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ABSTRACT OF THE DISSERTATION 

 

Deletion of the imprinted gene, Grb10, promotes hematopoietic stem cell self-renewal and 

regeneration 

 

by 

 

Xiao Yan 

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California, Los Angeles, 2018 

Professor John P. Chute, Co-Chair 

Professor Heather R. Christofk, Co-Chair 

 

Imprinted genes have been shown to be differentially expressed by adult stem cells, but the 

function of imprinted genes in regulating adult stem cell fate is not well understood. Here, we 

show that growth factor receptor bound protein 10 (Grb10), a member of the imprinted gene 

family, regulates hematopoietic stem cell (HSC) self-renewal and regeneration. Deletion of the 

maternal allele of Grb10 in mice (Grb10m/+ mice) substantially increased HSC long-term 

repopulating capacity compared to Grb10+/+ mice. Furthermore, following total body irradiation 

(TBI), Grb10m/+ mice displayed accelerated HSC regeneration and overall hematopoietic 

reconstitution compared to Grb10+/+ mice. Grb10-deficient HSCs displayed increased migratory 

capacity and proliferative capacity in vivo following competitive transplantation or irradiation, 

commensurate with increased activation of the RhoGTPase, Rac1. Inhibition of Rac1 abrogated 
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both the enhanced migratory capacity and the increased proliferative potential of Grb10-deficient 

HSCs in vivo. Grb10 has a long-established role as a negative feedback inhibitor of Akt-mTOR 

signaling pathway. In accordance with this, our data show that inhibition of Akt-mTOR signaling 

pathway abolished the early regeneration of long-term HSCs in Grb10m/+ mice following 

irradiation, compared to Grb10+/+ mice. This study reveals a previously unrecognized role for the 

imprinted gene, Grb10, in regulating HSC self-renewal and regeneration and suggests that 

antagonism of Grb10 can promote hematopoietic regeneration in vivo. 
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Chapter 1 Introduction 

 

1.1 The origin of hematopoietic stem cells 

Hematopoietic stem cell (HSC) possesses the unique capacity of self-renewal and differentiation 

to all lineages in the blood system. In adult mammals, HSCs are rare cells in the bone marrow 

and give birth to a hierarchy of progenitors and eventually mature blood cells, include 

erythrocytes, megakaryocytes, monocytes, and lymphocytes1. Previous studies have been 

controversial about the existence of the hemangioblast, a common clonal progenitor for 

hematopoietic and endothelial cells2,3. In mammals, hematopoiesis arises in the aorta-gonad 

mesonephros (AGM) regions first, then later fetal liver, and eventually bone marrow2. Recently 

the placenta has also been added as an additional hematopoietic organ during fetal period1.  

During the development, HSCs migrate through the hematopoietic compartments and eventually 

into bone marrow. Among all the cellular factors in the microenvironment, chemokine (C-X-C 

motif) ligand 12 (CXCL12) and stem cell factor (SCF) have been proven to have key regulatory 

role for HSC migration4,5. 

1.2 Hierarchy of hematopoietic stem cells 

Hematopoietic stem cells differentiate into a variety of cells from long-term stem cells to mature 

hematopoietic cells that have no self-renewal capability. Cells with “stemness” only represent a 

very rare population in the bone marrow, the frequency of which is 0.0001%-0.005%, according 

to previous publications6,7. Long-term HSCs (LT-HSCs) are the most primitive stem cell 

population with unlimited self-renewal capability. The long-term reconstitution capacity can be 

assessed by transplantation of single cells into lethally irradiated mice and monitor the 

repopulation of stem cells. Short-term HSCs are derived from LT-HSCs, and they possess 



	 2	

limited capability of self-renewal and will differentiate within 3 to 6 months. ST-HSC further 

differentiates into multipotent progenitors (MPPs). MPPs have no self-renewal capability, but 

they still maintain the potential to differentiate into all lineages in the hematopoietic system8.  

Differentiation of MPPs leads to the divergence of lineage-restricted progenitors, common 

myeloid progenitors (CMP) and common lymphoid progenitors (CLP). Granulocyte-monocyte 

progenitors (GMPs) and megakaryocyte-erythroid progenitors (MEPs) are further differentiated 

from CMPs and produce macrophages, neutrophils or megakaryocyte, red blood cells and 

platelets, respectively9. CLPs are limited to produce cells in the immune system, including B and 

T lymphocytes, and natural killer (NK) cells10.  

Recently studies show that dendritic cells (DCs), can originate from either CMPs or CLPs11,12. It 

is very interesting to point out that both MPPs and CLPs can migrate from bone marrow to the 

thymus and initiate T cell development13. However, the molecular mechanisms that dominate the 

lineage potential in these migrated MPPs remain unknown. Previous research show that CCR9+ 

MPPs, one of the MPPs that have lymphoid differentiation trend, is the main MPP migrates to 

thymus14. Notch signaling was shown to play a critical role in the development of T cells, by 

preventing the production of B cells from these CCR9+ MPPs in the thymus14. Further research 

will need to be conducted to determine the other signaling pathways that are involved in the T 

cell-oriented differentiation of MPPs.  

1.3 Characterization of hematopoietic stem cells 

A comprehensive marker system has been established to distinguish different cell population in 

the hematopoietic lineage.  A common method is to enrich HSCs by staining of cell surface 

markers c-Kit, Sca-1 and Lineage, and selecting for c-Kit+Sca-1+lineage- (KSL) cells. However, 

KSL cells still consist a combination of cells possessing different cell renewal capability. Only 
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10% of KSL cells have shown to have long-term repopulating capacity in the bone marrow 

transplantation assay15.  To further enrich long-term HSCs, two additional markers, CD34 and 

Flt3, have been utilized to separate KSL cells into KSL CD34-Flt3- long-term HSCs, and KSL 

CD34+Flt3- short-term HSCs, and KSL CD34+Flt3+ cells that are responsible primarily for rapid 

lymphoid reconstitution16. It is of note that recent research has developed a new and more 

efficient labeling system of HSCs, the signaling lymphocytic activation molecule (SLAM) 

family of HSC cell surface markers17.  CD150+CD48-c-Kit+Sca-1+Lineage- (SLAM KSL) cells 

are enriched for HSCs, with one third of which are long-term HSCs. CD150-CD48-KSL cells are 

enriched for multipotent progenitors (MPPs), while common myeloid progenitors (CMPs) can be 

marked as CD34+FcγR-Lineage-Sca1-c-Kit+ cells, and common lymphoid progenitors (CLPs) be 

marked as Lineage-Sca-1-c-Kit-Flt3-IL7Rα+ cells18.  For the mature cell lineage, B220 is used to 

mark B-lymphocytes, CD4 and CD8 are used for detection of T lymphocytes, while Mac-1 and 

Gr-1 are used for myeloid cells and Ter119 for erythroid cells.  

Similar to the mouse, human HSCs can be identified by a combination of cell surface markers. 

The majority of human HSCs can be enriched by positive selection of CD3419.  Additional 

markers, including CD45RA20, Thy121 and CD3822 have been discovered for the further 

enrichment of human HSCs. In conclusion, human LT-HSCs are enriched in CD34+CD38-

CD45RA-Thy1+ cells and MPPs can be characterized by CD34+CD38-CD45RA-Thy1- cells. 

Recently our lab has identified a cell surface marker, protein tyrosine phosphatase receptor type 

S (PTPRS) that has the potential to serve as an additional marker for human HSCs23.  

1.4 HSC assays 

Besides flow cytometry-based phenotypic assays, a set of functional assays has been established 

to assess hematopoietic cells at different differentiation stage. Progenitors, mainly myeloid 
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progenitors, can be detected by colony-forming cell (CFC) assay. Cells from bone marrow, cord 

blood and mobilized peripheral blood are usually used for the CFC assay. Standard CFC assay 

contains a culture period of 14 days24. Different cell populations, including colony-forming 

units-granulocyte/macrophages (CFU-GM), burst forming units-erythroid (BFU-E) and colony 

forming units –granulocytes, erythrocytes, macrophages and megakaryocytes (CFU-GEMM) can 

be distinguished and counted from CFC results. Long-term culture-initiating cell (LTC-IC) assay 

has been developed to provide a quick method to evaluate HSCs in vitro, although the readout 

mainly stands for short-term HSCs25. Tested cells were co-cultured with a single layer of 

endothelial cells for 4 weeks and the stem cells were analyzed by colony-forming cell assay. The 

gold standard assay for HSC biology is the competitive repopulation unit assay (CRU).  In this 

assay, tested bone marrow cells were mixed with competitor cells in a predetermined ratio, and 

injected through tail vein into lethally irradiated recipient mice. At certain times after bone 

marrow transplantation, peripheral blood from recipient mice were sampled and stained for 

donor cell engraftment.  To assess the effect of the long-term hematopoietic stem cells, bone 

marrow cells from primary recipient mice were isolated and injected through tail vein into 

lethally irradiated recipient mice, which are the secondary recipient mice. Donor engraftment 

data from secondary recipient mice are indicators of the long-term HSC performance.  

1.5 HSC microenvironment 

Hematopoietic stem cells are found to reside in stem cell niches----a local tissue 

microenvironment that provides growth signals and maintains the “stemness” of the stem cells26. 

Previous studies discovered the existence of two different kinds of HSC niches: the endosteal 

niche near the bone surface and comprised of osteoblasts, and the vascular niche near the 

sinusoidal vessels26. The concept of endosteal niche has been controversial over the years. Notch 



	 5	

signaling, through Notch Ligand Jagged-1, can stimulate more HSCs by regulation of osteoblasts, 

suggesting a regulatory role of osteoblasts in the hematopoietic stem cell maintenance27. 

However, conditional deletion of CXCL12 or SCF in the osteoblasts have not influenced the 

normal function of HSCs, either by complete blood counts or bone marrow reconstitution 

experiments28,29. These data suggest that osteoblasts are dispensable for HSC maintenance.  

However, this can be explained by lack of specific mouse models to knock out osteoblasts.  

Extensive studies have been performed to study the role of endothelial cells in the HSC niche. 

Growth factors, such as CXCL12, epidermal growth factor (EGF), pleiotrophin (PTN), and stem 

cell factor (SCF), have all been shown to be secreted by endothelial cells and regulate HSC 

proliferation or retention at homeostasis or in response to stress such as injury30,31.  Recent study 

also identified a novel mechanism that endothelial cells support HSC by expression of cell 

surface markers including E-selectin32.  

Besides endothelial cells, perivascular cells in the HSC niche have recently been discovered to 

have key functions for HSC maintenance and regeneration. Among all the perivascular cells, 

CD146 and platelet-derived growth factor receptor-α expressing cells localized near HSCs, and 

these cells have high expression levels of CXCL12 and SCF, thus mediating HSC maintenance 

and retention33,34. Of note, CXCL12-expressing cells, or CXCL12-abundant reticular (CAR) 

cells, are the main regulators of HSCs, although the exact composition of CAR cells is still 

unknown34. Deletion of CAR cells leads to a significant decrease in HSC number in the bone 

marrow compartment34.  

Sympathetic nerves are also involved in the trafficking of HSCs during homeostasis. Nestin+ 

cells, many of which are also CAR cells, contact with sympathetic nerves directly in the bone 

marrow35. By β3-adrenergic receptor signaling pathway, Nestin+ cells downregulate HSC 
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maintenance genes including CXCL12 and Angpt1. Another cellular component of neuronal 

system, Nonmyelinating Schwann cells, also co-localize with HSCs and activate transforming 

growth factor-β (TGF-β)-SMAD signaling pathway, keeping HSC in a quiescence state35.  

1.6 BM suppression of hematopoietic stem cells  

Bone marrow cells are very sensitive to stress including chemotherapeutic agents and ionizing 

radiation. This limits the dose of therapies in hematologic malignancies and disorders. A couple 

of hematopoietic growth factors, including erythropoietin (EPO), granulocyte-colony stimulating 

factor (GCSF) and granulocyte-macrophage stimulating factor (GMCSF), have been used to 

protect HSCs during the therapy36.  

The risk of radiation exposure has been increased in the modern society. High radioactive 

sources such as cobalt-60 and cesium-137 previous used in radiotherapy machines can cause 

local skin injuries or acute radiation syndrome to the operators. Radiation can target rapidly 

dividing cells including bone marrow cells. The effect of radiation is dependent on the dose. Low 

dose radiation does not cause cell death, but increases the chance of malignant mutation36.  For 

radiation dose above 10Gy, the mortality significantly increases36. Long-term defects of radiation 

on HSCs have also been reported previously, including HSC senescence, and deficit in bone 

marrow transplantation37,38.  

