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1.   Introduction 

       Acute myeloid leukemia is a disease of the hematopoietic system 

characterized by an increase in myeloid blasts and is the most common form of 

acute leukemia in adults.  Despite great strides in understanding the pathology of 

AML only 20-30% of young diagnosed patients achieve long-term event-free 

survival.   

1.1 Hematopoiesis 

        The hematopoietic system is capable of producing a continuous supply of 

differentiated blood cells. These cells lack self-renewal potential and are not capable 

of maintaining a prolonged life span, thus their continuous replacement is necessary 

for the sustainability of the hematopoietic system.   Analysis of cell-surface markers 

and isolation by cell sorting has allowed for the study of blood formation emerging 

from populations of less differentiated cells with extensive self-renewal 

capacity(Uchida and Weissman 1992). Understanding the hematopoietic hierarchy 

starting from the emergence of the hematopoietic stem cell (HSC) through evolution 

into mature blood cells has long been at the forefront of research into the processes 

of normal and cancer cell development (Uchida and Weissman 1992, Seita and 

Weissman 2010).   

     Hematopoietic stem cells are defined by their ability to self-renew, multilineage 

differentiate, and regenerate the entire blood system of a recipient (Uchida, Jerabek 

et al. 1996).  The ability to self-renew is defined by the HSC’s capacity to undergo 

symmetric division to produce more copies of itself or asymmetric division producing 

one identical copy and one more differentiated, lineage restricted progenitor cell. 

HSCs have a third option to undergo symmetric division producing two progenitor 

cells and thus pushing itself out of the stem cell pool.  Differences between 

developmental potential and lineage restriction generate a hierarchy, depicted in 

figure 1, in the hematopoietic system ranging from the primitive stem cell to a mature 

differentiated blood cell which can be identified based on surface markers.   
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Figure 1. Hematopoietic hierarchy. HSC: hematopoietic stem cell, CLP: common 
lymphoid progenitor, CMP: common myeloid progenitor, MEP: 
Megakaryocyte/erythrocyte progenitor, GMP: granulocyte/macrophage progenitor 
(Derived from: Seita and Weissman 2010: Page 403). 

     Isolation of HSCs and subsequent gene expression analysis revealed multiple 

genes and pathways important to maintain the HSC pool.  One such gene family 

are the homeobox genes which includes Hoxa9.  Hoxa9 knockout mice showed a 

decrease in proliferation and a delay in emergence of progenitor cells in irradiation 

challenged mice despite no change in the overall number of HSCs when compared 

to wild-type control (Lawrence, Christensen et al. 2005).  Furthermore, 

transplantation studies demonstrated a reduced ability to repopulate the 

hematopoietic system in lethally irradiated mice supporting the notion that Hoxa9 is 

essential to maintain stem cell function.       

      HSCs are maintained and regulated in stem cell niches, microenvironments 

within the bone marrow that are able to preserve the self-renewal ability of the HSC, 

prevent exhaustion, and diminish errors in DNA replication. In the vertebrate system, 

blood formation first occurs as a short-lasting primitive wave and later arises as a 

definitive wave which finally establishes in the bone marrow and resides for the 
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lifespan of a normal healthy individual (Palis and Yoder 2001).  Hematopoietic stem 

cells belonging to the definitive wave could be detected in the mouse AGM as early 

as day 10.5, however other sources enriched in HSCs such as the umbilical cord 

and placenta have been found(Keller, Lacaud et al. 1999).  HSC’s derived from the 

AGM show increased expression in Notch signaling genes, genes important for cell 

fate determination, and adhesion g-coupled protein receptors like GPR56(Solaimani 

Kartalaei, Yamada-Inagawa et al. 2015). In addition, lack of Gpr56 in zebrafish 

embryos dramatically reduced the number of HSCs.  After formation, HSCs or 

progenitor cells migrate to the fetal liver.  Due to the delay in expression of Sca-1 

surface marker, an important surface marker for adult hematopoietic stem cells, the 

fetal liver is believed to be the site of HSC maturation (Golub and Cumano 2013).  

In the last stage of hematopoietic development, the HSCs migrate to bone marrow 

niches which remain the site of hematopoiesis throughout normal adulthood. 

     Identifying stem cell niches within the BM has been achieved using high 

resolution imaging. Analysis of the bone marrow compartment of transplanted mice 

and subsequent cell tracking demonstrated that HSCs preferentially localize to the 

endosteum (Xie, Yin et al. 2009) and/or sinusoid regions within the BM. The 

endosteal and perivascular niches contain a heterogeneous population of cells 

important for HSC maintenance such as: osteoblasts, adipocytes, mesenchymal 

stem and progenitor cells, endothelial cells, and other stromal cells(Nakamura, Arai 

et al. 2010). These cells produce cytokines, chemokines, and adhesion molecules 

critical for maintaining the HSC in a quiescent state and thus retaining its self-

renewal potential.  

      Hematopoietic cells cultured in-vitro on osteoblasts, a cellular component of the 

niche, showed higher engraftment when transplanted into mice compared to control.  

Engraftment could be maintained and also increased overtime indicating that the 

mice were transplanted with more HSCs thus suggesting that co-culturing HSCs 

with osteoblasts was better for maintaining HSC function in-vitro than media alone. 

Within the perivascular niche, HSCs were found in microdomains containing 

CXCL12 and E-selectin (Morrison and Scadden 2014). These endothelial cells were 

capable of maintaining HSCs in-vitro and in-vivo blocking of endothelial cell function 

by inhibiting Notch signaling, resulted in a decrease in HSCs after irradiation 

challenge (Butler, Nolan et al. 2010). These results indicate that the BM 
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microenvironment is essential for maintaining a balance between HSC self-renewal 

and differentiation to sustain the HSC pool throughout the lifespan of an individual.        

1.2 Acute Myeloid Leukemia 

           Acute myeloid leukemia is an aggressive myeloid neoplasm which arises 

when proliferation remains unchecked and cellular differentiation within the 

hematopoietic hierarchy is arrested in the myeloid development pathway leading to 

an increase in myeloblasts in the hematopoietic tissues (Hasserjian 2013).  

Approximately 20,000 new AML cases are diagnosed in the United States every 

year and nearly 10,000 AML related deaths occur annually. AML is present at all 

ages; however, the median age at diagnosis ranges between 68-72yrs leading to 

the assumption that AML is a disease of the elderly (Klepin, Rao et al. 2014).  

Survival rates are age dependent with lower rates for adults over 65 years as 

compared to adults 55 years or younger.   

     Similar to normal hematopoiesis, AML is believed to be organized in a hierarchy 

initiating from a leukemic stem cell (LSC) capable of long term self-renewal, 

unlimited proliferative potential, and providing more differentiated cells to maintain 

the disease (Bonnet and Dick 1997, Hope, Jin et al. 2004).  This concept emerged 

with the discovery that the majority of AML blasts have limited proliferative potential 

and only a small percentage of AML cells can repropagate the disease in SCID mice 

(Lapidot, Sirard et al. 1994). Clonal tracking in serial transplants demonstrated that 

these AML stem cells were able to self-renew and give rise to bulk leukemic cells 

with less proliferative potential. Enrichment of LSCs via cell surface markers and 

subsequent gene expression analysis have identified genes such as GPR56, and 

MEIS1 which are similarly associated with gene expression signatures in normal 

HSCs (Eppert, Takenaka et al. 2011). 

     AML is a heterogeneous disease with respect to both its molecular 

characterization and morphology.  As early as 1976, AML was categorized by the 

French American British (FAB) classification which uses the morphology of PB and 

BM smears visualized via  May-Grünwald Giemsa stain or limited cytochemical 

reactions to determine the degree of cell maturation/differentiation (Bloomfield and 

Brunning 1985).  The FAB classification partly reflects the biology of the disease, 
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but does not take into account response to treatment, relapse, or overall survival 

and thus is combined or replaced with immunologic and cytogenetic analysis. 

    Advances in molecular characterization of AML, through the use of genomic 

sequencing, mRNA sequencing, and cytogenetic analysis, has resulted in the 

discovery of chromosomal aberrations or recurring gene mutations in the majority 

of AML patients which can serve as prognostic markers (Bhatnagar and Garzon 

2014).  Chromosomal abnormalities (deletions, translocations, inversions) account 

for approximately half of all primary patient AMLs and provide significant information 

concerning overall survival and treatment outcome (Byrd, Mrózek et al. 2002).  

AMLs with chromosomal abnormalities can be stratified into three groups based 

upon overall survival and incidence of relapse:  favorable (inversion 16 and t (8; 21) 

translocation), intermediate (deletion 9q, t (9:11) translocation), or adverse (AMLs 

with 3 or more chromosomal aberrations). Most AMLs which fall in these groups are 

typically considered poor prognosis however, those with a favorable prognosis 

receive conventional therapy whereas those in the adverse group receive allogenic 

hematopoietic stem cell transplantation.      

     Cytogenetically normal AML (CN-AML) accounts for approximately 50% of all 

AML patients.  Because this group is large and has intermediate overall survival and 

incidence of relapse, it provides the most challenge in treatment decisions.  The 

majority of CN-AML patients carry NPM1 (45- 60%), FLT3-ITD (23-27%) and/or 

CEBPA (10-15%) mutations. However, less common mutations are also found such 

as IDH1/2, DNMT3a, RUNX1, and a host of other DNA remodeling genes as well 

as miRNAs (Walker and Marcucci 2012).  Approximately 70% of patients carrying 

NPM1 mutations achieve complete remission and are thus classified as having a 

favorable prognosis. Poor prognosis is associated with FLT3-IDT, IDH1/2 mutations, 

and DNMT3a mutations or with a combination of these mutations. Patients carrying 

both FLT3-ITD and NPM1 mutations demonstrate an increase in relapse and a 

decrease in the overall survival when compared to those with mutated NPM1 alone 

(hazard ratio 5.9%) (Schneider, Hoster et al. 2012).  

      Deregulation of HOXA9 expression has been associated with more than 80% of 

all AMLs including NPM1 and FLT3-ITD. HOXA9 belongs to a class of transcription 

factors that make up the homeobox gene family and are important for proliferation, 
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differentiation, and embryonic pattern formation during development.  In adult 

hematopoiesis, HOXA9 expression is largely confined to primitive hematopoietic 

cells with its aberrant expression associated with changes in the myeloid lineage 

pathway (Lawrence, Helgason et al. 1997).  Decreased HOXA9 expression is 

associated with mutations or chromosomal aberrations corresponding to a favorable 

prognosis when compared to chromosomal abnormalities and mutations associated 

with poor prognostic factors (Andreeff, Ruvolo et al. 2008).  HOXA9 expression has 

also been shown to be closely correlated to FLT3-ITD expression. 

 In knockout studies, loss of functional Hoxa9 resulted in disruption of normal 

hematopoiesis by reducing the percentage of myeloid and B progenitor cells and a 

contraction in the number of peripheral granulocytes (Lawrence, Helgason et al. 

1997). Retrovirally engineered overexpression of Hoxa9 in transformed primary 

mouse was capable of increasing the number of LT-HSCs, immortalizing progenitor 

cells and inducing leukemia in mice after a long latency (185+/-17 days) 

(Thorsteinsdottir, Kroon et al. 2001).  Due to this long latency, the Hoxa9 alone 

leukemic models are generally considered as pre-leukemic as they require a second 

hit to cause leukemia in vivo.  BM cells overexpressing Hoxa9 resulted in an 

increase in cells with myeloid specific surface markers Mac-1 and Gr-1 in the 

peripheral blood (PB) with blast cells in the bone marrow and slightly higher spleen 

weight.  Co-expression of Hoxa9 with Meis1 reduces the latency of the disease (54 

+/-9 days) without changing the phenotype and because of the shortened latency, 

is considered an acute leukemic model. Comparing gene expression signatures 

between Hoxa9 and Hoxa9/Meis1 transduced cells showed that genes associated 

with an LSC signature, such as adhesion molecule Gpr56, were higher expressed 

in the more aggressive Hoxa9/Meis1 leukemia when compared to Hoxa9 alone 

(Wang, Pasillas et al. 2005).   

     Much like normal hematopoiesis, the bone marrow microenvironment plays a 

critical role in AML by regulating fundamental stem cell fates such as self-renewal 

and survival.  Leukemic stem cell enriched AML subpopulations transplanted into 

NOD/SCID mice homed to the bone marrow and preferentially attached to 

osteoblast-enriched regions (Ishikawa, Yoshida et al. 2007).  These leukemic cells 

were able to out-compete normal bone marrow cells for niche space. The LSC 

enriched cells residing in the endosteal niche maintained a quiescent state resulting 
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in chemotherapy resistant apoptosis when treated with Ara-C. In turn, chemotherapy 

resistant cells contribute to MRD (minimal residual disease) and relapse. 

       The ability of LSCs to adhere to the niche is dependent upon a variety of factors 

including adhesion molecules. CD44 is an adhesion molecule that regulates cell-to-

cell attachment within the niche by binding to hyaluronan, one of the chief 

components of the extracellular matrix which is highly concentrated in the endosteal 

niche. Blocking CD44 with a monoclonal antibody inhibits AML engraftment in 

NOD/SCID mice and in-vivo administration of anti-CD44 antibody into an 

established leukemic mouse reduced the percentage of leukemic cells found in the 

BM (Jin, Hope et al. 2006).  Targeting other adhesion molecules such as E-selectin 

has also affected the aggressiveness of the disease in transplanted mice. These 

results provide justification for studying other adhesion molecules in use as viable 

targets for treatment. 

