conditions. In addition to the classical hematopoietic 

cytokines, developmental signaling pathways such as Wnt signaling, notch signaling 

pathway, transforming growth factor β (TGFβ) and bone marrow morphogenetic protein 

(BMP) signaling have also been implicated in maintaining the quiescence of HSCs 

(Zhang and Lodish 2008; Seita and Weissman 2010). 

Transcription factors (TFs) are critical cell intrinsic molecules which are essential 

for maintaining hematopoiesis. These TFs are comprised of virtually all classes of DNA-

binding proteins, rather than belonging to a specific family. Growing body of literature 

has indicated that several TFs have been found to play critical roles in HSC physiology, 

including SCL (stem cell leukemia hematopoietic transcription factor), GATA-2 (GATA-

binding factor 2), RUNX1 (Runt-related transcription factor 1) and LMO2 (LIM domain 

only 2), which are essential for primitive and definitive hematopoiesis. Genetic deletion 

of these TFs results in abrogation of blood cell development. While these TFs are 

absolutely critical for the survival and proliferation of HSCs, TFs such as HOXB4 

(Homeobox protein B4), IKZF1 (Ikaros family zinc finger 1) and NOTCH1 (Notch 
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homolog1, translocation associated) are involved in HSC maintenance and self-renewal 

(Orkin and Zon 2008). 

In order to generate mature blood cells with distinct functions, the HSCs undergo 

lineage commitment, a multistep process during which these cells become 

progressively more specified in their potential. Lineage commitment is a stepwise 

process which forms the basis of the hematopoietic hierarchy and establishes a 

paradigm for studying cellular development, differentiation, and malignancy. The 

concerted action of TFs and growth factors has been shown to control cell 

differentiation, and play instructive roles in lineage specification. Growth factors such 

as SCF, Fms-related tyrosine kinase-3 ligand (FLT3-L), thrombopoietin (TPO), 

interleukin-3 (IL3), interleukin-6 (IL-6), Granulocyte-colony stimulating factor (G-CSF), 

Granulocyte-macrophage colony stimulating factor (GM-CSF), erythropoietin (EPO) and 

TFs such as GATA-1, IKZF1, PU.1 (Transcription factor PU.1), C/EBPα 

(CCAAT/enhancer-binding protein alpha) promote the proliferation and differentiation of 

HSCs into myeloid and erythroid cells (Orkin and Zon 2008). The growth factors and 

cytokines exert their action on HSCs by binding to their cognate cell surface receptors 

and initiating downstream signaling cascades which activate the master lineage TFs 

eventually leading to lineage specific gene expression programs (Zon 2008). For 

example, EPO binds to erythropoietin receptor (EPOR) on the surface of hematopoietic 

stem/progenitor cells (HSPCs) and activates the EPO signaling pathway. This process 

activates the downstream Janus kinase 2 (JAK2) - Signal transducer and activator of 

transcription 5 (STAT5) pathway (Wickrema et al. 1999b) which eventually leads to the 

expression of erythroid specific transcription factors such as GATA-binding factor 1 
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(GATA1) and erythroid kruppel like factor 1 (EKLF1). Expression of GATA1 and EKLF1 

gene expression programs promote the lineage commitment and differentiation of 

hematopoietic stem/progenitor cells (HSPCs) into the red blood cell (RBC) lineage 

(Yoshimura and Arai 1996; Kuhrt and Wojchowski 2015; Jeong et al. 2019). 

 

1. c). Erythroid differentiation 

RBCs are the most abundant cell type in the body with about 2 million RBCs 

entering the circulation from the bone marrow every second (Higgins 2015). They are 

characterized by the presence of hemoglobin, the oxygen carrying protein. RBCs have 

unique morphology; these are biconcave, disc shaped cells devoid of nucleus and have 

a life span of about 120 days in circulation. This unique structure enables these cells to 

access various parts of the body through tiny capillaries and venules. Research 

performed over the past two decades have indicated that erythropoiesis (generation of 

RBCs) occurs in two waves during development. The first wave is the primitive 

erythropoiesis which occurs in the yolk sac and the second wave is the definitive 

erythropoiesis which occurs in the bone marrow (Lodish et al. 2010). Definitive 

erythropoiesis is characterized by the suppression of embryonic globins and expression 

of adult globin (β-globin) genes. During definitive erythropoiesis in the bone marrow, the 

stem cells undergo several distinct stages prior to forming a mature RBC. The first 

stage is the blast forming unit – erythroid (BFU-E)/proerythroblast stage where the 

HSPCs commit into the erythroid lineage. The next stage is the proliferative stage 

where the committed cells go through a series of distinct sub-stages namely basophilic, 

polychromatic and orthochromatic stages. These stages are characterized by 
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progressive decrease in cell size, nuclear condensation and increase in hemoglobin 

expression. The third stage is the enucleation stage where the condensed nucleus and 

organelles are extruded from the cells to form a reticulocyte. The reticulocytes become 

a fully mature RBC in circulation (Lodish et al. 2010; Hattangadi et al. 2011; Dzierzak 

and Philipsen 2013).  

Recent studies have highlighted the roles of several distinct molecular 

mechanisms which regulates erythropoiesis. In addition to signaling pathways 

regulating erythroid specific gene expressions, key mechanisms such as microRNAs 

(miR), long non-coding RNAs (lncRNA) and DNA epigenetic modifications have been 

identified as regulators of erythroid differentiation (Zhao et al. 2010; Zhang et al. 2012; 

Alvarez-Dominguez et al. 2014; Zhang and Hu 2016; Li et al. 2018). Particularly, our lab 

has recently described the stage specific roles of DNA epigenetic modifications, methyl 

cytosine (mC) and hydroxyl-methyl cytosine (hmC) in facilitating differentiation of 

erythroid cells from HSCs. DNA cytosine methylation and hydroxyl-methylation at gene 

promoters are associated with repressed and activated transcriptional states 

respectively. We have demonstrated that there is a decrease in global DNA cytosine 

methylation (DNA methylation) during erythropoiesis suggesting that downregulation of 

DNA methylation is critical for erythroid commitment and differentiation (Yu et al. 2013). 

On the other hand, DNA cytosine hydroxyl-methylation (DNA hydroxymethylation) is 

dynamic throughout erythropoiesis and is absolutely critical for commitment of HSCs 

into erythroid lineage (Madzo et al. 2014). In hematopoiesis/erythropoiesis, DNA 

methylation and hydroxymethylation is facilitated by enzymes DNMT3A (DNA 

methyltransferase 3 alpha) and TET2 (Ten eleven translocase 2) respectively.  
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1. d). Development of an ex vivo primary human erythroid differentiation cell 

model 

Human erythropoiesis is a complex multistep process which involves the 

differentiation of lineage uncommitted HSC into enucleated RBCs. To study the impact 

of a gene in contributing to aberrant/dysplastic erythropoiesis, appropriate model 

systems are required. Previous studies have been performed using malignant and/or 

healthy hematopoietic cell lines; however, these cell lines do not robustly differentiate 

capturing all the distinct stages of erythroid differentiation. To overcome these caveats, 

the Wickrema lab has developed and used the primary human CD34+ hematopoietic 

stem cells (CD34+ HSCs) as a model system to study different aspects of erythroid 

differentiation over the past twenty five years (Wickrema et al. 1992; Wickrema et al. 

1999b; Uddin et al. 2004; Yu et al. 2013; Madzo et al. 2014) (Figure 1.1).  

This ex vivo model is unique because it is driven solely by physiological 

cytokines (EPO, SCF and IL3) and without added glucocorticoids faithfully recapitulates 

the normal human erythroid differentiation program in the bone marrow, yielding large 

number of reticulocytes. The use of human serum for differentiation facilitates 

synchronous differentiation and also mimics the process that occurs in the human bone 

marrow. This model also has a distinct advantage over murine models in that human 

differentiation occurs over a much longer period of time (14-18 days as opposed to 3 

days in mice) giving us the opportunity to dissect specific cellular events without 

overlapping of multiple functions in a very short time span, which occurs in the case of 

mouse models. 
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In this model, the first erythroid lineage-committed cells (burst forming unit-

erythroid; BFU-E) are observed by day 3 of culture of CD34+ HSPCs, and they continue 

to grow and reach proerythroblast/basophilic erythroblast stage by day 7. These 

basophilic erythroblasts continue to proliferate and by day 10 reach the orthochromatic 

stage of maturation. From the time of lineage commitment until very late stages of 

differentiation, the cells continue to transcribe globin genes and other erythroid-specific 

genes that ultimately characterize cells of red blood cell origin. In addition, these 

primary human cells are capable of extruding their nuclei during the terminal phase of 

differentiation to give rise to reticulocytes (40-50% of cells enucleate). 

 
Figure 1.1: Human CD34+ HSC ex vivo erythroid differentiation model. HSCs are cultured 

under a defined cytokine regimen for 17 days to promote differentiation along the erythroid 

lineage (adapted from (Wickrema and Crispino 2007)). Cytospin images of cells during different 

stages of erythroid differentiation are depicted. 

 

We have previously published utilizing this model to elucidate specific roles of 

DNA methylation and hydroxymethylation during normal erythropoiesis. Apart from 
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studying molecular events regulating erythropoiesis, I have also used the CD34+ HSCs 

to study various aspects of stem cell biology under stem cell expansion conditions as 

well as used HSCs to differentiate into myeloid and megakaryocyte lineages (Yu et al. 

2013; Madzo et al. 2014). Taken together this amenable ex vivo model will provide a 

unique opportunity to study the functional and mechanistic aspects of any gene in 

normal and malignant hematopoiesis in a context/stage specific manner. 

 

1. e). Molecular aberrations in hematopoietic stem cells lead to malignant 

disorders 

In pre-leukemic conditions like myelodysplastic syndromes (MDS), the tight 

control of hematopoiesis is lost and results in aberrant hematopoiesis which is the key 

feature of these pathogenic conditions. MDS are a group of heterogeneous, clonal 

hematopoietic disorders originating from the hematopoietic stem cells and are 

characterized by cytopenias caused by ineffective hematopoiesis (Heaney and Golde 

1999). MDS have been categorized into different subtypes by the World Health 

Organization (WHO) each of which has different characteristics of the disease and 

mechanisms by which it contributes to the disease pathogenesis. Even though about a 

third of MDS patients progress to acute myeloid leukemia (AML), majority of the MDS 

patients experience morbidity due to low red blood counts and peripheral cytopenias 

(Bejar et al. 2011a). Furthermore, the blood cells produced in these patients often 

harbor abnormal morphologies (dysplasia) and are unable to function properly. Even 

though MDS patients can exhibit dysplasia in multiple lineages, dysplasia in the 

erythroid cells is predominant. 
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Over the past decade scientists have studied and mapped out different 

mechanisms by which MDS are caused. The results of these studies identify a variety of 

cell intrinsic mechanisms such as chromosomal aberrations, somatic mutations or 

epigenetic deregulations and cell extrinsic mechanisms such as changes in bone 

marrow microenvironment as the underlying causes of MDS etiology (Figure 1.2).  

 
Figure 1.2: Mechanisms causing myelodysplastic syndromes (MDS). Schematic diagram 

depicting different mechanisms involved in pathogenesis of MDS leading to differentiation block 

along the myeloid lineage.                                  

 

Clonal heterogeneity has been the greatest hindrance in treating MDS. Drugs 

such as lenalidomide and hypomethylating agents (Decitabine and Azacytidine) are 

used generally in the treatment of MDS but their effects are generally modest and do 

not result in complete cure. HSC transplantation remains the best treatment for these 
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patients; however, complications such as graft versus host disease or patient ineligibility 

due to old age (median age at MDS diagnosis is 71), limits the application of this 

treatment modality (Bejar et al. 2012). Therefore, there is a dire need to study the 

molecular mechanisms of myelodysplasia so that it may facilitate development of novel 

therapies for these patients. 

1. f). Mechanisms underlying myelodysplastic syndromes are poorly understood 

There are more than 200 chromosomal translocations and mutations reported in 

MDS although there are few commonly occurring translocations and mutations (Sekeres 

and Gerds 2014). With the advances in genomic efforts, recent studies have identified 

about 50 genes that are recurrently mutated in MDS. Even though the numbers of 

genes recurrently mutated is large, functionally these genes can be categorized as 

splicing factors, epigenetic regulators, transcription factors, signaling proteins, cohesins 

and DNA repair (Kennedy and Ebert 2017). For example, mutations in DNA hmC 

regulator TET2 is observed in 20% of MDS patients and DNA mC regulator DNMT3A is 

observed in about 12% of MDS patients. Mutations in these genes result in aberrant 

DNA epigenetic profiles in MDS which eventually results in altered gene expression 

programs. Similarly, mutations in splicing factor SF3B1 are observed in about 28% of 

MDS patients which are associated with the formation of ring sideroblasts (Bejar and 

Steensma 2014). 

In addition to gene mutations, chromosomal abnormalities are also frequently 

observed in MDS. Some of the recurrent ones are chromosome 5q deletions (-5q, 15% 

of MDS), chromosome 7/7q deletions (-7/(del)7q, 11% of MDS), trisomy 8 (+8, 8% of 

MDS) and others (Garcia-Manero). These chromosomal aberrations are observed not 
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only as isolated events but also in combination with other chromosomal aberration 

and/or gene mutations. The identified gene mutations and chromosomal abnormalities 

serve as prognostic/predictive biomarkers of response to therapy. For example, MDS 

patients with mutations in TET2 or SF3B1 have better prognosis whereas patients with 

mutations in TP53, ASXL1, SRSF2, ETV6, RUNX1 and EZH2 mutations have poor 

prognosis (Kennedy and Ebert 2017). Similarly, patients with chromosome 5q deletions 

have good prognosis but patients with chromosome 7 deletions tend to have a worse 

clinical outcome. Mechanistic studies to uncover the MDS driver mechanisms and 

functions of the recurrently mutated/deleted genes under normal hematopoiesis are 

critically needed. 

 

1. g). Identification of genes/mechanisms mediating pathogenesis of 

myelodysplastic syndromes 

Following the identification of recurrent molecular aberrations in MDS, recent 

research efforts have focused on identifying the molecular mechanisms by which these 

aberrations promote MDS development. For example, genetic loss of Tet2 in mouse 

models led to increased self-renewal of stem cells and myeloproliferation similar to what 

is observed in human MDS. Tet2 is a α-ketoglutarate- and Fe2+-

dependent dioxygenase (α-KGDDs) which catalyze the conversion of mC to hmC on 

DNA (Moran-Crusio et al. 2011) and loss of Tet2 results in DNA hypermethylation due 

to failure in hydroxymethylation of DNA. Recent work has shown that restoration of Tet2 

function genetically or pharmacologically through administration of Vitamin C (a co-

factor for α-KGDDs) can reverse aberrant self-renewal of stem cells (Cimmino et al. 
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2017). In a similar fashion, mechanistic studies performed on other recurrently mutated 

genes (DNMT3A, ASXL1, SF3B1 and RUNX1) in MDS have led to a better 

understanding of the disease pathogenesis (Challen et al. 2012; Ichikawa et al. 2013; 

Obeng et al. 2016; Nagase et al. 2018). 

While investigating the mechanisms underlying recurrently mutated genes has 

been relatively straight-forward, the identification of pathogenic genes in chromosomal 

abnormalities has been challenging. This is due to the fact that these deletions are 

usually large and contain a large number of genes. In a breakthrough for the field, an 

elegant study recently identified RPS14 as a candidate pathogenic gene in the 

commonly deleted region (CDR) of chromosome 5q. The 5q CDR contains 40 genes 

and in this study, the authors performed a short hairpin RNA (shRNA) screen targeting 

each of the 40 genes. Reduction of RPS14 to 50% levels (mimicking haploinsufficiency 

observed in MDS patients) in cord blood CD34+ HSPCs phenocopied the erythroid 

defects observed in 5q MDS and re-expression of RPS14 in 5q MDS patient HSPCs 

rescued the observed erythroid defects (Ebert et al. 2008). Following this, several 

groups reported other candidate driver genes on 5q namely CSNK1A1, CDC25C, 

TIFAB and others (McNerney et al. 2017). 

Similar to 5q deletions, about 10-15% of MDS patients harbor deletions of entire 

or parts of chromosome 7. These deletions are extremely large in comparison with 5q 

and are associated with poor prognosis. The precise mechanisms by why -7/(del)7q 

contribute to MDS pathogenesis is poorly understood (Inaba et al. 2018). To identify 

potential mechanisms, the search for the pathogenic genes in the CDR of chromosome 

7 has been ongoing for many decades. In 2011, our group reported dedicator of 
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cytokinesis 4 (DOCK4) as a candidate pathogenic gene on chromosome 7 (Zhou et al. 

2011b). Following our initial report, several groups reported other candidate driver 

genes on chromosome 7 such as CUX1, MLL3, EZH2, SAMD9, SAMD9L, HIPK2, 

ATP6V0E2 and LUC7L2 (McNerney et al. 2013; Chen et al. 2014; Kotini et al. 2015; 

McNerney et al. 2017).  

 

1. h). Expression of DOCK4 in HSCs and terminal stages of erythroid 

differentiation 

DOCK4 belongs to a large family (CED5/DOCK180/MYOBLAST CITY class) of 

unconventional guanidine exchange factors (GEFs) that is well conserved in mammals 

(Hasegawa et al. 1996; Wu and Horvitz 1998; Nolan et al. 1998). DOCK4 is one of the 

members of the eleven DOCK super family proteins. Based on the sequence homology, 

the DOCK4 proteins are divided into four sub families and DOCK4 belong to the DOCK-

B sub family. DOCK4 is a large protein of ~225 kilo Daltons (KDa) with several 

signaling/protein-protein interaction domains such as Src-homology 3 (SH3), DOCK 

homology region 1 (DHR1), DOCK homology region 2 (DHR2) and proline rich (Pro-

rich) domains (Laurin and Côté 2014) (Figure 1.3). DOCK4 acts as signaling 

intermediate and provide docking sites for many other signaling molecules. One of the 

well-described functions of DOCK4 is its ability to activate GTPases, such as ras-related 

C3 botulinum toxin substrate 1 (RAC1) and Ras related protein 1(RAP1), in many cell 

types. The DHR2 domain is responsible for the GEF activity which facilitates the 

exchange of the GTP in small GTPases such as RAC1 and RAP1 through direct 

interaction (Côté and Vuori 2002; Yajnik et al. 2003). Even though GEF activation is a 
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classical function of DOCK4, recent studies have identified GEF-independent functions 

of DOCK4. For example, DOCK4 has been shown to regulate Wnt signaling by 

interacting with APC, Axin, GSK3β (Upadhyay et al. 2008) and receptor tyrosine kinase 

signaling by interacting with EGFR and PDGFR (Kawada et al. 2009; Erdem-Eraslan et 

al. 2015).  

 

Figure 1.3: Schematic representation of DOCK4 protein with different conserved signaling 

domains. 

 

DOCK4 functions across multiple tissue types in maintaining tissue homeostasis 

and recent studies have identified DOCK4 as a tumor suppressor. DOCK4 

mutations/deletions/amplification are detected in wide range of cancers such as lung, 

breast, brain and blood (Kjeldsen and Veigaard 2013; Yu et al. 2015; Abraham et al. 