Our lab found that systemic administration of a neurite outgrowth factor, pleiotrophin (PTN), 

promotes a significant expansion of bone marrow stem and progenitor cells in vivo39. In addition, 

injection of PTN significantly increases the survival of irradiated mice, potentially by regulating 

proliferation of hematopoietic progenitors after irradiation40.  Of note, PTN treatment has 

significantly better therapeutic effect compared to mice treated with saline or GCSF39. In another 

study, we found that epidermal growth factor (EGF) signaling to be upregulated in the bone 
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marrow serum after radiation. Treatment of EGF significantly promotes HSC regeneration in 

vivo, as can be determined by the increasing number of whole bone marrow cells, KSL cells, 

colony-forming cells and CFU-S1241. Finally, our lab found that inhibition of aldehyde 

dehydrogenase (ALDH) with diethylaminobenzaldehyde (DEAB) significantly increases the 

number of HSCs in culture compared to control cells42.  

Research from other labs also suggests the involvement of Akt-mTOR and Notch signaling 

pathways in the HSC regeneration40. Other factors including angiocrine factors fibroblast growth 

factor 2 (FGF2), insulin-like growth factor binding protein 2 (IGFBP2), Angiopoietin-1 

(ANGPT1), bone morphogenetic protein 4 (BMP4) and desert hedgehog (DHH), are also 

involved in the regeneration of HSCs43.   

Chemotherapy is another main source of hematopoietic injury. Current chemotherapy method 

includes antimetabolites, DNA-damaging drugs and tyrosine kinase inhibitors44,45. 5-fluorouracil 

(5FU) is often used in hematopoietic regeneration studies because of its limited toxicity. 5FU has 

been widely used to enrich hematopoietic stem cells by induction of death to the dividing cells.  

1.7 Grb10 family of adaptor proteins 

The Grb (growth factor receptor-bound) family of proteins are a group of cellular adaptor 

proteins that have no intrinsic enzymatic activity. There are three members in the Grb family: 

Grb7, Grb10 and Grb1446. Originally, Grb family members were identified by CORT (cloning of 

receptor targets) screens with autophosphorylated C-terminus of the EGFR as a probe to screen 

for interacting proteins47.  

Grb family member share a common GM (Grbs and Mig) region in the center, which is 60% 

identical between Grb7, 10 and 1448.  The GM region can be further divided into RA (Ras-

association)-like and PH (pleckstrin homology) domains. An SH2 (Src homology 2) domain is 
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located at the C-terminus of the protein and is the primary binding site to phospho-tyrosines of 

growth factor receptors and intracellular signaling proteins. The signature domain for the Grb 

family proteins is called BPS (between the PH and SH2 domains)49.  

Previous data indicates that, murine Grb10 mRNA is highly expressed in insulin target tissues, 

including skeletal muscle, adipose tissue, heart and kidney50. In addition, Grb10 is highly 

expressed in fetal liver but not adult liver tissues51. Grb14 has a similar expression pattern as 

Grb1052. The expression of Grb7 is unique that Grb7 mRNA is not detected in murine skeletal 

muscle, but is highest in the liver and kidney53.   

Expression of Grb family member proteins in humans generally correlates with the murine 

expression profile. Besides the high expression of hGrb10 in skeletal muscle, hGrb10 also has 

high expression in pancreas54. hGrb10 also has intermediate expression in cardiac muscle and 

brain, while the expression in the other tissues are trivial. As for hGrb14, the expression is high 

in liver and heart, and relatively low in a variety of other tissues including human skeletal muscle, 

pancreas, kidney and gonads55. Overall, hGrb10 and hGrb14 exhibit similar expression patterns 

while the expression of hGrb7 is unique, with limited expression mainly in pancreas, prostate, 

liver and small intestine54.   

Grb family members have the potential to bind to numerous receptor tyrosine kinases through 

their SH2 domain46. For example, it has been well characterized that Grb10 and Grb14 bind to 

insulin receptor (IR) and IGFR (insulin-like growth factor receptor), although the binding to the 

latter is much weaker. Biochemical assays, including yeast-two hybrid screen or pull down 

assays, have shown that Grb family members interact with c-kit/SCFR (stem cell factor receptor), 

EphB1, ErbB2/3/4, FGFR (fibroblast growth factor receptor) and PDGFβR (platelet-derived 

growth factor β-receptor), Ret and Tek (tunica endothelial kinase)/Tie246,47.  



	 9	

It is of note that Grb10 has a stronger binding capability to IR compared to IGFR. However, the 

mechanism to explain the differential binding capability of the SH2 domain to the IR and IGFR 

has not been clearly illuminated. Binding of Grb10 and Grb14 to IR has been shown to inhibit 

the downstream activation of PI3K (phosphoinositide 3-kinase) and protein kinase B/Akt, in 

some situations Erk/MAPK signaling as well46. On the contrary, research from another lab 

suggests that Grb10, specifically, may have positive regulatory role in the regulation of insulin 

and other growth factor signaling pathway47. With an overexpression model, they found that 

Grb10 promotes cell proliferation under the setting of insulin, IGF-1 or PDGF-BB treatment56. 

One possible explanation for the inconsistency in the data regarding to the role of Grb10 is that 

these studies are utilizing an overexpressing model with various cell lines, some of which have 

no expression of Grb10 under physiological conditions. The most definitive data comes from the 

knockout studies in mice. In one mouse model where Grb10 was disrupted by a gene-trap 

insertion, Grb10 deficient mice show both embryo and placenta overgrowth compared to 

littermate control57. Grb14 deficient mice show increased tolerance of glucose by elevating the 

incorporation of glucose into glycogen. This phenotype is mediated by the increased activation 

of insulin signaling pathway58.  

Several potential mechanisms have been proposed to explain the function of Grb10.  Grb10 

activation was shown to decrease the phosphorylation of receptors such as IR, although data 

from different research groups have been controversial59,60. In addition, Grb10 was shown to 

interact with Nedd4, a critical protein involved in protein degradation61. Grb10 overexpression 

leads to the increased ubiquitination of the IGFR and eventually the accelerated degradation of 

the receptor62. Moreover, other data suggest that Grb10 is involved in the regulation of apoptosis. 

Grb10 binds to Raf-1 and MEK1 through its SH2 domain63. The disruption of this binding in 
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cells induces apoptosis, although the detailed mechanism has not been clearly identified. Finally, 

research shows that Grb7 regulates cell migration induced by growth factor signaling64. However, 

there were few studies on the effect of Grb10 on cell migration.  

1.8 Imprinted gene network 

The phenomenon of gene imprinting has been observed for decades.  With the two alleles of 

gene inherited (one from mother and one from father), the imprinted genes are only expressed 

from one allele. Current evidence shows that the parental legacy is controlled on the epigenetic 

level—by histone modifications including DNA methylation65. 

Among all the imprinted genes, a subset of them, named imprinted gene network (IGN), have 

been shown to have down-regulation of mRNA expression with age in multiple organs68. These 

genes include Igf2, H19, Plagl1, Mest, Peg3, Dlk1, Gtl2, Grb10, Ndn, Cdkn1c and SLC38a4. 

This decline in expression correlates well with the decrease in growth rate, indicating a potential 

cell proliferation control mechanism by gene imprinting68. Another research shows that, within 

the IGN, Grb10, Gtl2, H19, Ndn and Peg3 are predominately expressed in murine LT-HSCs, 

while the expression of Gatm, Plagl1 and Sgce are significantly higher in the murine LT-HSCs 

compared to mature hematopoietic cells69. Interestingly, Grb10 shows increased expression in 

the LT-HSCs after 5-FU treatment, suggesting a potential regulatory role of Grb10 in the HSC 

regeneration68. Data from human bone marrow cells also confirmed that most of the IGN genes 

have elevated expression in the stem cell portion68. Of note, expression data from mouse muscle 

and skin tissues show that IGN gene expression is enriched in the stem cells within these 

tissues68. These data lead to a model that the expression level of IGN genes is an indicator of 

tissue development. In the embryogenesis when the growth potential is highest, IGN genes are 

highly expressed and regulate the development process. During the maturation, the expression of 
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IGN is decreased gradually in the non-stem somatic cells. However, in the somatic stem cells 

where the growth potential is partially retained, the expression of IGN genes are still high, 

although not comparable to the expression level in embryo68.  

Recently researches in hematopoietic stem cells have started to show evidence of the model that 

IGN regulates development. Deletion of the maternal but not paternal differentially methylated 

region upstream of H19 (H19-DMR), changes the adult hematopoietic stem cells from a 

quiescence state to active proliferation state, thus compromises hematopoietic stem cell 

function70. This phenotype is potentially mediated by the elevated Igf2-Igfr1 signaling pathway. 

In another study, the imprinted Dlk1-Gtl2 locus, that produces multiple non-coding RNAs 

(ncRNAs) maternally, was shown to have a critical role in preserving LT-HSCs71. 

Mechanistically, the miRNA expressed from the Dlk1-Gtl2 locus functions as negative 

regulators of PI3K-mTOR signaling pathway, and induces inhibition of mitochondrial biogenesis. 

More research on other genes in IGN will be needed in order to link the IGN to the “stemness” 

of the hematopoietic stem cells.  

1.9 RhoGTPase family member of proteins and its relation with hematopoiesis 

Rho family of GTPase is a group of proteins that regulates cytoskeleton, migration and adhesion. 

The activity of individual Rho proteins can be regulated by two kinds of signaling molecules, 

guanine exchange factors (GEFs) and GTPase-activating proteins (GAPs)72. Most of the Rho 

GTPase is expressed ubiquitously. However, Rac subfamily of RhoGTPase (Rac1, Rac2 and 

Rac3) have been shown to be particularly important for hematopoietic cells. While another 

identified hematopoietic-specific Rho GTPase, RhoH, have been shown to modulate Rac 

signaling73. Crosstalks from different subgroups of Rho GTPases have also been discovered. 

Cdc42, Rac and RhoA can influence each other’s function, either by stimulation or inhibition.  
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Rac1 and Rac2 in hematopoiesis 

With a knockout mice model, Rac1-deficient HSCs have demonstrated deficit in the response to 

extracellular signaling such as SCF74, while the Rac2-deficiency leads to the increased apoptosis 

in HSCs in response to SCF74. Studies also show that, mouse mutants of Rac1 and/or Rac2 reveal 

the involvement of Rac family proteins in the regulation of HSC adhesion, migration, 

degranulation and cell shape change75. Rac1 and Rac2 have also been shown to be linked to cell 

proliferation and survival. Altogether, Rac GTPases are important molecular switches for the 

localization of the stem cells in the bone marrow microenvironment.  A novel molecule inhibitor, 

NSC23766, has been developed to promote the mobilization of the HSC, which has great clinical 

value74. 

Rac3 and its role in the hematopoiesis 

Rac3 was identified from a chronic leukemia cell line and is the third member of the Rac 

subfamily. Rac3-/- mice have not shown major abnormalities, although one group has found a 

really subtle neurological phenotype76. Interestingly, although no functional relationship has 

been suggested in the hematopoiesis, the expression of Rac3 is significantly decreased in the 

differentiated cell population, suggesting a potential relationship between Rac3 and “stemness”77. 

One possible explanation is that the function of Rac3 is inhibited by the Rac2 expression78. 

However, further research will need to be conducted in order to conclude on the real function of 

Rac3 on stem cells.  

Cdc42 in hematopoiesis 

Previous research indicates a functional role of Cdc42 in the regulation of gradient sensing and 

filopodia79. In lymphocytes, a dominant negative form of Cdc42, is closely related to the 

disruption in cell polarization and reduced response to SDF1 (CXCL12), which is one of the 
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most potent chemokine for lymphocytes80. In two mouse models, inhibition of Cdc42, by genetic 

deletion of the Cdc42 GEF, decreases the capability of cell migration by influencing G-coupled 

receptor signaling and PAK activation72. On the other hand, overactivation of Cdc42 activity, by 

knockout of Cdc42 GAP protein, leads to a significant increase in the cell death profile in the 

HSC population72. As for the mature hematopoietic cells, Cdc42 deficient neutrophils have 

enhanced capability to mobilize, but the migration is decreased due to a deficient in the 

podosome-like structure81. In accordance with this, Cdc42-/- mice have increased number of HSC 

in the blood, indicating a deficiency in the homing of HSCs to the bone marrow niche82. In 

addition, Cdc42-/- mice show a myeloproliferative disorder as shown by the abnormal increase in 

neutrophils and other myeloid cells as well as by the increased number of colony-forming cells 

(CFCs) with Cdc42-/- bone marrow cells72.  