1.3 G-coupled protein receptors 

      G-coupled protein receptors (GPCR) represent one of the largest protein super 

families and countenance a variety of features in their structure, ligands, and 

downstream signaling molecules (Fredriksson, Lagerstrom et al. 2003). They share 

two main features: the first is that most of their signaling is mediated through guanine 

nucleotide-binding proteins (G-proteins); although not all receptor-G protein 

interactions have been found. Secondly, they also share a seven transmembrane 

topology which is comprised of seven hydrophobic alpha helices approximately 25-

35 amino acids in length which are separated by three extracellular and three 

intracellular loops thus allowing for the receptor to span the membrane (Armbruster 

and Roth 2005).  The hydrophobic transmembrane region is flanked on the 

extracellular surface by the N-terminus and the intracellular region by the C-terminus 

(Figure 2). 
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Figure 2.  Schematic depiction of GPCRs expressed on the cell surface as 

discussed in this report.  Seven transmembrane domain (7TM), GPCR proteolysis 

site (GPS/GAIN), G alpha 12/13 proteins (G12/13)(Derived from Giera, Deng et al. 

2015: Page 10). 

     GPCRs are divided into five families based upon sequence homology of the open 

reading frames of approximately 800 GPCRs in the GeneBank database and is also 

loosely correlated to receptor function (Fredriksson, Lagerstrom et al. 2003, Perez 

2003).  The Rhodopsin family (R) is the largest and most diverse with a variety of 

functions including: activation/signaling in response to hormones, lipids, proteases, 

and peptides.  With the exception of a few, the majority of receptors belonging to 

this family have short N-termini.  The Secretin family (S) is involved in paracrine 

signaling and the Glutamate family (G) is activated by amino acids and ions. 

Generally, the N-terminus of the Glutamate family forms two loops creating a 

glutamate binding pocket.  The Frizzled/Tas2 (F) family of GPCRs control cell fates 

such as polarity, proliferation, and apoptosis through WNT signaling.  The N-termini 

of this family have conserved cysteines which are likely to be involved in WNT 

protein binding. The Adhesion family (A) is characterized by their large extracellular 

N-terminus which shows homology to adhesion proteins.  GPR56 is a member of 

this family and is the focus of this study. 

     The Adhesion GPCR family is comprised of 33 predicted receptors in humans 

and 31 in the mouse.  The family is sub-divided into eight groups based on the 

7TM 

GPS/ 
GAIN 

G12/13 
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sequence homology of the transmembrane domain, however in many cases 

conservation within this region between the groups of a single species can be as 

low as 18-19% (Bjarnadottir, Fredriksson et al. 2004).  The most common feature 

within the Adhesion family is their long N-termini which contain numerous serine 

(Ser) and threonine (Thr) residues, a GPCR proteolysis site /autoproteolysis 

inducing site (GPS/GAIN domain; Figure 2), and various adhesion domains such as 

cadherin-like or thrombospondin-like domains (Paavola and Hall 2012). Cells 

transfected with adhesion receptor GPR56 were treated with PNGase, an enzyme 

which cleaves N-glycosyl linkages, and the resulting protein fraction showed a band 

shift from approximately 80kDa to 60kDa indicating that the Ser and Thr sites are 

highly glycosylated (Jin, Tietjen et al. 2007).  The heavy glycosylation may 

contribute to the stability and three-dimensional structure of the receptor.   

     The GPS domain is a proteolytic site within the larger GAIN domain.  It is a 

conserved sequence of 40-50 amino acids in length and is always located just 

upstream of the first transmembrane loop in the extracellular N-terminus (Arac, 

Boucard et al. 2012) (Figure 2). Proteolytic cleavage in the GAIN domain generates 

two fragments that are non-covalently linked when expressed on the cell surface.  

In the case of GPR56, mutations in the GPS/GAIN domain result in improper folding 

and force retention of the receptor in the endoplasmic reticulum (ER) (Duvernay, 

Filipeanu et al. 2005, Jin, Tietjen et al. 2007). Many of the adhesion receptors also 

contain domains similar to those found in other receptors such as: cadherin, laminin, 

lectin, and immunoglobulin.  These domain features, along with the high amount of 

glycosylation, support the belief that adhesion receptors are important for cell-to-cell 

and cell-to-extracellular matrix/ niche interactions.  

1.4 G-coupled protein receptor 56 

       Adhesion receptor GPR56 was first identified in bilateral frontoparietal 

polymicrogyria (BFPP), a recessively inherited disorder in which mutations in the 

genomic sequence of GPR56 manifest into abnormal frontal lobe development with 

numerous small gyri.  In patients, this malformation manifests as intellectual and 

language impairment as well as refractory seizures (Piao, Hill et al. 2004).  The 

GPR56 gene is located on chromosome 16, contains 15 exons with an open reading 

frame of 3.8kb and encodes a 73kDa protein (Rosenbloom, Armstrong et al. 2015).  
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The translational start site is located in the third exon and deletions in the first non-

coding exon showed a decrease Gpr56 expression in the developing mouse brain 

(Bae, Tietjen et al. 2014).  Yeast one-hybrid screening identified a region 150bp 

upstream of exon 1 as the promoter region. Deletions in this region disrupt GPR56 

expression.  To date, 22 disease causing mutations have been reported in humans 

all related to BFPP (Table 1) (Singer, Luo et al. 2013). 

Table 1. Disease-causing mutations in GPR56 (Jin, Tietjen et al. 2007, Luo, Jin et al. 2012, 

Singer, Luo et al. 2013, Luo, Jeong et al. 2014) 

Nucleotide Change Domain Mutation Type Affected Function 

c.97C>G Ligand binding Missense † 

c.112C>T Ligand binding Missense 

Reduced surface 

expression/Col3A binding 

c.113G>A Ligand binding Missense 

Reduced surface 

expression/Col3A binding 

c.174_175insC Ligand binding Frameshift † 

c.235C>T Ligand binding Missense † 

c.263A>G Ligand binding Missense 

Reduced surface 

expression/Col3A binding 

c.272G>A Ligand binding Missense † 

c.272G>C Ligand binding Missense 

Reduced surface 

expression/Col3A binding 

c.367C>T 

Ligand 

binding/GAIN Nonsense † 

c.671delA GAIN/GPS Frameshift † 

c.739_746delCAGGACC GAIN/GPS Frameshift † 

c.768G>C GAIN/GPS Splicing † 

c.1036T>A GAIN/GPS Missense Retained in ER 

c.1046G>C GAIN/GPS Missense Retained in ER 

c.1167+G>C GAIN/GPS Splicing † 

c.1254C>G TM1 Missense † 

c.1215-1216delC TM2 Frameshift † 

c.1345delCTG TM2 In frame deletion † 

c.1453C>T TM3 Missense † 

c.1486G>A TM3 Missense † 

c.1693C>T EC2 Missense † 

c.1919T>G TM7 Missense No RhoA activity 

TM (transmembrane domain)  EC (extracellular loop) ER (endoplasmic reticulum) Col3A 

(collagen III)  † Unknown 
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     GPR56 has been most extensively studied in the neurological system.  

Immunochemistry demonstrated that GPR56 is highly expressed on neural stem 

and progenitor cells, but expression on the cell surface is downregulated in the more 

differentiated cells such as astrocytes and βIII-tubulin neurons (Bai, Du et al. 2009).  

The high expression of GPR56 proved to limit the migration of the neural 

stem/progenitor cells by activating the RhoA (Ras homolog family member A) 

pathway through a Gα12/13 protein intermediator (Iguchi, Sakata et al. 2008).  

Stimulation of the RhoA pathway through GPR56 led to actin fiber reorganization as 

well as NF-κB and SRE arbitrated transcription.  Further studies in neural stem cells 

showed cells which were transduced with a mutant GPR56 lacking the N-terminus, 

were able to migrate to the cell surface and remained constitutively active. This 

suggests that the N-terminus constrains receptor activity and upon binding of its 

ligand, or shedding of the N-terminus, the receptor is activated (Paavola, 

Stephenson et al. 2011).   

     In the hematopoietic system, GPR56 was found to be important in as early as 

day 10.5 in the mouse embryo (Solaimani Kartalaei, Yamada-Inagawa et al. 2015). 

Using a Sca1-GFP mouse model, embryonic cells from day 10.5 were sorted into 

HSCs, vascular endothelial cells (VEC), and endothelial/hematopoietic transition 

cells (EHT) based upon Sca1, c-Kit, and CD31 expression.  RNA sequencing 

demonstrated that EC cells have low levels of GPR56 expression, but expression 

increased in hematopoietic stem cells and in embryonic cells transitioning from the 

endothelial to the hematopoietic system.  Using a morpholino oligo knockdown 

approach in zebrafish, knockdown of GPR56 showed a decrease in the number of 

hematopoietic stem cells emerging from the vasculature, thus suggesting that 

GPR56 is required for the emergence of HSCs in the mouse embryo.  Contrary to 

this study however, GPR56 knockout mice are not embryonically lethal suggesting 

that alternateive proteins such as GPCRs can supplant GPR56 function. 

     In adult murine hematopoiesis, GPR56 was highly expressed in long-term (LT-

HSC) and short-term (ST-HSC) HSCs, but decreased in the more differentiated 

hematopoietic cells (Saito, Kaneda et al. 2013).  The percentage of LT-HSCs and 

ST-HSCs was lower in the bone marrow of GPR56 knockout mice when compared 

to wild-type, which was consistent with a decrease in the number of colony forming 

units (CFU).  Furthermore, HSCs from knockout GPR56 mice showed an increase 
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in migration toward an SDF-1α gradient in vitro, but a decrease in adhesion to 

stroma cells or extracellular (EM) matrix proteins.  In addition, the ability of GPR56 

knockout cells to reconstitute the BM was significantly decreased and BM analysis 

revealed fewer knockout cells located close to the periosteum when compared to 

wild-type. Analysis for a possible mechanism proved that RhoA activity was 

diminished in the knockout mice compared to wild-type under both steady state 

conditions and Col3A stimulation.   Taken together, the data suggests that GPR56 

is required for HSC maintenance and placement in the niche.  However, it remains 

unclear if this phenotype can be attributed to the lack of RhoA activity or a decrease 

in direct binding to the ECM.  

      GPR56 expression is upregulated in many cancers such as that of lung, colon, 

and pancreas; and plays varying roles in cancer development by affecting: cell 

transformation and survival, metastasis, angiogenesis, and interaction with the 

tumor microenvironment/niche (Ke, Sundaram et al. 2007).  Quantitative RT-PCR 

for GPR56 expression in HeLa cells and non-mutagenic HeLa cells which were 

retransformed into its oncogenic state was elevated when compared to the non-

mutagenic HeLa cells suggesting a role for tumor cell transformation.   Furthermore, 

knockdown of GPR56 via siRNA in HeLa cells showed a decrease in adhesion to 

ECM proteins and an increase in apoptosis suggesting that GPR56 is important for 

cell attachment to the ECM and without it, cells undergo anoikis. High GPR56 

expression was also confirmed in glioblastoma and using a dominant negative 

approach, was also proven to be important for cell adhesion to the ECM 

(Shashidhar, Lorente et al. 2005).  

     In the hematopoietic system, LSCs are thought to contribute to the 

aggressiveness of leukemia and to the likelihood of relapse.  Analysis of gene 

expression from functionally validated AML patient samples enriched for LSCs show 

high expression of GPR56 associated with an LSC signature (Eppert, Takenaka et 

al. 2011).  This LSC signature was correlated to high engraftment in NSG mice and 

a predictor of poor survival outcomes in patients suggesting that in addition to its 

role in HSC function, GPR56 may play a role in LSC maintenance.   In a separate 

study, EVI-1 high AML patient samples showed a similar gene expression signature 

to bone marrow fractions enriched for HSCs (CD34+ cells) (Saito, Kaneda et al. 

2013) and was shown to directly bind to the promoter region of GPR56.  Knockdown 
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of GPR56 in EVI-1 high cell lines resulted in decreased adhesion to stromal cell 

lines and ECM proteins, but increased migration to an SDF-1 gradient.  However, 

the increase in migration ability in the knockdown cells did not translate into 

increased infiltration of the AML cells into other organs in transplanted NSG mice 

since organ penetration requires both migration and adhesion functions.  In addition, 

reduced GPR56 expression rendered the cells more susceptible to chemotherapy 

drugs. 

     GPR56 expression was reduced in highly metastatic melanoma cell lines and 

markedly increased in intermediate and poor metastatic melanoma cell lines (Xu, 

Begum et al. 2006).  Increased expression of GPR56 via retroviral expression vector 

in metastatic melanoma cell lines was sufficient to reduce tumor growth and 

metastasis in transplanted NSG mice whereas GPR56 knockdown by siRNA 

demonstrated a reverse effect with increased tumor size and number.  Loss of 

GPR56 in melanoma tumors or cells expressing an N-terminal mutant of GPR56 

showed a significant increase in angiogenesis and VEGF production important for 

tumor progression (Yang, Chen et al. 2011).  Due to the contradictory response in 

the various cell lines and cancer types, the role GPR56 plays in cancer may be 

tissue/cell type specific.   

1.5  Ras homolog family member A 

     In both the neural and hematopoietic systems, GPR56 signals through 

Gα12/Gα13 proteins and leads to the activation of the RhoA pathway (Luo, Jeong 

et al. 2011, Saito, Kaneda et al. 2013).  RhoA is a small GTPase (guanosine 

triphosphatase) that cycles between an active GTP-bound state and an inactive 

GDP-bound state (Nayak, Chang et al. 2013).  Upon stimulation, the G-proteins 

associated with the receptor activate RhoGEFs, p115, PDZ, LARG, and LBC 

(Siehler 2009).  In turn, these RhoGEFs catalyze the exchange of GDP for GTP to 

generate an active GTP-bound RhoA (Figure 3).  Downstream targets of RhoA, such 

as Rock1/2 and SRF, lead to changes in the cytoskeleton by actin stress fiber 

formation, or transcriptional activation of genes that contain serum response 

elements.      
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    RhoA activity is important for the homing and retention of hematopoietic 

stem/progenitor cells in the bone marrow niche. Mouse bone marrow cells 

transduced with a dominant negative RhoA displayed increased proliferation, 

engraftment and CFU capacity, but decreased migration to SDF-1 and diminished 

adherence to ECM proteins, suggesting that RhoA might play a role in stem cell self-

renewal and that the reduction in adhesion ability can be overcome by the increase 

in self-renewal and proliferation (Ghiaur, Lee et al. 2006). 