2015; Debruyne et al. 2018). DOCK4 resides in chromosome 7 of humans which are 

commonly deleted in 10-15% of MDS patients. In addition to deletions, DOCK4 is also 

targeted by mutations and/or hyper-methylation in MDS (Zhou et al. 2011b). Even 

though it has been established that DOCK4 is targeted in malignant hematologic 

disorders, the specific functions of DOCK4 within the hematopoietic compartment are 

unknown. In hematopoietic system, DOCK4 expression is dynamic during the 

differentiation of HSCs into erythroid lineage. High expression of DOCK4 detected 

during early stem cell stage and terminal stages of erythroid maturation which suggests 



17 
 
 

the possibility of DOCK4 facilitating stage specific functions. This is a valid hypothesis 

because recent studies have highlighted DOCK4 to function both as a GEF as well as a 

signaling intermediate downstream of cell surface receptor tyrosine kinases. Therefore, 

to uncover the functions of DOCK4 during hematopoiesis, in this dissertation, I 

investigated the roles played by of DOCK4 in normal differentiating erythroblasts, early 

stem/progenitor cells as well as in CD34+ clonal MDS cells isolated from patient blood 

and marrow samples. The focus of the work was identifying signaling networks 

regulated by DOCK4 and functional outcomes when these signaling pathways were 

disrupted due to reduced expression of DOCK4. 

 

1. i). Development of methodologies to study erythroid dysplasia 

Dysplastic morphologies of erythroid cells are hallmark features in MDS. 

Erythroid dysplasia is commonly diagnosed through bone marrow (BM) sections and 

peripheral blood (PB) smears from MDS patients (Zini 2017). The inter-observer 

agreement for specific subtypes such as ringed sideroblasts (marked by the presence of 

iron loaded mitochondria visualized by Prussian blue staining) is good and reproducible 

whereas inter-observer agreement for other forms of erythroid dysplasia is poor and 

inconsistent. In most cases this leads to bias in diagnosis of erythroid dysplasia (Della 

Porta et al. 2006). 

Recent efforts have focused on developing methodologies to quantify erythroid 

dysplasia in an unbiased manner using flow cytometry approaches. This is achieved by 

analyzing the expression profiles of key erythroid differentiation markers such as CD71, 
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CD105, cytosolic H-ferritin (HF), L-ferritin (LF) and mitochondrial ferritin (MtF) in MDS 

diagnostic BM specimens. These studies have demonstrated that MDS patients with 

erythroid dysplasia expressed high levels of CD105, HF and low levels of CD71. MtF 

was specifically highly expressed in MDS with ringed sideroblasts compared to other 

MDS (Della Porta et al. 2006; Eidenschink Brodersen et al. 2015; Westers et al. 2017). 

While the flow cytometry approach is reproducible and reliable in 95% of the cases, this 

approach completely ignores the morphological features of the cells. An ideal 

methodology might be one in which expression levels of erythroid markers as well as 

morphological features of the cells can be analyzed simultaneously. 

Multispectral flow cytometry (ImageStreamX) combines flow cytometry with 

immunofluorescent microscopy which enables the analysis of expression of specific 

proteins and spatial organization simultaneously (Zuba-Surma et al. 2007; Zuba-Surma 

and Ratajczak 2011). Imagestream enables analysis of cells which is not possible by 

standard histology or flow cytometry approaches alone. The ImageStreamX instrument 

comes with built-in software which enables the user to be creative and develop novel 

analysis strategies. We and others have used this technology to analyze terminal 

differentiation of erythroid cells (McGrath et al. 2008; Konstantinidis et al. 2012). Using 

the built-in delta centroid feature, I quantitated the percentage of enucleating cells 

during the late stages of the erythroid differentiation process (Figure 1.4A-C). In addition 

to analyzing enucleation, I also applied Imagestream technology to develop novel 

assays to quantitate dysplastic morphologies of erythroid cells such as cell shape 

changes and F-actin disruption in this study. 
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Figure 1.4. Tracking terminal erythroid differentiation by Imagestream multispectral flow 

cytometry. (A) Sequential analysis plots and representative images of different stages of 

erythroblasts enucleation. (B) Pictogram describing the delta centroid features built-in to the 

Imagestream analysis software (IDEAS). (C) Percentage of reticulocytes and enucleating cells at 

days 12, 14 and 17 during the erythroid differentiation as analyzed by Imagestream.  

 

1. j). Significance 

Myelodysplastic syndromes are the common causes of anemia in the elderly and 

are characterized ineffective hematopoiesis(Heaney and Golde 1999; Bejar et al. 

2011a; Bejar et al. 2012). Drugs such as lenalidomide and hypomethylating agents are 

used generally in the treatment of MDS but most patients do not respond to the drug 
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and therefore there is an utmost need to develop new treatment strategies. The anemia 

in these patients is generally unresponsive to erythropoietin and MDS patients require 

frequent blood transfusions as supportive therapy. Overall survival of these patients is 

also impacted by excess iron deposits in liver and heart, leading to improper 

functioning, in addition to multiple other comorbidities (Malcovati et al. 2007). Although 

hematopoietic stem cell transplant is the best option available for these patients, 

majority of the patients are not eligible to receive a transplant due to factors such as 

advanced age and lack of matching donor cells. Even though a third of patients with 

MDS can transform to acute leukemias, a majority of patients experiences mortality due 

to complications of cytopenias. Since most of the morbidity experienced by such 

patients is due to low red blood counts, studies on the molecular pathogenesis of 

dysplastic erythropoiesis are critically needed. I have identified DOCK4 as a novel 

silenced gene in MDS and show that its downregulation leads to disruptions in 

erythropoiesis. Furthermore, in the same study, I also showed that reduced DOCK4 

expression was an independent adverse prognostic factor (Zhou et al. 2011b). The 

studies performed in this thesis dissertation identify and establish the different 

components of the DOCK4 signaling pathway establishing the molecular imprint of 

DOCK4 signaling and interacting network. Identification of specific elements of the 

DOCK4 signaling cascade is of high clinical relevance, as it may lead to the ultimate 

development of potent and specific therapeutic approaches for the treatment of MDS, 

by targeting of distinct downstream effectors. In addition, my work will provide a 

roadmap for studying other genes that are often deleted or expressed in reduced 

amount due to epigenetic silencing in MDS and leukemia.  
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REDUCED EXPRESSION OF DOCK4 LEADS TO ERYTHROID    DYSPLASIA IN 

MYELODYSPLASTIC SYNDROMES 

Majority of the sections of this chapter has been adapted from: Sundaravel S., Duggan R., 

Bhagat T., Ebenezer D. L., Liu H., Yu Y., Bartenstein M., Unnikrishnan M., Karmakar S., Liu 

T.-C., Torregroza I., Quenon T., Anastasi J., McGraw K. L., Pellagatti A., Boultwood J., Yajnik 

V., Artz A., Le Beau M. M., Steidl U., List A. F., Evans T., Verma A. and Wickrema A. 2015. 

Reduced DOCK4 expression leads to erythroid dysplasia in myelodysplastic syndromes. 

Proceedings of the National Academy of Sciences of the United States of America, 112(46), pp. 

E6359-68. doi:10.1073/pnas.1516394112. 

 

2. a). Goals 

The key goals of this chapter are to: 

• Delineate the functional roles of DOCK4 during terminal stages of erythroid 

differentiation. 

• Identify the molecular mechanisms involved in DOCK4 mediated signaling. 

• Determine the involvement of DOCK4 in the pathogenesis of anemia associated 

with MDS. 

 

2. b). Introduction 

Anemia is the most common clinical manifestation in MDS and most of the 

morbidity experienced by MDS patients is due to low RBC counts. Dysplastic 

erythropoiesis in MDS leads to production of red cells that are deformed, macrocytic, 

and exhibit nuclear cytoplasmic dissociation thus suggesting defects during the terminal 

stages of erythropoiesis when the membrane skeleton and morphology are being 

established. This is further reinforced by the fact that membranes of MDS erythrocytes 
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are less deformable (Athanassiou et al. 1992). In a previous study (Zhou et al. 2011b), 

we had observed dedicator of cytokinesis 4 (DOCK4) as a gene which was deleted, 

mutated or epigenetically silenced in MDS. In addition, mutations or reduced expressed 

of DOCK4 can lead to malignancies in prostate, breast, lung, brain and blood tissues as 

well as solid tumor metastasis (Kjeldsen and Veigaard 2013; Yu et al. 2015; Abraham et 

al. 2015; Debruyne et al. 2018)..  

DOCK4 is a multi-domain protein and is a part of the DOCK superfamily of 11 

unconventional GEFs, characterized by the presence of DHR1 and DHR2 (DOCK 

homology regions 1 and 2) domains. DOCK4 can activate the GTPases RAP1 and 

RAC1 (Yajnik et al. 2003; Hiramoto et al. 2006) and previous studies have indicated that 

these GTPases perform critical functions in regulating erythrocyte morphology, cell 

membrane integrity and differentiation (Kalfa et al. 2006). Based on this information, I 

hypothesized that DOCK4 is an important signaling protein that is instrumental in 

maintaining erythroblast membrane homeostasis and cell shape. Furthermore, I 

hypothesized that aberrant silencing of DOCK4 is responsible for ineffective 

erythropoiesis in MDS. In this study, I tested this hypothesis by determining the 

functional role of DOCK4 depletion in RBC formation by using a zebrafish model (Traver 

et al. 2003) and an ex vivo model of human erythropoiesis that recapitulates the 

erythroid differentiation program. 
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2. c). Results 

i) DOCK4 expression is reduced in -7q MDS stem cells and is associated with 

adverse prognosis 

In order to determine whether DOCK4 is downregulated in MDS, I examined 

expression levels of DOCK4 in a large gene expression dataset obtained from bone 

marrow CD34+ cells isolated from 183 MDS patients (Pellagatti et al. 2010). Analysis of 

DOCK4 expression in the various subtypes of MDS found that DOCK4 expression is 

significantly reduced in MDS CD34+ samples that had deletion of chromosome 7/7q or 

belonged to Refractory Anemia (RA) subtype when compared to healthy controls 

(Figure 2.1A).  

 

Figure 2.1. Reduced expression of DOCK4 in MDS correlates with anemia phenotype in 

patients (A) Expression of DOCK4 is significantly reduced in -7/del(7q) MDS (n=9), Refractory 

Anemia (RA) (n=55) subtype of MDS. Gene expression profiles were generated from CD34+ 

cells from MDS patients and controls (n=17).  Refractory anemia with excess of blasts (RAEB) 
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Figure 2.1, continued: Reduced expression of DOCK4 in MDS correlates with anemia 

phenotype in patients.  (n=74) and Refractory anemia with ringed sideroblasts (RARS) (n=48) 

are other subtypes of MDS. (*, P value<0.05, Student’s T test).  (B) Comparison of gene 

expression data from sorted AML/MDS bone marrow samples (N=4) with -7 to healthy controls 

(N=4) revealed significantly decreased DOCK4   expression in Long-Term Hematopoietic Stem 

Cells (LT-HSC), (P Value= 0.01). (C) Within the RA patients, lower expression of DOCK4 is 

significantly associated with worse overall survival. (log Rank P value=0.045. Hazard ratio 

=3.744 (1.1- 12.2). (Low expression <Median, High > Median Expression).  

 

Determination of DOCK4 expression in an transcriptomic study (Will et al. 2012) 

from an independent set of purified primitive hematopoietic stem cells (CD34+,CD90+ , 

Lin-, CD38- ) also revealed significantly reduced levels in MDS/AML samples with 

deletion of chromosome 7 (Figure 2.1B).  Furthermore, the patients with low expression 

of DOCK4 within the refractory anemia (RA) subgroup of MDS had a significantly worse 

prognosis with hazard ratio=3.744 (1.1- 12.2) on univariate analysis (Log Rank P Value 

=0.02. On multivariate analysis after adjusting for clinically relevant prognostic factors 

(International prognostic scoring system, IPSS) (Bejar et al. 2011b) reduced expression 

of DOCK4 was also determined to be an independent adverse prognostic factor 

(HR=1.703; (1.02-2.91); P value= 0.045) (Figure 2.1C). Since, RA patients present 

predominantly with anemia, this prompted us to examine the precise role played by 

DOCK4 in the pathogenesis of reduced erythropoiesis in MDS.  

 

ii) In vivo suppression of DOCK4 in zebrafish embryos generates dysplastic 

erythroid cells  

To determine the impact of DOCK4 knockdown in vivo, in collaboration with the 

Todd Evans laboratory, I depleted Dock4 protein during zebrafish embryogenesis. 
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Bioinformatic analysis indicated the presence of two duplicated orthologs of human 

DOCK4 in the zebrafish genome. In collaboration with Evans laboratory, I used in situ 

hybridization to compare the expression patterns of the two zebrafish dock4 genes. I 

found that dock4a maternal transcripts are present at the one-cell stage, and that the 

gene is widely expressed during gastrulation, decreased in levels during early 

somitogenesis, but then again widely expressed from 24-48 hours post fertilization (hpf, 

Figure 2.2A). Since dock4a appeared to encode the predominant embryonic isoform, in 

collaboration with Evans laboratory, I generated both translation-blocking (TB) and 

splice-blocking (SB) morpholinos (MOs) to target the depletion of Dock4a expression. 

Titration of the SB MO showed that 5ng was sufficient to deplete most of the normal 

message at 24 hpf (Figure 2.2B). Injection of 5-10ng of either the TB or SB MO 

generated embryos with similar morphant phenotypes at 48 hpf, with a predominant 

pericardial edema and a lack of blood circulation, with blood pooling on the yolk sac 

(Figure 2.2C). Expression of markers of early erythroid transcriptional regulator gata1 

appeared normal (Figure 2.2D).  

Although erythropoiesis appeared to initiate normally, when dock4a morphants 

were stained with o-Dianisidine to visualize hemoglobin-staining cells, erythroid cells 

were missing from the circulation, and the morphants were relatively depleted of red 

cells in the yolk sac sinus compared to control injected embryos (Figure 2.2E). To better 

quantify erythropoiesis in the dock4a morphants, I utilized a transgenic gata1: dsred 

reporter strain in which red blood cells (RBCs) and erythroblasts express a red 

fluorescent protein (RFP) and can be quantified by flow cytometry. When Dock4a was 

depleted in this model using either SB or TB MOs, the resulting embryos had 
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approximately 28% fewer erythroblasts/erythrocytes compared to the controls (Figure 

2.2F). 

I next focused on examining the morphology of erythroid cells in zebrafish 

embryos that were injected with either dock4a or control MOs by two approaches.  First, 

I examined the overall morphology of benzidine and hematoxylin positive cells to 

identify erythroid cells on cytospun slides. I observed that erythroid cells from zebrafish 

embryos injected with dock4 MOs showed a large number of irregular shapes, whereas 

uninjected embryos or those that received control MOs contained mostly cells that were 

circular in shape (Figure 2.2G). I then developed a novel assay to distinguish cells with 

irregular shape from cells that were circular and to quantify the percentages of each 

population using multispectral flow cytometry (ImageStreamXTM). In developing this 

assay, I first examined Gata1+ erythroid cells (RFP+) from zebrafish embryos injected 

with dock4 MOs to capture cells with circular shape and irregular shape to identify the 

two different cell morphologies of interest (Figure 2.2H). Applying these data to the 

ImageStreamX algorithm for circularity, I was able to differentiate between circular and 

irregular shaped cells (described in detail in chapter 4) to segregate the RFP+ erythroid 

cell compartment systematically based on the circularity feature (Figure 2.2I). I utilized 

both bright-field and fluorescent channels, providing two independent measures of the 

circularity in our cell populations. The data from such an analysis showed increased 

numbers of irregular shaped cells in dock4a morphants samples (Figure 2.2I). I 

performed four independent experiments using zebrafish embryos depleted for Dock4a, 

along with three control replicates, and found that dock4a knockdown resulted in 

increased numbers of dysplastic erythroid cells in zebrafish embryos (Figure 2.2J). 
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Figure 2.2.  In vivo suppression of dock4a in a zebrafish model leads to dysplastic erythroid 

cells. (A) Dock4a gene expression was determined using in situ hybridization.  
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Figure 2.2, continued: In vivo suppression of dock4a in a zebrafish model leads to dysplastic 

erythroid cells. Wild-type zebrafish embryos were harvested and fixed at the stages indicated, 

from the 1-cell stage to 48 hpf. Embryos were hybridized to either a sense (control) probe or an 

antisense digoxygenin labeled RNA probe. Embryos were photographed with lateral or dorsal 

views as indicated (sense is a lateral view). (B) Embryos were injected at the 1 cell stage with 0, 

2.5, 5 or 10 ng of the dock4a TB MO. Embryos were harvested at 24 hpf and RNA extracted. 

The dock4a transcript levels were assessed using semi-quantitative RT-PCR. The expected 

normal transcript is 447 nt, and the SB MO causes some accumulation of a mis-spliced 410 nt 

transcript. (C) Wild-type zebrafish embryos were injected at the one cell stage with 0, 2, 5, or 10 

ng TB (left panels) or SB (right panels) morpholino. Shown are representative embryos (n>100). 

Panels below are higher magnification views demonstrating a pericardial edema and the location 

of blood pooling in the ventral part of the embryo (arrows). (D) Wild-type zebrafish embryos 

were injected with 0 (control), 5 ng, or 10 ng of the dock4a SB morpholino. The embryos were 

harvested and fixed in 4% PFA at the 5, 10, or 20 somite stage. Gata1transcript patterns were 

detected using an antisense digoxygenin labeled RNA probe, seen initially as two stripes in the 

lateral mesoderm, converging at the intermediate cell mass in the tail. (E) Shown are 

representative embryos following staining at 48 hpf with o-Dianisidine to detect hemoglobin (red 

stain). Embryos were injected with 5 ng of standard control MO (top panel). Arrows indicate 

blood circulation through the caudal hematopoietic tissue, cardinal vein, and heart with 

substantial staining in the sinus venosus on the yolk sac. Embryos were injected with 5 ng of the 

dock4a splice-blocking MO (lower panel) and at 48 hpf lack blood circulation and appear 

relatively pale with less blood in the yolk sac. For both panels n=30 embryos. (F) Relative 

percentages of erythroid cells in zebrafish embryos were determined by flow cytometry 

comparing dock4a knockdown with control samples (the later set to 100%).  Use of gata1:dsred 

transgenic zebrafish embryos allowed direct assessment of erythroid cells in samples of 

dissociated whole embryos blood (n=4 independent experiments, at minimum 200 embryos per 

experiment). (G) Photomicrographs of benzidine and hematoxylin positive erythroid cells from 

cytospins prepared using cells from dissociated zebrafish embryos (Scale bar, 5μm). (H) Bright 

field and fluorescence images of RFP expressing erythroid cells depicting circular and irregular 

shaped morphology harvested from embryos with reduced expression of Dock4. (I) Quantitation 

of RFP positive embryonic zebrafish blood cells that are circular or irregular in shape based on 

analysis of bright field and RFP images using the ImageStreamXTM instrument. (J) Percentages 

of circular and irregular shaped erythroid cells harvested from dissociated zebrafish embryos 48 

hours post injection of dock4a SB MO or control MO or from uninjected embryos.  (**, P value 

<0.005, Student’s t test) 

 

iii) DOCK4 knockdown in primary human erythroblasts results in disruption of the 

F-actin network   

I next used an established ex vivo human HSPC culture system to determine the 

mechanism by which DOCK4 depletion causes the generation of dysplastic erythrocytes 
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that are observed in MDS patient samples and in our in vivo zebrafish knockdown 

studies.  The ex vivo human primary cell model uses cultured human CD34+ stem/early 

progenitors to promote lineage commitment and terminal differentiation into 

reticulocytes. The culture conditions are regulated by a strict cytokine feeding regimen 

at precise time intervals, allowing the cells to go through every major stage in the 

erythroid differentiation program yielding large numbers of hemoglobinized reticulocytes 

by day 17 (Figure 2.3A). These cells acquire glycophorin A and CD71, two key surface 

markers that are highly up-regulated as the cells reach the reticulocyte stage (Figure 

2.3B). Using this dynamic model, I determined that DOCK4 is expressed throughout the 

differentiation program and a gradual up-regulation occurs as the cells become 

terminally differentiated (Figure 2.3C).  