RhoA in hematopoiesis 

Compared to the extensive study on Rac and Cdc42, the role of RhoA on hematopoiesis has been 

less studied. RhoA activation has fundamental effect on cell cycle, by regulating the expression 

of cyclin D-Cdk4 in the cell cycle and promotes cells to go into DNA replication phase83.  In an 

overexpressing model using a dominant negative form of RhoA GTPase, a group discovered that 

RhoA inhibition promotes HSC engraftment and reconstitution in the bone marrow 

transplantation assay84. RhoA was also closely involved in the regulation of hematopoietic 

progenitor migration in vitro.  

1.10 mTOR signaling and its relation with hematopoiesis  

mTOR signaling pathway has been involved in a variety of cellular processes such as growth and 

proliferation, and the disruption of normal mTOR signaling leads to human disease including 

cancer, obesity, diabetes and neurodegeneration85. There are two mTOR complex in the humans, 
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mTOR complex 1 (mTORC1) and 2 (mTORC2).  Both of the mTOR complexes are comprised 

of several proteins: mTORC1 has six and mTORC2 has seven components. Among the different 

protein components, DEP domain containing mTOR-interacting protein (DEPTOR) was shared 

by both complex 1 and complex 286.  On the contrary, a protein called regulatory-associated 

protein of mammalian target of rapamycin (raptor) is specific to mTORC1, while another protein, 

named rapamycin-insentivie companion of mTOR (rictor) is unique to mTORC287,88.  

mTORC1 

mTORC1 is capable of integrating five different signals, including growth factors, stress, energy 

status, oxygen, and amino acids, and controls different cellular processes85. Directly upstream of 

mTORC1 is the protein heterodimer tuberous sclerosis 1 (TSC1) and TSC2. Previous report 

indicates that TSC1/TSC2 directly regulates signaling from insulin and insulin-like growth factor 

1 (IGF1)85. In another report, Wnt signaling was shown to be activators of mTORC1 through 

TSC1/TSC2 complex89. Finally, tumor necrosis factor-α (TNF α) can also activate mTOR 

signaling pathway by regulating the function of the same complex90. Interestingly, stresses are 

also powerful inducers of mTORC1 signaling. For example, hypoxia or low energy stress 

increases the activity of TSC2, thus inhibits mTORC1 signaling91. DNA damage is the other 

main resource for mTORC1 activation, and it usually involves the p53-signaling pathway85.  

On the downstream, mTORC1 phosphorylates 4E (elF4E)-binding protein 1 (4E-BP1) and S6 

kinase 1 (S6K1) and initiate protein synthesis92. In addition to 4E-BP1 and S6K1, mTORC1 also 

activates tripartite motif-containing protein-24 (TIF-1A), and enhanced the binding of TIF-1A to 

RNA polymerase I (Pol I)93.  Another main function of mTORC1 is the regulation of lipid 

synthesis94. mTORC1 regulates sterol regulatory element-binding protein ½ (SREBP1/2), 

resulting in an active form of SREBPs, which then initiate the transcription of lipogenic 
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genes95,96).  Finally, mTORC1 has been reported to increase the activity of hypoxia inducible 

factor 1α (HIF1α), and thus regulate the cellular metabolism and ATP production95,97.  

mTORC2 

The relationship between mTORC2 and rapamycin has been controversial.  At first it was 

described to be rapamycin insensitive, but recent research has thrown light upon the new 

function of rapamycin, that prolonged treatment of rapamycin significantly reduces the signaling 

through mTORC287,98,99. Signals through mTORC2 have been shown to be selective, because 

only part of the downstream molecules, including forkhead box O1/3a (FoxO1/3a), but not 

GSK3-β100,101. Another key downstream regulator is PKC-α, which is involved in the cell shape 

regulation87,102.  

mTOR and hematopoiesis 

mTOR signaling has long been closely involved in the regulation of HSC function. The deletion 

of PTEN, a negative regulator for mTORC1, leads to the depletion of HSCs by the 

overexpression of p16 and p53 in HSCs, and the overexpression of p19 and p53 in other 

hematopoietic cells103. In another study, tissue-specific deletion of Raptor shows a nonlethal 

phenotype and mice lack Raptor expression have pancytopenia, splenomegaly and increased 

number of monocytes104. Raptor is essential for the regeneration of HSCs, which is the first 

signaling molecule in the mTOR signaling pathway. Induced deletion of TSC, the negative 

regulator of mTOR, leads to rapid cycling of HSCs and eventually depletion, through the 

generation of reactive oxygen species (ROS)105. Co-treatment of canonical Wnt-b-catenin 

signaling activator, together with rapamycin to inhibit mTOR signaling pathway, maintain both 

human and mouse long-term HSCs in a cytokine-free condition106. mTOR was also shown to be 

involved in the aging of HSCs. One study reveals that mTOR signaling activity is increased in 
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the old mice compared to the young mice, and systemic treatment of rapamycin to old mice 

rejuvenate the aging HSCs107. More research will need to be conducted to decipher the function 

of mTOR signaling pathway on HSCs.  

Chapter 2 Deletion of the imprinted gene, Grb10, promotes hematopoietic stem cell self-

renewal and regeneration 

2.1 Grb10 expression is enriched in regenerating BM HSCs.  

2.1.1 Methods 

Mice. All animal procedures were performed in accordance with Duke and UCLA IACUC-

approved animal use protocols. C57BL/6 mice and B6.SJL mice between 8-12 week old were 

obtained from Jackson Laboratory (Bar Harbor, ME) and housed at Duke University Cancer 

Center Isolation Facility and the University of California – Los Angeles Radiation Oncology 

Animal Care Facility. 

Microarray analysis. C57BL6 mice were irradiated at 550cGy TBI with a Shepherd Mark I 

68A Cesium-137 (Cs137) gamma-irradiator. At day+ 14, bone marrow c-kit+sca-1+lineage- 

(KSL) cells were isolated by flow cytometric cell sorting as previously described39. Genomic 

RNAs from irradiated KSL cells and non-irradiated control KSL cells were isolated with Qiagen 

RNeasy Micro Kit (Qiagen, MD). Total RNA were assessed for quality with Agilent 2100 

Bioanalyzer G2939A (Agilent Technologies, Santa Clara, CA)) and Nanodrop 8000 

spectrophotometer (Thermo Scientific/Nanodrop, Wilmington, DE). Hybridization targets were 

prepared from total RNA with the NuGen WT-Ovation Pico RNA Amplification kit (NuGen 

Technologies, San Carlos, CA) followed by the NuGen FL-Ovation Biotin Module V2 (NuGen 

Technologies, San Carlos, CA).  Amplified, labeled cDNA was then hybridized to GeneChip® 

Mouse Genome 430A 2.0 arrays in Affymetrix GeneChip® hybridization oven 645, washed in 
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Affymetrix GeneChip® Fluidics Station 450 and scanned with Affymetrix GeneChip® Scanner 

7G according to standard Affymetrix GeneChip® Hybridization, Wash, and Stain protocols. 

(Affymetrix, Santa Clara,CA).Amplified RNA samples then were loaded onto GeneChip Mouse 

Genome 430A 2.0 arrays (Affymetrix). We analyzed the microarray data with Partek Genomics 

Suite and generated lists of differentially expressed genes triggered by irradiation, as previously 

described108. Quantile normalization method was used to normalize the gene expression and raw 

data was log2 transformed. Differentially expressed genes were identified using the Partek 

software. ANOVA (Analysis of variance) was used to calculate the p value.  Genes showing 

altered expression with p < 0.05 and more than 2 fold changes were considered differentially 

expressed. The pathway and network analysis was performed using Ingenuity (IPA). IPA 

computes a score for each network according to the fit of the set of supplied focus genes. These 

scores indicate the likelihood of focus genes to belong to a network versus those obtained by 

chance. A score > 2 indicates a <= 99% confidence that a focus gene network was not generated 

by chance alone. The canonical pathways generated by IPA are the most significant for the 

uploaded data set. Fischer’s exact test with FDR option was used to calculate the significance of 

the canonical pathway. 

Quantitative real-time PCR. RNA was isolated using the Qiagen RNeasy micro kit. RNA was 

reverse transcribed into cDNA using iScript cDNA synthesis kit. Using Taqman Gene 

Expression assays, we performed real time PCR analysis for Grb10, Socs2, Adrb2, Ccl3 and 

Ccl4.  

Flow cytometry. BM cells were flushed out from the hinder bones (tibias and femurs) by a 25-

gauge needle with 1X DPBS plus 10% FBS, 1% penicillin-streptomycin. Collected BM cells 

were stained with APC-Cy7-conjugated anti-ckit (BD Biosciences), PE-conjugated anti-sca-1 
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(BD Biosciences), V450-conjugated anti-lineage (BD Biosciences).  Flow cytometry analysis 

was performed on a FACS CANTO II (BD Biosciences).  

Human cord blood collection. Human umbilical cord blood (CB) were obtained from the 

Carolinas Cord Blood Bank at Duke University Medical Center. The protocol was approved by 

the Institutional Review Board of Duke University. Human cord blood cells were separated by 

slowly adding cord blood onto the top of a lymphoprep (Stemcell Technologies Inc, Vancouver, 

BC), and centrifuging for 30min. Red blood cells were lysed twice with ACK lysis buffer 

(Lonza). Lin+ mature hematopoietic cells were depleted by StemStep human hematopoietic 

progenitor cell enrichment kit (Stemcell Technologies). To isolated human Lin-CD34+CD38- 

cells, lineage-depleted Lin- human cells were incubated with PE-conjugated anti-CD34 (BD 

Biosciences), FITC-conjugated anti-CD38 (BD Biosciences) for 30 min and sorted with FACS 

Aria II cell sorter (BD Biosciences).  

Statistical analyses. Data were expressed as the means ± s.e.m. Differences between two groups 

were analyzed with the student’s t test (two-tailed with unequal variance), unless otherwise 

indicated in the Figure Legends. Competitive repopulating assays were compared with a two-

tailed Mann-Whitney test. GraphPad Prism 6.0 was used for all statistical analyses. For all 

animal studies, we used a power test to determine the sample size needed for a 2-fold difference 

in mean with 0.8 power using a two-tailed student’s t-test. Animals in our studies were sex and 

age-matched and wild-type littermates were used as controls. 

2.1.2 Results 

In order to identify novel candidate genes that regulate HSC regeneration, we irradiated B6 mice 

at 550cGy and monitored the recovery of bone marrow c-kit+sca-1+lineage- (KSL) cells, which 

are enriched for hematopoietic stem/progenitors. After bone marrow irradiation, KSL cells were 
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quickly depleted from bone marrow, and gradually show signs of the initial recovery between 

day+10 and day+14 after irradiation (Figure 1).  
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Figure 1 The time course of hematopoietic stem cell regeneration. 

Upper, 10-12wks old C57Bl6 mice received 550cGy TBI and bone marrow c-kit+sca-1+lineage- 

(KSL) cells were evaluated by flow cytometric analysis at indicated time points following 

irradiation. Percentage of KSL cells was shown in the gate (n = 8 mice/group). Lower, KSL cells 

per femur over time following 550cGy TBI (n = 8 mice /time point). 

 

To capture the regenerative phase of hematopoietic stem cells after irradiation, we utilized 

fluorescence-activated cell sorting and isolated murine BM c-kit+sca-1+lineage- (KSL) cells from 

adult C57Bl6 mice at day +14 following 550cGy total body irradiation (TBI), as this is the 
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earliest time point at which BM KSL cells are readily detectable following myeloablative 

irradiation.  We then performed high-throughput microarray analysis and compared the gene 

expression profile between irradiated KSL cells versus non-irradiated control (Figure 2). A list 

of genes is up- and down-regulated by the irradiation damage, many of which have no already 

known role in hematopoiesis.  

Among all the genes that show differential expression in response to irradiation, we are 

particularly interested in growth factor receptor-bound protein (Grb10), that has no already 

known role in hematopoiesis.  