 

Figure 3: GPR56 signaling pathway through RhoA upon Col3A stimulation. 

Based on literature. (Siehler 2009: Page 42, Luo, Jeong et al. 2011, Nayak, Chang 

et al. 2013: Page 262). 

     Inhibition of RhoA activity via knockdown of GPR56 also decreases cell 

attachment to the ECM; however in GPR56 knockdown mice engraftment in the 

bone marrow is reduced.  Overexpression of RhoA in human CD34 positive cells 

resulted in a decreased migratory ability although cells were retained in the bone 

marrow when they were directly injected into the femurs suggesting that increased 

RhoA activity is important for stem cells to remain in the niche (Jaganathan, Anjos-

Afonso et al. 2013). 

   High RhoA signaling activity or protein expression has been found in many types 

of cancers including: melanoma, pancreatic cancer, lung cancer, and AML (Gomez 
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del Pulgar, Benitah et al. 2005).  Increased RhoA activity by LARG amplified the 

growth promoting activity in NIH3T3 cells suggesting RhoA promotes oncogenesis 

(Reuther, Lambert et al. 2001) and was also needed for Ras induced transformation 

of NIH3T3 cells (Khosravi-Far, Solski et al. 1995).  Inhibition of the RhoA-ROCK 

pathway by a dominant negative RhoA or mutant ROCK in MM1 (multiple myeloma) 

cells resulted in decreased adhesion of cells to the ECM as well as decrease in 

tumor invasiveness in mice which was reversed upon expression of constitutively 

active RhoA or ROCK (Itoh, Yoshioka et al. 1999). Taken together, GPR56 

activation may promote leukemic activity in part by activation of the RhoA pathway.     

1.6 Aim of study 

     The aim of this project was to determine what role, if any, Gpr56 plays in acute 

myeloid leukemia.  By using retroviral overexpression in combination with a murine 

bone marrow transplantation model, we were able to determine the oncogenic 

potential of Gpr56 and its cooperative affect with Hoxa9.  A xenograft transplantation 

model was employed to study Gpr56 in the human system for its 

potential.as.a.therapudic.target.



Materials and Methods 

16 
 

2.  Materials and Methods 

2.1Antibodies 

Mouse Antibodies 

Antibodies Clone Company 

CD117 2B8 eBioscience 

CD34 RAM34 eBioscience 

Flk-2 (CD135) A2F10 eBioscience 

CD16/CD32 93 eBioscience 

Sca-1 D7 eBioscience 

B220 RA3-6B2 eBioscience 

CD4 RM4-4 BD Bioscience 

Mac-1 (CD11b)  M1/70 eBioscience 

Gr-1 RB6-8C5 eBioscience 

CD5 53-7.3 BD Bioscience 

CD8a Clone 53-6.7 BD Bioscience 

Ter-119 Ter-119 BD Bioscience 

CD127 A7R34 BD Bioscience 

CD3e 145-2C11 eBioscience 

Streptavidin-APC-Cy7  eBioscience 

Human Antibodies 

CD45 HI30 BD Bioscience 

CD33 P67.6 BD Bioscience 

Western Blot 

 Mouse Anti-GPR56 H11 Millipore 

Mouse Anti-βactin C4 Santa Cruz Biotech 

Goat anti-mouse IgG-

HRP 

Sc-2060 
Santa Cruz Biotech 
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2.2 Reagents 

Reagent Company 

Hank’s balanced salt solution (HBSS) Gibco 

Fetal bovine serum (FBS) Atlanta biologicals 

Penicillin(5000U/ml)/Streptomycin(5000ug/ml) 

(P/S) 

Cambrex Bio Science 

Histopaque-1083 Sigma-Aldrich 

Dulbecco’s phosphate buffer solution(PBS) PAA Laboratories GmbH 

Sytox blue ThermoFisher Scientific 

TRIzol Invitrogen 

Isopropyl alcohol Sigma-Aldrich 

Chloroform Sigma-Aldrich 

Ethanol p.a. Sigma-Aldrich 

DEPC-treated H2O Ambion 

Sybr green Applied biosystems 

Taqman universal PCR master mix, No 

AmpErase 

Applied biosystems 

Agarose AppliChem GmbH 

Gel loading dye, blue (6x) AppliChem GmbH 

Illustra GFX PCR DNA and gel band 

purification kit 

GE Healthcare 

Platinum Taq DNA polymerase kit ThermoFisher Scientific 

GelRed (1000x) Biotium 

Quick-Load 1kb DNA ladder New England Biolabs 

NotI restriction enzyme New England Biolabs 

DH5α ThermoFisher 

Ampicillin sodium salt (1000x)(100mg/ml 

diluted in 50% H2O, 50% EtOH) 

Sigma-Aldrich 

LB agar/ medium Carl Roth GmbH 

SOC media ThermoFisher Scientific 

T4 DNA ligase New England Biolabs 

QIAprep Spin miniprep kit Qiagen 
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Reagent Company 

Calcium Chloride (2.5M diluted in H2O) AppliChem GmbH 

Hepes buffered solution (2xHBS) (280mN 

NaCl, 10mM KCl, 1.5mM Na2HPO4,12mM 

Dextrose, 50mM Hepes, pH 7.05) 

Sigma-Aldrich 

DEPC-H2O ThermoFisher Scientific 

Cytokines (IL-3, IL-6, SCF) Immunotools 

Trypsin-EDTA PAA Laboratories GmbH 

DMEM Gibco 

RPMI Gibco 

IMDM Gibco 

Horse Serum Sigma-Aldrich 

Hydrocortisone Sigma-Aldrich 

2-Mercaptoethanol (2-ME) Sigma-Aldrich 

Rapid hemacolor staining kit Merck Millipore 

40%Formaldehyde (100ml Formaldehyde, 4g 

NaH2PO4.H20 6.5g Na2HPO4.2H20, 900ml H2O) 
Carl Roth GmbH 

Retronectin Takara Bio 

Methylcellulose M3234/M3434 Stem Cell Technologies 

Protein Assay Dye Reagent  Bio-Rad 

SDS/Page (30% Acrzlamide/Bis solution 

37.5:1, 1.5M Tris pH 8.8, 10% SDS, 10% 

amonium perasulfate, TEMD) 

Bio-Rad/Sigma-Aldrich 

TBS-T (Tris buffer saline, 0.1% Tween-20) Fisher Scientific 

Amersham ECL western blotting analysis 

system 
GE Healthcare 

APC BrdU flow kit BD Bioscience 

APC apoptosis detection kit I  BD Bioscience 
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2.3 Consumables 

Consumable Company 

5ml polystyrene round-bottom tube with 

cell-strainer cap 
BD Bioscience 

3ml syringe BD Bioscience 

Safeseal-tips professional (10ul, 20ul, 

200ul, 1ml) 
Biozym Scientific GmbH 

50ml polypropylene conical tube BD Bioscience 

Pipets (25ml,10ml,5ml,2ml) Costar 

lithium-heparin coated microvetts Sarstedt 

Needles (19g, 21g, 24g, 25g, 27g) Braun Melsungen AG 

1.5ml Eppendorff polypropylene tube Eppendorff 

MicroAmp fast optical 96-well reaction 

plate 
ThermoFisher 

MicroAmp optical adhesive film ThermoFisher 

Tissue culture treated plates (10cm, 96-

well) 
Sarstedt 

Non-treated tissue culture plates (10cm, 

6-well) 
Sarstedt 

White filter cards ThermoFisher 

Color frosted microscope slides VWR 

CL-Xposure film ThermoFisher 

 

2.4 Equipment 

Equipment Company 

Eppendorf Centrifuge 5810R Eppendorf 

BD LSR Fortessa BD Bioscience 

BD FACS ARIA III BD Bioscience 

peqSTAR 96 universal gradient 

thermocycler 
PeqLab 

Electrophoresis/Transfer VWR 
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Equipment Company 

Eppendorf Thermomixer Comfort Eppendorf 

Shandon cytospin ThermoFisher 

Innova 44 Incubator Shaker New Brunswick Scientific 

Zeiss Axiovert 40CFL Carl Zeiss 

Vortex-Genie Scientific Genie 

NanoDropND-1000Spectrophotometer ThermoFisher 

Curix 60 developer AGFA Gevaert 

2.5 Primary cells and cell lines 

Primary patient samples (Normal 

Karyotype, Flt3+ NPM1c-) 
University Hospital, Ulm 

 

Cell line Growth Media Company 

Phoenix-GP cells DMEM 10% FBS, 2% P/S Kindly provided by 

Hartmut Geiger 

BA/F3 (murine Pro-B-

cell) 

90% RPMI 1640,10% FBS, 

10 ng/ml IL-3 
DSMZ 

NB4 (acute 

promyelocytic leukemia) 

RPMI 10% FBS, 2% P/S 
DSMZ 

FBMD-1  (C57BL/6 

derived stromal cell line) 

IMDM 15% FBS, 5%HS,  

10–5 M hydrocortisone, 

10−4 mol/Lβmercaptoethanol 

Kindly provided by 

Hartmut Geiger 

MV4-11 (acute 

monocytic 

leukemia,MLL-AF4 

translocation, FLT3 

repeat) 

RPMI 10% FBS, 2% P/S 

DSMZ 
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2.6 Primers 

Sybr Green primers   

Gene Forward primer Reverse Primer 
Exon 

boundary 

Murine 

Gpr56 

GTGACTCTGCAGTGCG

TGTTC 

TGACACCATCAGCACTG

CAA 
8/9~10 

Murine 

Hprt1 

CAGTCCCAGCGTCGTG

ATTA 

ATGACATCTCGAGCAAG

TCTTTCA 
1/2 

Murine 

Abl1 

AACAAGTTCTCCATCA

AGTCGGA 

TGAGACAGGTCAATTCC

CGG 
7/8 

Taqman primers   

Gene ID 
Exon 

boundary 

Human GPR56 HS00173754_M1 4/5 

Human TBP 4333769F Not available 

Human ActB 4333762F Not available 

Cloning primers  

Gene Forward primer Reverse Primer 

Murine Gpr56 
ATGGCTGTCCAGGTGC

TGC 

TTAGATGCGGCTGGAG

GAGGTG 

 

2.7 Plasmids 

Plasmid Company 

pGEM-T-Easy Promega 

MIEG3 Kindly provided by Hartmut Geiger 

MIY Kindly provided by Christian Buske 

MIYHoxa9 Kindly provided by Christian Buske 
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2.8 Identifying/sorting subpopulations of hematopoietic 

cells from peripheral blood and bone marrow of normal or 

leukemic mice 

      For isolation of various subpopulations of hematopoietic cells,  bone marrow 

cells were flushed from femurs and tibias of transplanted mice and suspended in 

HBSS with 10% FBS, 2%Penicillin/Streptomycin. Mononuclear cells were isolated 

by low density centrifugation by layering cell suspension overtop of Histopaque-

1083 and centrifuged for 20min, rm.temp, 515xG without acceleration or brake.   The 

middle fraction “buffy coat” containing the low density mononuclear cells was 

removed, washed, and incubated on ice with a cocktail of biotinylated antibodies 

containing: anti-mouse CD11b, anti-mouse B220, anti-mouse CD5, anti-mouse Gr-

1, anti-mouse Ter119, anti-mouse CD8a. Cells were washed by adding 1ml of 

HBSS, pelleting by centrifugation for 5min 453xG, and resuspended in HBSS at a 

concentration of 1x107 cells/ml. Cells were incubated on ice with anti-mouse 

CD16/CD32, followed by a wash/resuspension step and subsequent staining on ice 

in the dark with: anti-mouse Sca-1, anti-mouse CD117, anti-mouse CD34, and 

streptavidin-APC-Cy7.  The cell suspension was washed and divided into two 

fractions with one fraction undergoing an additional staining on ice in the dark with 

anti-mouse CD135 and anti-mouse CD127.   

     Peripheral blood was collected into lithium-heparin coated microvetts by either 

cardiac puncture or tail bleeding.  Blood was stained on ice in the dark with anti-

mouse fluorochrome conjugated antibodies: Mac-1, Gr-1, CD4/CD8, B220, and in 

some cases CD3ɛ.  

     All cell suspensions were washed and treated with red blood cell lysis buffer 

(RBC) (6min, rm. temp).  Cells underwent a final washing step and were 

resuspended in PBS containing sytox blue and 10%FBS. Hematopoietic cells were 

identified on a BD LSR Fortessa or sorted for subpopulations into PBS containing 

10%FBS using BD FACS ARIA III. 
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2.9 RNA isolation and Quantitative Real Time PCR 

     Total RNA was isolated using the TRIzol method.  Cell suspensions were 

washed 1x with cold PBS and resuspended in TRIzol reagent at 1x107 cells/ml.  

Cell/TRIzol mixtures were frozen at -80C and then thawed on ice and passed 

through at 25g needle.  Chloroform was added to the TRIzol samples which were 

then briefly vortexed, incubated at rm.temp for 3min, and centrifuged at 12,000xG, 

4°C, 15min.  The upper aqueous phase was removed, added to an equal volume of 

ice-cold isopropanol and incubated for 10min at rm.temp.  The RNA was then 

pelleted by centrifugation at 12,000xG, 4°C, 10min and washed 2x with 75% EtOH 

(7,500xG, 4°C, 5min).  The EtOH was allowed to evaporate and the pellet 

resuspended in DEPC-treated H2O.  RNA concentrations and purities were 

determined by the NanoDrop using the 260/280 and 260/230 ratios.   