In order to determine the functional significance of DOCK4 during erythroid 

differentiation, I knocked down its expression using high-titer lentiviral particles (with 

GFP reporter) carrying shRNA against DOCK4 and examined the cell morphology and 

levels of glycophorin A and CD71. These experiments revealed that knockdown of 

DOCK4 resulted in large number of late-stage erythroblasts (day 15) with multinucleate 

morphology compared to the control mock transduced cells (Figure 2.3D). Furthermore, 

I performed flow cytometry analysis on day 10 of culture, which showed reduced levels 

of glycophorin A/CD71 expression in DOCK4 depleted cells compared to mock 

transduced cells suggesting that DOCK4 is important in promoting terminal 

differentiation of erythroblasts (Figure 2.3E). 
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Figure 2.3. DOCK4 knockdown in primary human erythroblasts disrupts F-actin skeleton. 

(A) Photomicrographs depicting differentiating human primary erythroblasts on various days 

stained with benzidine and hematoxylin. D3; day 3 committed erythroid progenitors. D7; day 7 

basophilic erythroblasts. D10; day 10 polychromatic erythroblasts. D13; day 13 orthochromatic 

erythroblasts. D17; day 17 reticulocytes. (B) Flow cytometry analysis of differentiating human 

primary erythroid progenitors for transferrin receptor (CD71) and glycophorin A, showing 

gradual acquisition of surface markers that signify the erythroid program. (C) Quantitative RT-

PCR (qRT-PCR) showing relative expression levels of DOCK4 transcripts during pre-lineage 

commitment (day 0) and post committed terminal differentiation into reticulocytes (*, P 

value<0.05, Student’s T test, n=3). (D) Photomicrographs of differentiating human erythroblasts 

on various days stained with benzidine and hematoxylin following DOCK4 knockdown with 

shRNA against DOCK4 depicting multinucleated cells. (E) Flow cytometry analysis depicting 

the efficiency of DOCK4 knockdown (fist panel) and impeded differentiation as measured by the 

levels of glycophorin A/CD71 levels. (F) qRT-PCR showing the extent of DOCK4 knockdown 

by siRNA on day 8 erythroblasts. (G) Top panel; Immunofluorescence microscopy analysis 

showing disrupted actin filaments on day 8 erythroblasts after DOCK4 knockdown. 

Photomicrographs also depict cells that were treated with scrambled or left untreated with 

siRNAs along with corresponding DIC images. Bottom panel; depicts individual cells at high 

magnification showing gaps in the F-actin skeleton in a sample treated with DOCK4 specific 

siRNA and a sample treated with the actin disrupting agent cytochalasin D as a positive control. 
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Figure 2.3, continued: DOCK4 knockdown in primary human erythroblasts disrupts F-

actin skeleton. A cell from an untreated sample was used as the negative control. (H) DIC and 

immunofluorescence micrographs of day 10 (orthochromatic erythroblasts) derived from MDS 

patients showing disrupted F-actin skeleton. (Scale bars, 5μm) 

 

Previous work had identified DOCK4  as a signaling intermediate capable of 

modulating RAC GTPase activity (Yajnik et al. 2003; Upadhyay et al. 2008). Since RAC-

1 GTPases are known to regulate the actin cytoskeleton in erythroid cells 

(Konstantinidis et al. 2012), I reasoned that lack of DOCK4 expression might affect the 

F-actin skeleton in differentiating erythroblasts. Indeed, I found that suppression of 

DOCK4 resulted in disruption of F-actin skeleton as determined by immunofluorescence 

microscopy using Texas-red-conjugated phalloidin for detection (Figure 2.3F, G). 

DOCK4 siRNA-treated cells clearly exhibited gaps in the F-actin skeleton similar to 

when these cells were treated with cytochalasin D, an actin depolymerizing agent 

(Figure 2.3G, bottom panel).  Examination of erythroblasts derived from CD34+ cells 

from two MDS patients with -7/(del)7q lacking one allele of DOCK4 and found a 

phenotype similar to when I knocked down DOCK4 in control cells, where the F-actin 

skeleton was disrupted at numerous locations within the actin skeleton (Figure 2.3H). 

 

iv) MDS erythroblasts exhibit disrupted F-actin skeleton. 

Although immunofluorescence microscopy enabled us to assess F-actin 

disruption, this approach did not provide us the means to assess the level of disruption 

objectively in a quantitative fashion, especially when using large number of patient 

samples. To this end, I developed a novel assay capable of objectively quantifying the 
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extent of F-actin disruption using multispectral flow cytometry (ImageStreamXTM). In 

order to quantify the extent of F-actin disruption in erythroblasts from -7/(del)7q MDS 

patients lacking DOCK4 expression, I purified CD34+ cells from bone marrow and/or 

blood samples obtained from ten patients that included multiple subtypes of MDS (RA; 

refractory anemia, RAEB; refractory anemia with excess blasts and RCMD; refractory 

cytopenia with multilineage dysplasia). CD34+ cells were cultured for ten days and 

erythroblasts (polychromatic stage) were used to quantify the extent of F-actin 

disruption in these MDS samples. The multispectral flow cytometry assay I developed 

entailed first staining the cells for F-actin with fluorescently labeled phalloidin and using 

the ImageStreamXTM instrument to capture single cells in focus that were positive for 

actin (Figure 2.4-i - iii). Using algorithms available on the IDEAS 6.0 software, I defined 

the cortical F-actin continuity index taking into account the fluorescence staining of actin 

filaments (Figure 2.4-iv) (details described in chapter 4).   

 

Figure 2.4. Analysis strategy to quantify F-actin disruption by Multispectral flow 

cytometry (ImageStreamXTM).  Day 10 erythroblasts (orthochromatic stage) from human 
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Figure 2.4, continued: Analysis strategy to quantify F-actin disruption by Multispectral 

flow cytometry (ImageStreamXTM). primary cultured cells were labeled using fluorescently 

tagged phalloidin and used for the analysis (I-IV) Strategy used to develop the cortical F-actin 

continuity index for analysis and quantitation of actin filament disruption. BF; bright field. 

 

Using this assay, I quantified the extent of intact and disrupted F-actin skeleton in 

erythroblasts from healthy individuals as well as MDS patient samples (Figure 2.5A-E). 

As positive controls I used samples from healthy donors treated with cytochalasin D or a 

RAC1 inhibitor (NSC23766) (Figure 2.5B, C). Both positive controls and -7/(del)7q MDS 

patient samples exhibited a clear pattern of major gaps in actin staining or complete 

absence of cortical actin staining as seen in the image gallery for each sample, which 

was quantified by the histograms as depicted (Figure 2.5A-E). On the other hand, 

erythroblasts from healthy individuals or a non-MDS anemia patient with chronic kidney 

disease (anemia) did not exhibit disrupted actin filaments (Figure 2.5A, F). Our earlier 

work had shown that DOCK4 can also be epigenetically silenced by aberrant DNA 

methylation in MDS (Zhou et al. 2011b). I examined MDS marrow samples without 

deletion of chromosome 7 and determined that reduced expression of DOCK4 can be 

seen in some samples and that this correlates with actin filament disruption seen in 

erythroid cells generated from these samples (Figure 2.5G-I). Taken together, these 

analyses reveal that MDS erythroblasts with reduced expression of DOCK4 had 

disrupted cortical actin filaments compared to those from healthy individuals (Figure 

2.5I). 
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Figure 2.5. Quantitation of F-actin disruption in major MDS subtypes by Multispectral 

flow cytometry (ImageStreamXTM).  Day 10 erythroblasts (orthochromatic stage) from human 



36 
 
 

Figure 2.5, continued: Quantitation of F-actin disruption in major MDS subtypes by 

Multispectral flow cytometry (ImageStreamXTM). primary cultured cells were labeled using 

fluorescently tagged phalloidin and used for the analysis (A) Histogram and image gallery of 

erythroblasts from a healthy individual showing percentages of intact and disrupted F-actin. (B) 

Histogram and image gallery of erythroblasts from a healthy individual after exposure to 

cytochalasin D used as a positive control. (C) Histogram and image gallery of erythroblasts from 

a healthy individual after exposure to RAC1 inhibitor used as a positive control. (D) Histogram 

and image gallery of erythroblasts from a MDS (RCMD) patient showing percentages of intact 

and disrupted F-actin. (E) Histogram and image gallery of erythroblasts from a MDS (RA) 

patient showing percentages of intact and disrupted F-actin. (F) Histogram and image gallery of 

erythroblasts from a chronic kidney disease patient with anemia showing percentages of intact 

and disrupted F-actin. (G) Table showing actin disruption (by ImageStream analysis) and 

DOCK4 expression (by IHC) in MDS patients without deletion of chromosome 7. (H) 

Representative IHC images showing low and high expression of DOCK4 in the marrow of MDS 

patients. (I) Extent of actin disruption as measured by the cortical F-actin continuity index 

quantified from healthy (n=5), MDS patients (n=10) with reduced or absence of DOCK4 

expression and non -7/7q deletion patients with DOCK4 IHC score 0 (n=4), 1 (n=2) and 2 (n=2). 

(**, P value <0.00005, *, P value <0.005 Student’s t test). 

 

 

v) Reduced expression of DOCK4 leads to reduction in RAC1 GTPase activity 

DOCK4 is a known guanine exchange factor for the RAC GTPases (Yajnik et al. 

2003). RAC1 and RAC2 are critical for maintaining proper actin filament length that is 

pivotal for maintaining membrane stability, strength and deformability of erythrocytes. 

Moreover, because actin is involved in the extrusion of nuclei during enucleation of late-

stage erythroblasts, inhibition of RAC GTPase activity leads to reduction in reticulocyte 

formation (Ji et al. 2008; Konstantinidis et al. 2012). Therefore, I investigated whether 

knockdown of DOCK4 in our ex vivo culture model reduced RAC1 GTPase activity. I 

infected human CD34+ early hematopoietic cells with high-titer lentiviral particles 

carrying shRNA against DOCK4 and selected with puromycin until day six of culture to 

select for cells (Figure 2.6A) that had suppressed DOCK4 expression (Figure 2.6B).  
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Figure 2.6. DOCK4 suppression leads to reduction in RAC1 GTPase activity and increased 

Adducin phosphorylation. Day 0 CD34+ cells were infected with lentiviral vector driven 

shRNAs for knockdown of DOCK4 and selected on puromycin. (A) Flow cytometry analysis on 

day 6 erythroblasts to evaluate for lentiviral infection efficiency. (B) Q-PCR showing fold 

reduction of DOCK4 mRNA expression compared to cells infected with control shRNA. (C) 

Levels of RAC1 GTPase activity were determined by ELISA in day 6 primary erythroblasts after 

suppression of DOCK4 expression. Percentage reduction of RAC1 GTPase activity is shown 

compared to samples infected with control shRNAs. The data are mean of five biological 

replicates. (D) Levels of RAC1 GTPase activity in mature RBC ghosts prepared from blood 

samples of healthy donors and MDS patients. The data are mean of seven biological replicates. 

(E) Immunoblot analysis showing increased phosphorylation of Adducin in day 6 erythroblasts 

after suppression of DOCK4 expression. Tubulin was used as a loading control. (F) Quantitation 

of the levels of phospho-Adducin after suppression of DOCK4 expression (n=3). (G) 

Immunoblot (all lanes were run on the same gel but were noncontiguous.) analysis showing 

phosphorylation of Adducin in cultured human primary day 10 erythroblasts from healthy donors 

and MDS patients. Tubulin levels were used as a loading control. (H) Shows quantitation of the 
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Figure 2.6, continued: DOCK4 suppression leads to reduction in RAC1 GTPase activity 

and increased Adducin phosphorylation levels of phospho-Adducin in day 10 erythroblasts 

from healthy donors and MDS patient samples (Note: MDS pt.5 from panel D was excluded in 

this analysis) Data are mean values from four biological replicates. (**, P value <0.005, *, P 

value < 0.05, Student’s t test) 

 

I determined RAC1 GTPase activity (ELISA) in these cells and compared against 

the activity in cells that were infected with scrambled control shRNAs. These 

experiments revealed that RAC1 GTPase activity was reduced when DOCK4 was 

suppressed; suggesting that actin disruption observed in DOCK4 deficient cells is at 

least in part mediated by RAC1 GTPases (Figure 2.6C). I then examined levels of 

RAC1 GTPase in mature RBCs obtained from blood samples of -7/(del)7q MDS 

patients who were known to have deletion of one allele of DOCK4. I observed 

significantly lower RAC1 GTPase levels in MDS samples when compared to RBCs from 

healthy volunteers (Figure 2.6D). 

 

vi) Increased phosphorylation of Adducin in DOCK4 deficient erythroid cells 

Adducin is an actin-capping protein that is essential for maintaining the proper 

length of actin filaments (Kuhlman et al. 1996; Franco and Low 2010). Reduced RAC1 

GTPase activity in erythrocytes leads to increased phosphorylation in the MARCKS 

domain of ADDUCIN (Matsuoka et al. 1996; Matsuoka et al. 1998). In order for actin 

filaments to be capped at the fast growing-ends, enabling recruitment of Spectrin, 

Adducin must be dephosphorylated at Ser726. These biochemical alterations occur in 

the RBC membranes in a dynamic fashion, which is critical for maintaining membrane 

stability and deformability.  Therefore, I investigated whether DOCK4 suppression in 
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primary human erythroblasts leads to increased phosphorylation of Adducin. I 

suppressed DOCK4 expression by introducing DOCK4 shRNA into primary human 

erythroblasts and determined phospho-ADDUCIN levels, which showed that 

suppression of DOCK4 expression leads to increased phosphorylation of Adducin 

(Figure 2.6E, F). I next examined the status of ADDUCIN phosphorylation in 

erythroblasts from MDS patients and compared the levels to erythroblasts from healthy 

donors by immunoblot analysis (Figure 2.6G). These studies revealed that -7/(del)7q 

MDS patient derived erythroblasts had higher levels of Adducin phosphorylation as 

compared to healthy donor cells (Figure 2.6H). 

 

vii) Reduced terminal differentiation and abnormal erythroid morphology of 

DOCK4 deficient erythroid cells 

In order to determine the functional consequence of DOCK4 suppression in the 

erythroid lineage, I examined cells from healthy donors and MDS patients. Human 

CD34+ cells purified from blood or marrow samples from -7/(del)7q MDS were cultured 

to promote differentiation along the erythroid lineage. These cultures maintained growth 

of both healthy and -7/(del)7q cells as confirmed by FISH analysis (Figure 2.7A).  

I then used cytospun slides of cultured cells from healthy donors and MDS 

patient samples to examine the morphology of orthochromatic cells (day 14), which 

showed large numbers of hyperlobulated and/or cells with frayed cell membrane in -

7/(del)7q MDS samples compared to the cells derived from healthy donors (Figure 

2.7B). Furthermore, analysis for expression of differentiation markers Glycophorin 
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A/CD71 in our control and MDS cultures showed reduced levels of Glycophorin A/CD71 

expression in MDS samples compared to cells from healthy donors (Figure 2.7B, C). 

Examination of the extent of enucleation on each of the ten MDS patient samples and 

comparing them to five healthy donors also showed reduced levels of enucleation, 

further confirming an impact on terminal differentiation (Figure 2.7D).  

 

Figure 2.7. Abnormal differentiation in DOCK4 deficient erythroid cells. (A) 

Photomicrographs of day 10 cultured erythroblasts from MDS patients used for fluorescence in 

situ hybridization (FISH) that depict clonal malignant cells devoid of an arm of chromosome 7. 

Mono 7 cell line was used as a positive control and cells from a healthy donor used as a negative 

control. (B) Photomicrographs of benzidine and hematoxylin stained cells from a healthy donor 

and a MDS patient showing abnormal erythroid morphology present in erythroblasts derived 

from MDS CD34+ cells (Scale bar, 5μm). (C) Flow cytometry analysis of erythroid progenitors 
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Figure 2.7, continued: Abnormal differentiation in DOCK4 deficient erythroid cells. on day 

14 of culture to enumerate the percentages of glycophorin A and CD71 expression as a measure 

of differentiation. (D) Quantitation of percentage of GlyA/CD71 double positive cells on day 14 

of culture from healthy donors (n=6) and MDS patients (n=10). (E) Quantitation of percentages 

of enucleated cells on day 14 of culture using cells from healthy donors (n=5) and MDS patients 

(n=10) as a measure of terminal differentiation.  

 

 I then enumerated the numbers of malignant cells (blast count) on FISH slides 

and correlated it with size of the erythroid population that was devoid of the late-stage 

differentiation marker Glycophorin A, which showed that the malignant cells constituted 

the largest fraction of cells that did not gain positivity for Glycophorin A (Figure 2.8). In 

Table 1, I have tabulated the clinical features and patient information along with the 

levels of F-actin disruption that summarize our findings.  

 

Figure 2.8.  Correlation of the extent of erythroid terminal differentiation and the 

malignant cells in cultured primary MDS erythroblasts. Glycophorin A level were 

determined by flow cytometry as a measure of terminal differentiation in ten MDS samples along 

with FISH analysis to enumerate the numbers of malignant cells. 
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Finally, in order to determine if re-expression of DOCK4 in -7/(del)7q MDS 

patient samples can reverse the extent of F-actin disruption I subcloned the DOCK4 

gene in-frame to the minicircle expression plasmid and transfected CD34+ derived  

erythroblasts from two -7/(del)7q MDS patients and examined the levels of actin 

disruption by multispectral flow cytometry. This approach not only allowed us to re-

express DOCK4 in patient samples (Figure 2.9A) but also showed an improvement in 

the levels of intact actin filaments (Figure 2.9B, C). Furthermore, I found that re-

expression of DOCK4 resulted in increased numbers of erythroid colonies (CFU-E) in 

MDS patient samples (Figure 2.9D).   
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Figure 2.9.  Re-expression of DOCK4 in DOCK4 deficient MDS patient samples. (A) 

Minicircle plasmid carrying DOCK4 was transfected into CD34+ cell derived day 5 erythroid 

progenitors from two MDS patients lacking DOCK4 and qPCR was performed on day 10 of 

erythroblast culture. Normalized levels of DOCK4 expression is shown compared to 

untransfected cells. (B) Multispectral flow cytometry analysis for the levels of actin filament 

disruption in two MDS patient samples before and after re-expression of DOCK in DOCK4 

deficient erythroblasts showing longer-length actin filaments as reflected by the higher cortical 

actin staining index. (C) Percentage of correction of actin filament disruption in the two patients 

shown in panel E (pt.14, P=0.04; pt.7, P=0.007). (D) Increase in the number of erythroid colony 

formation after re-expression of DOCK4 in DOCK4 deficient MDS patients.  
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viii) Reduced DOCK4 expression increases the membrane fragility of erythrocytes 

To test the impact of reduced RAC1 activity and subsequent increase in Adducin 

phosphorylation on the erythroid membrane integrity, I performed osmotic fragility 

assay. This assay is usually used to determine membrane fragility in mature red blood 

cells in patients with familial mutations in the cytoskeletal proteins that lead to unstable 

red blood cell membranes. I performed this assay using mature RBCs from -7/(del)7q 

MDS patients and compared the results to the healthy controls. The results from these 

experiments revealed that -7/(del)7q MDS RBCs had reduced erythroid membrane 

integrity and increased fragility compared to the healthy controls as observed by the 

right shift of the typical S-curves (Figure 2.10A-D). Taken together, the results from 

these experiments highlight the importance of actin, RAC1 and Adducin in regulating 

the RBC membrane integrity. 

 

Figure 2.10. Reduced DOCK4 expression increases the membrane fragility of erythrocytes. 