 

Figure 2 Heatmap of KSL cell gene expression after irradiation 

10-12wks old C57Bl6 mice were irradiated at 550cGy TBI and KSL cells were isolated at 

day+14 following irradiation. Microarray analyses were performed with irradiated KSL cells 

compared to non-irradiated control. Heat map shows the top genes that were up- or down-
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regulated by irradiation (n = 6 mice/sample, n = 6 samples /group. Red, increased expression; 

green, decreased expression). 

 

With RT-PCR, we confirmed the expression of five genes that have highest fold-change induced 

by irradiation (Figure 3). Grb10 was 5.5-fold higher in irradiated BM HSCs compared to non-

irradiated HSCs. Suppressor of cytokine signaling 2 (Socs2), a member of the STAT-induced 

STAT inhibitor (SSI) was shown to be significantly up-regulated by irradiation in KSL cells. 

Within the genes that show downregulation caused by irradiation, the beta-2 adrenergic receptor 

(β2 adrenoreceptor) was downregulated by 5-fold in KSL cells in response to irradiation. 

Epinephrine binds to adrb2, and leads to physiologic responses. The downregulation of adrb2 in 

KSL cells after irradiation indicates the potential involvement of neuronal control in 

hematopoietic stem cell regeneration. Interestingly, two cytokines, chemokine (C-C motif) 

ligand 3 (CCL3) and CCL4, were also shown to be downregulated by irradiation in KSL cells. 

CCL3 and CCL4 attract and bind to each other, together they serve as a chemoattractant for 

macrophage, monocytes and neutrophils. To determine the specificity of the expression of these 

genes, we performed RT-PCR with c-kit+sca-1-lineage- hematopoietic progenitor-enriched cells 

(Figure 4). Surprisingly, Grb10 shows no differential expression in the progenitor cells post 

irradiation. These data indicate that Grb10 has unique regulatory role in the irradiation response 

of bone marrow KSL cells.  
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Figure 3 RT-PCR of 5 selected genes at day+14 after 550cGy irradiation 

Mean expression of Grb10 in BM KSL cells before and at day+14 following 550cGy TBI, as 

determined by quantitative reverse-transcriptase PCR (qRT-PCR). Samples were normalized to 

0cGy KSL cells, respectively (n = 6/group, t-test). 
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Figure 4 Expression of Grb10 at KSL and c-kit+sca-1-lin- cells after irradiation 
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Mean expression of Grb10 in BM KSL cells and c-kit+ sca-1- lineage- cells before and at day+14 

following 550cGy TBI, as determined by quantitative reverse-transcriptase PCR (qRT-PCR). 

Samples were normalized to 0cGy KSL cells and 0cGy c-kit+ sca-1-lineage- cells, respectively (n 

= 6/group, t-test). 

 

Grb10 was shown to be a negative regulator of signaling through receptor tyrosine kinase. Of all 

the receptors Grb10 binds to, many of them, such as Tie2, c-kit and FGFR, have critical roles in 

the maintenance of “stemness” at steady state. These data indicate a potential involvement of 

Grb10 in the HSC maintenance. We isolated different portions of bone marrow cells, and used 

RT-PCR to determine the expression of Grb10 (Figure 5). Compared to the expression level of 

Grb10 in whole bone marrow cells, Grb10 was highly expressed in the Lin- cells and KSL cells, 

and have more than 30-fold higher expression in CD34-KSL cells. These data indicate that the 

expression of Grb10 is correlated with the “stemness” of the HSCs and Grb10 is a potential 

regulator of HSC maintenance. To further confirm the role of Grb10, we isolated human cord 

blood stem cells and performed RT-PCR (Figure 6). Compared to total mononuclear cells, 

Grb10 expression was elevated in the Lin-CD34+ cells, which is enriched for the human 

hematopoietic stem cells. However, further enrichment of human hematopoietic stem cells by 

staining Lin-CD34+CD38- did not increase the expression level of Grb10. In clinical applications, 

CD34+ enrichment has been shown to have faster donor engraftment and less clinical 

complications, thus the overexpression of Grb10 in the CD34+ portion of cord blood cells have 

important clinical value109.  
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Figure 5 Expression of Grb10 in murine BM 

Mean expression of Grb10 in different populations of BM cells by qRT-PCR. WBM, whole bone 

marrow cells (n = 6-10 mice/group). 
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Figure 6 Expression of Grb10 in human cord blood 

qRT-PCR shows the mean expression of Grb10 in different fractions of human cord blood. 

MNC, mononuclear cells (n = 8 / group, t-test). 
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2.2 Grb10 ablation promotes HSC engraftment capability 

2.2.1 Methods 

Mice. All animal procedures were performed in accordance with Duke and UCLA IACUC-

approved animal use protocols. Grb10m/+ mice were a kind gift from Dr. Andrew Ward’s group 

(University of Bath, UK). Grb10m/+ mice were maintained in a mixed background of C57BL/6: 

CBA until backcrossed into a C57BL/6 background.  The genetic background of backcrossed 

mice was confirmed using the genome scanning service from Jackson Laboratory (Bar Harbor, 

ME). C57BL/6 mice and B6.SJL mice between 8-12-week-old were obtained from Jackson 

Laboratory (Bar Harbor, ME).  

Mouse competitive repopulating unit assays. Mouse whole bone marrow cells were isolated 

from 10-12-week-old Grb10m/+ and Grb10+/+ mice expressing CD45.2+ allele. Recipient 10-

week old CD45.1+ B6.SJL mice were irradiated with 950cGy TBI using a Cs 137 irradiator 24h 

before bone marrow transplantation. 2 x 105 whole bone marrow cells from either Grb10m/+ or 

Grb10+/+ mice were injected via tail vein into recipient mice along with a competing dose of 2 x 

105 non-irradiated host BM cells. Multilineage hematopoietic cell engraftment was monitored by 

flow cytometry analysis of the peripheral blood at 4, 8, 12, 16 and 20 weeks posttransplant, as 

previous described23,40. To perform the secondary competitive transplant assay, B6.SJL mice 

were irradiated with 950cGy TBI and used as secondary recipients. By volume, 75% of bone 

marrow cells of the primary recipients were injected via tail vein into the secondary recipients 

together with 2 x 105 host competitor bone marrow cells from the B6.SJL mice.  PB samples of 

the secondary recipients were monitored by flow cytometry at 4, 8, 12 and 16 weeks 

posttransplant.  
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Quantitative real time PCR. RNA was isolated using the Qiagen RNeasy micro kit. RNA was 

reverse transcribed into cDNA using iScript cDNA synthesis kit. Using Taqman Gene 

Expression assays, we performed real time PCR analysis for p16, p21 and p27.  

Flow cytometry. BM cells were flushed out from the hinder bones (tibias and femurs) by a 25-

gauge needle with 1X DPBS plus 10% FBS, 1% penicillin-streptomycin. Collected BM cells 

were stained with APC-Cy7-conjugated anti-c-kit (BD Biosciences), PE-conjugated anti-sca-1 

(BD Biosciences), V450-conjugated anti-lineage (BD Biosciences), FITC-conjugated anti-CD48 

(Biolegend), and Alexa Fluor 647-conjugated anti-CD150 (Biolegend). 

Histology. Hematoxylin and eosin (H&E) staining of femurs from mice was performed as 

previously described40. Femurs were fixed overnight in 10% formalin, followed by 

decalcification and paraffin embedding. Images were obtained using an Axiovert 200 microscope 

(Carl Zeiss, Thornwood, NY). 

Statistical analyses. Data were expressed as the means ± s.e.m. Differences between two groups 

were analyzed with the student’s t test (two-tailed with unequal variance), unless otherwise 

indicated in the Figure Legends. Competitive repopulating assays were compared with a two-

tailed Mann-Whitney test. GraphPad Prism 6.0 was used for all statistical analyses. For all 

animal studies, we used a power test to determine the sample size needed for a 2-fold difference 

in mean with 0.8 power using a two-tailed student’s t-test. Animals in our studies were sex and 

age-matched and wild-type littermates were used as controls. 

2.2.2 Results 

Grb10 was one of the genes that are genetically imprinted. Of the two alleles of Grb10 in human, 

only one of them is expressed. Previous data suggest that Grb10 is mainly maternally imprinted 

in most of the mouse tissues except brain. In order to test whether Grb10 regulates 
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hematopoiesis, we obtained Grb10 gene trap mutant mice (Grb10Δ2-4 mice)57 and extensively 

backcrossed this strain into the C57Bl6 strain. Paternal inheritance of Grb10Δ2-4 (Grb10+/p 

mice) caused no significant alteration in Grb10 expression in BM cells, but caused significantly 

decreased expression in the brain (Figure 7). In contrast, maternal inheritance of Grb10Δ2-4 

(Grb10m/+ mice) caused significantly decreased expression of Grb10 in BM lineage- cells, with 

no effect on expression in the brain.   
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Figure 7 Effect of imprinting in Grb10 maternal and paternal deletion mice 

Expression of Grb10 in left, lineage- cells and right, brain of C57Bl6 mice. Grb10+/P, mice with 

Grb10 paternal deletion; Grb10m/+, mice with Grb10 maternal deletion (n = 3 mice / group). (b) 

Complete blood counts of peripheral blood comparing Grb10m/+ mice with Grb10+/+ mice (n = 8 

– 10 mice/group, t-tests). 

 

Because of the structure similarity in the Grb10 family member proteins, we also examined the 

expression level of other members in the Grb10 family, to evaluate the potential compensation of 

other Grb proteins in the case of Grb10 ablation. The expression of Grb10 was significantly 
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decreased in most of the tissues we examined, including BM, Lin-, spleen and peripheral blood 

(Figure 8). However, the expression of Grb7 and Grb14, the other two well-known members of 

the Grb family of adaptor protein, have very limited expression in the hematopoietic system and 

the expression of both Grb17 and Grb14 were not influenced by Grb10 ablation. Based on all 

these data, we therefore focused on the effect of maternal inheritance of Grb10Δ2-4 on the 

hematopoietic system.   
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Figure 8 Expression of Grb family members in different organs in Grb10m/+ mice 
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(a) qRT-PCR shows the expression of Grb10 in Grb10+/+ and Grb10m/+ mice in different tissues. 

(n = 3 mice / group) (b-f) qRT-PCR shows the expression of Grb7, Grb10, Grb14 in the Grb10+/+ 

and Grb10m/+ mice in (b) BM, (c) lineage- cells, (d) PB, (e) Brain, and (f) Spleen. (n = 3 mice / 

group) 

 

First, we performed complete blood count (CBC) assay to determine whether ablation of Grb10 

shows any effect on peripheral blood (PB). Adult Grb10m/+ mice displayed moderately increased 

peripheral blood WBCs, hemoglobin, platelet counts compared to Grb10+/+ mice (Figure 9). 

However, no differences were observed in spleen sizes compared to Grb10+/+ littermates (Data 

not shown).  
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Figure 9 Complete blood counts (CBCs) of Grb10 maternal deletion mice 

Complete blood counts of peripheral blood comparing Grb10m/+ mice with Grb10+/+ mice (n = 8 

– 10 mice/group, t-tests). 
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We then stained lineage markers Mac-1/Gr-1, B220 and CD3 in the PB of Grb10+/+ and Grb10m/+ 

mice. In accordance with the previous data, Grb10m/+ mice have higher percentage of Mac-1/Gr-

1+  myeloid cells but not B220+ B cells and CD3+ T cells (Figure 10). Previous research suggests 

that Grb10 is highly expressed in the CD71+Ter119+ erythroid progenitors (EPs) and lineage-c-

kit+sca-1-CD150+CD41+ megakaryocyte progenitors (MkPs)110, indicating a functional role of 

Grb10 in these progenitors. We performed BM analysis of the EPs and MkPs with Grb10+/+ and 

Grb10m/+ mice (Figure 11). Grb10 maternal deletion leads to increased percentage of both EPs 

and MkPs compared to Grb10+/+ mice. These data further confirmed the myeloproliferative 

defect caused by Grb10 ablation.  
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Figure 10 Lineage staining in the PB of Grb10+/+ and Grb10m/+ mice 

Percentage of PB myeloid cells (Mac-1/Gr-1+), B cells (B220+) and T cells (CD3+) in the PB of 

Grb10m/+ mice and Grb10+/+ mice (n = 8 mice/group). 
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Figure 11 EPs and MkPs in the BM of Grb10+/+ and Grb10m/+  mice 

Mean percentage of erythroid progenitors (EPs) and megakaryocyte progenitors (MkPs) in 

Grb10m/+ mice and Grb10+/+ mice (n=8/group). 