     Total RNA was treated with DNase I by combining 2ug of RNA with 4units of 

DNase I in a 20ul buffer solution.  RNA extracted from BA/F3 cells was included in 

this step to serve as a reference/standard curve, and a minus DNase I and reverse 

transcriptase control.  RNA was reversed transcribed into cDNA using Prime Script 

RT reagent kit according to manufactures protocols for use of random hexamer 

primers. RNA concentrations were adjusted to reflect identical starting 

concentrations per qPCR run.   

     Primer pairs that span exon/exon boundaries producing a product 100-150bp in 

length were designed using PrimerExpress software (Applied Biosystems) and 

specificity confirmed by NCBI Primer-Blast.  Each primer pair was optimized for 

concentration using BA/F3 cDNA and was selected based up the ability to produce 

a single peak in a melting curve, a single product on a gel, absence of primer dimers, 

and a standard curve slope equivalent to the housekeeping gene (slope=3.4-3.6).   

     For the qPCR reaction, Sybr green PCR master mix was used according to 

manufacturer’s instructions. Samples were aliquoted into 96-well reaction plates at 

a 20ul volume with three technical replicates per plate. All plates contained a BA/F3 

standard curve for both the target and housekeeping genes, a –RT, -DNase I, and 

an LSK reference sample when analyzing stem/progenitor cells.  Samples were 

analyzed on 7900HT real time PCR machine. A melting curve was run at the end of 
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each reaction to confirm a single product, and all trends were corroborated with two 

housekeeping genes. 

     Taqman universal PCR master mix was used according to manufacturer’s 

instructions. A standard curve of cDNA from NB4 cells was used to determine primer 

efficiency for Taqman probe sets. Samples were aliquoted into 96-well reaction 

plates at a 20ul volume with three technical replicates per sample.  Samples were 

analyzed on 7900HT real time PCR machine and all trends were confirmed with two 

housekeeping genes.   

2.10 Plasmids/Cloning of constructs  

      MSCV-based bicistronic vectors were used to express target genes.  Total RNA 

was extracted from and reverse transcribed from pure C57BL/6J mice bone marrow 

cells (kindly provided by Hartmut Geiger) as previously described (Materials and 

Methods 2.2) and full length Gpr56 cDNA was amplified by PCR using Platinum Taq 

high fidelity DNA polymerase with primers indicated in section 2.6.  The PCR 

conditions are as followed: 94°C, 2’ followed by 30 cycles of 

(94°C,45”:56°C,45”,68°C 2’10”) and a final extension at 68°C, 10’. The 2064bp PCR 

fragment was isolated by electrophoresis on a 1% agarose gel and gel purified using 

Illustra GFX PCR DNA and gel band purification kit according to manufacturer’s 

instructions.  Taking advantage of the single adenosine nucleotide base overhang 

left behind by the Taq polymerase, the Gpr56 cDNA was subcloned into pGEM-T-

Easy vector, transformed into DH5α, and subjected to ampicillin selection by plating 

the transformed bacteria on ampicillin infused LB agar and incubating the plate at 

37°C overnight, all according to manufacturer’s instructions.  Single colonies were 

selected and grown overnight in LB medium with ampicillin at 37°C in a shaking 

incubator.  Plasmid DNA was isolated via QIAprep spin miniprep kit according to 

manufacturer’s instructions and the Gpr56 fragment was excised by NotI digestion 

and cloned into MIEG3 upstream of the internal ribosome entry site (IRES) and 

enhanced green fluorescent protein (EGFP) sites using the NotI restrictive digest 

sequence within the multiple cloning site of the plasmid.  The ligated plasmid was 

transformed into DH5α and selected for ampicillin resistance.  Plasmids from 

selected clones were purified, cDNA orientation was determined by EcoRI digestion, 

and accuracy was determined by sequencing. 
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2.11 Virus production 

     Phoenix-GP cells were seeded onto 0.1% gelatin coated plates one day prior to 

transfection in order to reach 70% confluency at day of transfection.  For each gene 

of interest, 24ug of plasmid was added to 36ul of CaCl2 and volume adjusted to 

300ul with H2O.  300ul of 2x HBS was slowly bubbled into the plasmid solution and 

incubated for 15min, rm. Temp.  The plasmid solution was added to the cells 

followed by 10ml of growth media. The plates were incubated at 37C, 5% CO2 and 

media was replaced every 12hrs.  Virus was collected in 12hr increments starting 

36hrs post-transfection, filtered through a 0.45µm Millipore filter and directly used 

for transduction. Virus production was confirmed by transduction of 3T3 cells.   

2.12 Transduction of murine bone marrow cells 
 

    Parental mice strains were bred and maintained at the University of Ulm Animal 

Facility.  Low Density bone marrow cells separated by ficoll-1083 (20min, rm.temp, 

515xG no acceleration/ brake) were harvested from 8wk old donor C57BL/6Ly x 

C3H/HeJ mice treated 4days previously by intravenous injection with 150 mg/kg 

body weight 5-fluorouracil (5-FU) (figure 4).   Cells were cultured for 48h in DMEM 

supplemented with 20% FBS, 10% penicillin/streptomycin, 100ng/ml recombinant 

mouse stem cell factor (mSCF), 10ng/ml mouse interleukin 6 (mIL-6), and 6ng/ml 

mouse interleukin 3 (mIL-3) (complete media).  Bone marrow cells were then 

incubated on recombinant fibronectin, CH296 (Retronectin) with single 

transductions or combinations of high-titer MIY, MIYHoxa9, MIG, MIGMeis1 viral 

supernatant and cytokines. After 8 hours, the medium was replaced with fresh 

complete medium. The next day, half the medium was removed and fresh virus with 

cytokines added to the wells which was again replaced with fresh complete medium 

8hrs later. Cells were harvested and sorted for GFP/YFP on day 5 using BD 

FACSARIA III. The Hoxa9 “long-term cultured” cells (LTC) were cultured for 3wks 

and then transduced again with MIEG3 or MIEG3mGpr56 using the same 

transduction procedure as described and sorted 2x taking the top third of cells 

displaying the highest YFP/GFP fluorescence to ensure maximum purity. This was 

repeated a second time to produce two biological replicates identified as LTC (Long 

term culture) 1 and LTC 2. Prior to every experiment, the long-term culture cells 
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were subjected to a short low density centrifugation on Ficoll-1083 (10min, rm.temp, 

515x g, no acceleration/brake) to remove debris and dead cells.   

 

 

Figure 4: Experimental design for creating “long-term culture” cells 

transduced with Hoxa9 and MIEG3mGpr56 or MIEG3 vector control.  

     In the case of simultaneous transduction, an equal volume of MIYHoxa9 virus 

was combined with an equal volume of MIEG3 or MIEG3mGpr56 and then added 

to the bone marrow cells following the same transduction procedure as described 

above.  Freshly simultaneously transduced, sorted cells were then immediately 

transplanted into mice after sorting whereas the double transduced LTC cells were 

cultured an additional 3wks prior to use to allow for increased cell numbers and 

purity. BM cells transduced with just MIEG3 or MIEG3mGPR56 were treated in the 

same manner as the simultaneous sorted cells. 

2.13 Transplantation and assessment of mice 

     For competitive transplants, 2-4 month old C57BL/6J x C3H/HeJ mice were 

lethally irradiated (10.25Gy) and subsequently transplanted with 4x104 LTC 

MIYHoxa9/MIEG3mGpr56 or MIYHoxa9/MIEG3 and 2x105 whole BM helper cells.  

Freshly transduced and sorted cells were transplanted into mice in a 1:2 ratio 

(1x105/2x105) of MIEG3mGPR56, MIEG3,  or double transduce MIYHoxa9 with 

either MIEG3mGPR56 or MIEG3 vector control  in combination with C57BL/6J x 

C3H/HeJ whole BM helper cells. Chimerism of peripheral blood was determined 

periodically in recipient mice by YFP/GFP expression and antibody staining for 

surface markers (Mac-1, Gr-1, CD3e, B220) as described in section 2.8 to determine 
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engraftment levels and signs of leukemia.  Mice showing less than 0.5% 

engraftment 16wks post-transplant were considered not engrafted and excluded 

from the study.  Mice transplanted only with MIEG3mGpr56 or MIEG3 transduced 

cells along with helper cells were sacrificed at 20-24wks and the hematopoietic 

compartments were analyzed.  Leukemic mice were maintained until deemed 

moribund.  Mice were considered moribund and sacrificed when symptoms of 

leukemia such as: rounded spin, frizzled body hair, paleness in the feet, labored 

breathing, and reduced motility were observed.  Secondary mice were generated by 

transplanting lethally irradiated mice with 1x105 bone marrow cells from primary 

diseased mice and 2x105 C57BL/6J x C3H/HeJ whole BM helper cells.  Only 

engraphted mice are consi 

     Xenograft studies using human cell lines and patient cells were conducted in 8-

12wk old female NSG mice (NOD.Cg-PrkdcScid Il2rgtm1Wjl/SzJ) (Jackson Laboratory). 

MV4-11 cell line (DMSZ) was incubated with anti-Gpr56 antibody (clone H11) in 

concentrations of 10 or 50ug per 1x106 cells or 50ug isotype control (Millipore) per 

1x106 cells for 2hrs at 4°C. Unbound antibody was washed away and 1x106 treated 

cells were subsequently injected intravenously into sub-lethally irradiated NSG 

mice.  Leukemic mice were maintained until deemed moribund. 

      In the case of patient samples, FLIT3-ITD+ NPM1- patient samples collected 

from bone marrow or peripheral blood showing the highest engraftment in NSG mice 

were selected.  Patient samples were thawed, stained for CD3 and CD19, and 

sorted for absence of CD3/19 expression.  Cells were then treated with 50ug per 

1x106 cells of anti-Gpr56 (clone H11) or isotype control as described above.   NSG 

mice were sub-lethally irradiated (3.25gy) and injected intraperitoneally with 20mg 

anti-IVIG antibody (Privigen, CSL Behring GmbH) one day prior to transplant.  1x106 

cells were injected intravenously into irradiated mice and sacrificed at 12wks post-

transplant. 

     At the time of sacrifice, blood, bones (femurs/tibias), spleen, kidney, thymus, and 

liver were collected for histopathology.  The kidney, liver, and a small piece of spleen 

were fixed in 4% formaldehyde.  Extracted bones and the remaining spleen section 

was crushed and cells resuspended and filtered to obtain a single-cell suspension.   

Blood smears were generated and 2-4x105 BM/spleen cells from the single cell 
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suspensions were concentrated and attached onto glass slides by centrifugation at 

350rpm, 5min with a Cytospin glass slide centrifuge.  The slides were then stained 

with rapid hemacolor staining kit and examined for cell morphology and blast content 

by light microscopy which is a rapid Pappenheim staining (Pap).  Cells from the 

hematopoietic organs were also stained for hematopoietic lineage markers and 

treated with RBC lysis buffer as described previously and analyzed by flow 

cytometry.  In the case of NSG mice, only the blood, bones and spleen were 

removed and the remaining dissected mouse was fixed in 4% formaldehyde along 

with a spleen section.  Fixed organs and mice were sent to the University of 

Tuebingen, Institute of Pathology for confirmation of leukemia using standard 

histopathology procedures. Single cell suspensions from the hematopoietic organs 

were also stained for human specific hematopoietic markers CD45 and CD33 and 

analyzed by flow cytometry. 

2.14 Adhesion to stroma 

     Adhesion to stroma was performed by modifying the CAFC (cobble-stone area 

forming cell assay) adhesion assay (Figure 5)(Geiger, True et al. 2002). FBMD-1 

cells were seeded in FBMD-1 growth medium (IMDM, supplemented with 5% horse 

serum, 15% FCS, 10-5 M hydrocortisone, P/S, 2-ME) at a density of 1000 cells per 

well in a 96 well plate and grown for 5days at 33°C, 5% CO2 until confluent.  Hoxa9 

LTCs transduced with MIEG3mGpr56 or vector control were plated onto the FBMD-

1 stromal cells in 1:2 dilutions ranging from 384 to 3 cells per well and at least 15 

wells per cell concentration in CAFC medium (IMDM, supplemented with 20% horse 

serum, 10-5 M hydrocortisone, P/S, 2-ME). To determine cell adhesion, non-

adherent cells were washed off the FBMD-1 stroma after 4 hours incubation at 33°C, 

5% CO2 and fresh CAFC medium was added to each well. Plates were incubated 

for 7days at 33°C, 5% CO2. The frequency of total and adherent cells was 

determined by counting the frequency of wells containing at least one 

cobblestone/colony area with a minimum of five cells at day 7 on the FBMD-1 stroma 

cell line under fluorescent microscope.  
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Figure 5. Schematic representation of adhesion to stroma assay. Hoxa9/Gpr56 

cells were plated onto a monolayer of FBMD-1 stroma cells and allowed to adhere.  

Non-adherence cells were washed away and wells containing adherent cells were 

allowed to form colonies and scored. 

 

      Blocking GPR56 mediated adhesion was determined with the MV4-11 cell line.  

MV4-11 cells were incubated at 4°C for two hours with anti-human GPR56 antibody 

at 10ug and 50ug per 1x106 cells.  Excess antibody was washed away and cells 

were plated onto FBMD-1 stroma cells at concentrations ranging from 5120 to 40 

cells/well. Plates were treated as described above.  Frequency was determined 

under light microscope according to cell morphology within a colony. 