Osmotic fragility assay was performed using mature RBCs from four different -7/(del)7q MDS 

patient and compared to healthy control. The right shift of the S-curve compared to the healthy 

control indicates increased fragility of the RBC membrane. (Unpublished data)  
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2. d). Conclusion 

In a previous study (Zhou et al. 2011b), we had observed that numerous genes, 

including dedicator of cytokinesis 4 (DOCK4), were deleted or epigenetically silenced in 

MDS, thus prompting an examination of its role in erythropoiesis in the present study. In 

the present study, I determined the functional role of DOCK4 depletion in RBC 

formation by using a zebrafish model (Traver et al. 2003) and an ex vivo model of 

human erythropoiesis that recapitulates the erythroid differentiation program. The ex 

vivo model we had developed uses human CD34+ stem/progenitor blood cells in which 

these cells are induced to commit to the erythroid lineage and then progressively 

differentiate into reticulocytes over a two week period (Uddin et al. 2004; Kang et al. 

2008; Madzo et al. 2014). Using this ex vivo model and an established zebrafish model, 

I demonstrate a critical role of DOCK4 in maintaining the integrity of the erythrocyte 

cytoskeleton and implicate it as an important pathogenic gene in MDS. I demonstrate 

that DOCK4 is under-expressed in MDS bone marrow samples and that the reduced 

expression is associated with decreased overall survival in patients. I show that 

depletion of DOCK4 levels leads to erythroid cells with dysplastic morphology both in 

vivo and in vitro. I established a novel single-cell assay to quantify disrupted F-actin 

filament network in erythroblasts and demonstrate that reduced expression 

of DOCK4 leads to disruption of the actin filaments, resulting in erythroid dysplasia that 

phenocopies the red blood cell (RBC) defects seen in samples from MDS patients. Re-

expression of DOCK4 in −7q MDS patient erythroblasts resulted in significant 

erythropoietic improvements. Mechanisms underlying F-actin disruption revealed 

that DOCK4 knockdown reduces RAC1 GTPase activation, leading to increased 
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phosphorylation of the actin-stabilizing protein Adducin in MDS samples. These data 

identify DOCK4 as a putative 7q gene whose reduced expression can lead to erythroid 

dysplasia. Altogether, our study demonstrated that reduced DOCK4 expression in -

7/(del)7q MDS leads to RAC1 functional deficiency, resulting in aberrant Adducin 

phosphorylation disrupting proper formation of actin filaments in erythroid cells (Figure 

2.11). 

 
 

Figure 2.11: Schematic of the DOCK4 signaling pathway in erythroblasts. 
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Table 1: MDS Patients Characteristics and Summary of Results 

 

Patient Age 

(years) 

MDS 

subtype 

Karyotype Hemoglobin 

(g/dl) 

% Clonal 

cells 

(FISH) 

% Actin  

disruption 

% 

GlyA 

(d14) 

MDS 1 60 RCMD -7 6 18.53 91.7 80.67 

MDS2 67 RA -7 8 2.96 77.7 98.7 

MDS 3 70 RAEB -7 6.6 66.67 93 2.7 

MDS 4 83 RA -7 7 12.26 50.2 90 

MDS 5 67 RCMD -7 6.7 10.15 24.9 97.9 

MDS 6 77 RCMD complex -7 11.4 10 82.14 65.6 

MDS 7 63 RCMD complex -7 12.7 35 52.8 55.5 

MDS 8 75 RCMD complex -7 9.8 5.5 77.7 56.7 

MDS 9 84 RAEB complex -7 7.6 6 50.37 59.9 

MDS 10 74 RCMD complex -7 12 7.75 79.6 51 

RA – Refractory Anemia; RAEB – Refractory Anemia with Excess Blasts; RCMD – Refractory 

Cytopenia with Multilineage Dysplasia; FISH – Fluorescence In Situ Hybridization. MDS 11 

and 12 were not used for the FISH/actin/GlyA analyses. 
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Anastasi J., McGraw K. L., Artz A., List A. F – Provided MDS patient samples at 

University of Chicago. and Moffitt Cancer Center. 

Pellagatti A., Boultwood J., Yajnik V., Steidl U – Provided reagents/sequencing datasets 

at University of Oxford, Massachusetts General hospital and Albert Einstein College of 

Medicine.  

Le Beau M. M – Supervised FISH experiments at University of Chicago. 
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LOSS OF FUNCTION OF DOCK4 IN MYELODYSPLASTIC SYNDROMES STEM 

CELLS IS RESTORED BY INHIBITORS OF DOCK4 SIGNALING NETWORKS 

Majority of the sections of this chapter has been adapted from: Sundaravel, S., Kuo, W., Jeong, J., 

Choudhary, G., Gordon-Mitchell, S., Liu, H.,  Bhagat, T., McGraw, K.L., Gurbuxani, S.K., List, 

A.F., Verma, A., Wickrema, A. Loss of function of DOCK4 in myelodysplastic syndromes stem 

cells is restored by inhibitors of DOCK4 signaling networks. Clin Cancer Res July 15 

2019 DOI: 10.1158/1078-0432.CCR-19-0924 

 

3. a). Goals 

The key goals of this chapter are to: 

• Comprehensively identify DOCK4 regulatory networks in hematopoietic stem 

cells. 

• Define the functions of DOCK4 in HSCs. 

• Test the efficacy of modulators of the DOCK4 pathways in reversing erythroid 

defects in MDS. 

 

3. b). Introduction 

Our previous studies have shown that reduced levels of DOCK4 lead to 

dysplastic erythropoiesis and restoring DOCK4 expression in primary MDS 

erythroblasts improved erythroid differentiation (Zhou et al. 2011b; Sundaravel et al. 

2015). Even though DOCK4 is highly expressed in early-stage stem cells, very little is 

known with respect to the impact of reduced levels of DOCK4 expression within the 

stem cell compartment. Moreover, downstream signaling networks regulated by DOCK4 

in pre-lineage committed HSCs are not known. 
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Because reactivation of DOCK4 pathway in MDS improved erythroid 

differentiation, I hypothesized that discovering intervention points in the DOCK4 

signaling pathway will greatly enhance the probability of developing therapies for 

patients harboring DOCK4 mutations or low expression. In order to have the maximum 

impact of any therapeutic intervention it is most desirable to target stem cells as 

opposed to individual blood cell lineages. In this study, using healthy blood stem cells 

and blood stem cells expressing reduced levels of DOCK4, (as seen in the malignant 

blood disorder myelodysplastic syndromes), I identified downstream signaling networks 

regulated by DOCK4 and functional implications of reduced DOCK4 expression within 

the blood stem cell compartment. 
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3. c). RESULTS 

i) Reduction of DOCK4 increases global tyrosine phosphorylation in HSCs 

I first confirmed that cells used in our studies were highly enriched for the 

hematopoietic stem cell phenotype by determining the CD34+/CD90+ expression and 

cell morphology (Figure 3.1A-C), which showed 84% cells were double positive and 

greater that 99% were positive for CD34 early stem/progenitor cell marker.  

 

Figure 3.1: Expression of DOCK4 and increased global phosphorylation of proteins in 

human primary hematopoietic stem cells with reduced DOCK4 levels.  
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Figure 3.1, continued: Expression of DOCK4 and increased global phosphorylation of 

proteins in human primary hematopoietic stem cells with reduced DOCK4 levels. (A) Flow 

cytometry plots showing the levels of CD34 and CD90 following isolation of HSCs. (B) 

Quantitation of percentages of CD34 and CD90 in HSCs. Data are mean ±SEM from three 

biological replicates. (C) Photomicrograph of HSCs stained with benzidine-hematoxylin (Scale 

bar, 10µM). (D) Expression of DOCK4 in CD34+/CD90+ HSCs and in lineage committed 

progenitors. (E) qPCR analysis for DOCK4 expression following knockdown of DOCK4 by fifty 

percent in primary hematopoietic stem cells. The data are 24 hours post-nucleofection. Data are 

represented as mean ±SEM from six biological replicates (****P < 0.0005; Student’s t test). (F) 

Immunoblot analysis 24 hrs following DOCK4 knockdown in HSCs with or without exposure to 

a five-cytokine cocktail (Thrombopoietin (TPO), stem cell factor (SCF), FLT3 ligand, 

Interleukin-3 (IL-3) and Interleukin-6 (IL-6)) for 15 mins as described in methods. An anti-pan 

phosphotyrosine antibody was used to detect phosphorylated proteins. The same membrane was 

stripped and re-probed with an anti-phospho-AKT antibody in order to show activity of signaling 

in response to cytokine stimulation as a control. GAPDH was used as a loading control. (G) 

Quantitation of fold change in phospho-tyrosine levels in panel C. Comparisons were made 

between cells expressing DOCK4 at normal levels and cells expressing DOCK4 at 50% levels 

with and without cytokine exposure. Data are represented as mean±SEM from four biological 

replicates (*P < 0.05; Student’s t test). (H) Quantitation of the levels of phospho-AKT in HSCs 

from control and DOCK4 knockdown samples. Data are represented as mean ±SEM from four 

biological replicates. NT – Non-targeting control. 

 

I first examined steady state expression levels of DOCK4 in HSCs and in lineage 

committed progenitors, which showed a relatively high level of expression in HSCs but 

low levels in committed progenitors (Figure 3.1D). I then knocked down DOCK4 in these 

cells by siRNA, which enabled us to reduce the levels by fifty percent consistently in 

multiple primary samples as determined by quantitative PCR (qPCR) (Figure 3.1E). I 

then determined HSC response to cytokines in cells that are expressing DOCK4 at 50% 

of their normal levels, by exposing them to a cocktail of stem cell cytokines (TPO, SCF, 

Flt3L, IL3 and IL6) (Knapp et al. 2017) after a short deprivation of cytokines. I also 

exposed cells expressing DOCK4 at their normal levels to the same cocktail before 

harvesting cells and performing immunoblotting against an anti-phospho tyrosine 

antibody. These experiments revealed increased tyrosine phosphorylation of a large 

number of proteins in DOCK4 knockdown samples compared to the ones that had 
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normal levels of DOCK4 expression (Figure 3.1F-H). This increase was observed 

regardless of cytokine stimulation suggesting DOCK4 levels alone were sufficient to 

elicit global phosphorylation response. Levels of protein under each condition were 

equivalent as reflected by no difference in AKT phosphorylation or GAPDH in DOCK4 

knockdown cells and non-targeting control cells (Figure 3.1F and H). Collectively, these 

data demonstrated that reduced levels of DOCK4 increased global tyrosine 

phosphorylation and suggested that DOCK4 functions as a signaling intermediate 

downstream of several cytokine receptors in HSCs.  

 

ii) DOCK4 regulates the phosphorylation of kinases and phosphatases 

In order to identify the proteins that were impacted in their phosphorylation due to 

reduced DOCK4 expression, in collaboration with Northwestern University proteomics 

facility, I performed phosphoproteomic analysis by mass spectrometry. These 

experiments uncovered a large number of phospho-peptides belonging to mostly 

kinases and phosphatases that were hyperphosphorylated in cells that expressed low 

levels of DOCK4. Among them, SHP1, SHIP1 and LYN exhibited greatest increase in 

tyrosine phosphorylation (Table 1).  

I then focused on LYN kinase, and phosphatases SHP1 and SHIP1 for further 

study since these enzymes have been extensively studied during blood cell 

development (Harder et al. 2004). I used commercially available phospho-specific 

antibodies against each of the three proteins to confirm our mass spectrometry results, 

which showed LYN, SHIP1 and SHP1 proteins were phosphorylated at tyrosine sites 
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397, 1021 and 536 respectively (Figure 3.2A-D). These results were also confirmed in 

TF-1 erythroleukemia cells, which are at early phase (CD34+) of blood cell development 

(supplemental Figure 3.2E-K).  

 

Figure 3.2: Reduced levels of DOCK4 leads to increased phosphorylation of LYN kinase 

and phosphatases SHIP1 and SHP1. (A) Immunoblot analysis 24 hours following DOCK4 

knockdown in HSCs with or without exposure to a five-cytokine cocktail (TPO, SCF, FLT3 

ligand, IL-3 and IL-6) for 15 mins as described in methods. An anti-phospho LYN (Y397) 

antibody, an anti-phospho SHIP1 (Y1021) antibody or an anti-phospho SHP1 (Y536) antibody 

was used for detection. Same membranes were stripped and re-probed with anti-LYN, SHIP1, 

SHP1 or anti-GAPDH antibody as protein loading controls. (B, C and D) Quantitation of the 

levels of phospho-LYN (Y397), phospho-SHIP1 (Y1021) and phospho-SHP1 (Y536) in panel A. 

Data are represented as mean ±SEM from four biological replicates (*P < 0.05; Student’s t test.). 

NT– Non-targeting control. (E) Flow cytometry analysis showing that the TF1 erythroleukemia 

cells express high levels of CD34 marker on their cell surface. (F and G) Twenty four hours post 

DOCK4 siRNA nucleofection; cells were used for immunoblot analysis for DOCK4 expression. 

Fold change of DOCK4 was computed by densitometry. Data are mean ±SEM from five 

independent experiments.  
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Figure 3.2, continued: Reduced levels of DOCK4 leads to increased phosphorylation of 

LYN kinase and phosphatases SHIP1 and SHP1. (H) Twenty four hours post DOCK4 

knockdown, TF1 cells were briefly deprived of cytokines and then re-exposed to a cytokine 

cocktail (Stem cell factor (SCF), Interleukin-3 (IL-3) and Granulocyte-Macrophage colony 

stimulating factor (GM-CSF)) for 15 mins. Samples were resolved by immunoblotting for 

phospho-LYN (Y397), phospho-SHIP1 (Y1021) and phospho-SHP1 (Y536). Same membranes 

were probed with total LYN, SHIP1 and SHP1 antibodies as loading controls. (I, J and K) 

Quantitation of the levels of phospho-LYN (Y397) (N=3), phospho-SHIP1 (Y1021) (N=5) and 

phospho-SHP1 (Y536) (N=4) respectively in TF1 cells from control and DOCK4 knocked down 

samples (*P < 0.05; Student’s t test). Data are mean ±SEM from independent experiments as 

specified. 

 

iii) SHIP1 and SHP1 are substrates for LYN kinase 

Next, I wanted to determine whether LYN kinase was directly responsible for 

phosphorylating the two phosphatases, SHIP1 and SHP1 as a result of LYN Kinase 

activation due to reduced expression of DOCK4 (Figure 3.3A). In order to determine 

whether SHIP1 and SHP1 are direct targets of LYN kinase, I designed cell-free in vitro 

kinase assays, where either recombinant full-length SHIP1 protein or recombinant full-

length SHP1 protein was incubated with active form of recombinant LYN kinase in a 

biochemical assay in the presence of a kinase buffer. A parallel assay using the same 

substrates but recombinant JAK2 as the kinase enzyme was also performed as a 

control. The reaction products were then analyzed by immunoblotting using an anti-

phospho SHIP1 (Y1021) antibody or an anti- phospho SHP1 (Y536) antibody. The 

results of these experiments showed that LYN kinase phosphorylated SHIP1 at tyrosine 

1021 and SHP1 at tyrosine 536 in a dose dependent manner whereas JAK2 kinase did 

not show such phosphorylation of SHIP1 or SHP1 (Figure 3.3B-E). Furthermore, the 

presence of the LYN/Src inhibitor, abrogated phosphorylation of both SHIP1 and SHP1, 

re-enforces the specificity of the in vitro kinase assays (Figure 3.3B-E). 
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Figure 3.3: Active LYN kinase phosphorylates SHIP1 (Y1021) and SHP1 (Y536). (A) 

Twenty-four hours post DOCK4 knockdown HSCs were briefly deprived and exposed to 5 

cytokine cocktails (TPO, SCF, FLT3 ligand, IL3 and IL6) for 15 mins. Following cytokine 

exposure, LYN kinase activity assay was performed to examine the endogenous LYN kinase 

activity in HSCs expressing normal and reduced levels of DOCK4 (*P < 0.05; Student’s t test). 

Data are represented as mean ±SEM from three technical replicates. (B) An in vitro kinase assay 

was performed using recombinant SHIP1 and increasing concentrations of active LYN kinase 

under cell-free conditions for ascertaining whether SHIP1 is a direct target for phosphorylation 

by LYN. JAK2 kinase and LYN/Src inhibitor were used as controls.   
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Figure 3.3: Active LYN kinase phosphorylates SHIP1 (Y1021) and SHP1 (Y536). In vitro 

kinase reaction products were resolved on SDS-PAGE gel and immunoblot analysis performed 

using an anti-phospho SHIP1 (Y1021) antibody. The same immunoblots were also probed with 

anti-SHIP1 antibody as protein loading control. Representative data from three independent 

experiments are shown. (C) Quantitation of the levels of phospho-SHIP1 (Y1021) in the in vitro 

kinase reaction products (***P < 0.0005; One way ANOVA). Data are mean ±SEM from three 

independent experiments. (D) An in vitro kinase experiment as described in panel E was set up 

to test whether SHP1 is a direct substrate of LYN. In vitro kinase reaction products were 

resolved on a SDS-PAGE gel and immunoblot analysis performed using an anti-phospho SHP1 

(Y536) antibody. The same immunoblots were also probed with anti-SHP1 antibody as loading 

control. Representative data from three independent experiments are shown. (E) Quantitation of 

the levels of phospho-SHP1 (Y536) in the in vitro kinase reaction products (***P < 0.0005; One 

way ANOVA). Data are mean ±SEM from three independent experiments. 

 

In order to determine whether SHIP1 and SHP1 are substrates of LYN kinase in 

HSCs, I inhibited LYN using the LYN/Src inhibitor in cultured HSCs. Immunoblotting 

analysis showed that SHIP1 (Y1021) and SHP1 (Y536) phosphorylation decreased in a 

dose dependent manner when LYN was inhibited (Figure 3.4A-D). Taken together these 

results demonstrated that reduced expression of DOCK4 initiate a sequential 

phosphorylation events impacting the signaling cascade involving LYN kinase, SHIP1 

and SHP1. 
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Figure 3.4: SHIP1 and SHP1 are substrates of LYN kinase in HSCs. (A) Cultured HSCs 

were exposed to increasing doses of LYN/Src inhibitor, RK20449 in the presence or absence of 

stem cell cytokines. Samples were resolved and immunoblotted for phospho-LYN (Y397), 

phospho-SHIP1 (Y1021) and phospho-SHP1 (Y536). The same blot was probed with LYN, 

SHIP1 or SHP1 antibodies as protein loading controls. Representative data from three biological 

replicates are shown. (B-D) Quantitation of the levels of phospho-LYN (Y397), phospho-SHIP1 

(Y1021), and phospho-SHP1 (Y536) respectively in primary human HSCs treated with 

increasing doses of LYN/Src inhibitor, RK20449. Data are mean ±SEM from three biological 

replicates (****P < 0.00005, One way ANOVA; ns-not significant). 
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iv) LYN kinase activity is regulated as a result of its interaction with DOCK4  

Next, we wanted to ascertain whether DOCK4 directly interacts with LYN kinase 

as well as SHIP1 and SHP1 phosphatases in addition to whether DOCK4 regulates 

LYN kinase activity. In order to test this, I ectopically expressed Flag-tagged full length 

DOCK4 and GFP-tagged full length LYN in HEK293 cells and performed reciprocal co-

immunoprecipitation experiments coupled with immunoblot analysis. 