 

To determine the effect of Grb10 ablation in BM cells, which is the primary organ for HSCs, we 

isolated BM cells from Grb10+/+ or Grb10m/+ mice and performed a series of hematologic assays. 

No significant differences were observed in BM cell counts. H&E staining of femurs from 

Grb10+/+ and Grb10m/+ mice confirmed no obvious difference was observed in cellularity (Figure 

12). To further evaluate the change in phenotypic stem cells, we stain the BM for lineage-c-kit+ 

sca-1+ (KSL) cells or CD150+CD48-KSL (SLAM KSL) cells which enrich for the long-term 

HSCs. Roughly one-third of the SLAM KSL cells were shown to have long-term repopulating 

capability. However, we did not observe any significant difference between Grb10+/+ and 

Grb10m/+ mice. These data indicate that Grb10 ablation at steady state did not influence 

phenotypic hematopoietic stem cells. 
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Figure 12 BM analysis of Grb10 maternal deletion mice 

Left, BM counts of Grb10+/+ and Grb10m/+ mice (n = 8 mice / group). Middle and right, 

Percentage of KSL cells and CD150+ CD48- KSL (SLAM KSL) cells of Grb10+/+ mice and 

Grb10m/+ mice were shown by flow cytometric analysis (n = 8 – 12 mice /group). 

 

To test the hypothesis whether Grb10 ablation induces functional change in hematopoietic 

progenitors at steady state, we isolated whole bone marrow cells from Grb10+/+ and Grb10m/+ 

mice, and performed colony-forming-cells (CFCs) assay. Grb10m/+ contained significantly 

increased BM colony forming cells (CFCs) (Figure 13). This data suggests that disruption of 

Grb10 expression mainly influence progenitors. 
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Figure 13 Colony forming cells assay of Grb10 maternal deletion bone marrow 

Colony-forming cells (CFCs) with 10,000 BM cells of Grb10+/+ and Grb10m/+ mice. GEMM, 

granulocyte erythroid monocyte megakaryocyte; BFUE, burst-forming unit-erythroid; GM, 

granulocyte macrophage (n = 6 / group, t-test). 

 

The gold standard to test the effect on hematopoietic stem cells is the competitive repopulating 

unit (CRU) assay. CD45.2+ BM cells from Grb10+/+ or Grb10m/+ were mixed with a dose of 

competitor cells expressing cell surface marker CD45.1+, and injected into lethally irradiated 

recipient mice. At 4, 8, 12, 16 and 20th week after BM transplantation, peripheral blood from 

recipient mice was sampled for donor engraftment.  Although no significant difference was 

observed between Grb10+/+ and Grb10m/+ donor engraftment at 4th week after transplantation, 

starting at 8th week, mice transplanted with BM cells from Grb10m/+ mice displayed significantly 

higher donor engraftments compared with mice transplanted with Grb10+/+ cells. Specifically, at 

20th week post-transplant, mice transplanted competitively with BM cells from Grb10m/+ mice 

displayed approximately 6-fold increased donor-derived, multilineage hematopoietic cell 

repopulation (Figure 14). Most importantly, this difference in donor engraftment capability is 
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multi-lineage, when we analyzed donor-derived Mac-1+/Gr-1+ myeloid cells, CD3+ T cells and 

B220+ B cells (Figure 15). Additionally, we did not observe lineage skewing in the donor 

derived mature cells (Figure 16). These data indicate Grb10 depletion promotes the engraftment 

capability of hematopoietic cells in a transplantation setting. 
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Figure 14 Time course of competitive bone marrow transplantation 

Donor (CD45.2+) cell engraftment over time in recipient CD45.1+ mice transplanted with 

100,000 BM cells from Grb10+/+ and Grb10m/+ mice, together with 200,000 CD45.1+ competitor 

cells (n = 10 - 12 mice / group. p = 0.007, p = 0.01, p = 0.003, p = 0.005, for 8, 12, 16, 20 weeks, 

respectively, Mann-Whitney test). (h) PB analysis of donor derived CD45.2+ cells in the primary 

recipient at 20 weeks after transplantation (Mann-Whitney test). 
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Figure 15 Representative flow cytometry plot of competitive bone marrow transplantation 

Representative flow cytometric plot of data in Figure 14 at 20wks after bone marrow 

transplantation. Percentages of each cell populations are shown in the quadrants. 
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Figure 16 Lineage skewing analysis in the primary recipients of competitive bone marrow 

transplantation 



	 36	

Mean Mac-1/Gr-1+, B220+ and CD3+ cells as a percentage of total engrafted donor cells in 

recipient mice transplanted with Grb10+/+ and Grb10m/+ donor cells, at 20 weeks in PB after 

primary bone marrow transplantation (n = 10-12 /group). 

 

In order to determine the contribution of donor cells in different components of bone marrow 

cells in the recipients, we performed flow cytometry analysis of donor derived BM HSCs 

(CD150+CD48-Lineage-Sca-1+c-Kit+), MPPs(CD150-CD48-Lineage-Sca-1+c-Kit+), CMPs 

(CD34+CD16/32lowCD127-Lineage-Sca-1-c-Kit+), GMPs(CD34+CD16/32highCD127-Lineage-Sca-

1-c-Kit+), MEPs(CD34-CD16/32-/lowCD127-Lineage-Sca-1-c-Kit+) cells (Figure 17). Recipient 

mice transplanted with Grb10m/+ donor cells show significantly higher donor engraftment in the 

BM HSCs, MPPs and MEPs, a trend in the CMPs, but not in the GMPs.  In order to confirm that 

the increase in engraftment capability can also be observed in the rare population of long-term 

HSCs, we performed secondary competitive repopulation assay in which we isolated and 

competitively transplanted BM cells from primary recipient mice and tail-vein injected into 

lethally irradiated secondary recipient mice.  Secondary, competitive repopulation assays showed 

that Grb10m/+ BM cells contained significantly increased, long-term multilineage repopulating 

capacity compared to Grb10+/+ mice (Figure 18). This difference is not significant at 4th week 

after bone marrow transplantation, but increases with time and at 20th week, mice transplanted 

with Grb10m/+ cells show a significant 8-fold increase in the donor engraftment. Again, we found 

significant difference in all of the lineage-derived donor cells in the Grb10m/+ group compared to 

Grb10+/+ group. These data suggest that deletion of Grb10 causes a substantial increase in HSC 

long-term repopulating capacity. 
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Figure 17 BM analysis of donor derived HSCs, MPPs, GMPs, CMPs and MEPs in the 

primary recipient mice of competitive bone marrow transplantation 

Mean donor-derived HSCs, MPPs, CMPs, GMPs and MEPs in the BM of recipient mice 

following competitive transplantation (n=8/group).  
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Figure 18 Secondary bone marrow transplantation 

PB analysis of donor derived CD45.2+ cells in the secondary recipient mice, transplanted with 

bone marrows isolated from primary recipient mice in (h), at 8 weeks after secondary 

transplantation (n = 10 mice / group, Mann-Whitney test).  

 

2.3 Maternal deletion of Grb10 promotes HSC regeneration following TBI 
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2.3.1 Methods 

Immunohistochemistry Hematoxylin and eosin (H&E) staining of femurs from mice was 

performed as previously described40. Images were obtained using an Axiovert 200 microscope 

(Carl Zeiss, Thornwood, NY). 

Flow cytometric analysis BM cells were collected from tibias and femurs and stained with anti-

c-kit APC-Cy7 (BD Biosciences), anti-Sca-1 PE (BD Biosciences), anti-lineage V450 (BD 

Biosciences), anti-CD48 FITC (Biolegend), and anti-CD150 Alexa Fluor 647 (Biolegend). Flow 

cytometric analysis was performed on a FACS CANTO II (BD Biosciences). 

Mouse competitive repopulation assays. 10-12-week-old Grb10m/+ mice and Grb10+/+ mice 

which express CD45.2 was irradiated with a Cesium 137 irradiator for a single dose of 550cGy. 

Mouse BM cells were isolated from Grb10m/+ mice and Grb10+/+ mice. Ten-week old recipient 

CD45.1+ B6.SJL mice were irradiated with 950cGy TBI 12 hours prior to transplantation. At 

day+10 following irradiation, BM cells (5 x 105) from Grb10m/+ mice or Grb10+/+ mice were 

injected via tail vein into recipient mice along with 1 x 105 host competitor BM cells. 

Multilineage hematopoietic cell engraftment was measured by flow cytometric analysis of the 

PB every 4 weeks through week 20 post-transplant, as previous described23,40. For secondary 

competitive repopulation assays, BM cells from primary recipient mice were injected via tail 

vein into irradiated B6.SJL mice with 2 x 105 host competitor BM cells from the B6.SJL mice. 

Donor hematopoietic cell engraftment was measured by flow cytometry at 4 through 20 weeks 

posttransplant. 

Colony-forming-cell (CFC) assay. BM cells from Grb10m/+ and Grb10+/+ mice were flushed out 

from the hinder bones (tibias and femurs) by a 25-gauge needle with 1X DPBS plus 10% FBS, 

1% penicillin-streptomycin. Cells were counted with an automatic cell counter (Bio-rad). 10,000 
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cells from Grb10m/+ or Grb10+/+ mice were resuspended in methylcellulose methocult M3434 

(STEMCELL Technologies) and plated into a 35mm dish with grid. Cells were cultured in an 

incubator at 37°C for 14 days and counted based on the instructions on the datasheet.  

2.3.2 Results 

Since the expression of Grb10 increased in HSCs during recovery from TBI, we sought to 

determine if Grb10 regulated HSC regeneration in mice.  Grb10m/+ mice or Grb10+/+ mice were 

irradiated at 550cGy. At day+10 after irradiation, which is potentially the regenerative phase 

after irradiation, hinder bones from Grb10m/+ and Grb10+/+ mice were sampled and stained with 

H&E. As shown in Figure 19, Grb10m/+ mice show significantly increased cellularity compared 

to Grb10+/+. And whole bone marrow counts confirmed a significant increase in cellularity in 

Grb10m/+ mice compared to Grb10+/+ mice. 
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Figure 19 BM cellularity recovery of Grb10 maternal deletion mice after total body 

irradiation 

Left, BM counts of Grb10+/+ and Grb10m/+ mice at day+10 following 550cGy irradiation (n = 6 

mice / group, t-test). Right, H&E stained femurs of upper, Grb10+/+ mice and lower, Grb10m/+ 

mice at day+14 following 550cGy irradiation. Pictures are representatives of 3 – 5 femurs. 
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To determine if Grb10 deletion accelerates the regeneration of hematopoietic progenitors after 

irradiation, we performed colony-forming-cell (CFC) assay at day+10 and day+14 after 550cGy. 

Surprisingly, Grb10 deletion promotes the recovery of CFCs both at day+10 and day+14 after 

irradiation (Figure 20). Numbers of both KSL and SLAM+ KSL cells were significantly higher 

in the Grb10m/+ mice compared to Grb10+/+ mice, indicating that the deletion of Grb10 

accelerates the regeneration of phenotypic HSCs after irradiation (Figure 21).  
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Figure 20 Colony forming cells of Grb10 maternal deletion mice after total body 

irradiation 

BM CFCs using 40,000 BM cells of Grb10+/+ and Grb10m/+ mice, at day+10 and day+14 

following 550cGy irradiation (n = 6 / group, t-test). 
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Figure 21 BM KSL and SLAM KSL staining of Grb10 maternal deletion mice 

Scatter plot shows the percentage of left, KSL and right, SLAM KSL cells in Grb10+/+ and 

Grb10m/+ mice at day+10 following 550cGy irradiation (n = 12 – 14 mice /group, t-test). 

 

We then performed competitive transplantation experiment to determine the effect on HSC 

regeneration in Grb10m/+ mice versus Grb10+/+ mice. Mice that were competitively transplanted 

with BM cells collected at day +10 from irradiated, Grb10m/+ mice displayed approximately 8-

fold higher donor hematopoietic cell repopulation post-transplant compared to mice transplanted 

with BM cells from identically irradiated, Grb10+/+ mice (Figure 22).  This difference in donor 

engraftment is persistent until 20wks in the primary recipient mice. Again, we observed increase 

of engraftment in all of the donor-derived lineages in the recipient mice (Figure 23). Data from 

secondary BM transplantation show a trend that Grb10m/+ deletion promotes the regeneration of 

long-term HSCs, but more data will be needed to assess whether this trend is significant. These 

results suggested that deletion of Grb10 accelerated the regeneration of long-term repopulating 

HSCs and progenitor cells following TBI.  
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Figure 22 Time course of competitive bone marrow transplantation with irradiated 

Grb10m/+ donor cells 

Grb10+/+ and Grb10m/+ mice were irradiated at 550cGy and BM cells were isolated at day+10. 