2.15 Migration and in-vivo homing to bone marrow 

     Migration toward an SDF-1 gradient was performed as previously described 

(blood 2006, 108:6).  100ul of migration medium (serum-free cytokine-free DMEM, 

0.5%BSA) containing 2x105 LTCs was added to the upper chamber of a 24-well 

transwell plate with a 0.5um pore size. 600ul of migration medium containing 

100ng/ml SDF-1α was added to the lower chamber or the well.  The plates were 

incubated for 4hrs at 37°C 5% CO2 and then the upper chamber was discarded.  

Cells which had migrated to the lower chamber were removed and plated in a CFU 

assay as described in section 2.16. 
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     LTC cells (4x106 cells) were injected intravenously into lethally irradiated mice.  

Bone marrow from the femurs and tibias, which represents 25% of the total organ 

cellularity of the transplanted mice were harvested 18hrs later and single cell 

suspensions prepared.  3-7 x106 total BM cells were analyzed on FACS and percent 

GFP/YFP was used to determine homing frequency. 

2.16 Colony forming unit assay (CFU) 

     Transduced bone marrow cells (1x103 cells) were washed with 1xPBS and plated 

in 1ml of methylcellulose medium (M3434).   LTC cell cultures were plated 

(500cells/well) in M3234 supplemented with 100ng/ml mSCF, 10ng/ml IL-6, 6ng/ml 

IL-3).  Cells were plated in duplicate and incubated for 7 days at 5% CO2, 37C.  On 

day 7, colonies containing at least 50 cells were scored.  Colony forming cells from 

day 7 cultures were harvested and replated at 1000cells/well in 1ml of 

methylcellulose medium, and new colonies counted 7 days post replating. 

2.17 Proliferation, cell cycle, and apoptosis assays 

     For a proliferation assay, 3x104 cells were seeded into a 6-well plate with growth 

medium and cytokines to a total volume of 5ml.  Cells were incubated at 37°C, 

5%CO2 for 6days.  Cells were counted) with a cell counter (Beckman Coulter ViCell-

XR) every second day for three time point.    

     1x106 cells were serum starved for 16hrs in DMEM containing 0.5% FBS to 

synchronize cells in the G0 phase.  Starvation was able to reduce S-phase from 

approximately 45% to less than 7%.  Cells were then maintained for 18hrs in normal 

growth medium and cytokines and then subjected to cell cycle analysis. Analysis of 

cell cycle status was performed with APC-BrdU Flow kit according to manufacturer’s 

instructions.   

    Apoptosis was determined by annexin-v staining on normal cycling cells using 

APC Annexin V Apoptosis Detection kit according to manufacturer’s instructions.   

2.18 Western blot 

   Western blots were performed according to standard protocols.  Briefly, total 

protein was isolated with RIPA buffer supplemented with phosphatase and 
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protease inhibitors. Cells were snap frozen in liquid nitrogen, thawed on ice, and 

then vortexed for 2min.  The cell lysate was centrifuged at 1600xG for 20min and 

supernatant was removed and stored at -80°C.   Protein concentration was 

determined by the Bradford method using Protein assay dye reagent, measuring 

the absorbance on a spectrophotometer at 595nm, and comparing it against a 

BSA protein standard curve.  50ug of protein was separated on a 10% SDS/PAGE 

layered with a 5% stacking gel along with a protein ladder and separated at 100V 

for 1hr.  The protein was transferred onto a PVDF membrane using a semi-dry 

transfer apparatus at 300mAmp for 50min.  The blot was blocked for one hour with 

5% milk and then probed overnight with Anti-GPR56 (clone H11, Millipore) or -

actin.  Excess antibody was removed by washing the membrane 3x with TBS-T 

buffer and then the blot was incubated with corresponding HRP-conjugated 

secondary for one hour and the washing steps repeated.  The membrane was 

developed using an ECL detection kit according to manufacturer’s instructions and 

expose to film for visualization. The film was developed with Curix 60 developer 

and the blots compared to the protein ladder for size conformation.  A 65kDa 

protein represented the post-translationally processed Gpr56 and 73kDa a non-

translationally process protein. Equal amounts of total protein loaded onto the gel 

was confirmed by the 42kDa -actin signal. 

2.19 RNAseq 

     RNA deep sequencing was performed in triplicate from total RNA isolated from 

two biological repeats of Hoxa9MIEG3 and Hoxa9MIEG3mGpr56 long term cultures 

(LTC 1 and LTC 2) by TRIzol as mentioned previously.  The following steps were 

performed by the Genomics Core Facility, University of Ulm.  RNA quality was 

confirmed by the Bioanalyzer 2000 and samples with a RIN value greater than 9.5 

were selected for deep sequencing. Libraries were prepared using the TruSeq RNA 

Sample preparation kit (Illumina) starting with 500µg of RNA.  Libraries loaded on 

the flow cells using cBot from Illumin and were sequenced with an Illumina HiSeq 

2000 as a Pair End  50 base pair read.  Sequencing analysis was performed by Dr. 

Medhanie Mulaw, Insititue of Experimental Cancer Research/Genomic Core 

Facility, University of Ulm.  Breifly, high quality Fastq files (phred score of 20 or 

higher) were aligned to the mouse genome version mm10 RefSeq using tophat, 
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differential expression analysis was performed using Cufflinks and R packages. The 

list of differnetially expressed genes obtained from the Genomic Core Faciliity was 

then subjected to Panther analysis for comparison of the molecular signature. 

2.20 Statistical analysis 

     Unpaired, nonparametric, t- test was performed on all data unless otherwise 

noted in the figures.  Significance was achieved when P≤0.05. 
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3.0 Results 

3.1 Expression of GPR56 in hematopoiesis 

     Recent studies have suggested that genes differentially expressed in the stem 

cell compartment compared to more differentiated cells may play a role in 

maintaining the “stemness” of an HSC.  To determine expression levels of Gpr56 

in the hematopoietic system, BM and PB were isolated and sorted for mouse 

subpopulations as depicted in Figure 6A-B. 

     The expression of Gpr56 in the mouse bone marrow was determined using 

qRT-PCR and in the human system, expression was determined using microarray 

data in the Gene Expression Commons database which is publically available 

(Fig.7A, B.) (Seita, Sahoo et al. 2012).   
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Figure 6:  Sorting scheme for hematopoietic cell subsets A.) Antibody 
(highlighted in red) scheme for identification of mouse hematopoietic subsets in 
BM and PB. B.)  Representative FACS profile for hematopoietic stem/progenitor 
cell populations.  
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Figure 6 continued:  Sorting scheme for hematopoietic cell subsets A.) 
Antibody (highlighted in red) scheme for identification of mouse hematopoietic 
subsets in BM and PB. B.)  Representative FACS profile for hematopoietic 
stem/progenitor cell populations.  
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      In both the human and mouse system, GPR56 was most highly expressed in 

hematopoietic stem and early progenitors with decreasing expression as the cells 

differentiated into a more mature population (Fig. 7B).  This trend held true when 

comparing the mouse expression data (Fig. 7B) generated in-house to the mouse 

microarray data from the Gene Expression Commons database and newly 

published research from Rao ET. al. (Rao, Marks-Bluth et al. 2015) (data not 

shown).  Furthermore, examination of GPR56 expression in the more mature human 

hematopoietic cells by microarray analysis performed by Peng et al. also showed 

little to no expression of GPR56 in the mature myeloid cells with slightly higher 

expression in the mature lymphoid cells(Peng, van de Garde et al. 2011). 

Combined, these results demonstrate that Gpr56 is strongly associated with more 

primitive cell types. 
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Figure 7:  Expression of GPR56 in hematopoietic subsets is highest in stem 
and early progenitor cells with decreasing expression upon differentiation. 
A.) Expression of GPR56 in human hematopoietic subsets based on data 
retrieved from Gene Expression Commons database (probe set: 212070_at). B.) 
Expression of Gpr56 in murine hematopoietic subsets analyzed by qRT-PCR 
(N=3).  Significance determined by Krystal Wallace *P=<0.05. First published in 
Daria, D et al., 2016 with permission from Leukemia. 

Human BM Mouse BM/PB 

Mouse BM Mouse PB 

B) 



Results 

36 
 

3.2 Aberrant overexpression of Gpr56 does not affect 

normal hematopoiesis 

 

     GPR56 has been implicated in regulating numerous stem cell functions in various 

cells types including: cell survival, adhesion, and proliferation.  However, studying 

its role in hematopoiesis via knockdown/knockout experiments has given rise to 

conflicting results.  Due to high levels of GPR56 expression in hematopoietic 

stem/progenitor cells, we sought to determine if increased Gpr56 expression across 

the hematopoietic hierarchy would prove to benefit the hematopoietic system by 

increasing or changing the HSPC (hematopoietic stem and progenitor cell) 

population, affecting lineage distribution, or even be oncogenic.  To accomplish this, 

a retrovirally transduced mouse model was utilized to determine hematopoietic 

specific effects of Gpr56 overexpression.   

     Gpr56 was amplified from reverse transcribed RNA of a C57BL/6 mouse and 

cloned into an MSCV based retroviral vector (Fig.8C).   Transduction into 

established Hoxa9MIY long term bone marrow cultures and subsequent Western 

blot analysis for Gpr56 yielded a 63kDa band corresponding to a post-translationally 

processed Gpr56 protein (Fig.8A) and a 75kDa protein corresponding to the non-

modified protein.  Because Gpr56 is post-translationally modified, and if problems 

arise, it is retained in the ER, Western blot analysis does not definitively prove 

protein expression at the cell surface.  Therefore, cell surface staining followed by 

FACS analysis was utilized to demonstrate increased expression of Gpr56 could be 

found at the cell surface (Fig. 8B).   
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     Changing the expression or blocking the function of adhesion receptors, such as 

CD44, has been shown to affect HSPC engraftment ability and lineage 

reconstitution (Erb, Megaptche et al. 2014). To determine the effect that the 

adhesion receptor, Gpr56, has on the long term multi-lineage reconstitution ability 

of BM stem and progenitor cells, a competitive BM transplant was implemented.  

Engraftment in peripheral blood was followed for 16 weeks, and mice were 
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Figure 8: Retroviral overexpression of Gpr56 in BM cell lines increased total 
and cell surface protein expression and was able to stimulate RhoA activity.  
A.) Western blot analysis and FACS analysis. First published in Daria, D et al., 
2016 with permission from Leukemia. B.) demonstrating Gpr56 expression in 
stably transduced Hoxa9MIY Gpr56MIEG3 BM long term cultures. First published 
in Daria, D et al., 2016 with permission from Leukemia. C.) Cloning strategy for 
murine Gpr56 overexpression in a retroviral vector. 
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sacrificed and BM analyzed at 20-26 weeks.  5-FU BM from C3HxPEP mice was 

transduced and sorted for MIEG3Gpr56 or vector control and transplanted into 

lethally irradiated C3HxBL/6 mice.  Initial analysis of Gpr56 transplanted mice 

demonstrated a reduction of GFP positive cells in the PB at 4 weeks suggesting a 

problem with HSPC homing or attachment to BM (Fig. 9A).  However, 8 weeks post-

transplant significant variations between GFP+ populations in the PB of Gpr56 and 

vector control were resolved and remained that way for the duration of the 

experiment.  This suggests that the initial engraftment disparities seen at 4 weeks 

post-transplant were a result of the decreased engraftment potential of mature cells 

with less proliferative potential and that increased Gpr56 expression has no effect 

on the engraftment ability of stem and progenitor cells.   

     Analysis of PB of recipient mice every 4 weeks for a total of 16 weeks determined 

no significant change in lineage contribution between Gpr56 overexpressing mice 

and vector control in the peripheral blood (Fig. 9B).  Furthermore, 

immunophenotyping of the BM in recipient mice 26 weeks post-transplant revealed 

no significant changes in the frequency of early stem and progenitor populations 

(LSK) or more differentiated progenitors between vector control and MIEG3mGpr56 

transduced mice (Fig. 9C).  An attempt was made to determine the percentage of 

LT-HSCs however less than 50 events could be recorded by the flow cytometer and 

thus, there were not enough cells for accurate determination.   

     To directly assess the impact of increased Gpr56 expression on the proliferative 

potential of hematopoietic progenitors, transduced BM cells were plated in 

methylcellulose (Fig. 9D).  Initial and secondary plating showed no difference in the 

number nor size of the colonies between Gpr56 transduced BM cells and the vector 

control.  Analysis of the hematopoietic compartment at the end of the experiment 

demonstrated no difference in the overall bone marrow or spleen cellularity (Table 

2).   
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Figure 9:  Increased expression of Gpr56 has no effect on normal 
hematopoiesis. 5-FU bone marrow cells were transduced with Gpr56 
overexpression vector and competitively transplanted into lethally irradiated mice 
in a 1:2 ratio (1x105 transduced cells:2x105fresh Pep BM).   (A.) Engraftment was 
determined by GFP expression in pheriphal blood. (B.) Hematopoietic 
reconstitution ability for all lineages was determined by antibody staining for cell 
surface markers every 4 weeks. Graph represents 8 weeks post-transplant.  (C.) 
Percentage of progenitor cells found in BM at 19 weeks determined by antibody 
staining for cell surface markers.  D.) 1000 5-FU BM sorted GFP+ cells were plated 
in methylcellulose (N=3).  First published in Daria, D et al., 2016 with permission 
from Leukemia. 

C.) D.) 

N.S. 

A.) B.) 



Results 

40 
 

 

 

Mouse 

no. 