Immunoprecipitation of Flag-tagged DOCK4 followed by using anti-GFP/LYN antibody 

for detection as well as immunoprecipitation with GFP-trap beads and immunoblot 

analysis with anti-FLAG/DOCK4 antibody showed that DOCK4 directly interacted with 

LYN (Figure 3.5A). Similarly, I ectopically expressed Flag-tagged full length DOCK4 and 

GFP-tagged full length SHIP1 in HEK293 cells and performed reciprocal co-

immunoprecipitation experiments coupled with immunoblot analysis. 

Immunoprecipitation of Flag-tagged DOCK4 followed by using anti-GFP/SHIP1 antibody 

for detection as well as immunoprecipitation with GFP-trap beads and immunoblot 

analysis with anti-FLAG/DOCK4 antibody showed that DOCK4 directly interacted with 

SHIP1 (Figure 3.5B). However, when similar experiments were performed using GFP-

tagged full-length SHP1, I did not detect a direct interaction between DOCK4 and SHP1 

suggesting that changes in phosphorylation seen in SHP1 is indirect and most likely 

only through LYN kinase (Figure 3.5C).  

We then determined whether LYN kinase activity is regulated by DOCK4 levels. 

In order to accomplish this, we set up an in vitro kinase assay where varying amounts 

recombinant DOCK4 protein was incubated with recombinant active form of LYN kinase 

and measured LYN kinase activity using a commercially available ELISA. These 
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experiments showed that increasing amounts of DOCK4 protein decreased LYN kinase 

activity (Figure 3.5E, F). However, when recombinant JAK2 was used as a control no 

modulation of JAK2 activity was observed when increasing amounts of DOCK4 was 

used in the assay (Figure 3.5E, F). Experiments where LYN/Src inhibitor was present 

showed inhibition of LYN kinase activity further reinforcing the specificity of the assay. 

Taken together these results indicate that DOCK4 is a regulator of Lyn Kinase. 

 

Figure 3.5: LYN kinase and SHIP1 are components of DOCK4 signaling complex.  
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Figure 3.5, continued: LYN kinase and SHIP1 are components of DOCK4 signaling 

complex. (A-C) Determination of DOCK4 interaction with LYN, SHIP1 and SHP1. Flag-tagged 

DOCK4 together with either (A) GFP-tagged LYN or (B) GFP-tagged SHIP1 or (C) GFP-tagged 

SHP1 was transfected into HEK293 cells and protein lysates were used in reciprocal 

immunoprecipitation assays. Immunoprecipitations were performed with an anti-Flag antibody 

followed by immunoblot analysis using either anti-LYN antibody, anti-SHIP1 antibody or anti-

SHP1 antibodies. As controls immunoprecipitations were also performed using GFP-trap beads 

followed by an anti-Flag antibody. Anti-DOCK4 or GFP antibodies were also used as additional 

controls. D) Flag-tagged DOCK4 was transfected into HEK293 cells and immunoprecipitated 

with anti-Flag antibody followed by immunoblot analysis using anti-Flag and anti-DOCK4 

antibodies with different amounts of DOCK4-flag. E) LYN kinase activity assay was performed 

using recombinant LYN kinase and increasing amounts of flag-DOCK4 to ascertaining whether 

DOCK4 controls LYN kinase activity. JAK2 kinase and LYN/Src inhibitor were used as 

controls. Data are mean ±SEM from three independent experiments. (****P < 0.00005; One-

way ANOVA). F) An in vitro binding assay was performed using flag-tagged DOCK4 C-

terminus (D4CT) and recombinant LYN kinase to determine whether LYN kinase interacted 

with DOCK4-C-terminus (Top). LYN kinase activity assay was performed using recombinant 

LYN kinase and increasing concentrations of recombinant DOCK4 C-terminus. JAK2 kinase and 

LYN/Src inhibitor were used as controls (Bottom) Data are mean ±SEM from three independent 

experiments. (**P < 0.005; One-way ANOVA). 

 

v) Decreased DOCK4 expression leads to increased HSC migration 

To identify the functional implications of increased tyrosine signaling in DOCK4 

deficient HSCs, I performed in silico Database for Annotation Visualization and 

Integrated Discovery (DAVID) analysis using the list of proteins that were identified by 

mass spectrometry to be highly phosphorylated (Table 1). This analysis revealed cell 

migration as one of the highly enriched biological pathways (Figure 3.6A). I tested this 

prediction experimentally by carrying out transwell migration assays using HSCs 

expressing normal levels and reduced levels of DOCK4, which showed increased rates 

of migration of cells expressing reduced levels of DOCK4 (Figure 3.6B). Similar results 

were also observed in TF1 cells following DOCK4 knockdown (Figure 3.6C). Since F-

actin in the cytoskeleton play a key function in cell migration, I examined for changes in 

the F-actin network in HSCs expressing reduced levels of DOCK4 and compared them 
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to HSCs expressing normal levels of F-actin. These experiments revealed significantly 

increased numbers of cells displaying pro-migratory features such as cell spreading and 

bundled F-actin in the leading edges of the cells (Figure 3.6D). Similar pro-migratory 

features were also observed in TF1 cells when DOCK4 levels were reduced (Figure 

3.6E). 

 
Figure 3.6: Reduced levels of DOCK4 leads to increased cell migration and cell morphology 

in HSCs.  
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Figure 3.6, continued: Reduced levels of DOCK4 leads to increased cell migration and cell 

morphology in HSCs. (A) Differentially phosphorylated proteins displayed in table 1 were used 

for in silico gene ontology pathway analysis to predict functional pathways associated with 

identified phosphoproteins. Predicted functional pathways are displayed graphically. (B) 

Transwell cell migration assays performed to compare differences in cell mobility/migration in 

HSCs expressing normal and reduced levels of DOCK4. Data are represented as mean ±SEM 

from four biological replicates (**P < 0.005; Student’s t test.). (C) Twenty four hours post 

DOCK4 siRNA nucleofection into TF1 cells, control and DOCK4 knockdown TF1 cells were 

subjected to in vitro transwell migration assay. Data are represented as mean ±SEM from two 

technical replicates (*P < 0.05; Student’s t test). Representative data from two independent 

experiments are shown. (D) Changes in HSC morphology following knockdown of DOCK4 was 

determined by staining for cytoskeletal F-actin and analyzed by immunofluorescence 

microscopy. Cells which depicted spread morphology with bundled actin at the leading edges are 

shown in white arrows (Scale bar, 15µM). Individual cells at high magnification showing 

pronounced cell spreading and bundled F-actin when DOCK4 levels were reduced. (E) Control 

and DOCK4 knocked down TF1 cells were stained for actin and analyzed by 

immunofluorescence microscopy. Cells which depicted spread morphology with bundled actin at 

the leading edges were marked by white arrows (Scale bar, 15µM). Individual cells at high 

magnification showing cell spreading and bundled F-actin when DOCK4 levels were reduced. 

(F) Cell shape/circularity was measured in HSCs expressing normal and reduced levels of 

DOCK4 using circularity parameter in Fiji image analysis software. A minimum of 100 cells 

from four random fields were quantified (***P < 0.0005; Student’s t test.). NT – Non-targeting 

control. 

 

 

In follow up experiments, I quantified the extent of cell spreading in DOCK4 

knocked down (50% knockdown) cells and cells expressing normal levels of DOCK4 by 

computing circularity values using the built-in circularity feature available in the Fiji 

software. This quantitation revealed that cell spreading was significantly increased when 

DOCK4 levels were reduced in HSCs as indicated by the decrease in circularity values 

(Figure 3.6F).  
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vi) Reduction of LYN, SHIP1 or SHP1 protein levels or their enzyme activity 

decreases HSC migration  

Given that LYN, SHIP1 and SHP1 are downstream of DOCK4, I next determined 

whether the LYN kinase and its two down-stream targets SHIP1 and SHP1 were 

involved in regulating HSC migration. I reduced the expression levels of LYN, SHIP1 or 

SHP1 in HSCs by 50% or greater by knocking down these proteins using specific 

siRNAs (Figure 3.7A-C). Using these cells, I performed in vitro transwell migration 

assays and compared their migration to cells that expressed LYN, SHIP1 and SHP1 at 

normal levels. The results of these experiments revealed that reduced expression of 

LYN or SHIP1 or SHP1 led to a significant decrease in the migration of HSCs compared 

to the controls (Figure 3.7D). I extended these studies and performed a series of 

experiments where I exposed HSCs to increasing concentrations of inhibitors of LYN 

kinase, SHIP1 and SHP1 and evaluated their migration response. These studies 

demonstrated a dose dependent decrease in HSC migration (Figure 3.7E-G). Taken 

together increased migration of HSCs observed in cells expressing reduced levels of 

DOCK4 seemed to be as a result of each of the three signaling molecules identified in 

this study. 
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Figure 3.7: LYN kinase, phosphatases SHIP1 and SHP1 regulate HSC migration 

downstream of DOCK4. Twenty-four hours post siRNA nucleofection immunoblotting analysis 

was performed to test knockdown of (A) LYN, (B) SHP1 and (C) SHIP1 in primary HSCs. (D) 

Transwell migration assays performed following knockdown of LYN, SHP1 or SHIP1 by using 

specific siRNAs in HSCs. Data are represented as mean ±SEM from three technical replicates 

(*P < 0.05; Student’s t test).  Data are representative of three biological replicates. (E, F and G) 

Transwell migration assays performed on HSCs expressing normal levels of DOCK4 exposed to 

increasing concentrations of LYN/Src inhibitor (RK20449), SHP1 inhibitor (TPI-1) and SHIP1 

inhibitor (3AC) respectively. Data are represented as mean ±SEM from three technical replicates 

(**P < 0.005; One-way ANOVA). 
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vii) Inhibitors of LYN, SHIP1 and SHP1 restore normal HSC migratory properties 

in DOCK4 deficient cells 

Next, I interrogated whether inhibition of LYN kinase, SHIP1 or SHP1 can 

reverse the increased migration observed in HSCs expressing reduced levels of 

DOCK4. I performed in vitro transwell migration assays using HSCs expressing normal 

and reduced levels of DOCK4 in the presence and absence of pharmacological 

inhibitors of LYN kinase, SHIP1 or SHP1. As expected, in the absence of LYN/Src 

inhibitor, DOCK4 deficient HSCs exhibited significant increase in transwell migration 

when compared to the controls (Figure 3.8A). However, in the presence of LYN/Src 

inhibitor, the increased migration exhibited by the DOCK4 knocked down cells was 

significantly blunted and returned to migration levels exhibited by DOCK4 intact HSCs 

(Figure 3.8A). In a similar manner, increased migration exhibited by DOCK4 deficient 

HSCs was also significantly reduced in the presence of pharmacological inhibitors of 

SHIP1 and SHP1 (Figure 3.8B, C). Taken together, these studies provide evidence that 

aberrant migration resulted by reduced DOCK4 levels can be restored to normal levels 

by pharmacologically targeting its downstream targets LYN or SHIP1 or SHP1. 
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Figure 3.8: Inhibition of LYN or SHP1 or SHIP1 activities reverse increased migration 

exhibited by DOCK4 deficient HSCs. (A) Transwell migration assays performed on HSCs 

expressing reduced levels of DOCK4 in the presence or absence of LYN/Src inhibitor 

(RK20449) (B) SHP1 inhibitor (TPI-1) and (C) SHIP1 inhibitor (3AC). Data are represented as 

mean ±SEM from three technical replicates (*P < 0.05; Student’s t test). Data are representative 

of three biological replicates. NT – Non-targeting control. 

 

viii) Inhibition of SHP1 promotes erythroid differentiation in -7/(del)7q MDS 

samples 

Since anemia is central to morbidity and mortality of MDS patients, I investigated 

whether one or more of the inhibitors of down-stream effectors of DOCK4 are capable 
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of improving erythroid differentiation. I setup hematopoietic colony assays using MDS 

HSCs (Table 3) in the presence and absence of inhibitors of LYN/SRC kinase 

(RK20449), SHIP1 (3AC) and SHP1 (TPI-1) under conditions to promote erythroid 

colony formations. The results of these experiments revealed that LYN/SRC kinase 

inhibitors suppressed formation of erythroid colonies, whereas the SHIP1 inhibitor, 3AC, 

showed no change in colony numbers in -7/(del)7q MDS patient HSCs (data not 

shown). However, MDS patient samples that were exposed to the SHP1 inhibitor 

exhibited a 50% increase in erythroid colonies as well as up to five-fold increase in 

hemoglobin content without suppressing overall colony numbers (Figure 3.9A-D). In 

agreement with these data morphology of the erythroid colonies was larger, darker red 

in appearance compared to HSCs from -7/(del)7q MDS patients that were not exposed 

to the inhibitor. In addition, enumeration of differential colonies showed a shift from 

myeloid to erythroid under the culture conditions that was used in these experiments. 

To test whether pharmacological inhibition of SHP1 under conditions where 

DOCK4 expression was at 50% will result in improved erythroid differentiation, we 

performed methyl cellulose colony assays using HSCs that have been treated with 

DOCK4 siRNAs to reduce DOCK4 expression to haploinsufficient levels in the presence 

or absence of SHP1 inhibitor. These experiments revealed that exposure of cells 

expressing reduced levels of DOCK4 to SHP1 inhibitor significantly increased the 

erythroid colonies, whereas cells expressing normal levels of DOCK4 showed no 

increase in colony numbers after exposure to the same inhibitor in comparison with the 

vehicle treated controls (Figure 3.9E). 
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Figure 3.9: Inhibition of SHP1 activity promotes erythroid differentiation in DOCK4 

deficient MDS.  
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Figure 3.9, continued: Inhibition of SHP1 activity promotes erythroid differentiation in 

DOCK4 deficient MDS.CD34+ stem/progenitor cells were purified from -7/(del)7q MDS 

patients bone marrow mononucleated cells and methylcellulose colony assays were setup in the 

presence or absence of SHP1 inhibitor, TPI-1 (4μM). After 14-16 days of culture under 

differentiation conditions, (A) Total number of colonies enumerated from each arm of the 

experiment. Data are mean ±SEM from seven different -7/(del)7q MDS patients. (B) Scoring for 

early erythroid (BFU-E), late erythroid (CFU-E) and myeloid (CFU-GM) (*P < 0.05; 

Student’s t test.). Data are mean ±SEM from seven different -7/(del)7q MDS patients. (C) 

ELISA performed to determine beta hemoglobin expression. Data are represented as mean 

±SEM from three technical replicates (*P < 0.05; **P < 0.005; Student’s t test.). (D) 

Photomicrographs depicting colony morphology and the extent of hemoglobin after 14-16 days 

in methylcellulose (Scale bar, 100µM). 24 hrs following DOCK4 knockdown in HSCs, 

methylcellulose colony assays were setup in the presence or absence of SHP1 inhibitor, TPI-1 

(4μM). After 14-16 days of culture under erythroid differentiation conditions, (E) Percentage of 

erythroid colonies enumerated from each arm of the experiment. Data are mean ±SEM from four 

biological donors. (*P < 0.05; Student’s t test.). (F) ELISA performed to determine hemoglobin 

expression. Data are representative of five biological replicates (*P < 0.05; ** P < 0.005; 

Student’s t test.). (G) Photomicrographs depicting colony morphology and the extent of 

hemoglobin after 14-16 days in methylcellulose (Scale bar, 100µM). (H) Primary HSCs were 

treated with increasing doses of SHP-1 inhibitor, TPI-1 for 48 hours and viability was analyzed 

by staining with acridine orange-propidium iodide (AO-PI dye) using Nexcelom automated cell 

counter. Data are mean ±SEM from four biological replicates. Methylcellulose colony assays 

were setup using 1500 HSCs from healthy donors in the presence/absence of SHP-1 inhibitor, 

TPI-1 (4μM). After 14-16 days under differentiation conditions, (I) Number of colonies formed 

was scored. Data are mean ±SEM from three biological replicates. (J) Frequencies of colonies of 

different lineages were scored. Data are mean ±SEM from three biological replicates. (K) ELISA 

was performed to determine beta hemoglobin expression. Data are represented as mean ±SEM 

from three technical replicates. (L) Colony morphologies were analyzed after 14-16 days in 

methylcellulose (Scale bar, 100µM). 

 

In addition, SHP1 inhibitor increased the hemoglobin levels and size of the 

erythroid colonies in the experimental arm of the study compared to the control arm 

(Figure 3.9F, G). SHP1 inhibition did not have any impact on differentiation of HSCs 

expressing normal levels of DOCK4 (Figure 3.9E-L). Taken together, these results 

highlight SHP1 as an attractive therapeutic target in MDS with DOCK4/-7/(del)7q 

defects. 
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ix) Increased HSPC mobilization into the peripheral circulation in -7/(del)7q MDS 

patients  

Since increased migration of HSCs within the bone marrow can lead to increased 

HSPC mobilization, I examined peripheral blood samples from patients that are haplo-

insufficient for DOCK4 (-7/(del)7q) expression. Flow cytometry analysis was performed 

to determine the percentages of CD34+ sub-population within the CD45+ population 

using peripheral blood samples from healthy individuals, non -7q MDS patients and -

7/(del)7q MDS patients. We found that compared to non -7q MDS samples, percent 

CD34+ cells in -7/(del)7q MDS samples were approximately 8.8 fold higher (Figure 

3.10A-B). 

 
Figure 3.10: Increased HSPC mobilization into the peripheral circulation in -7/(del)7q 

MDS patients. (A) Peripheral blood mononucleated cells were isolated from healthy, non- -

7/(del)7q and -7/(del)7q MDS patient peripheral blood samples and flow cytometry analysis was 

performed to determine the percentages of CD34+ cells in these samples. Representative flow 

plot from one individual from each category is depicted. (B) Quantitation of CD34+ cells from 

healthy (N=10), non- -7/(del)7q (N=13) and -7/(del)7q (N=6) MDS peripheral blood 

mononuclear cells (*P < 0.05; Student’s t test.). 
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3. d). Conclusion 

In this chapter, I used a population of early-stage human primary hematopoietic 

stem cells (HSCs), as defined by expression of surface marker proteins CD34 and 

CD90 to identify downstream signaling networks regulated by DOCK4. Furthermore, I 

determined the functions of DOCK4 and the consequences of reduced DOCK4 

expression in early hematopoietic stem cells. These studies revealed several 

phosphatases and kinases are regulated by DOCK4. I demonstrate that DOCK4 

regulated tyrosine phosphorylation of a large number of signaling proteins resulting in 

significant increases in global phospho-tyrosine levels. Using mass spectrometry 

phosphoproteomic approaches, I precisely identified LYN, SHP1 and SHIP1 as most 

significantly impacted (hyper tyrosine-phosphorylated) proteins. LYN kinase directly 

phosphorylated phosphatases SHP1 and SHIP1 at tyrosine sites 536 and 1021 

respectively. Low DOCK4 levels led to increased stem cell migration, which was blunted 

in the presence of pharmacological inhibitors of LYN or SHP1 or SHIP1. In DOCK4 

deficient MDS patient samples (-7/(del)7q), I observed increased numbers of 

CD34+/CD45+ cells in circulation. Lastly, I demonstrated that pharmacological inhibition 

of SHP1 in DOCK4 deficient HSCs from MDS patients can improve erythroid 

differentiation. Altogether, this study has identified a new signaling network that can be 

leveraged to potentially overcome the functional defects that arise due to reduced 

expression of DOCK4 in MDS (Figure 3.11). 
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Figure 3.11: Schematic diagram depicting DOCK4 signaling pathway in HSCs. 