500,000 irradiated BM cells were transplanted into lethally irradiated mice together with 100,000 

CD45.1+ competitor BM cells. Scatter plot shows the PB analysis of donor derived CD45.2+ cells 

in the primary recipient mice at 20 weeks after transplantation (n = 8 – 10 mice /group, Mann-

Whitney test). 
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Figure 23 Representative flow cytometry plot of competitive bone marrow transplantation 

with Grb10 maternal deletion cells 
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Donor (CD45.2+) cell engraftment over time in recipient CD45.1+ mice in (e) (n = 8 -10 mice / 

group. p = 0.01, p = 0.001, p = 0.008, p = 0.03, for 8, 12, 16, 20 weeks, respectively, Mann-

Whitney test). 

 

2.4 Grb10 deletion increases stem/progenitor cell proliferative potential and migratory 

capacity 

2.4.1 Methods 

Statistics. Unless stated otherwise in the Figure Legends, all graphical data are presented as 

means + s.e.m., except histograms, and significance was calculated using two-tailed Student’s t 

test. P < 0.05 was considered significant. Competitive repopulating assays were compared with a 

two-tailed Mann-Whitney test. For all animal studies, we used a power test to determine the 

sample size needed for a 2-fold difference in mean with 0.8 power using a two-tailed Student’s t-

test. Animals in our studies were sex and age-matched and littermates were used as controls. 

Mice. All mouse procedures were performed in accordance with UCLA animal research and 

oversight committee-approved protocols. Grb10Δ2-4 mice were a kind gift from Dr. Andrew 

Ward (University of Bath, UK). Grb10Δ2-4 mice were extensively backcrossed into a C57BL/6 

background for these studies. Grb10m/+ mice, Grb10+/+ mice and Grb10+/p mice were evaluated at 

8-12 weeks of age. C57BL/6 mice and B6.SJL mice between 8-12 weeks old were obtained from 

the Jackson Laboratory (Bar Harbor, ME). 

BrdU incorporation, cell cycle analysis and Annexin V analysis. For short-term analysis, 

Grb10m/+ mice or Grb10+/+ mice were injected intraperitoneally with 2mg BrdU suspended in 

PBS. At 24 hours, BM cells were collected and stained with FITC BrdU (BD). For longer term 

BrdU incorporation assay, BrdU was added into the drinking water of mice to a concentration of 
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1mg/ml and replaced every 72 hours. After 14 days, BM cells of the mice were isolated and 

stained with FITC BrdU. 

For cell cycle analysis, BM cells were flushed into PBS plus 10% FBS and stained for surface c-

kit, sca-1 and lineage markers for 30 minutes. Cells were then fixed with buffer (BD) for 30 

minutes, followed by incubation of permeabilization buffer (BD). Anti-Ki67 FITC (BD) was 

added to the cells and incubated for 30 minutes. 7AAD was added to stain for DNA content. 

For analysis of HSC apoptosis in Grb10m/+ mice or Grb10+/+ mice, BM cells were stained with 

anti c-kit, anti-sca-1 and anti-lineage antibodies for 30 minutes, followed by application of the 

FITC Annexin V Apoptosis Detection Kit I (BD), as previously described23.  

Homing Assay. 2 x 104 BM Sca-1+Lin- cells (CD45.2+) were injected into lethally irradiated 

B6.SJL recipients (CD45.1+) and donor cell engraftment was measured by flow cytometry at 18 

hours after transplant, as previously described23. 

Transendothelial migration assay. Murine spleen ECs (Angiocrine Bioscience, New York, 

NY) were cultured on 8.0 µM pore transwells (Corning Incorporated) until confluent. BM cells 

(2 x 105) were seeded onto the transwell and inserted into a 24-well plate, as previously 

described23. 100ng/ml SDF-1 (R&D Systems) was added to the bottom chamber of the plate. 

After 16 hours, cells in the bottom chamber were collected and counted with an automated cell 

counter (Bio-Rad). Cells from the bottom chamber (5 x 103) were placed in MethoCult M3434 

medium for 14-day CFC assay. 

2.4.2 Results  

Since Grb10-deficient HSCs displayed increased self-renewal capacity following competitive 

transplantation and following radiation injury, we sought to determine the cellular mechanism 

responsible for these effects. To examine the cell cycle status of the Grb10m/+ and Grb10+/+ mice, 



	 45	

we injected the mice with BrdU to mark proliferating HSCs, and stained for BrdU+ cells at 24h 

after BrdU injection. We observed no differences in HSC proliferation between Grb10m/+ mice 

and Grb10+/+ mice in steady state (Figure 24). We also stained Grb10m/+ and Grb10+/+ KSL cells 

with anti-Ki67 and 7AAD, and observed no differences in cells at G0, G1 or S/G2/M phase. To 

analyze the cell death profile, BM cells from Grb10m/+ and Grb10+/+ mice were stained with 

Annexin V and 7AAD. Without injury, Grb10m/+ and Grb10+/+ mice show similar percentage of 

dead cells in the BM. At 24 hours following 700 cGy TBI, we also observed no difference in BM 

KSL cell survival between Grb10m/+ mice and Grb10+/+ mice. 
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Figure 24 Cell proliferation and cytotoxicity assay of Grb10 maternal deletion mice at 

homeostasis 

Left, percentage of BrdU+ KSL cells in the Grb10+/+ BM and Grb10m/+ BM (n = 5 mice / group). 

Right, percentage of Annexin V+ KSL cells in the Grb10+/+ BM and Grb10m/+ BM (n = 8 mice / 

group). 

 

At homeostasis, Grb10 deficiency did not influence the phenotypic HSCs. However, after 

irradiation damage and in the transplantation model, which is also related to injury related stress, 
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Grb10 ablation promotes the recovery of HSCs and elevates the engraftment percentage. These 

observations lead us to hypothesize that the effect of Grb10 ablation on HSC cell proliferation 

can only be observed under stress setting. To test our hypothesis, B6 mice were lethally 

irradiated and transplanted with whole BM cells from Grb10m/+ or Grb10+/+ mice. At 48 hours 

following transplantation, we observed significantly increased BrdU incorporation in 

transplanted Grb10m/+ cells in the BM of recipient mice compared to Grb10+/+ BM cells (Figure 

25). These data suggested that Grb10 deletion primed transplanted BM cells to proliferative more 

rapidly following homing to the BM niche.  
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Figure 25 BrdU incorporation of Grb10 after bone marrow transplantation 

At left, representative flow cytometric plots are shown of BrdU positive donor CD45.1+ BM 

cells at 48 hours following transplantation of BM cells from Grb10+/+ mice and Grb10m/+ mice 

into CD45.2+ recipients. At right, the scatter plot shows the mean percentage of BrdU positive 

BM cells in each group (n=6/group).   

 

In a radiation injury model, we found that an increased percentage of BM KSL cells in Grb10m/+ 

mice had entered G1 and S/G2/M phase at 24 hours after 700cGy TBI compared to BM KSL 

cells in Grb10+/+ mice (Figure 26). In a comparable study, at 1h after 300cGy in vitro irradiation, 

Grb10m/+ KSL cells have a greater trend to transit from G1 to S/G2/M active cell cycle (Figure 
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27). Concordantly, the expression of several cyclin dependent kinases (CDKs) and cyclin 

proteins, CDK4 and CyclinE, was significantly decreased in Grb10m/+ BM KSL cells compared 

to Grb10+/+ BM KSL cells (Figure 28). However, the expression of several well-known CDK 

inhibitors, including p16, p18, p27 and p57, have shown no difference in expression level in 

Grb10m/+ mice compared to Grb10+/+ mice, suggesting a unique mechanism that happens in CDK 

and cyclin level. P16 is known to be a critical marker for cell senescence111. In accordance with 

this, percentages of senescence associated-b galactosidase positive CD34-KSL cells were 

comparable in Grb10+/+ and Grb10m/+ mice (Figure 29). Taking all the data into consideration, 

Grb10 ablation promotes HSC proliferation by regulating cell cycle under irradiation stress. 
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Figure 26 Cell cycle analysis in the Grb10m/+ and Grb10+/+ mice 

At left, representative cell cycle analysis of BM c-kit+sca-1+lin- cells at 24 hours following 

700cGy in Grb10m/+ mice and Grb10+/+ mice. At right, mean percentages of cells in G0, G1 and 

G2/S/M phase in each group (n=4 mice/group). 
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Figure 27 Cell cycle analysis of Grb10+/+ and Grb10m/+ KSL cells at 3h after 300cGy in 

vitro irradiation 

Mean percentages of Grb10+/+ and Grb10m/+ KSL cells in G0, G1 and G2/S/M phase at 3h after 

300cGy in vitro irradiation (n = 6 / group). 
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Figure 28 Expression of molecular markers after 300cGy in vitro irradiation 

qRT-PCR analyses of cell cycle regulators in BM lineage- cells of Grb10+/+ and Grb10m/+ mice, 

at 6h after 300cGy in vitro irradiation (n = 6 / group, t-test). 
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Figure 29 Senescence assay with CD34-KSL cells in Grb10+/+  and Grb10m/+ mice 

Mean percentages of senescence associated-β-galactosidase positive cells within CD34-KSL 

population, in Grb10+/+ and Grb10m/+ mice. (n = 8/group). 

 

It is well established that during transplantation, HSCs in the circulation system need to migrate 

across the endothelial cells and homing to the stem cell niche in the bone marrow. During this 

process extracellular cytokines such as SDF-1 serves as a chemoattractant and guide homing of 

HSCs. Difference in the migration or homing capacity in the Grb10m/+ mice may explain the 

increase donor engraftment phenotype. We observed no difference in the homing capacity of 

transplanted Grb10m/+ BM cells compared to Grb10+/+ BM cells (Figure 30). In a 

transendothelial migration assay, we also observed significantly increased migration of Grb10m/+ 

BM progenitor cells across endothelial cell monolayers toward an SDF1 gradient compared to 

Grb10+/+ BM progenitor cells. These results suggested that deletion of Grb10 augmented HSC 

proliferative potential during the regenerative stress of BM transplantation and also increased 

their migratory capacity.  
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Figure 30 Homing assay using sca-1+lin- cells of Grb10+/+ and Grb10m/+ mice 

Mean levels of donor CD45.2+ cells detected at 18 hours following transplantation of BM sca-

1+lin- cells from Grb10+/+ mice and Grb10m/+ mice in recipient CD45.1+ mice (n=6/group). 

 

2.5 Maternal deletion of Grb10 augments HSC regenerative capacity via activation of Rac1 

2.5.1 Methods 

Rac1 GTP assay. BM lin- cells from Grb10m/+ mice and Grb10+/+ mice were collected into PBS 

plus 1% FBS, 1% penicillin-streptomycin. Rac1 GTP was measured using the Rac1 G-Lisa 

Activation Assay Kit (Cytoskeleton, Inc., Denver, CO).  

Transendothelial migration assay. Murine spleen ECs (Angiocrine Bioscience, New York, 

NY) were cultured on 8.0 µM pore transwells (Corning Incorporated) until confluent. BM cells 

(2 x 105) were seeded onto the transwell and inserted into a 24-well plate, as previously 

described23. For EHT1864 treatment, EHT1864 was directly put into the insert of the transwells. 

100ng/ml SDF-1 (R&D Systems) was added to the bottom chamber of the plate. After 16 hours, 

cells in the bottom chamber were collected and counted with an automated cell counter (Bio-

Rad). Cells from the bottom chamber (5 x 103) were placed in MethoCult M3434 medium for 
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14-day CFC assay. 

2.5.2 Results 

Since maternal deletion of Grb10 increased the proliferative potential and migratory capacity of 

BM stem/progenitor cells, we hypothesized that Grb10 deletion might be affecting the activity of 

Rac proteins, small RhoGTPases which have been shown to regulate HSC migration and 

proliferation74,112. RhoGTPases have been shown to be essential for mitogen-induced cell cycle 

progression through G1113,114 in a p21-activated kinase (PAK)-dependent manner114. Rac1 and 

Rac2 have also been shown to be essential for the proper lodgment of transplanted hematopoietic 

stem/progenitor cells in the BM microenvironment74,112.  