Retroviral 

construct 

Day of 

Sacrifice 

BM WBCs 

(2femur+2tibia)/ 

106 

Spleen 

WBCs/ 

106 

Spleen 

weight 

(g) 

1 MIEG3 26wks 47.4 121.02 0.105 

2 MIEG3 26wks 52.4 163.38 0.139 

3 MIEG3 26wks 62.1 134.28 0.123 

4 MIEG3 26wks * * * 

5 MIEG3 26wks * * * 

6 MIEG3 26wks * * * 

7 MIEG3 26wks 45.1 129.18 0.11 

8 MIEG3 26wks 64.6 135.84 0.127 

   
 

  

      

9 MIEG3Gpr56 26wks 50.8 96.72 0.105 

10 MIEG3Gpr56 26wks 47.1 137.4 0.166 

11 MIEG3Gpr56 26wks 52.5 187.32 0.147 

12 MIEG3Gpr56 26wks * * * 

13 MIEG3Gpr56 26wks N/D N/D N/D 

14 MIEG3Gpr56 26wks * * * 

15 MIEG3Gpr56 26wks * * * 

16 MIEG3Gpr56 26wks 56.7 127.2 * 

17 MIEG3Gpr56 26wks 59.6 115.26 0.113 

18 MIEG3Gpr56 26wks 64.6 192.3 0.1 

19 MIEG3Gpr56 26wks 48.3 133.86 0.102 

20 MIEG3Gpr56 26wks N/D N/D N/D 

*Mice were sacrificed to determine progenitor cell composition in the BM 

     To determine if increased Gpr56 expression can intrinsically affect the 

proliferative potential of a cell, sorted, transduced cells were washed 3x in PBS and 

plated in serum-free methylcellulose which does not contain collagen III, the ligand 

for Gpr56 (Fig. 10). Results indicated that in the absence of stimulation, increased 

Table 2: Increased Gpr56 expression does not change hematopoietic organ 

cellularity at 26 weeks post-transplant  
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Gpr56 expression has no intrinsic effect on the proliferative potential of normal 

hematopoietic cells. 

 

 

 

     

      Altogether, these results indicate that aberrant overexpression of Gpr56 alone 

has no impact on normal hematopoiesis. Unaided, Gpr56 does not display an 

oncogenic effect on hematopoietic cells, thus suggesting it must cooperate with 

other proteins if it is to play any role in AML.  Recent knockdown studies by Rao, 

TN.et al (Rao, Marks-Bluth et al. 2015) have demonstrated that Gpr56 is 

dispensable for normal hematopoietic stem/progenitor cell function.  However, we 

can not rule out that Gpr56 behaves in a dose-dependent manner in such a way 

that higher levels of Gpr56 expression are required to generate a phenotype than 

what could be achieved in these assays. 

3.3 Expression of GPR56 in acute myeloid leukemia 

 

     Although Gpr56 is expressed in a broad range of tissues, its increased 

expression has been observed in various malignancies including a positive 

correlated with EVI-1 expression in human AML cell lines(Saito, Kaneda et al. 2013).   

RNAseq data from the publicly available database TCGA was used to identify 

expression patterns in patients across various types of acute myeloid leukemia (Fig. 

11A) and the data confirmed with an independent cohort generated in-house (Fig. 

11B).  These results indicate that GPR56 is expressed at significantly higher levels 
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Figure 10.  1000 5-FU BM sorted GFP+ cells were plated in serum-free 

methylcellulose (N=2).   
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in patients with normal karyotype (NK) such as FLT3-ITD+ NPM1C+ as compared 

to patients with complex karyotype (CK) such as CBFB (NK vs CK median 2.8 fold 

p<0.001). 

 

 

 

 

  

 

 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

Figure 11:  Expression of GPR56 in AML A.) Expression of GPR56 in primary 

patient samples (n= 74) with different genotypes from the AML dataset available in 

the TCGA database.  B.) Expression of GPR56 in AML patient samples obtained 

from Universitätsklinikum Ulm determined by qRT-PCR.  Data is represented as fold 

change in mRNA expression compared to FLT3-ITD+/NPM1c- median (N=46).  

Significance determined by Mann-Whitney ***p>0.0005, **p>0.005, *p>0.05. *Data 

generated with assistance from Maria Hollnagel, Exp Tumor For. University Ulm. 

First published in Daria, D et al., 2016 with permission from Leukemia. 
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3.4 Gpr56 accelerates leukemogenesis in collaboration 

with Hoxa9 

 

     Increased HOXA9 expression is associated with patients classified as having a 

normal karyotype(Kok, Brown et al. 2010).  Retrovirally induced overexpression of 

Hoxa9 is capable of transforming and immortalizing mouse bone marrow cells 

resulting in leukemia after long latency (Thorsteinsdottir, Kroon et al. 2001).  

Furthermore, Hoxa9 transduced BM cells have increased Gpr56 expression and as 

such, were used as the leukemic model for this project.  5-FU bone marrow cells 

were transduced and sorted for Hoxa9 YFP expression and allowed to expand for 

three weeks.  These cells showed an increase in Gpr56 expression upon HoxA9 

retrovirally induced overexpression as demonstrated previously by Wang, G. et al 

(Wang, Pasillas et al. 2005).  The Hoxa9MIY BM cultures were then transduced with 

Gpr56 and sorted three times for the top third MFI creating immortalized “long-term 

cell cultures” (LTC) overexpressing both Hoxa9 and Gpr56 which were then used 

for experiments.  This was independitly repeated a second time for a total of two 

biologica repeats (LTC1, LTC2). 

     Lethally irradiated mice, competitively transplanted with Hoxa9/Gpr56 

transduced cells (LTC1 and LTC2), developed myeloid leukemia with a reduced 

latency when compared to Hoxa9/MIEG3 vector control transplanted mice (LTC1 

and LTC2) (Hoxa9MIEG3Gpr56 LTC1/2 median latency: 1° transplant 148 days 

p<0.0001, 2°) (Fig. 12).  BM from primary diseased mice was able to recapitulate 

the disease in secondary mice.  The reduced latency due to increased Gpr56 

expression was also demonstrated in the secondary transplanted mice 

(Hoxa9MIEG3Gpr56 LTC1/2 median latency 2° transplant median latency 76 days, 

p<0.019).   
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     Similar to the control mice, the Hoxa9 Gpr56 transplanted mice were positive for 

CD11b and to a lesser extent Gr-1, exhibited splenomegaly, and a high blast count 

in the BM (Table 3 Fig. 13). Histopathology showed diffuse infiltration in different 

organs, cells with blastic chromatin, prominent nucleolus, and a high mitotic rate 

(Fig.14).  The leukemic cells were positive for myeloperoxidase (MPO), and 

chloracetatesterase (CAE) indicating a myeloid phenotype.  Both the Hoxa9 GPR56 

and Hoxa9 MIEG3 displayed acute myeloid leukemia with maturation.   
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Figure 12:  Increased expression of GPR56 decreases the latency of Hoxa9 

driven leukemic mice. Kaplan-Meier survival curve for two biological repeats of 

mice transplanted with HoxA9 driven leukemic long-term culture cells transduced 

with MIEG3Gpr56 or vector control (2x104 donor: 2x105 competitor) and secondary 

recipients (1x105 of diseased primary donor: 2x105 competitor). Significance 

determined by Mantel-Cox. First published in Daria, D et al., 2016 with permission 

from Leukemia. 
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Table 3: Hematologic characteristics of diseased mice transplanted with 

Hoxa9mGpr56 or vector control.  

Mouse 

no. 

Retroviral 

construct 

Day of 

Sacrifice 

BM 

WBCs/ 

mlx106 

Spleen 

weight 

(g) 

% BM 

blasts 

% 

YFP 

BM 

% 

YFP/GFP 

BM 

% 

YFP/GFP  

CD11b 

BM 

% 

YFP/GFP  

Gr-1 BM 

1 

Hoxa9/ 
Gpr56 
LTC1 93 184.80 0.683 46 0.109 89.7 99.7 68.1 

2 

Hoxa9/ 
Gpr56 
LTC1 144 127.10 0.558 N/A 1.12 87.8 88.143 10.33 

3 

Hoxa9/ 
Gpr56 
LTC1 168 69.3 0.412 12 1.8 9.4 93.4 44.9 

4# 

Hoxa9/ 
Gpr56 
LTC2 222 88.08 0.4 90 1.7 97.5 94.4 13.3 

5 

Hoxa9/ 
Gpr56 
LTC2 115 64.5 0.38 38 1.6 60.7 93.4 10.7 

6 

Hoxa9/ 
Gpr56 
LTC2 152 150 0.47 35 4.61 20 99.08 85.72 

7# 

Hoxa9/ 
Gpr56 
LTC2 264 94.2 0.558 25 9.1 88.2 76.7 33.6 

8 

Hoxa9/ 
Gpr56 
LTC2 135 96.48 0.455 N/A 25.2 59.50 71.046 29.3 

          

          

9# 

Hoxa9/ 
MIEG3 
LTC1 251 71.4 0.961 11 10.8 38.3 98.1 36.38 

10# 

Hoxa9/ 
MIEG3 
LTC1 379 281.9 0.72 90 14.5 79 97.92 37.97 

11 

Hoxa9/ 
MIEG3 
LTC1 380* 114.8 N/A 16 0 98.4 93.1 33.5 

12 

Hoxa9/ 
MIEG3 
LTC1 380* 66.4 N/A 12 2.5 3.6 58.4 25.7 

13 

Hoxa9/ 
MIEG3 
LTC2 380* 90.9 N/A 4 1.3 13.9 92.7 33.1 

14 

Hoxa9/ 
MIEG3 
LTC2 380* 95.2 N/A 2 20 7.4 19.6 25.4 

15 

Hoxa9/ 
MIEG3 
LTC2 380* 133.4 N/A 3 1.9 30.4 91.4 12.5 

16 

Hoxa9/ 
MIEG3 
LTC2 380* 111.9 N/A 3 32.7 45.5 95.02 18.556 

 
*Sacrificed and analyzed at end of experiment, #BM cells transplanted into 2ºmice 
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C-kit C-kit C-kit 

Gating control 

(YFP/GPF + GFP 

only cell mixture)  

Figure 13: Immunophenotyping of leukemic cells derived from sick mouse 

confirmed high percentage of CD11b and Gr-1 expressing cells.  Shown 

are flow cytometric profiles of BM, Spleen, and PB from a representative 

HoaA9Gpr56 mouse. First published in Daria, D et al., 2016 with permission 

from Leukemia. 
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Figure 13 continued: Immunophenotyping of leukemic cells derived from 

sick mouse confirmed high percentage of CD11b and Gr-1 expressing 

cells.  Shown are flow cytometric profiles of BM, Spleen, and PB from a 

representative Hoxa9Gpr56 mouse. First published in Daria, D et al., 2016 with 

permission from Leukemia. 
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     Increased expression of Gpr56 did not appear to change the phenotype of the 

Hoxa9 driven leukemia in transplanted mice when compared to control, but only the 

aggressiveness of the disease. 

     To determine if the decrease in disease latency observed in the Hoxa9 Gpr56 

transplanted mice was due to an increase in proliferative potential, cells were 

analyzed in-vitro for CFU capacity, cell cycle, and apoptotic status.  Overexpression 

of Gpr56 in a Hoxa9 background lead to an increase in colony forming units (CFU) 

when plated in methylcellulose (median fold increase approximately 1.55, Hoxa9 

MIEG3Gpr56 LTC1 n.s. Hoxa9 MIEG3Gpr56 LTC2, p>0.02) (Fig. 15a).  However 

when compared to control, no increase in colony size was observed.  To determine 

if Gpr56 needed to be actively stimulated by a ligand to affect the proliferative 

potential of transduced cells, or if the increased colony number was an intrinsic affect, 

cells were plated in serum-free methylcellulose which lacks collagen III (Fig. 15b).  

Hoxa9 long-term cultures transduced with Gpr56 also showed an increase in CFUs 

BM WG 60x Spl WG 60x PB WG 60x

Figure 14:  Histological analysis of a representative Hoxa9mGpr56 diseased 

mouse.  Hematoxylin and eosin stain (H&E), meyloperoxidase (MPO), and 

Chloroacetate esterase stain (CAE) demonstrate infiltrating cells in liver, kidney and 

white pulp of the kidney were positive for CAE and MPO and negative for lymphoid 

markers CD3 and B220 indicating myeloid leukemia. Pappenheim staining (PAP) of 

cytospins and PB smears denoted the presence of blastic cells. First published in 

Daria, D et al., 2016 with permission from Leukemia. 

BM PAP (60x) Spl PAP (60x) PB PAP (60x) 
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2nd plating

similar to the serum containing methylcellulose (median fold increase, Hoxa9 

MIEG3Gpr56 LTC1 2.3 p> 0.02. Hoxa9 MIEG3Gpr56 LTC2 1.7, p>0.04).  This 

suggests that Gpr56 has an intrinsic effect on the proliferative potential of cells.  

However, Gpr56 has been shown to cooperate with other receptors, such as CD81, 

and thus we can not rule out the possibility that the increase in proliferation was due 

to Gpr56 cooperating with other receptors/proteins.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A.) B.) 

Figure 15:  Proliferative potential of Hoxa9 Gpr56 long-term cell cultures. CFC 

assay in presence of serum (A.) or under serum free conditions (B.) Significance 

was determined by Mann-Whitney N.S.= P> 0.05. (N=3) (C.) Cell cycle status was 

determined by BrdU incorporation. Cells were serum starved for 18hrs and then 

placed back into media +serum + cytokines for 16hrs.  (N=2). D.) Cells were stained 

with Annexin V and analysed by flow cytometry (N=3) E.)  Proliferation rate was 

determined by counting cells every 2 days (N=6). First published in Daria, D et al., 

2016 with permission from Leukemia. 

C.) D.) 