 

 

Table 2: Differentially tyrosine phosphorylated proteins in cells with reduced DOCK4 levels 

 

 

Protein names Gene names 
Phospho 

Site 

Fold 

Change 

(Z-score) 

Tyrosine-protein phosphatase non-receptor type 6 PTPN6 (SHP1) 536 5.43 

Phosphatidylinositol 3,4,5-trisphosphate 5-

phosphatase 1 

INPP5D 

(SHIP1) 
865 4.36 

Neural Wiskott-Aldrich syndrome protein WASL 256 2.77 

Tyrosine-protein kinase Lyn;Tyrosine-protein 

kinase HCK 
LYN;HCK 397;411 2.45 

Signal transducer and activator of transcription 3 STAT3 705 1.76 

Glycogen synthase kinase-3 beta;Glycogen synthase 

kinase-3 alpha 
GSK3B;GSK3A 216;279 1.58 

SHC-transforming protein 1 SHC1 427 -2.76 

CWF19-like protein 2 CWF19L2 201 -2.8 

Glucose 1,6-bisphosphate synthase PGM2L1 383 -4.2 
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Table 3: MDS Patients Characteristics 

 

Patient Sample 

source 

Age 

(years) 

Sex MDS 

subtype 

Karyotype Hemoglobin 

(g/dL) 

IPSS-R 

MDS1 BM 74 M RCMD Complex -7 12 2 

MDS2 BM 65 M RCMD -7 6.5 7 

MDS 3 BM 47 F CMML -7 11.5 NA 

MDS PB 88 F RA -7 8.9 2.5 

MDS 5 BM 77 F RCMD Complex -7 11.4 2 

MDS 6 BM 63 M RCMD Complex -7 12.7 1 

MDS 7 BM 75 M RCMD Complex -7 9.8 1 

BM – Bone Marrow; PB – Peripheral Blood; RA – Refractory Anemia; RCMD – Refractory 

Cytopenia with Multilineage Dysplasia; CMML – Chronic Myelo-Monocytic Leukemia. 
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MATERIALS AND METHODS 

 

4. a). Hematopoietic stem cell culture 

CD34+ hematopoietic stem/progenitor cells were purified from G-mobilized 

peripheral blood of healthy donors purchased from All Cells Inc or Key biologicals, Inc 

using the CliniMACS instrument.  Purified cells were cultured in Isocove’s modified 

Dulbecco’s medium (IMDM, Lonza) containing 15% FBS (Life Technologies), 15% 

human serum and supplemented with 2 units/ml Erythropoietin (EPO), 50 ng/ml Stem 

Cell Factor (SCF) and 10 ng/ml Interleukin-3 (IL3). Throughout the entire 17 day culture 

duration a strict cytokine feeding regimen was followed as described previously to 

promote lineage commitment and terminal differentiation (Kang et al. 2008; Madzo et al. 

2014).  

In experiments where CD34+ cells from peripheral blood or bone marrow 

samples from MDS patients were used, mononuclear cells (MNC) were obtained by 

ficoll-hypaque separation and CD34+ cells were purified using EasySep CD34 positive 

selection kit (Stemcell Technologies, Inc.) according to the manufacturer’s protocol. In 

experiments where cryopreserved patient samples were used, initially thawed MNCs 

were cultured under short-term expansion conditions (IMDM with 20% FBS, 20ng/mL 

TPO, 20ng/mL FLT3-L, 50ng/mL SCF, and 50ng/mL IL-6) for two days prior to CD34+ 

purification using the EasySep CD34 selection kit, and subsequently cultured under 

erythroid differentiation conditions.  
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Flow cytometry analysis and cytospun slides of cells were prepared on-days 3, 7, 

10, 13 and 17 for monitoring of terminal differentiation during the erythroid program. 

Benzidine and hematoxylin staining of cytospun slides were performed as described 

previously (Wickrema et al. 1992).  

In the experiments involving HSCs, purified cells were cultured in Stemspan 

SFEM II (Stemcell technologies Inc.) supplemented with 50 ng/ml thrombopoietin 

(TPO), 50ng/ml stem cell factor (SCF), 50 ng/ml Fms-related tyrosine kinase-3 ligand 

(FLT3-L), 50 ng/ml interleukin-3 (IL3), and 50 ng/ml interleukin-6 (IL-6). Benzidine-

hematoxylin staining of the cytospun HSCs were performed as previously described 

(Wickrema et al. 1992). In the experiments involving cytokine deprivation and exposure, 

HSCs were washed twice to get rid of cytokines and cultured in IMDM containing 1% 

(v/v) BSA fraction V (Fisher Scientific) for 3 hours. Following this, the cells were 

exposed to cytokines for 15 minutes at a concentration of 250 ng/ml. Specific cytokines 

and cytokine cocktail used in experiments are described in figure legends appropriately.  

TF1 erythroleukemia cells were purchased from ATCC and cultured in Roswell 

Park Memorial Institute (RPMI; Gibco) containing 10% (v/v) FBS, supplemented with 4 

ng/ml granulocyte-macrophage colony stimulating factor (GM-CSF). HEK293 cells were 

cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco) containing 10% (v/v) 

FBS. All the cytokines were purchased from R&D systems. 

All the MDS patient samples were obtained after informed consent and approval 

from the Institutional Review Boards of University of Chicago, Albert Einstein College of 

Medicine and Moffitt cancer center. 
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4. b). Zebrafish dock4a analysis  

Wild-type (AB/TU hybrid) and transgenic zebrafish were maintained at 28.5C 

and staged as described (Kimmel et al. 1995). The Tg(gata1:dsRed) reporter line was 

used to examine red blood cell circulation (Traver et al. 2003). Morpholino oligomers 

(MOs) were purchased from Gene Tools (Philomath). Two distinct MOs were designed 

to target around the dock4a initiation ATG (5’-GTACCATCCTTCACATTTTT) or across 

the exon2-intron2 splice site (5’- AATAAAACAGCGATTACCTTCACAT). Blast analysis 

indicated the MOs are specific for dock4a. All morphants were compared to stage 

matched embryos that were injected with a control morpholino (Genetools, standard 

control MO). Each MO was titrated by injection into 1-4 cell fertilized embryos to 

determine a minimal dose for the reproducible phenotype. Microinjection of MOs was 

performed using a PLI-100 Pico-Injector (Harvard Apparatus). Semi-quantitative RT-

PCR was used to measure the efficacy of the splice-blocking MO, using primers: F, 5’-

TCGAGGAATGGTTCAGCATGGACT; R, 5’- TCTCTCCGTGGGACCAAATCCAAA. The 

same primers were used to generate a PCR fragment that was cloned into pCR-BluntII-

TOPO plasmid (Life Technologies) as a clone used for generating the in situ 

hybridization probe, following digestion with Not1 and RNA synthesis using SP6 

polymerase. Whole-mount in situ hybridization was performed as described (Alexander 

et al. 1998). Embryos were treated with 0.003% phenylthiourea (PTU; Sigma) to block 

pigmentation. Following fixation in 4% paraformaldehyde (Sigma), embryos were 

treated with 10 g/mL proteinase K (Roche). Hybridization was performed at 68C in 

57% formamide buffer (Roche) with digoxigenin-labeled RNA probes (Roche).  
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4. c). O-dianisidine staining  

Embryos were treated with PTU at 24 hpf. Embryos were dechorionated at 48 

hpf and stained for 20 minutes in the dark in 0.6 mg/ml o-dianisidine (Sigma), 0.01M 

sodium acetate (pH 4.5), 0.65% H2O2 and 40% (v/v) ethanol. Embryos were washed 

with dH2O three times and post-fixed in 4% paraformaldehyde for 1hour at 4C and 

rinsed in PBST. Embryos were transferred from 1X PBST into 25%, 50%, and 75% 

glycerol/PBST for microscopy.  

 

4. d). Harvesting cells from zebrafish embryos  

For each experiment, approximately 200 dock4a morphant tg (gata1:dsred) -or 

control embryos were dechorionated at 48 hpf and placed into 1.5 ml tubes. Embryos 

were dissociated by manual agitation with a pellet pestle (Fisher) and trypsinized with 

pre-warmed TrypLE (Life Technologies) at 32o C for 20-30 minutes on a rotator. 

Trypsinized samples were pipetted through a 35 μm cell strainer into a 5 ml tube, trypsin 

was inhibited by addition of 4 ml FACS buffer (L-15 medium supplemented with 1% heat 

inactivated FBS, 0.8 mM CaCl2, 50 U/ml penicillin, and 0.05 mg/ml streptomycin) 

followed by addition of FBS to 7.5% final concentration. Cells were pelleted at 300 RCF 

for 5 min and then washed with FACS buffer. Dissociated embryonic cells were 

resuspended in 1ml of FACS buffer. FACS was performed on a Vantage cell sorter (BD) 

into PBS. Alternatively, the cells were washed one more time and resuspended in PBS 

before analyzing with ImageStreamXTM.  
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4. e). siRNA and lentiviral transductions 

In experiments where DOCK4 knockdown by siRNA was carried out for 

immunofluorescence microscopy studies, day 5 cells were plated at a density of 

0.5x10^6 cells/ml of erythroid culture media in a 12-well plate and incubated at 37 oC for 

30 minutes. The transfection cocktail solution required per well was prepared in a 1.5ml 

micro-centrifuge tube by mixing 50 μl of X-vivo 15 (Lonza) with 3 μl of TransIT-siQUEST 

transfection reagent (Mirus) and 50nM siRNA (scrambled control and DOCK4 siRNA, 

purchased from Thermo Scientific Inc.). Each cocktail was mixed well and incubated at 

room temperature for 15 minutes. The mixture was added to the 12 well plate and 

mixed gently. After incubating for 48 hours, the cells were collected for 

immunofluorescence microscopy and RNA isolation.  

Custom-made high titer (1 X 109) lentiviral particles expressing shRNAs (control 

and DOCK4) were purchased commercially (Systems BioSciences Inc). The control and 

DOCK4 shRNA (5’ CTCAGTATTTGCAGATATA 3’) sequences were cloned into the 

pGreenPuro shRNA expression lentivector (Systems Biosciences Inc) with the H1 

promoter driving shRNA and the EF1 promoter driving the GFP. Lentiviral transductions 

were carried out on 24-well plates coated with retronectin (Takara Bio Inc). Day 0 

CD34+ cells were thawed and pre stimulated in X-vivo 10 base media (Lonza) 

supplemented with SCF (10 µg/ml), TPO (5 µg/ml), IL3 (10 µg/ml), FLT3L (10 µg/ml) for 

48 hours (Millington et al. 2009). On the day of infection, an appropriate amounts of viral 

soup (both control and DOCK4 shRNA) to infect 100,000 cells at MOI 20 was added to 

0.25 ml of complete X-vivo 10 media. This mixture was added to the retronectin coated 

well and incubated for 90 minutes. The plate with the virus was then centrifuged for 25 
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minutes at 4oC at 800xg. 100,000 cells were then added to each well along with 

polybrene at a concentration of 5 µg/ml and the final volume was made up to 0.5 ml with 

the X-vivo 10 complete media. The virus-cells-polybrene mixture was incubated for 30 

minutes at 37oC and the plate was centrifuged for 25 minutes at 27oC at 400xg. The 

plate was incubated for 20 hours at 37oC. The following day (day 1) cultures were 

centrifuged and media containing polybrene and virus was removed prior to re-culture in 

erythroid culture media. The following day puromycin was added at 2 µg/ml 

concentration to select for transduced cells. On day 6 cells were collected for RAC 

activity assays, western blotting, and RNA isolation. In addition flow cytometry and 

cytospun cells were carried out to ascertain the extent of terminal differentiation in cells 

lacking DOCK4.  

 

4. f). Immunofluorescence Microscopy 

CD34+ stem/progenitor cell derived erythroblasts from healthy donors and MDS 

patients were immobilized on Alcian blue coated cover slips and fixed with 2% 

formaldehyde solution as previously described (Kang et al. 2008). Briefly, cells were 

permeabilized with PBS containing 0.5% Triton-X100 for 5 minutes and the cover slips 

were washed once with PBS for 5 minutes and then blocked with 1% BSA for 20 

minutes. Cells were subsequently stained for actin with Phalloidin-Texas Red (dilution 

1:160, Life Technologies) for 30 minutes in a humidifying chamber. Following multiple 

washes with PBS the actin-stained cells on cover slips were mounted onto slides using 

Prolong gold antifadeTM reagent (Life Technologies). 
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Similarly, control and DOCK4 knockdown HSCs were immobilized on Alcian 

blue-coated coverslips and stained for actin with Phalloidin. Images were captured 

using Leica STED-SP5 confocal microscope using a 63x oil immersion lens. Fiji Image J 

software was used to quantify the promigratory cells using the circularity feature. At 

least 100 cells from 4 random fields were analyzed. 

 

4. g). Flow cytometry 

Cells were stained with antibodies for transferrin receptor, CD71 (BD 

biosciences) and Glycophorin A (eBioscience) at various time points to monitor the 

erythroid differentiation program.  

HSCs were by staining with antibodies for CD34 (BD biosciences), CD90 

(eBioscience). In the experiments involving peripheral blood samples from MDS 

patients, the samples were stained with CD45 (BD biosciences), CD34 and ghost red 

780 (Tonbo biosciences Inc.) dye. Samples were analyzed using LSR-Fortessa flow 

cytometers (BD biosciences) available in the University of Chicago Cytometry and 

Antibody Technology Facility. FlowJo software was used to analyze the flow cytometry 

data. TF1 cells were stained with the CD34 antibody and analyzed. Unstained cells and 

Isotype specific antibody stained cells were used as controls to set gates. 
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4. h). Multispectral flow cytometry (ImageStreamXTM analysis) 

i) Actin disruption quantitation 

An ImageStreamXTM (EMD-Millipore/Amnis) multispectral imaging flow cytometer 

was used to quantify the extent of actin filament disruption in erythroblasts derived from 

culturing CD34+ stem/progenitor cells (Comparing healthy and MDS patient samples). 

Erythroblasts treated with Cytochalasin D (5 µg/ml for 5 hours, Sigma) and Rac1 

inhibitor (100 µM for 5 hours, Calbiochem) were used as positive controls. Cells were 

fixed, permeabilized and stained for F-actin using fluorescently labeled (Texas Red) 

phalloidin as described previously (Wickrema et al. 1994).  

Acquisition of cellular images was performed on an ImageStreamX using 50mW 

of 561nm laser light and an emission filter range of 594nm – 660nm. Both brightfield 

(B.F.) and fluorescence images were acquired at 60x magnification.  A cell classifier 

was set on B.F. area to exclude small debris and system focus beads. Up to 10,000 

events per sample were acquired. 

Analysis to determine populations of cells with intact actin filaments and 

populations with disrupted actin was performed using the IDEAS 6.0 software package 

available through Amnis, Inc (www.amnis.com). Intact, single cells that were suitably in 

focus were gated utilizing a hierarchical gating strategy starting with bright field. Area 

and B.F. “Aspect Ratio” (single cells of appropriate size) and then by the B.F. “Gradient 

Root Mean Square” feature (cells in focus). Lastly, cells with no F-Actin fluorescence 

were excluded from the downstream analysis (typically less than 10%). I employed an 

algorithm available in the software package that enabled discrimination of defined 

http://www.amnis.com/
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fluorescence staining of the F-actin filaments together with quantitation of the length (in 

microns) of the longest undisrupted actin filament staining seen by the custom-defined 

“Mask” function of the software. The “Mask” was defined utilizing the built in Spot Mask 

function. This option obtains bright regions from an image regardless of the intensity 

differences from one cell to another. The ability to extract bright objects is achieved 

using an image processing step that erodes the image and leaves only the bright areas.  

Once the mask properly captured the F-actin filament staining, the “Length” feature was 

utilized to measure the longest part of the object defined by the mask, wherein cells with 

intact F-actin filaments would have a long length and cells with disrupted F-actin 

filaments would have a short length. A sample from a healthy donor for cells with intact 

F-actin and a Cytochalasin D treated control with disrupted F-actin were used to set the 

cut-off level on the “Length” parameter defining intact versus disrupted F-actin based on 

fluorescent staining.  The following sequential steps were taken in the analysis of 

populations from each of the samples that allowed us to develop the cortical F-actin 

staining index. a) Excluded aggregates and debris by gating cells with moderate B.F. 

area and high B.F. aspect ratio. b) Selected a level of B.F. “Gradient RMS” to achieve 

well focused cells (RMS value > 50). c) Gated cells with any level of F-actin staining. d) 

Applied “Spot Mask” to final subset. e) Plotted the “Length” feature based on the F-Actin 

“Spot Mask (Intact/Disrupted cut-off value set at a unit of 25). 
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ii) Quantifying circular/irregular shaped erythroid cells in zebrafish embryos 

ImageStreamXTM was also used for quantifying the ratio of circular/irregular cells 

in the erythroid (Gata1-expressing RFP cells) compartment of control and dock4a 

knockdown zebrafish embryos. A similar strategy as described above was used to 

eliminate the aggregates and debris. Well focused RFP positive single cells were used 

in subsequent analysis. Using the built-in ‘Erode Mask”, a continuous mask was created 

on the periphery of the cell in both the Brightfield channel and the RFP channel to 

define the shape of the cell. An IDEAS 6.0 built-in feature called circularity was then 

used to differentiate between the circular and irregular shaped cells. This feature 

measures the degree of the mask’s deviation from a circle. This measurement is based 

on the average distance of the object boundary from its center divided by the variation 

of this distance. Thus, the closer the object to a circle, the smaller the variation and 

therefore the feature value will be high. On the other hand the more the shape deviates 

from a circle, the higher the variation and therefore the “Circularity” value will be low. 

The following sequential steps were taken in the analysis of populations from each of 

the samples: a) Excluded aggregates and debris by gating cells with moderate B.F. 

area and high B.F. “Aspect Ratio”. b) Selected a level of B.F. “Gradient RMS” to achieve 

well focused cells (RMS value > 50). c) Gated cells with RFP signal. d) Applied “Erode 

Mask” to final subset. e) Plotted a graph between the circularity features based on the 

B.F “Erode Mask” and “RFP Erode Mask” and gates were applied to separate out 

“Circular” and “Irregular” cells. 
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4. i). RAC1 G-LISA 

Levels of active GTP bound RAC1 were quantified using the G-LISA RAC1 

activation assay Biochem Kit (Cytoskeleton, Inc) according to the manufacturer’s 

protocol. In experiments where RBC ghosts or erythroblasts were used, frozen pellets 

from each preparation was lysed using reagents provided in the RAC1 activation kit. 

 

4. j). RBC ghost preparation 

Fresh peripheral blood samples were collected from healthy volunteers and MDS 

patients with approval from the institutional review board (IRB). RBC ghosts were 

prepared according to published protocols (Andrews et al. 2002) with minor 

modifications. Briefly, washed RBCs (devoid of the buffy coat) were suspended at 40% 

hematocrit containing hypotonic buffer (5 mM Tris-HCl, 5 mM KCl, pH 7.4). Cells were 

centrifuged at 20,000xg for 5 min at 4°C. The pellet obtained (white ghost) was washed 

two more times in hypotonic buffer. After washing, cells were transferred to micro-

centrifuge tubes and centrifuged at 14,000xg for 10 minutes at 4°C. The pellets 

consisting of erythroid ghosts were flash frozen after discarding the supernatant and 

stored at -80°C until subsequent use in the RAC1 activity assay. 

 

4. k). Immunoblot analysis 

In experiments to determine phospho-Adducin levels, cell lysates were prepared 

(M-PER, lysis reagent Thermoscientific) from day 10 (polychromatic erythroblasts) cells 

derived from purification and culture of CD34+ cells obtained from healthy donors or 
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MDS patients. Protein concentrations were determined by the Lowry-Bradford method 

using a commercially available reagent (Bio-Rad). Electrophoresis was performed in a 

4-16% gradient precast SDS gel (Bio-Rad) at 70-100 V using a gel electrophoresis kit 

(Bio-Rad). The gel was then electro-blotted onto a nitrocellulose membrane (Millipore) 

in a Semi-dry blot electrophoretic transfer unit (Bio-Rad) using transfer buffer (10mM 

CAPS + 10% Methanol, pH-11). The nitrocellulose membrane was then incubated in 

blocking buffer (Li-Cor Biosciences) for 1 hour at room temperature. The membrane 

was incubated with mouse anti-human phospho-adducin (Ser 726) antibody (dilution 

1:1000, Upstate) overnight on a shaker at 4oC. After three PBS-T washes, the 

membrane was incubated with IRDye 680RD goat anti-mouse IgG (dilution 1:3000, li-

cor) for 2 hours on a shaker at room temperature. The membranes were washed three 

times (5 minutes each) with PBS scanned on the blot scanner (Odyssey CLx, Li-Cor). 