We found that Rac1 GTP levels were significantly increased in Grb10m/+ BM lin- cells at 

baseline and induced further following 700cGy TBI (Figure 31). Furthermore, the addition of 

EHT1864, a Rac inhibitor, abrogated the enhanced migratory capacity of Grb10m/+ progenitor 

cells across endothelial cell monolayers (Figure 32). These data suggest an involvement of Rac1 

in the migration assay. To determine if Rac1 regulates cell proliferation in the HSCs, we 

performed Ki-67 and 7AAD staining, in the conditions of with or without EHT1864 treatment. 

Systemic treatment with EHT1864 also abolished the increased cell cycle progression of 

Grb10m/+ BM c-kit+sca1+lin- cells in vivo at 24 hours following TBI (Figure 33). In a separate 

study, overexpression of Rac1 in KSL cells with a lentivirus dramatically increases the 

hematopoietic progenitors in vitro (Figure 34). These results suggested that the enhanced 

proliferative potential and migratory capacity of Grb10-deficient hematopoietic stem/progenitor 

cells was dependent on Rac activation. 
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Figure 31 Rac1 activation assay in Grb10+/+ and Grb10m/+ mice 

Mean Rac1-GTP positive BM lin- cells in non-irradiated Grb10m/+ mice and Grb10+/+ mice (left) 

and at 6 hours following 700 cGy TBI (right; n=4/group). 
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Figure 32 migration assay using whole bone marrow cells of Grb10+/+ and Grb10m/+ mice 



	 53	

Mean numbers of CFCs in the lower chambers of transendothelial migration assays of BM cells 

isolated from Grb10+/+ mice and Grb10m/+ mice and treated with and without EHT1864 (n = 5 - 

6/group). 
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Figure 33 Ki67 and 7AAD analysis of Grb10+/+ and Grb10m/+ mice 

At left, representative cell cycle analysis of BM c-kit+lin- cells in Grb10m/+ mice and Grb10+/+ 

mice at 24 hours following 700 cGy TBI and treated with or without EHT1864.  At right, mean 

percentages of BM c-kit+lin- cells in G0, G1, and G2/S/M phase are shown (n=6/group). 
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Figure 34 Rac1 overexpression assay with KSL cells 

Mean number of CFCs set up with KSL cells infected with scramble virus or Rac1-expression 

virus (n = 6/ group). 

 

2.6 Grb10 deletion potentiates mTOR activation in response to irradiation or SCF 

2.6.1 Methods  

Statistics. Unless stated otherwise in the Figure Legends, all graphical data are presented as 

means + SEM, except histograms, and significance was calculated using two-tailed Student’s t 

test. P < 0.05 was considered significant. Competitive repopulating assays were compared with a 

two-tailed Mann-Whitney test. For all animal studies, we used a power test to determine the 

sample size needed for a 2-fold difference in mean with 0.8 power using a two-tailed Student’s t-

test. Animals in our studies were sex and age-matched and littermates were used as controls. 

Flow cytometric analysis. BM cells were collected from tibias and femurs and stained with anti-

c-kit APC-Cy7 (BD Biosciences), anti-Sca-1 PE (BD Biosciences), anti-lineage V450 (BD 

Biosciences), anti-CD48 FITC (Biolegend), and anti-CD150 Alexa Fluor 647 (Biolegend). For 

intracellular phosphoprotein analysis, BM cells were flushed into serum-free PBS. BM cells 

were stained with surface marker antibodies, then washed with PBS and fixed for 15mins at 4°C, 
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followed by incubation with BD cytoperm buffer for 30min at room temperature. Anti-pS6 PE 

(pSer235/236) or anti-pS6K PE (Thr389) (Cell Signaling Technology) or anti-pAkt PE (Cell 

Signaling Technology) were added at 1:50 dilution for 30mins. Flow cytometric analysis was 

performed on a FACS CANTO II (BD Biosciences). 

Rac1 GTP assay and mTOR inhibition studies. BM lin- cells from Grb10m/+ mice and 

Grb10+/+ mice were collected into PBS plus 1% FBS, 1% penicillin-streptomycin. Rac1-GTP 

was measured using the Rac1 G-Lisa Activation Assay Kit (Cytoskeleton, Inc., Denver, CO). For 

mTOR inhibition studies, BM cells from Grb10m/+ mice and Grb10+/+ mice were collected into 

1X IMDM plus 1% FBS, 1% penicillin-streptomycin, 20ng/ml thrombopoietin, 125ng/ml SCF, 

and 50ng/ml Flt-3 ligand. Cells were treated with 25 µM rapamycin (Selleckchem, Houston, TX) 

or vehicle for 24 hours and subsequently analyzed via the Rac1 G-Lisa assay. 

For in vivo inhibition of mTOR, rapamycin (Selleckchem) was reconstituted in ethanol at 

10mg/ml and then diluted in 5% Tween-80 (Sigma-Aldrich) and 5% PEG (polyethylene glycol) 

400 (Hampton Research). Grb10m/+ mice and Grb10+/+ mice were irradiated at 550cGy at day+0, 

then injected with rapamycin (4mg/kg intraperitoneally) or vehicle every other day through 

day+10. At day+10, BM cells were isolated from irradiated Grb10m/+ mice and Grb10+/+ mice 

and stained for SLAM+KSL cells. 

Protein Interaction assay. For detection of the binding between Grb10 and c-kit, BM KSL cells 

from Grb10m/+ and Grb10+/+ mice were sorted with a BD Aria sorter and treated with 

100ng/ml stem cell factor (SCF) or saline for 15min at 37°C. Cells were then fixed in 4% 

paraformaldehyde (PFA) for 20min on a slide and incubated with anti-Grb10 (Abcam) and anti-

c-kit (R&D Systems) antibodies overnight. The binding assay was performed with Duolink In 
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Situ Red Starter Kit (Sigma-Aldrich). Images were captured using an Axiovert 200 fluorescent 

microscope (Carl Zeiss, Thornwood, NY). 

2.6.2 Results 

Grb10 is an adaptor protein that lacks catalytic function but contains several protein binding 

motifs which implicate Grb10 in mediating interactions between other proteins57. Grb10 can bind 

several receptor tyrosine kinases (RTKs), including the insulin receptor, IGFR, and c-kit, and 

genetic studies have demonstrated that Grb10 is a negative regulator of insulin and IGF1 

signaling in adipose tissue57,115,116. Grb10 is also a substrate for the mammalian target of 

rapamycin (mTOR) and Grb10 negatively regulates mTOR signaling in adipocytes117. 

Previous research suggests that in response to extracellular cytokine signals such as insulin, 

Grb10 was activated and shut the signaling down. However, the mechanism of Grb10 in the 

HSCs has not been tested. We analyzed the phosphorylation level of several signaling molecules 

in the Akt-mTOR pathway, as a means to detect the activation level of the signaling in the 

Grb10m/+ mice compared to Grb10+/+ mice. Interestingly, BM KSL cells from Grb10m/+ mice 

showed no increase in Akt or mTOR activation in steady state (Figure 35). However, following 

700cGy TBI, BM KSL cells from Grb10m/+ mice displayed significantly increased mTOR 

activation compared to Grb10+/+ cells (Figure 36). Similarly, treatment with c-kit ligand (SCF) 

significantly increased Akt and mTOR activation in Grb10m/+ KSL cells compared to Grb10+/+ 

KSL cells. Taken together, these data suggested that maternal deletion of Grb10 did not alter 

baseline Akt or mTOR activation in HSCs, but rather potentiated the responsiveness of the 

Akt/mTOR pathway in HSCs in the setting of stress or cytokine stimulation.  
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Figure 35 phosphorylation analysis of Akt and S6K in the KSL cells of Grb10+/+ and 

Grb10m/+ mice 

Phosphorylation of Akt (left) and S6K (right) at steady state in Grb10+/+ and Grb10m/+ KSL cells 

(n = 5 mice / group, t-test). 
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Figure 36 phosphorylation analysis of Akt and S6K in the KSL cells of Grb10+/+ and 

Grb10m/+ mice 
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Phosphorylation of Akt (left) (n = 4 mice / group), S6K(middle) after 5mins of SCF treatment (n 

= 7 mice / group) and (right) at 24h after 700cGy TBI (n = 8 mice / group), in the KSL cells of 

Grb10+/+ and Grb10m/+ mice (t-test). 

 

Rac1 was shown to be a potential downstream molecule for mTOR signaling, although the 

relative regulatory relationship between Rac1 and mTOR is not clear. Of note, treatment with the 

mTOR antagonist, rapamycin, inhibited Rac1 activation in Grb10m/+ lin- cells, suggesting that 

Rac1 activation in Grb10m/+ HSCs was dependent, at least in part, on mTOR (Figure 37). 

Furthermore, systemic treatment of irradiated Grb10m/+ mice with rapamycin abolished the early 

regeneration of the SLAM+KSL HSC pool which was otherwise observed in Grb10m/+ mice 

compared to Grb10+/+ mice (Figure 38). The regeneration of hematopoietic progenitors is also 

delayed in the rapamycin injected Grb10m/+ BM cells. Previous research suggests that rapamycin 

has non-specific binding activity besides mTOR. To further confirm our finding, we used 

another mTORC1 inhibitor, CCI-779, and found that in vivo injection of CCI-779 also 

diminished the increased recovery of SLAM+KSL cells in Grb10m/+ mice at day+10 following 

irradiation (Figure 39).  In a separate study, systemic treatment of irradiated Grb10m/+ mice with 

MK2206 HCI, a specific Akt inhibitor, mutated the increased regeneration of SLAM+KSL cells 

in Grb10m/+ mice compared to Grb10+/+ mice shortly following 550cGy irradiation. Taken all the 

data together, we conclude that Grb10 regulates HSC regeneration under stress conditions, at 

least partly through Akt-mTOR signaling pathway.  
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Figure 37 Rac1 overactivation assay in the lin- cells of Grb10+/+ and Grb10m/+ mice +  

rapamycin injection 

Mean levels of Rac1-GTP in BM lin- cells from Grb10m/+ mice and Grb10+/+ mice following 24-

hour culture + rapamycin (n=4/group). 
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Figure 38 SLAM KSL cells analysis at day+10 after 550Gy irradiation of Grb10+/+ and 

Grb10m/+ mice +  rapamycin injection 

At left, representative flow cytometric analysis of SLAM+KSL cells in Grb10+/+ mice and 

Grb10m/+ mice at day +10 following 550 cGy TBI and treatment with and without rapamycin.  At 



	 60	

right, scatter plot shows the numbers of BM SLAM+KSL cells in Grb10+/+ mice and Grb10m/+ 

mice at day +10 in each group (n=8 mice/group).  
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Figure 39 SLAM KSL cells analysis at day+10 after 550Gy irradiation of Grb10+/+ and 

Grb10m/+ mice +  CCI-779/MK2206 treatment 

Scatter plot shows the numbers of BM SLAM+KSL cells in Grb10+/+ mice and Grb10m/+ mice at 

day +10 in each group with and without CCI-779 (left) (n=6 mice/group) and MK2206 (right) 

(n=6 mice/group).  

 

Previous data have suggested a functional link between Grb10 and SCF receptor c-Kit118. 

However, it has been controversial on the regulatory role of Grb10 in the signaling pathway 

involving receptor tyrosine kinases119. In our system, treatment of SCF induces overactivation of 

Akt-mTOR signaling in the Grb10m/+ mice, suggesting that Grb10 negatively regulates cellular 

signals through c-Kit. To determine the interaction between Grb10 and c-Kit mediated signaling 

pathway, we performed Duolink protein binding analysis to determine the binding status of 

Grb10 and c-Kit. As shown in Figure 40, without SCF treatment, Grb10 shows no binding 
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activity with c-Kit. However, shortly after SCF treatment, Grb10 in Grb10+/+ KSL cells binds to 

c-Kit near cell membrane. This binding activity is diminished in the Grb10m/+ KSL cells. 

Treatment of Grb10m/+ BM KSL cells with SCF enhanced the CFC increase observed in the 

Grb10m/+ mice, compared to Grb10+/+ cells treated with SCF (Figure 41). These data indicate 

that in response to extracellular signals such as SCF, Grb10 binds to cell surface receptor 

including c-Kit, and activate downstream signaling pathways and eventually lead to increased 

activity in BM stem cells.   