E.) 
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      To determine if Gpr56 expression forced more cells into cycle, cells were serum-

starved for 18hrs to synchronize cell in G0 phase and then release back into cycle 

upon the addition of cytokines and FBS.  The percentage of cells in S-phase 24hrs 

after release was determined by a BrdU incorporation assay (Fig 15C). Although 

Gpr56 transduced Hoxa9 cells tended to have more cells in S-phase and less in 

G0/G1, this trend was not significant.   Further analysis of the proliferative potential 

of Gpr56 transduced Hoxa9 cells was carried out by cell enumeration over time.  

Much like the BrdU incorporation assay, no increase in cell numbers was seen 

between Gpr56 transduced cells and control.   In addition, there was no change in 

cell death when measured by annexin V staining (Fig15D).  These results suggest 

that increased Gpr56 expression does not affect the growth rate of cells, however 

may be able to increase the number of cells able to proliferate. The difference in 

CFU potential was only seen in the primary plating and not in the replating, and a 

similar colony number increase was seen in the serum-free methylcellulose which 

lacks collagen III.  The increase in the number of cells with proliferative potential 

may be due to the activation and cooperation with a secondary receptor.  Although 

there was an increase in the number of CFC’s both with serum and under serum-

free conditions, there was no significant change in the cell cycle status (Fig. 15C) or 

a decrease in cell death (Fig15D).   

     As there was no difference in the proliferation rate (Fig 15E), we sought to 

determine if increased Gpr56 expression affects the migration and homing rate of 

Days

C
e

ll
s

0 2 4 6
0

200000

400000

600000

Hoxa9MIEG3 LTC1/2

Hoxa9MIEG3mGpr56 LTC1/2

Figure 15 continued:  Proliferative potential of Hoxa9 Gpr56 long-term cell 

cultures. E.)  Proliferation rate was determined by counting cells every 2 days (N=6) 
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the transplanted bone marrow cells. Cells with increased Gpr56 expression 

demonstrated a decrease in migration towards SDF-1 (Fig. 16A).  However this did 

not play a role when homing to BM in-vivo suggesting other factors may be more 

important for homing to bone marrow (Fig.16B).   

 

 

 

 

 

     

       

      

 

      

     The bone marrow niche plays a vital role in the maintenance of hematopoietic 

stem cells.  Similar to their normal counterparts, leukemic stem cells also interact 

with the bone marrow niche maintaining their slow division and self-renewal capacity 

and thus protecting the cells from chemotherapeutic agents.  Because Gpr56 is an 

adhesion receptor we sought to determine if increased Gpr56 expression resulted 

in better adherence to the bone marrow niche stroma cells.  Hoxa9/Gpr56 

transduced cells were plated on top of a monolayer of FBMD-1 stromal cells in a 

limiting dilution and allowed to adhere for 4hrs.  Non-adherent cells were washed 

away and the cultures were incubated for a week to allow cells enough time to 

proliferate.  Results indicate that increased expression of Gpr56 did not enhance 
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Figure 16: Effect of Gpr56 expression on migration and homing A.) SDF-1 

directed migration of Hoxa9 MIEG3Gpr56 determined by CFU assay (N=4) B.) 

Hoxa9 MIEG3Gpr56 cells were injected into lethally irradiated mice and 

recipients were harvested 18hrs later. The graph represents percentage of 

recovered GFP+ cells per organ from two biological repeats 3 mice each. First 

published in Daria, D et al., 2016 with permission from Leukemia.   
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the adhesion capability of the cells (Fig.17). These results indicate that either Gpr56 

has no effect on adhesion or more likely, it only takes a minimum amount of 

expression to achieve maximum adhesion to stroma. 

 

 

 

 

 

 

 

 

      To understand the impact Gpr56 plays on Hoxa9 driven leukemias, RNA-Seq 

was performed on the Hoxa9/Gpr56 long-term cell cultures. Comparison of 

Hoxa9MIEG3 versus Hoxa9MIEG3mGpr56 revealed 867 differentially expressed 

genes (p<0.05, FDR q<0.05).  The top 15 up regulated and down regulated are 

listed in table 4.  

     To determine which pathways are affected by Gpr56 overexpression, analysis of 

the differentially expressed genes was performed using Panther pathway analysis 

(Mi and Thomas 2009). Of the 867 genes, 166 could be mapped to specific 

pathways.  The top pathways are listed in Table 5. 
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Figure 17: Adhesion assay HoxA9mGpr56 LTC cells were seeded onto a 

monolayer of FBMD-1 stroma cells in limiting dilution.  GFP+ cells expanding into 

“cobble-stone like” structures by day 7 were used to determine adhesion 

frequency (N=3). First published in Daria, D et al., 2016 with permission from 

Leukemia. 
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Table 4: Top 15 differentially expressed genes 

Genes upregulated 
(Hoxa9MIEG3 

vsHoxa9Gpr56) 

Log2 Fold 
change 

 
Genes downregulated 

(Hoxa9MIEG3 vs Hoxa9 
Gpr56) 

Log2 Fold 
change 

Xlr3b 5.78423  Csn1s2a -5.65115 

Frzb 5.46741  Cldn11 -5.42581 

Tcf7 4.69151  Csn2 -4.63095 

Epcam 4.65966  Cuzd1 -4.46559 

Cldn1 4.50693  Cp -4.12611 

GREB1 4.49929  AI115009 -4.04104 

BC026585 4.48287  Pvrl3 -3.94529 

Fndc3c1 4.33694  Frmd5 -3.87879 

Pdcd1 4.2715  Barx2 -3.8415 

Scd1 3.98702  Tgfb2 -3.75362 

Spink4 3.90918  Gm20741 -3.6639 

Capn11 3.88283  Sorcs2 -3.66031 

Tmem246 3.7504  Slc9a2 -3.63285 

Gpr56 3.74407  Vcam1 -3.51247 

Slc16a12 3.73779  Cpe -3.50838 

 

 

Table 5:  Top 5 pathways affected in Hoxa9 LTCs upon increased expression 

of Gpr56 

Pathways 
# of Differentially 
expressed gene 

Inflammation mediated by chemokine and 

cytokine signaling pathway 
24 

CCKR signaling pathway 20 

Gonadotropin releasing hormone receptor 

pathway 
21 

Angiogenesis 18 

Integrin signaling 15 

 

     The pathway most affected by Gpr56 expression was the inflammation mediated 

by chemokine and cytokine signaling pathway (Fig 18).  This pathway represents 
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the activation of the G-couped protein receptors and associated intracellular 

signaling cascades that control adhesion and migration.  Gpr56 is known to form a 

complex with CD81, and Gαq/11-Gβ (Little, Hemler et al. 2004).  The Gαq/11-Gβ 

signaling pathway is heavily represented in the RNA-seq data as it is found in both 

the Inflammation mediated by chemokine and cytokine signaling pathway, and the 

CCKR pathway. This suggests that Gpr56 can collaborate with receptors to transmit 

intracellular signals independent of its own ligand receptor interaction.   

     Combined, this data suggest that the decrease in disease latency is not due to 

an increase in the proliferative rate of the cells, but rather could be attributed to a 

number of factors including: the increase in the number of leukemia-initiating cells 

transplanted into the mice, cells which are able to attach to the niche at higher 

frequencies, or an increase in collaboration with other receptors important for 

leukemogenesis. 
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Figure 18: Inflammation mediated by chemokine and cytokine signaling pathway modified from the Panther database 

representing the Gαq/11-Gβ signaling cascade (Mi and Thomas 2009). 
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3.5 Simultaneous overexpression of Gpr56 and Hoxa9 

does not influence Hoxa9 driven leukemia 

     To determine if Gpr56 function is dependent upon the cellular changes already 

established by increased Hoxa9 expression, 5-FU BM from C3HxPEP mice was 

transduced with Hoxa9 and either Gpr56 or vector control simultaneously, sorted for 

YFP/GFP, and then immediately transplanted into lethally irradiated C3HxBL/6 mice 

or used for in-vitro experiments.  Surprisingly, there was no difference in the survival 

between Hoxa9 cells with increased Gpr56 expression versus vector control (Fig. 

19), or disparity in the immunophenotype or pathology of the disease (Fig.19, 20 & 

Table 6).  Subsequent transplant of the diseased BM from primary mice was able to 

recapitulate the leukemia in secondary mice, however there was no significant 

difference in the latency between the groups. Cells transduced with both Hoxa9 and 

Gpr56 showed an increase in the number of CFCs, similar to the increase seen in 

the long-term cell cultures (Fig.21). 

 

  

    

 

 

 

 

A) 

Days

Figure 19: Simultaneous transduction of Hoxa9 and Gpr56 does not 

change aggressiveness of disease. A) Kaplan-Meier survival curve for mice 

transplanted with BM cells transduced with HOXA9 and MIEG3Gpr56 or vector 

control (1x105 donor: 2x105 competitor) and secondary recipients (1x105 of 

diseased primary donor: 2x105 competitor). Significance determined by Mantel-

Cox  
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Figure 19 continued: Simultaneous transduction of Hoxa9 and Gpr56 

does not change aggressiveness of disease. B.) Hematopoietic 

reconstitution ability for all lineages was determined by antibody staining for cell 

surface markers. Graph represents 8 weeks post-transplant. 

Figure 20: Histological analysis of a representative Hoxa9 Gpr56 diseased 

mouse. H&E, MPO, and CAE stains demonstrate infiltrating cells in liver, kidney, 

and white pulp of the spleen Cells were negative for lymphoid markers CD3 and 

B220 indicating myeloid leukemia. Papenheim staining of cytospins and PB 

smears denoted the presence of blastic cells 

B) 

BM PAP 60x Spl PAP 60x PB PAP 60x 
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Mouse 

no. 

Retroviral 

construct 

5-8wks 
%YFP/GFP 

PB 

 Day of 

Sacrifice 

RBCs/ 
ml 

(x109) 

BM WBCs 
2xfemur/tibia 

(x106) 

Spleen 
weight 

(g) 

% BM 

blasts 

 % 
YFP/GFP 

BM 

% 
YFP/GFP  

CD11b 

% 
YFP/GFP  

Gr-1 
 

1# 
Hoxa9/ 
MIEG3 80.1 

 
80 181.6 96.5 0.784 12 

 
97.7 98.3 63.2 

2 
Hoxa9/ 
MIEG3 80.3 

 91 107.5 106.4 0.896 9  68.2 83 38.3 

3 
Hoxa9/ 
MIEG3 83.8 

 147 109.8 100.88 1.192 18  96.4 74.9 30.3 

4 
Hoxa9/ 
MIEG3 75.7 

 152 186.6 174.6 0.918 10  96.2 20.1 4.2 

5# 
Hoxa9/ 
MIEG3 53.3 

 164 78.06 N/A 1 14  80.7 63.4 41.5 

6 
Hoxa9/ 
MIEG3 

58.4  137 67.56 107.44 1.705 10  N/A N/A N/A 

7 
Hoxa9/ 
MIEG3 

35.3  228 N/A N/A N/A N/A  N/A N/A N/A 

8# 
Hoxa9/ 
MIEG3 

59.8  96 140.3 90.8 1.016 11  96.3 35.4 28.8 

9 
Hoxa9/ 

MIEG3Gpr56 
69.1 

 
87 24.4 116.4 0.691 14  

 

87.9 98.3 39.3 

Table 6: Hematologic characteristics of diseased mice transplanted with cells 

double transduced with Hoxa9 and mGpr56 

Figure 21: Simultaneous transduction of Hoxa9 and Gpr56. Proliferative 

potential was studied in-vitro by CFC assay (N=3) in presence of serum 
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Mouse 
no. 

Retroviral 
construct 

5-8wks 
%YFP/GFP 

PB 

 Day of 
Sacrifice 

RBCs/ 
ml 

(x109) 

BM WBCs 
2xfemur/tibia 

(x106) 

Spleen 
weight 

(g) 

% BM 
blasts 

 % 
YFP/GFP 

BM 

% 
YFP/GFP  
CD11b 

% 
YFP/GFP  

Gr-1 
 

10 
Hoxa9/ 

MIEG3Gpr56 
41.4  87 17.72 110.7 0.685 15  97.9 97.8 18.5 

11 
Hoxa9/ 

MIEG3Gpr56 
74.2  87 48.48 97 0.606 14  35 96.3 68.1 

12 
Hoxa9/ 

MIEG3Gpr56 
22.6  95 170.38 40.7 0.664 N/A  78.6 91.2 36.8 

13# 
Hoxa9/ 

MIEG3Gpr56 
41.3 

 
106 29.74 47.5 0.783 6  98.2 98.5 92.2 

14 
Hoxa9/ 

MIEG3Gpr56 
86.9 

 
152 250.24 143 1.618 11  N/A N/A N/A 

15 
Hoxa9/ 

MIEG3Gpr56 
66.2 

 
137 46.02 55.6 0.8 43  N/A N/A N/A 

16 
Hoxa9/ 

MIEG3Gpr56 
84.9 

 
136 N/A 116.4 N/A N/A  N/A N/A N/A 

17 
Hoxa9/ 

MIEG3Gpr56 
29.8 

 
117 N/A 110.7 N/A N/A  N/A N/A N/A 

18 
Hoxa9/ 

MIEG3Gpr56 
18.8  121 N/A 97 N/A N/A  N/A N/A N/A 

19 Hoxa9/ 
MIEG3Gpr56 

27.3  226 N/A 40.7 N/A N/A  
 

67 62.8 51.3 

 

      The effect of Gpr56 on leukemic cells could be dose dependent.  The long-term 

cultures were sorted 3x for the highest GFP/YFP expression to ensure maximum 

purity, in addition Hoxa9 alone also increases Gpr56 expression. Comparing the 

expression levels between the long-term cultures and newly sorted simultaneously 

transduced Hoxa9/MIEG3Gpr56 cells revealed a dramatic difference in the 

expression levels at time of transplant (Fig. 22).  This could explain why we see a 

phenotype in the long term cultures whereas survival differences are absent when 

Hoxa9 and Gpr56 are expressed concurrently.  