The blot was probed with an anti-tubulin antibody (dilution 1:2000, Neomarkers) as 

loading control.     

In experiments involving HSCs, cell lysis was performed using phosphorylation 

lysis buffer comprising 50 mM Hepes (pH 7.3), 150 mM sodium chloride, 1 mM EDTA, 

1.5 mM magnesium chloride, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 

200 μM sodium orthovanadate, 10% glycerol, 0.5% Triton X-100, and 1 mM 

phenylmethylsulfonyl fluoride (Wickrema et al. 1999b). The antibodies used in these 

experiments are listed here: rabbit polyclonal anti-DOCK4 (dilution 1:500, Proteintech), 

mouse monoclonal anti-phospho-tyrosine 4G10 (dilution 1:1000, Millipore), rabbit 

monoclonal anti-phospho-AKT S473 (dilution 1:1000, Cell Signaling), rabbit polyclonal 

anti-GAPDH (dilution 1:1000, Santa Cruz), rabbit polyclonal anti-phospho-LYN (Y397) 
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(dilution 1:1000, GeneTex), rabbit polyclonal anti-phospho-SHIP1 (Y1021) (dilution 

1:1000, Assay biotechnology), rabbit polyclonal anti- phospho-SHP1 (Y536) (dilution 

1:1000, Assay biotechnology), mouse monoclonal anti-LYN (dilution 1:1000, Santa 

Cruz), mouse monoclonal anti-SHIP1 (dilution 1:1000, Santa Cruz), mouse monoclonal 

anti-SHP1 (dilution 1:1000, Santa Cruz), rabbit polyclonal anti-GFP (dilution 1:1000, 

Chromotek), mouse monoclonal anti-Flag (dilution 1:3000, Sigma), mouse monoclonal 

anti-actin (dilution 1:10000, Neomarkers). Densitometric analyses of bands were 

performed in Odyssey V3.0 analysis software. The target band intensities were 

normalized to the band intensities of the loading controls as indicated. 

 

4. l). Fluorescence In-situ hybridization (FISH) 

To quantify numbers of clonal malignant cells after in vitro culture, day 10 

erythroblasts from MDS patients were cytospun (1000-10,000 cells) for further analysis. 

Cells from the Mono7 cell line (Fujisaki et al. 2002) were used as a positive control. 

FISH was performed according to the manufacturers’ instructions using the dual color 

Vysis probe D7S486/CEP 7 (7q31 S.O./7p11.1-q11.1 Alpha Satellite DNA S. G.) 

(Abbott Molecular Inc.) enabling us to detect and quantify cells with loss of 7q. Analysis 

was performed using a Zeiss Axioplan Epifluorescence microscope.  

 

4. m). QPCR 

To quantify DOCK4 expression levels, total RNA was isolated from erythroblasts 

at different stages of differentiation using the RNeasy Mini Kit (Qiagen) following the 
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manufacturer’s instructions. Isolated RNA was quantified and cDNA synthesized using 

SuperScript VILO cDNA synthesis kit (Invitrogen). Control samples were prepared 

without RT enzyme or RNA template. Specific DOCK4 primers were used (FP: 5’ 

GACCCACACACAGACTGCTTCA 3’ and RP: 5’ GAGAGGGGGTGAAAGACTGC 3’) 

and the gene expression was quantified using the delta delta CT method using fast 

SYBR green/Rox  real time PCR master mix (Invitrogen). 18S Ribosomal RNA was 

used as the normalizing control.  Primer specificity was verified using melting curve 

analysis.  

In experiments involving HSCs, total RNA was isolated from control and DOCK4 

knockdown HSCs 24 hours post siRNA nucleofection using RNeasy Mini kit (Qiagen). 

Following the extraction, the RNA was quantified and cDNA was synthesized using high 

capacity RNA to cDNA synthesis kit (Applied Biosystems). qPCR for DOCK4 was 

performed using human DOCK4 Taqman primers in viia7 thermocycler (Applied 

Biosystems) using built-in Taqman programs. GAPDH was used as a normalizing 

control. 

 

4. n). Restoration of DOCK4 expression in MDS patient samples 

In order to re-express DOCK4 in MDS patient samples lacking DOCK4 

expression, I subcloned the full-length DOCK4 cDNA (5,901 bp) into the minicircle 

(System Biosciences) plasmid. The subcloned sequence was verified by DNA 

sequencing. The minicircle (MC) technology allows expression of large genes efficiently 

by only containing the circular DNA elements minimally required for sustained 
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expression in cells once transfected into cells. The production of custom MC DNA was 

carried out by SBI, Inc (Mountain View), using engineered E. coli strain 

(ZYCY10P3S2T) that allows the production of the minicircles. The minicircle DNA are 

conditionally produced by an expression of inducible integrase via intramolecular (cis)-

recombination. Transfection of minicircles into CD34+ patient derived erythroid 

progenitors were performed on day 5 of culture and re-expression of DOCK4 was 

verified by qPCR on day 10 of culture from the same sample that was used in assaying 

for the restoration of F-actin filament length and cell shape. CFU-E colony forming 

assays were done by plating 50,000 cells on day 7 following DOCK4 minicircle plasmid 

transfection on day 5. Enumeration of colonies was carried out on day 14. 

 

4. o). Osmotic fragility assay   

           Peripheral blood from healthy volunteers and -7/(del7q) MDS patients was  

Collected and centrifuged al 1,200xg to remove the plasma and buffy coat. RBCs were 

washed thrice with PBS and centrifuged consecutively at 800, 600 and 500xg to remove 

any residual leukocytes. Ten samples of 10% hematocrit (in 100µl volume) were 

prepared for each blood sample. After that, samples are immediately plunged on ice 

and 100 µL of cell suspensions are added to 400 µL of buffer of varying NaCl 

percentages (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 %). The samples are 

incubated at 4°C for 20 min and then centrifuged at 1,000xg for 10 min. The 

supernatants are transferred into cuvettes and the absorbance at 540 nm is recorded by 

a spectrophotometer. Complete hemolysis of RBCs in water is normalized to 100%. 
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4. p). Nucleofection of CD34+ HSCs 

Control (#D-001810-10, Dharmacon Inc. CO, USA) or DOCK4 siRNA 

(Dharmacon Inc.) was nucleofected into CD34+ HSCs using CD34+ cells nucleofection 

kit (Lonza) according to manufacturer’s protocol. Briefly, 2.5x10^6 cells were 

nucleofected with 300nM siRNA using the U-08 program in the Nucleofector II machine. 

Following nucleofection, cells were cultured in Stemspan SFEM II supplemented with 50 

ng/ml TPO, 50ng/ml SCF, 50 ng/ml FLT3-L, 50 ng/ml IL3, and 50 ng/ml IL-6 until used 

for subsequent experiments. Similarly, in the experiments involving knockdown of LYN, 

SHIP1 or SHP1, respective smartpool siRNA (Dharmacon Inc.) were used. In the 

experiments involving TF1 cells, control or DOCK4 siRNA was nucleofected using 

nucleofection kit T (Lonza) according to manufacturer’s protocol. 

 

4. q). siRNA sequences 

DOCK4 siRNA: GGAGAAAAUUGCACGAUUA. Non-targeting siRNA target 

sequence 1: UGGUUUACAUGUCGACUAA; target sequence 2: 

UGGUUUACAUGUUGUGUGA; target sequence 3: UGGUUUACAUGUUUUCUGA; 

target sequence 4: UGGUUUACAUGUUUUCCUA. LYN siRNA target sequence 1: 

GCGACAUGAUUAAACAUUA; target sequence 2: GUGAUGUUAUUAAGCACUA; 

target sequence 3: GAGAUCCAACGUCCAAUAA; target sequence 4: 

UUACAUCUCUCCACGAAUC. SHIP1 siRNA target sequence 1: 

CGACAGGGAUGAAGUACAA; target sequence 2: GAAUUGCGUUUACACUUAC; 

target sequence 3: GCAUUGCCCUUCGGUUAGA; target sequence 4: 
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UGACAGCGACGAAUCCUAU. SHP1 siRNA target sequence 1: 

GGAACAAAUGCGUCCCAUA; target sequence 2: AUACAAACUCCGUACCUUA; 

target sequence 3: UAUGAGAACCUGCACACUA; target sequence 4: 

GCUCCGAUCCCACUAGUGA. 

 

4. r). Mass spectrometry phosphoproteomics 

HSCs that were briefly cultured for three hours were used to knockdown DOCK4 

and re-cultured for twenty four hours prior to lysing both DOCK4 knockdown (50%) and 

DOCK4 intact cells using phosphorylation lysis buffer as described previously 

(Wickrema et al. 1999b). Protein concentration in the supernatants was determined by a 

BCA assay. 450 μg of total protein for each of the two samples were reduced and 

alkylated prior to trypsin digestion. Phosphopeptides from the digests were enriched 

using TiO2 beads and fractionated them by high pH reverse phase into four fractions 

each (Yue and Hummon 2013). Each fraction was desalted prior to LC-MS analysis. 

Nano LC-MS/MS analyses were performed with a 75 μm x 10.5 cm PicoChip column 

packed with 3 μm Reprosil C18 beads with Dionex UltiMate 3000 Rapid Separation 

nanoLC coupled to a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ Mass 

Spectrometer (Thermo Fisher Scientific Inc, San Jose, CA). A 150 μm x 3 cm trap 

packed with 3um beads was installed in-line. Peptides were separated in 120min 

gradient. Data was acquired in data-dependent MS/MS mode with a top-15 method. 

Dynamic exclusion was set to 20 s and charge 1+ ions were excluded. MS1 scans were 

collected from 300-2000 m/z with resolving power equal to 60,000. The MS1 automatic 

gain control (AGC) was set to 3x106. Precursors were isolated with a 2.0 m/z isolation 
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width, and the HCD normalized collision energy was set to 30%. The MS2 AGC was set 

to 1x105 with the resolving power set at 30,000. Phosphopeptides in which the 

phosphorylation sites that can be assigned to a single amino acid with 75% probability 

or better in at least one sample were filtered. Robust z-scores were computed from the 

log2 –fold changes to compare knocked down cells vs. control cells and defined a z-

score of >= 1.5 as up-regulated and <= -1.5 as down-regulated. 

 

4. s). Plasmid transfection and Immunoprecipitation  

Flag-tagged full length DOCK4 plasmid (Yu et al. 2015) (gift from Dr. Linda Van 

Aelst, CSHL) was co-transfected along with GFP-tagged LYN plasmid (Yoo et al. 2011) 

(Addgene) or GFP-tagged SHIP1 plasmid (Pauls et al. 2016) (gift from Dr. Aaron 

Marshall, University of Manitoba, CN) or GFP-tagged SHP1 plasmid (Liu et al. 2007) 

(Addgene)  using Lipofectamine 2000 reagent (ThermoScientific) according to 

manufacturer’s protocol. 24 hours later cells were harvested, lysed and protein 

concentration was calculated using Lowry-Bradford assay. Protein G dynabeads 

(ThermoScientific) were coated with indicated antibodies and immunoprecipitation was 

carried out according to the manufacturer’s protocol. GFP-trap beads (Chromotek Inc.) 

were used to immunoprecipitate GFP-tagged proteins. The eluted samples after 

immunoprecipitation were analyzed by immunoblotting as described earlier. 
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4. t). LYN kinase activity assay (endogenous) 

LYN kinase activities in DOCK4 knocked down HSCs were measured using the 

universal tyrosine kinase activity assay kit (Takara) according to the manufacturer’s 

guidelines. Briefly, cytokines deprived and exposed control and DOCK4 knockdown 

HSCs (1.5 million cells/assay) were lysed using the extraction buffer from the kit and 

LYN kinase was immunoprecipitated from these samples using 5μg anti-LYN antibody 

and used in the activity assay. Immunoprecipitation using anti-IgG antibody was used 

as controls. Elute from the immunoprecipitation was immunoblotted to normalize the 

LYN activity data. 

 

4. u). LYN kinase activity assay (in vitro) 

LYN kinase activities in the presence of flag-tagged DOCK4 or recombinant 

DOCK4 C-terminus were measured using the universal tyrosine kinase activity assay kit 

(Takara) according to the manufacturer’s guidelines. In experiments involving flag-

tagged DOCK4, we ectopically expressed Flag-tagged full length DOCK4 in HEK293 

cells and immunoprecipitated flag-tagged DOCK4 using anti-Flag coated protein G 

dynabeads (ThermoFisher) according to the manufacturer’s protocol. Following this, 

increasing amounts of immunoprecipitated flag-tagged DOCK4 as indicated was 

incubated with 20ng of active recombinant LYN kinase or active recombinant JAK2 

kinase. Similarly, in experiments involving recombinant DOCK4 C-terminus, increasing 

concentration of DOCK4 C-terminus (Proteintech) as indicated was incubated with 20ng 

of active recombinant LYN kinase or active recombinant JAK2 kinase. 
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4. v). In vitro binding assay 

Flag-tagged recombinant DOCK4 C-terminus was generated by cloning DOCK4 

C-terminus using primers DOCK4 C-terminus forward primer - 5’-

GGTGCCATGGGCCACCATCACCACCATCATCACCACCATCACCCTTTGTTGTCTGA

CAAACACAC and DOCK4 C-terminus reverse primer - 5’- 

CACCCTCGAGTCACTTGTCGTCATCGTCTTTGTAGTCTAACTGAGAGACCTTGCGG 

into pET15b plasmid purchased from Novagen. Following cloning, we produced 

recombinant flag-tagged DOCK4-C-terminus according to the manufacturer’s protocol. 

100ng recombinant LYN and 400ng of flag-tagged recombinant DOCK4 C-terminus was 

incubated overnight along with anti-IgG or anti-Flag coated magnetic beads in a rotating 

shaker at 4oC. Immunoprecipitation followed by immunoblot analysis was performed as 

described earlier. 

 

4. w). In vitro kinase assays 

Multiple doses of recombinant active LYN kinase (SignalChem) were incubated 

along with 250ng recombinant active SHIP1 (SignalChem) or recombinant SHP1 

(SignalChem) in the presence of ATP at a final concentration of 100uM. The total 

volume of each in vitro reaction was 25μl using kinase dilution buffer I (SignalChem) 

and deionized water. The samples were incubated in a 30oC water bath for 15 minutes. 

The kinase reaction was stopped by adding 8.3μl 4X laemlii buffer (Bio-Rad) and boiling 

the samples for 5 minutes. The samples were then analyzed by immunoblotting. In the 
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samples where inhibitor was added, the LYN/Src inhibitor, RK20449 (Selleck Inc.) was 

added to a final concentration of 500nM. 

 

4. x). Transwell migration assays 

HSC migration assays were performed using transwells. Briefly, 150,000 HSCs 

were suspended in 100μl of starvation media (IMDM containing 1% (vol/vol) BSA fract 

V) and was added to the upper chamber of the 5-μm-pore transwell insert (24-well plate 

format transwell, Corning). 0.5ml of starvation media with various concentrations (0-

100ng/ml) of chemokine stromal derived factor-1 alpha (SDF-1α) was added to the 

bottom chamber. The transwell plates were incubated for 4 hours in a 37°C 5% CO2. 

The transwell inserts were carefully removed and the migrated cells in the bottom 

chamber were resuspended. Samples were obtained from the bottom chamber and 

stained with acridine orange and propidium iodide nuclear dyes (AO-PI dye, Nexcelom). 

The stained samples were enumerated using Nexcelom auto 2000 cell counter 

(Nexcelom). All the migration experiments were performed in triplicates. In the 

experiments involving inhibitor treatments (LYN/Src inh. – RK20449 (Selleck Inc.), 

SHIP1 inh. – 3AC (EMD Millipore Inc.) and SHP1 inh. – TPI-1 (Cayman Inc.)), the cells 

were exposed to inhibitors for 1 hour in IMDM containing 1% BSA media prior to adding 

to the top chamber of the transwell. Migration assays with TF1 cells were performed as 

described previously (Prebet et al. 2010). 
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4. y). Database for Annotation Visualization and Integrated Discovery (DAVID) 

analysis 

Proteins that were hyper-tyrosine phosphorylated greater that 1.5 fold and 

tyrosine phosphorylated proteins identified only in DOCK4 knockdown samples were 

subjected to functional annotation analysis available in the DAVID website 

(http://david.abcc.ncifcrf.gov/) Gene ontology option GOTERM_BP_ALL was selected 

and a functional annotation chart generated. 

 

4. z). Methylcellulose colony assays and hemoglobin ELISA  

1500 HSCs from healthy or MDS patients were cultured in methylcellulose 

(Stemcell technologies Inc. #H4434) supplemented with 2 Units/ml erythropoietin for 14-

16 days in the presence/absence of SHP1 inhibitor, 4μM TPI-1 (Cayman Inc.). DMSO 

was used as a vehicle control. After 14-16 days, the colonies were enumerated and 

imaged. Images of the colonies were captured using Olympus microscope at 10X 

magnification. Following colony enumeration, cells were collected from the 

methylcellulose plates and hemoglobin levels were quantitated using hemoglobin ELISA 

kit (Abcam) according to the manufacturer’s guidelines.  

 

4. aa). Statistical analysis 

The error bars are computed as mean ± SE. Paired Student’s t tests were 

performed to determine the statistical significance between the samples. In experiments 

involving dose responses, one-way ANOVA test was performed to determine statistical 

http://david.abcc.ncifcrf.gov/
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significance. Experiments were from three biological replicates, and values with P < 

0.05 were considered statistically significant. Multivariate analysis for survival and 

DOCK4 expression was performed by adjusting for IPSS scores using SAS software. 
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DISCUSSION AND PERSPECTIVES 

 

5. a). Discussion 

Anemia and dysplastic erythropoiesis are predominant clinical manifestations of 

myelodysplasia. Deletion of chromosome 7/7q is a common cytogenetic alteration in 

MDS and is associated with a poor prognosis (Cazzola et al. 2013). The commonly 

deleted segment contains a large number of genes, and studies have not identified the 

genes whose haplo-insufficiency can lead to myelodysplastic phenotypes. Two recent 

studies identified CUX1 and MLL3 as 7q genes that can act as tumor suppressors in 

MDS, but these and others have not been implicated in erythropoietic defects that are a 

hallmark of MDS (McNerney et al. 2013; Chen et al. 2014). Another recent study using 

iPS cells generated from -7/(del)7q MDS implicated reduced expression of HIPK2, 

ATP6V0E2, LUC7L2 and EZH2 in aberrant early hematopoiesis, but did not specifically 

evaluate their role in erythropoiesis (Kotini et al. 2015). My work has identified DOCK4 

as a candidate 7q pathogenic gene by demonstrating that it is reduced in MDS stem 

and progenitor cells and that its reduced expression leads to dysplastic erythropoiesis in 

vivo and in vitro. 