# BM cells transplanted into secondary mice 

Table 6 continued: Hematologic characteristics of diseased mice transplanted 

with cells double transduced with Hoxa9 and mGpr56. 



Results 

60 
 

  

 

 

3.6. Inhibition of GPR56 adhesion function increases the 

survival rate of AML xenotransplants 

    GPR56 is abundantly expressed on normal karyotype AML and its expression is 

correlated with poor prognosis. We sought to determine if the adhesion function of 

GPR56 was dispensable for AML.  MV4-11 cells are known to overexpress HOXA9 

and MEIS1 genes, carry a Flt-3 internal tendem duplication and thus, were chosen 

as the AML model.   MV4-11 cells were treated for 2hrs with anti-GPR56 antibody 

at concentrations of 10µg and 50µg per 1 x 106 cells and then used for analysis.  

When these blocked cells were transplanted into NSG mice, only concentrations of 

50µg per 1x106 affected the disease latency (Isotype median latency: 45) (Fig. 23A, 

Table 7).  To exclude antibody toxicity, MV4-11 cells were treated with antibody and 

then annexin-V staining was performed immediately and 24hrs post treatment (Fig. 

23B) 
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 Figure 22: Expression of Gpr56 in Hoxa9MIEG3 Gpr56 long-term cell 

cultures or BM cells transduced simultaneously with Hoxa9/Gpr56 and 

sorted.  Results are expressed as fold change compared to Hoxa9MIEG3 LTC1/2 

or Hoxa9/MIEG3 simultaneous transduction respectively (n= 2) 
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Figure 23: Reducing Gpr56 adhesion function by antibody blocking 

increases the latency of AML leukemias. A.) Kaplan-Meier survival curve for 

mice transplanted with MV4-11 cells following antibody block and transplant. 

Significance determined by Mantel-Cox B.) Annexin-V staining for MV4-11 cells 

immediately and 24hrs after antibody treatment (n=3). *This figure was 

generated with assistance from Nicole Kristen, Exp. Tumor For. University Ulm. 

First published in Daria, D et al., 2016 with permission from Leukemia. 
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Mouse NO. Treatment Day of Sacrifice %CD45 

1 Isotype control 34 N/A 

3 Isotype control 34 90.4 

4 Isotype control 45 N/A 

5 Isotype control 50 42.4 

6 Isotype control 111 59.5 

7 Isotype control * 4.1 

8 Isotype control 40 56.6 

9 Isotype control 51 N/A 

10 Isotype control 40 58.2 

11 10ug anti-GPR56 AB 70 77.7 

12 10ug anti-GPR56 AB 57 28.8 

13 10ug anti-GPR56 AB 98 66.2 

15 10ug anti-GPR56 AB 52 59.7 

16 10ug anti-GPR56 AB 56 N/A 

17 10ug anti-GPR56 AB 34 58.5 

18 10ug anti-GPR56 AB 34 30.6 

19 10ug anti-GPR56 AB 40 N/A 

    
20 50ug anit-GPR56 AB * 3.7 

21 50ug anit-GPR56 AB * 5.4 

22 50ug anit-GPR56 AB * 7 

23 50ug anit-GPR56 AB 47 25.4 

24 50ug anit-GPR56 AB 91 N/A 

25 50ug anit-GPR56 AB * 10.6 

* Mice sacrificed at end of experiment 

   

    

 

Table 7: Percentage of antibody treated MV4-11 engraftment in the BM 

at day of sacrifice  

A) 
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P= 0.03

   To determine if primary patient samples reacted in a similar manner when treated 

with an anit-GPR56 antibody as the MV4-11 cells, Flt3+ NPM1c- primary patient 

samples were employed.  The patient samples showed a decrease in percent 

human leukemia  engraftment in the bone marrow at 12wks when treated with anti-

GPR56 antibody when compared to isotype control (Fig 24 A, B, Table 8).  These 

results demonstrate that the aggressiveness of the disease can inhibited or delayed 

upon the addition of high concentrations of anti-GPR56 antibody. 
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Figure 24: Staining primary patient samples with anti-GPR56 antibody reduces 

engraftment at 12wks post-transplant. A.) Percent hCD45 12wks post-transplant in 

BM of NSG mice transplanted with FLT3-ITD+ primary patient cells following antibody 

block of Gpr56 and transplant. (N=2 patients 2-3 mice each patient) B.) Flow cytometric 

profiles of BM cells stained for human CD45 and CD33. First published in Daria, D et 

al., 2016 with permission from Leukemia. 
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Table 8: Engraftment of NSG mice determined by %hCD45 found in BM of 12 week 

old mice 

Mouse No. Bio ID Treatment % hCD45 

1 NPM1- Flt3+   BioID 2985 50ug Isotype 25.4 

2 NPM1- Flt3+   BioID 2985 50ug Isotype 11.7 

3 NPM1- Flt3+   BioID 2985 50ug Isotype 6.7 

4 NPM1- Flt3+   BioID 2907 50ug Isotype 39.0 

5 NPM1- Flt3+   BioID 2907 50ug Isotype 35.2 

6 NPM1- Flt3+   BioID 2907 50ug Isotype 29.6 

    

7 NPM1- Flt3+   BioID 2985 50ug Anti-GPR56 AB 4.8 

8 NPM1- Flt3+   BioID 2985 50ug Anti-GPR56 AB 4.3 

9 NPM1- Flt3+   BioID 2985 50ug Anti-GPR56 AB 11.5 

10 NPM1- Flt3+   BioID 2907 50ug Anti-GPR56 AB 4.7 

11 NPM1- Flt3+   BioID 2907 50ug Anti-GPR56 AB 17.0 
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4. Discussion 

     Along the differentiation cascade from early stem and progenitor cells (LSK) to 

the mature, fully functioning white blood cells (CD3e, B220, Gr-1, Mac-1), Gpr56 

expression decreased suggesting its importance in stem cell maintenance.  Further 

proof of this was shown by Solaimani Kartalaei, P., et al who demonstrated the 

importance of Gpr56 expression in the emergance of the first HSCs in embyonic 

hematopoiesis (Solaimani Kartalaei, Yamada-Inagawa et al. 2015).  Where as all of 

the studies thus far demonstrating the importance of Gpr56 expression utilze either 

an shRNA approach or a knockout mouse model, we were the first to study the 

affect of increased Gpr56 expression on normal hematopoiesis.   

     Retroviral overexpression of murine Gpr56 was employed to increase the 

expression of Gpr56 at the cell surface of normal hematopoietic cells.  However 

subsequent transplantation of BM cells transduced with either Gpr56 or vector 

control into lethally irradiated mice did not noticeably change the engraftment ability, 

proliferative potential, or lineage distribution.  We have concluded that increased 

Gpr56 expression has no effect on normal hematopoiesis, perhaps due to an 

already saturated threshold level for effective protein function and additional protein 

expression is redundant.    

      However, because we chose to overexpress the full length protein instead of a 

constitutively active mutant, we can not rule out that the Gpr56 receptor was 

“switched off” at critical times during engraftment or hematopoietic development. 

Nor can we rule out the possibility that increased Gpr56 expression causes small 

changes which we were not able to determine in our assays.  Furthermore, we chose 

the wild-type reference transcript, however amplification of Bl/6 cDNA revealed 

another transcript, which was not used in this study, that carried additional 15bp at 

the beginning of exon 3 and was similar to transcript variant 8 found in humans. 

Whether this transcript is expressed at the cell surface and plays a role in 

hematopoiesis is yet to be determined.  In addition, we chose to focus on the effect 

increased Gpr56 has on the hematopoietic system in its entirety and may have 

missed changes which would only effect a particular sub-population such as 

hematopoietic stem cells.     
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    GPR56 is expressed at significantly higher levels in AML patients with normal 

karyotype (NK) as compared to patients with complex karyotype (CK) and increased 

HOXA9 expression is associated with patients classified as having a normal 

karyotype.  Therefore, we chose to study the effects of Gpr56 in a Hoxa9 driven 

leukemia.  

    Retroviral overexpression of Gpr56 in Hoxa9 long term culture BM cells 

generated a more aggressive AML by reducing the latency of the disease without 

changing the leukemic phenotype.  We do not know if this change was caused at 

the time of transplant or during the span of disease development.  However, we 

could determine that increased Gpr56 expression has no effect on homing in-vivo 

nor attachment to stoma in-vitro, suggesting that there would be no advantage in 

engraftment ability upon increased expression of Gpr56. Further, we did not find an 

increase in cell cycle, change in cell death.  

     Some studies have demonstrated a significant correlation between a self-

renewal gene signature associated with hematopoietic and leukemic stem cells and 

clinical outcome (Eppert, Takenaka et al. 2011). These leukemic stem cells were 

identified based upon their ability to engraft into NSG mice and propogate disease.  

Gpr56 was not only found highly expressed on normal hematopoietic stem cells but 

was also associated with a leukemic stem cell signature.  We observed an increase 

in CFU potential in Hoxa9 MIEG3Gpr56 LTCs compared to vector control (Hoxa9 

MIEG3).  The presence of more leukemic initiating/stem cells when Gpr56 is 

overexpressed would explain the more aggressive phenotype and could be 

addressed by limiting dilution transplantations. Unfortunately, this could not be 

performed during the time of this thesis.   

     The decrease in disease latency could also be due to the pathways which are 

misregulated upon Gpr56 expression.  RNA-Seq results revealed misregulation in 

the Gαq/11-Gβ signaling pathway suggesting Gpr56 is cooperating with other 

receptors.  RNA was extracted from the long-term cultures and not from the BM of 

transplanted mice so we cannot rule out misregulation of additional pathways as a 

result of Gpr56 interacting with the BM microenvironment.  In addition, although 

Gpr56 specific G-proteins Gα12/13 pathway proteins were not dysregulated, we did 

not overexpress a constitutively active Gpr56, nor did we stimulate the receptor 
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beyond normal culture conditions, and thus the receptor could have been turn off at 

the time of RNA extraction.    

     Simultaneous overexpression of Hoxa9 and Gpr56 and subsequent 

transplantation into mice had no effect on the aggressiveness of Hoxa9 driven 

leukemia. This was different from the long-term cultures which did show a decrease 

in disease latency.  This could be due to the difference in expression levels of Gpr56 

between the two systems.  Comparing the Gpr56 expression levels between the 

long-term cultures and the simultaneous expression of Hoxa9/MIEG3Gpr56 sorted 

cells revealed an approximate 50% decrease compared to the long term cultures 

prior to transplant indicating that Gpr56 must be expressed above a certain 

threshold level in order for a phenotypic effect.   

     Another possible explanation of the lack of effect could be that the order of gene 

deregulation influences the behavior of the leukemia.  A recent study examining the 

rise of TET2 and JAK2 somatic mutations are acquired in enriched fractions of stem 

and progenitor cells demonstrated that the order in which these mutations are 

acquired affected the biology of the disease (Ortmann, Kent et al. 2015).  In our 

study we could show a difference in disease latency when Hoxa9 was expressed 

first followed by Gpr56 expression which was not demonstrated in the simultaneous 

transduction suggesting that Hoxa9 is the driver mutation.  We have not, however, 

determined what effect expressing Gpr56 prior to Hoxa9 would have on AML.    

      Previous publications have demonstrated a decrease in engraftment potential in 

Gpr56 knockout mice and shRNA knock-down transplants.  We employed a similar 

approach by staining the receptor with an anti-GPR56 antibody.   The employment 

of high concentrations of antibody (50ug per 106 cells) increased disease latency in 

MV4-11 and reduced engraftment of primary human patient samples. The 

mechanism for this reduction is yet unknown and will have to be tested for 

discrepancies in homing and adhesion.  It is of note that only high levels of antibody 

was able to produce a phenotype again suggesting GPR56 associated phenotypes 

are a dose dependent response.   

     In our antibody treatment studies, we were able to decrease disease latency/BM 

engraftment in human cell lines and bulk patient samples by treating with anti-

GPR56 antibody.  However, GPR56 is associated with a leukemic stem cell 
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signature and could be used as a potential LSC target.  Because of the low number 

of LSCs in the bulk population, some effects of the treatment could be masked due 

to sample size.  Further studies employing CD34+ enriched fractions could be used 

to determine if the anti-GPR56 antibody preferentially targets and/or differentially 

affects the leukemic stem cells. 

5.  Summary 

     In conclusion, we could demonstrate that Gpr56 is highly expressed in the more 

primitive hematopoietic cells with decreased expression upon differentiation. We 

could isolate Gpr56 cDNA from Bl/6 mice and generate a retroviral vector capable 

of transducing cells and increasing Gpr56 on the cell surface.  Retroviral 

overexpression and transplant of Gpr56 in normal hematopoietic cells was not 

oncogenic and did not interfere with normal hematopoiesis.  We could show that 

increased Gpr56 expression in Hoxa9 long-term cultures increased the 

aggressiveness of the disease by reducing the disease latency.  However, 

simultaneous expression of Hoxa9 and Gpr56 resulted in an increase in Gpr56 

expression which was lower than in the expression level of the long-term cultures 

and did not affect disease latency.  In addition, we could increase the disease 

latency in NSG mice transplanted with MV4-11 cells which were treated with anti-

GPR56 antibody prior to transplant.  We could reduce the engraftment of human 

primary patient sample in the bone marrow upon the addition of an anti-GPR56 

antibody.  Further analysis will need to be performed to determine if anti-GPR56 

antibody could be used as a therapeutic target for some types of AML.  
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