Human Red cells are characterized by a biconcave shape that is essential for 

their functionality. These cells require the coordinate formation of actin cytoskeleton that 

relies on activation of RAC1 GTPases during erythropoiesis. My work revealed that low 

DOCK4 expression in -7/(del)7q MDS RBCs, or in normal erythroblasts depleted of 

DOCK4, leads to diminished RAC1 GTPase activity resulting in disruption of actin 
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filaments and hyperphosphorylation of ADDUCIN, an actin protofilament stabilizing 

protein. These changes in the erythroid membrane skeleton have a profound impact on 

the overall integrity of the cell, as seen by an inability to complete the terminal 

differentiation program and increase in hemolysis of erythrocytes. Previous studies have 

shown that Rac1-/-/Rac2-/- mice have impairment of skeletal stability and increased 

phosphorylation of ADDUCIN in the erythroid compartment (Kalfa et al. 2006). The 

significance of increased ADDUCIN phosphorylation at Ser-726 has far reaching 

implications because this biochemical modification allows cleavage of ADDUCIN by 

caspase, yielding a 74-kDA fragment that does not dissociate from the cytoskeleton 

(van de Water et al. 2000). Furthermore the Ser-726 is in the MARCKS domain, which 

acts as a substrate for protein kinase A (PKA) and protein kinase C (PKC) and therefore 

potentially providing us an opportunity to intervene and reverse hyperphosphorylation of 

ADDUCIN in -7/(del)7q MDS (Matsuoka et al. 1996; Matsuoka et al. 1998). The findings 

in this study provide mechanistic insight into how chromosomal deletion or epigenetic 

silencing of a signaling intermediate (DOCK4) can have far reaching implications for 

cellular morphology and cell membrane stability leading to dysplasia in the erythroid 

lineage, with possible therapeutic implications.    

Previous work from our group has shown that DOCK4 can also be 

transcriptionally regulated by DNA methylation and aberrant hypermethylation of the 

promoter can be seen in some cases of MDS (Zhou et al. 2011b). In fact, some of the 

samples examined by me without deletion of chromosome 7 did show that reduced 

expression of DOCK4. The expression of DOCK4 increases during erythroid 

differentiation and in our studies, we observed a major role for DOCK4 is in the post-
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lineage commitment phase. Additionally, since DOCK4 can be epigenetically silenced 

(Zhou et al. 2011b) and numerous epigenetic marks are preserved between HSCs and 

differentiated cells (Figueroa et al. 2009; Polo et al. 2010), it is possible that lower levels 

of DOCK4 in HSCs is a potential predictor of lower levels in differentiated cells in those 

samples, thus accounting for the higher red cell transfusion requirements in these 

cases. Erythroid cells generated from these samples also demonstrated dysplastic actin 

filament disruption further demonstrating the important role played by DOCK4 in 

myelodysplasia. Pathogenesis of MDS is multifactorial and studies have shown that 

cooperative effects of different mutations and deletions can lead to abnormal stem cell 

cycling, differentiation and malignant clone expansions seen in this disease (Malcovati 

et al. 2007; Will et al. 2012). Since deleted segments of 7q contain large numbers of 

genes with DOCK4 being one of them, our data suggests that reduction of this gene can 

contribute to erythroid dysplasia and contribute to the anemia phenotype seen in MDS. 

Myelodysplastic syndromes are one of the most common blood malignancies in 

the elderly and usually present as low blood counts in this population. Dysplasia is 

challenging to quantify and is often based on a subjective histological assessment. Our 

demonstration of F-actin network disruption in MDS erythroblasts together with the 

development of a new approach to quantify the extent of disruption in the F-actin 

network (multispectral flow cytometry) raises the possibility that one could use this 

approach as a quantifiable measure of erythroid dysplasia.  

Re-expression of DOCK4 in -7/(del)7q MDS led to a significant improvement in 

erythroid differentiation. This suggests that reactivation of DOCK4 pathway can alleviate 

anemia in MDS. Due to its large size, lack of complete structural information and 
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absence of enzyme-like domain, pharmacological targeting of DOCK4 directly for 

activation presents as a challenging task. To overcome this pitfall, I identified key 

signaling pathways/intervention points regulated by the adaptor protein DOCK4. As a 

classical adaptor protein DOCK4 lacks catalytic activity but provide multiple docking 

sites for other signaling elements and regulate their catalytic activities or stabilities via 

protein-protein interaction. Using HSCs, I showed that reduced levels of DOCK4 results 

in global increase in tyrosine phosphorylation both with and without exposure to 

hematopoietic cytokines. Among the tyrosine phosphorylated proteins LYN kinase, 

phosphatases SHIP1 and SHP1 were quite prominent.  

Although activation of phosphatases, SHP1 and SHIP1 leads to de-

phosphorylation of their targets, overall reduced expression of DOCK4 resulted in 

phosphorylation of a large number of proteins due to activation of kinases.  As result, I 

observed a net gain in global phosphorylation when DOCK4 levels were low. Overall, 

the mechanism of action of DOCK4 is to act as a negative regulator of protein 

phosphorylation. LYN kinase, SHP1 and SHIP1 identified in this study are examples of 

downstream targets of DOCK4. 

Increased cell migration and morphological changes I observed when DOCK4 

levels were low are consistent with functions that have been ascribed to LYN kinase 

based on previously published work (O’Laughlin-Bunner et al. 2001; Nakata et al. 2006; 

Orschell et al. 2008; Wheeler et al. 2012; Röselová et al. 2018). Previous studies have 

also shown that increased HSC migration was consistent with increase in HSC 

mobilization (Borneo et al. 2007; Gur-Cohen et al. 2015), which I also observed in  -

7/(del)7q MDS patient blood samples. My current work seemed to suggest that 
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increased HSC mobilization is specifically associated with -7/(del)7q MDS since MDS 

samples with other chromosomal abnormalities did not exhibit increased HSC 

mobilization. Furthermore, my current findings showing increased 

phosphorylation/activation of SHIP1 and SHP1 is also consistent with previous findings 

showing both these phosphatases are substrates for LYN kinase (Baran et al. 2003; 

Mkaddem et al. 2017). In fact, Lyn deficient mice exhibit similar phenotypic 

characteristics to mice lacking Ship1 and Shp1 (Harder et al. 2004). Based on these 

data I show DOCK4, LYN kinase, SHIP1 and SHP1 are all part of the same signaling 

cascade and because deficiency of DOCK4 in HSCs impacts all three enzymes one 

could target this pathway to reverse functional deficiency observed in these HSCs. 

In fact, when I evaluated for terminal differentiation of MDS patient derived 

CD34+ cells under culture conditions that was permissive for erythroid differentiation, 

cells that were exposed to the SHP1 inhibitor (TPI-1) showed pro-differentiation 

characteristics (increased BFU-Es and hemoglobinization). These results were in 

agreement with previous studies using healthy cells, which had demonstrated that 

SHP1 phosphatase is a negative regulator of erythroid differentiation (Sharlow et al. 

1997; Bittorf et al. 1999; Wickrema et al. 1999a). Therefore, by blocking SHP1 activity 

one can potentially reverse anemia in -7/(del)7q MDS patients. Recent work by Taolin 

Yi and colleagues (Kundu et al. 2010) have demonstrated that TPI-1 and its analogues 

are non-toxic when administered to mice and is effective in reducing the melanoma 

tumor burden in mice (Kundu et al. 2010). In another study it was shown that mice 

lacking Shp1 do not respond to TGF-beta (Jiang et al. 2018). Since previous work by us 

and others have shown that in MDS TGF-beta signaling is overactive and inhibiting this 
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pathway can restore hematopoiesis in MDS (Zhou et al. 2008; Zhou et al. 2011a; 

Shastri et al. 2017), my current work identifying SHP1 inhibition leads to terminal 

erythroid differentiation provides a unique opportunity to develop inhibitors of SHP1 that 

might be effective in treating MDS patients.  

Kinase inhibitors such as midostaurin are effective in high-risk Flt3 mutated 

MDS/AML patients, whereas pro-erythroid differentiation agents such as luspatercept 

and erythropoietin are effective in low-risk MDS patients. My findings in this dissertation 

highlight the potential use of SHP1 inhibitor as a pro-erythroid differentiation agent in 

intermediate/high risk MDS patients with chromosome 7 deletions. Future investigation 

of SHP1 inhibitor as single agent and in combination with luspatercept or 5-

azacytidine/decitabine as a treatment strategy in -7/del(7q) MDS is warranted.  

In summary, my work provides the first mechanistic basis of erythroid dysplasia 

due to reduced expression of a gene identified on chromosome 7q and demonstrates 

that disrupted F-actin filaments can be seen at the single-cell level in MDS. In addition, 

my work has uncovered novel functions and signaling networks regulated by DOCK4 

that can be targeted to reverse the aberrant phenotypes arising due to reduced 

expression of DOCK4 in hematopoietic cells. 
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5. b). Future directions 

The following sub-topics in this section highlight the far-reaching implications of 

the findings presented here, in the context of MDS. Although these are very exciting 

avenues to pursue, these directions are beyond the scope of my tenure as a graduate 

student. These studies will be performed by other current/new members of the 

Wickrema research group. 

 

i) Delineate the function of DOCK4 in HSC differentiation, localization and 

mobilization in vivo 

My studies show that DOCK4 expression is reduced in CD34+ HSPCs in MDS 

and AML patient samples. However, there is no information about the significance and 

roles of DOCK4 in the hematopoietic stem cells (HSC) compartment. In my preliminary 

studies, knockdown of DOCK4 in human HSCs aberrantly increased the migration of 

HSCs. Furthermore, we observed increased mobilization of HSCs in MDS patients with 

chromosome 7 deletions. Therefore, in order to uncover the role/s of DOCK4 in 

regulating key functions associated with HSCs, we will determine the functional 

consequences of reduced levels of DOCK4 expression on a) overall HSC maintenance 

and differentiation, b) niche localization of HSCs in the bone marrow and c) mobilization 

of HSCs into peripheral circulation. These experiments will be performed in vivo using 

our recently generated conditional Dock4 knockout mouse model. In order to overcome 

the early embryonic lethality of homozygous deletion of Dock4(Abraham et al. 2015) 

and to completely dissect the role of Dock4 in hematopoietic stem cell maintenance and 
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function, we generated a conditional Dock4 knockout mouse to induce full deletion of 

Dock4 in a tissue-specific and time-dependent manner. The mouse was generated by 

targeting exon 39 using CRISPR/Cas9 technology. Exon 39 codes for a region of DHR2 

which is involved in actin regulation and other signaling processes(Upadhyay et al. 

2008; Carnell and Insall 2011). We bred the Dock4 flox/flox (f/f) mice with mice that 

express a Vav-Cre to generate the line Vav-Cre; Dock4 f/f. Vav-Cre enables Dock4 

knock down only in the hematopoietic cells. We are currently in the process of 

performing the proposed experiments using this mouse model. 

 

ii) Identify the molecular mechanisms by which DOCK4 regulates 

LYN/SHIP1/SHP1 signaling axis 

DOCK4 is a signaling intermediate that is known to participate in multiple 

signaling cascades. In this thesis, I have shown DOCK4 acts as a guanine exchange 

factor which activates RAC1 GTPase to maintain F-actin homeostasis in differentiating 

erythroblasts. In addition, DOCK4 also acts as a receptor scaffolding protein in HSCs by 

regulating the activities of kinase LYN, phosphatases SHIP1 and SHP1 downstream of 

HSC receptors. Preliminary data from my experiments have revealed that DOCK4 is 

phosphorylated in hematopoietic cells (Figure 5.1). Even though I have identified the 

signaling pathways downstream of DOCK4, the precise mechanisms by which DOCK4 

is activated and how it regulates the activities of downstream kinases and phosphatases 

are not known.  
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Figure 5.1: DOCK4 is phosphorylated in hematopoietic cells. TF1 hematopoietic cell line was 

maintained under steady-state, cytokine deprived or cytokine exposed conditions. Total cell 

lysates from these samples were used to immunoprecipitate DOCK4 with anti DOCK4 antibody 
followed by immunoblotting. DOCK4 phosphorylation was determined using a pan phospho-
serine/tyrosine antibody. Subsequently the anti-DOCK4 antibody was used to confirm the band 
phosphorylated on the Western blot correspond to the molecular size of DOCK4. Cytokines 
used were SCF, IL3 and GM-CSF.  

 

To identify the specific receptor which activates DOCK4, we will expose DOCK4 

reduced HSCs to each of the HSC cytokines (TPO, SCF, FLT3, IL3 and IL6) individually 

and perform immunoblotting using anti-phospho-tyrosine antibody. The results from 

these experiments will enable us to pinpoint the specific receptor tyrosine kinases that 

activate DOCK4. In order to investigate upstream mediators of DOCK4 activation we 

will focus on two candidates which are known to regulate DOCK4 phosphorylation 

directly and/or known downstream targets of DOCK4 in other systems. A recent study 

demonstrated that DOCK4 is phosphorylated at serine/threonine site/s by Glycogen 

synthase kinase 3 (GSK3) (Upadhyay et al. 2008). In another independent study it was 

shown DOCK4 is also phosphorylated by RhoG (Hiramoto et al. 2006). To test whether 

these two kinases regulate the phosphorylation of DOCK4 in HSCs, we will determine if 

DOCK4 phosphorylation is abolished by GSK3 and RhoG inhibition using commercially 

available inhibitors. Total cell lysates will be immunoprecipitated with anti DOCK4 

antibody and immunocomplexes will be separated by SDS-PAGE electrophoresis. 

DOCK4 phosphorylation will be determined using a pan phospho-serine/theronine 
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antibody. In addition, we will test other candidate kinases which are important in HSCs 

such as JAK2, SYK, LYN kinase. If we observe that DOCK4 phosphorylation is 

regulated by these upstream kinases, we will determine the functional role of these 

kinases in HSCs. This will elucidate the exact upstream pathways that are involved in 

DOCK4 mediated events in erythropoiesis. Furthermore, we will identify the specific 

sites phosphorylated on DOCK4 by performing mass spectrometry phosphoproteomics.  

To delineate the mechanism by which DOCK4 regulates the activities of 

downstream proteins, we will identify the specific regions within the DOCK4 protein that 

a) interacts with its downstream proteins and b) regulates the activities of downstream 

kinases and phosphatases.  

 

iii) Determine the involvement SHP1 in the pathogenesis of anemia associated 

with DOCK4 reduced MDS 

My recent studies have shown that reduced levels of DOCK4 resulted in 

increased phosphorylation of SHP1. However, the specific contributions of SHP1 in the 

pathogenesis of anemia in MDS are not known. The results from my preliminary studies 

indicated that pharmacological inhibition of SHP1 improved erythroid differentiation of 

DOCK4 reduced MDS HSCs in vitro. Although our studies clearly demonstrate the 

involvement of SHP1 in erythroid differentiation, the underlying molecular mechanisms 

as well as the status of SHP1 in MDS are unknown.  

Firstly, we will delineate the status of SHP1 in MDS and uncover the 

mechanisms of SHP1 alterations in MDS. These will involve mutational analysis, 
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promoter DNA methylation analysis and copy number analysis using bone marrow 

mononucleated cells in a large cohort of MDS samples. Specifically, we will analyze the 

phosphorylation status of SHP1 in these samples by performing phosphor-flow 

cytometry analysis using anti-SHP1 Y536 antibody and the expression of SHP1 by 

performing QPCR for SHP1 in CD34+ HSCs enriched from MDS samples. We will also 

analyze previously published sequencing datasets of MDS patients to explore the status 

of SHP1. We will correlate the levels of SHP1 in MDS to overall survival and clinical 

characteristics of anemia in these patients. 

To elucidate the molecular mechanisms by which SHP1 controls HSC 

differentiation into erythroid lineage, we will perform the following experiments in 

parallel. Firstly, we will perform immunoprecipitation coupled with mass spectrometry to 

precisely identify the proteins which are directly regulated by SHP1 through direct 

interactions. Indeed, preliminary results from my experiments clearly demonstrate that 

SHP1 interacts with many proteins in primary human HSCs (Figure 5.2). To identify the 

molecular pathways regulated by SHP1, we will perform parallel mass spectrometry 

phosphoproteomics and RNA sequencing using our CD34+ primary human HSC 

differentiation model in which we will either reduce or increase the expression of SHP1 

using lentivirus. Following this we will perform DAVID pathway analysis to specifically 

pinpoint the mechanisms regulated by SHP1. We are in the process of acquiring the 

SHP1 knockdown and expression lentiviral particles. 
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Figure 5.2: SHP1 interacts with multiple proteins in HSCs. (Top) Detection of SHP1-

multiprotein complex following SHP1 immuno-precipitation using anti-SHP1 antibody in HSCs 

by Coomassie staining. (Bottom) Detection of SHP1following SHP1 immuno-precipitation using 

anti-SHP1 antibody in HSCs by immunoblotting. Red arrow – SHP1, Black arrows – SHP1-

interacting proteins. 

 

Finally, we will test the efficacy of the pharmacological SHP1 inhibitor to improve 

erythroid differentiation in vivo. We will perform these experiments by xenografting 

primary MDS samples into MISTRG (M-CSFh/h IL-3/GM-CSFh/h SIRPah/h TPOh/h RAG2-

/- IL2Rg-/-) humanized mice which is capable of promoting erythroid differentiation of 

MDS samples in vivo (Song et al. 2019). Following xenografting, we will test the efficacy 

of SHP1 inhibitor as a single agent as well as in combination in the current standard of 

care, decitabine. 
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iv) Develop multispectral flow cytometry (Imagestream) actin disruption assay as 

an early prediction/diagnostic tool for MDS 

In this study, we used Imagestream multispectral imaging to develop strategies 

to quantify morphological changes in erythroid cells. Specifically, we quantitated the 

changes in cell shape and the extent of actin disruption in these cells. Our results in this 

study highlight the potential of multispectral flow cytometry in not only improving the 

diagnosis of erythroid dysplasia but also detecting MDS early. 

Existing flow cytometry based erythroid dysplasia diagnosis strategies are 

reliable; however, these strategies are solely based on protein expression levels and 

completely ignore morphological changes observed by visualization of the BM sections 

(Della Porta et al. 2006). Dysplastic cells are characterized by several morphological 

abnormalities such as i) larger size, ii) irregular shapes, iii) multi-nucleated/nuclear 

dysplasia and iv) increased cytoplasm to nuclear ratio (Invernizzi et al. 2015). Here, we 

have shown that Imagestream can be utilized to quantify cell shape and size changes. 

Furthermore, nuclear morphologies and cytoplasm-nuclear ratio can also be analyzed 

by staining the cells with cell permeable nuclear stain such as DRAQ5. Imagestream 

can enable the amalgamation of existing flow cytometry-based strategies and 

morphological analyses to diagnose erythroid dysplasia which can make the diagnosis 

powerful and reliable. 

MDS patients with reduced levels of DOCK4 exhibited a significant increase in 

disruption of F-actin organization in erythroid cells. In addition, we observed actin 

disruption in some patients with unexplained anemia who also had reduced levels of 

DOCK4. Unexplained anemia (UA) is a condition in elderly in which anemia couldn’t be 
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attributed to nutritional deficiency, inflammatory disease or renal insufficiency(Makipour 

et al. 2008). Recent studies have shown that approximately 23% of MDS patients had 

unexplained anemia prior to MDS progression(Goldberg et al. 2008). We hypothesize 

that analyzing for F-actin disruption might identify the group of patients who will 

progress to MDS earlier. This is a valid hypothesis because we observed F-actin 

disruption in 2 out of the 3 UA patients in this study. Stratification of UA patients based 

on actin disruption would allow the physicians to monitor/treat these patients closely for 

any signs of MDS. For this purpose, we will perform F-actin disruption analysis using 

multispectral flow cytometry using primary differentiating erythroblasts derived from 

CD34+ HSCs of UA patients. We will correlate the results from these experiments to 

MDS progression from UA and DOCK4 expression levels. 
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