 

Figure 40 Binding assay of Grb10 and c-Kit 

Representative fluorescence image shows the binding of Grb10 and c-kit with and without SCF 

treatment. Blue, DAPI; Red, Grb10-c-kit complex. 
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Figure 41 SCF treatment of Grb10+/+ and Grb10m/+ KSL cells 

Mean ratios of CFC numbers with versus without SCF treatment. BM KSL cells from Grb10+/+ 

and Grb10m/+ mice were used to set up the assay (n = 6 / group). 

 

2.7 Expression of Grb10 is partially regulated by transcription factor STAT5b 

2.7.1 Methods 

Quantitative real time PCR. RNA was isolated using the Qiagen RNeasy micro kit. RNA was 

reverse transcribed into cDNA using iScript cDNA synthesis kit. Using Taqman Gene 

Expression assays, we performed real time PCR analysis for Grb10, STAT5b, LMX1a.  

siRNA.  Sorted KSL cells were put into culture in the Accell Delivery Media (Dharmacon). 1nM 

siRNA targeting Grb10 or STAT5b were put into culture for 72h at 37°C. After 72h of treatment, 

cells were collected, washed with 1X DPBS, and RNAs were isolated with RNeasy Micro Kit 

(Qiagen).  

2.7.2 Results 

To determine the upstream regulation of Grb10 expression, we focused on identifying the 

transcription factors that have the potential to regulate Grb10 expression. Based on previous 
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research, deletion of the LIM homeodomain transcription factor Lmx1a in mouse embryos 

significantly reduces the expression of the Grb10120. In another research, in silico simulation 

discovered signal transducer and activator of transcription (STAT) 5b, to be a potential regulator 

for Grb10 regulation. We measured the expression of STAT5b and Lmx1a in irradiated CD34-

KSL cells, where Grb10 exhibited a clear upregulation induced by irradiation (Figure 42). 

Expression of STAT5b correlates with the Grb10 expression after irradiation, although Lmx1a 

was not detected. To determine the functional relation between Grb10 and STAT5b, we inhibited 

the expression of STAT5b in sorted KSL cells, and found that inhibition of STAT5b in vitro 

significantly reduced the expression level of Grb10 (Figure 43). These data prove that regulation 

of Grb10 expression in response to irradiation is regulated, at least partially, by STAT5b.  
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Figure 42 Expression of Grb10, STAT5b and LMX1a in CD34-KSL cells after irradiation. 

Expression of Grb10, STAT5b and LMX1a in BM CD34-KSL cells at day+10 following 

550cGy TBI (n = 6 / group). 
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Figure 43 Expression of Grb10 in KSL cells treated with siRNA targeting STAT5b. 

Expression of Grb10 (left) and STAT5b (right) in BM KSL cells at day+3 following treatment of 

scramble siRNA or siRNA-STAT5b (n = 6/group).  

 

2.8 In vitro inhibition of Grb10 leads to depletion of HSCs in cytokine culture 

2.8.1 Methods 

Statistics. Unless stated otherwise in the Figure Legends, all graphical data are presented as 

means + SEM, except histograms, and significance was calculated using two-tailed Student’s t 

test. P < 0.05 was considered significant. Competitive repopulating assays were compared with a 

two-tailed Mann-Whitney test. For all animal studies, we used a power test to determine the 

sample size needed for a 2-fold difference in mean with 0.8 power using a two-tailed Student’s t-

test. Animals in our studies were sex and age matched and littermates were used as controls. 

Virus infection. shRNA sequence targeting Grb10 was purchased from Sigma-Aldrich (St. 

Louis). shRNA was ligated to pLL3.7 plasmid. 293FT cells were used to produce virus by co-

transfecting pLL3.7 containing shRNA sequence, VSVG, and delta-8.3 (kind gift from Duke 

Virology Core) plasmids. At 72h after transfection, cells were centrifuged down. Supernatants 
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containing viral particles were enriched using an ultracentrifuge. MOI (multiplicity of 

infectivity) was determined by infecting 293FT cells with virus. Cells that were GFP+ 

(indicating virus infection) were counted at 72h after virus infection. Murine lineage-c-kit+sca-1+ 

(KSL) cells were sorted with a BD FACS Aria Fusion (BD). For infection with virus, 30,000 

sorted KSL cells were resuspended in 100ul X-Vivo 15 medium (Lonza), supplemented with 50 

uM 2-ME (Sigma Aldrich), 10% FBS, 100ng/ml murine stem cell factor and 20ng/ml murine 

thrombopoietin for 24h before virus addition. MOI = 10-20 was used to infect the KSL cells.  

HSC in vitro culture. Infected murine lineage-c-kit+sca-1+ (KSL) cells were sorted with a BD 

FACS Aria Fusion (BD). 500 sorted KSL cells were cultured in one 96-well plate, in IMDM 

with 10% FBS and 1% penicillin-streptomycin supplemented with 20ng/mL thrombopoietin, 

125ng/mL stem cell factor and 50ng/mL Flt-3 ligand (TSF). At day+3 and day+7 in culture, 

cultured cells were collected and resuspended in methylcellulose methocult M3434 

(STEMCELL Technologies) and plated into a 35mm dish with grid. Cells were cultured in an 

incubator at 37C for 14 days and counted based on the instructions on the datasheet.  Cultured 

cells were also stained with cell surface markers anti-c-kit APC-Cy7 (BD Biosciences), anti-Sca-

1 PE (BD Biosciences), anti-lineage V450 (BD Biosciences). At day+7 in culture, 2000 cultured 

cells were transplanted into lethally irradiated CD45.1+ B6.SJL mice via tail vein along with 2 x 

105 host competitor BM cells. Multilineage hematopoietic cell engraftment was measured by 

flow cytometric analysis of the PB every 4 weeks through week 20 post-transplant, as previous 

described. To perform the secondary bone marrow transplantation, at 20th week following BM 

transplantation, 75% of the whole bone marrow cells were isolated and transplanted into lethally 

irradiated recipient mice. At certain times after BM transplantation, PB was analyzed by flow 

cytometry.  



	 66	

2.8.2 Results 

To determine the therapeutic effect of Grb10 modulation, we generated a lentivirus expressing 

shRNA targeting Grb10 and used it to infect purified KSL cells and put the infected cells in 

culture. At day+3 in culture, Grb10 expression was knocked down by 50% in the shRNA-Grb10 

infected cells. Colony-forming cells and KSL cells are significantly decreased in the Grb10-

deficient cells compared to wild-type cells at day+7 in culture.  To our surprise, recipient mice 

transplanted with Grb10-deficient donor cells show significantly decreased multi-lineage donor 

engraftment compared to mice transplanted with wild-type cells (Figure 44). To evaluate the 

effect of Grb10 deficiency on the long-term HSCs, we isolated bone marrows from primary 

recipient mice, and performed secondary transplantation by transplanting the primary bone 

marrow cells into lethally irradiated mice together with a competitor dose. Peripheral blood 

analysis at 12th week after secondary transplantation indicates a significant decrease in donor 

engraftment in the mice transplanted with Grb10 deficient cells compared to wild-type control. 

Data from bone marrow analysis of both primary and secondary recipient mice confirmed a 10-

fold decrease in the donor engraftment caused by Grb10 deficiency in the donor cells, compared 

to wild-type counterparts. These data suggest that virus-mediated Grb10 deficiency leads to HSC 

depletion in vitro. The different Grb10 deficiency phenotype in vivo and in vitro may indicate 

the necessity of the precise modulation of Grb10 expression level.  
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Figure 44 Time course of bone marrow transplantation assay with virus-infected KSL cells. 

Donor (CD45.1+) cell engraftment over time in the PB of recipient CD45.2+ mice transplanted 

with 2000 KSL cells infected with either scramble virus or shGrb10-expressing virus, together 

with 2x105 CD45.2+ competitor BM cells (n = 10/group, P=0.04, P=0.002, and P=0.004 for 4, 8, 

12 weeks, respectively, Mann-Whitney).  

Chapter 3 Discussion and future experiments 

3.1 Discussion 

Recently studies have identified several different signals from stem cell niche, including 

notch121,122, TGF-beta123, and cytokines such as EGF30 and pleiotrophin39 can regulate HSC 

regeneration following injury. However, the intrinsic mechanisms through which HSC 

regenerate remain poorly understood. Here we show that Grb10, an adaptor protein involved in 

receptor tyrosine kinase signaling pathway, was significantly upregulated by irradiation. Genetic 

deletion of Grb10 promotes HSC engraftment capability, while Grb10 ablation accelerates HSC 

regeneration following irradiation. Grb10 belongs to the Grb family of proteins including Grb7 

and Grb1446. Members in this family contain a highly conserved SH2 domain. This SH2 domain 

has been proven to be important for binding to phosphor-tyrosines of growth factor receptors and 

intracellular signaling proteins. Grb10 binds to cell surface receptors including c-kit, EGFR and 
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Ret, the signaling pathways through which are critical for hematopoietic stem cell self-renewal 

or regeneration29,30,124. Taken all these previous data together, Grb10 has the potential to be a 

“central regulator” for HSC function. Commensurate with this, our data show for the first time 

that Grb10 regulates both HSC self-renewal and regeneration.  

Genomic imprinting, in which imprinted genes are expressed from only one parental allele, has 

long been found to be critical for pre- and post-natal growth, as well as brain function and 

behavior65,125.  Of the imprinted genes, a subset named imprinted gene network (IGN), were 

highly expressed in long-term HSCs compared to hematopoietic progenitors or mature blood 

cells69. IGN expression was downregulated in multiple tissues during postnatal growth, 

suggesting a relationship between the IGN and “stemness”68. Among the members of the IGN, 

cdkn1c, or p57, was found to maintain HSC quiescence in a cooperative manner with p27, while 

ablation of necdin, a cell cycle regulator of neuronal cells, promotes recovery of hematopoietic 

cells following irradiation injury126,127. However, the role of genomic imprinting has not been 

discussed in these two researches. Recently, a group revealed that the maternal imprinting at 

H19-Igf2 regulates HSCs proliferation through the activation of Igf2-Igfr1 signaling pathway70. 

The same group identified another maternally imprinted locus, Dlk1-Gtl2, to be involved in LT-

HSC preservation by modulation of PI3K-mTOR signaling71. Here, we showed that Grb10, 

another maternally imprinted gene, is a key regulator for HSC self-renewal and regeneration. 

Taken together, these data provide the first evidence that gene imprinting is closely associated 

with hematopoietic stem cell regulation.  

Mechanistically, we have demonstrated that Grb10-deficient hematopoietic stem/progenitor cells 

(HSPCs) possess enhanced proliferative potential in vivo following transplantation or radiation 

injury, coupled with augmented migratory capacity. We show further that the accentuated 
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proliferative capacity and migratory potential of Grb10- deficient HSPCs is dependent on Rac 

activation. We hypothesize that maternal deletion of Grb10 promotes Rac1 activation via 

intermediate effects on mTOR signaling. mTOR has been shown to promote mammary 

epithelial cell motility and survival via Rac1 activation128 and Rac1-mediated activation and 

aggregation of platelets has been shown to be under the control of mTOR129. We found that 

mTOR inhibition with rapamycin blunted Rac1 activation in Grb10-deficient BM cells and 

abrogated the accelerated recovery of the HSC pool following TBI in Grb10m/+ mice. 

Interestingly, Grb10-deficient HSPCs did not display increased activation of mTOR in steady 

state, but mTOR activation was increased in response to SCF treatment or stress (irradiation). 

We propose that Grb10 deletion augments the capacity of HSCs to respond to stress or injury via 

potentiation of mTOR/Rac1 signaling. In that regard, our findings are consistent with the recent 

observation that mTOR signaling is necessary and sufficient for muscle stem cell regeneration 

via transition from G0 to GAlert cell cycle state130. Of note, since Grb10 deletion did not cause 

constitutive activation of the mTOR pathway in HSCs, we did not observe exhaustion of the 

HSC pool as has been described following deletion of the mTOR inhibitors, phosphatase and 

tensin homologue (PTEN) and the Tuberous Sclerosis Complex 1 (TSC1)103,131,132. Rather, 

Grb10 deletion substantially increased the regeneration of long-term repopulating HSCs in 

irradiated mice, suggesting a previously unrecognized role for the Grb10/mTOR/Rac1 pathway 

in regulating HSC regeneration.  

Rac subfamily of Rho guanosine triphosphatases (GTPases) have been proven to have critical 

regulatory role in hematopoiesis72. Within the Rac family, Rac2 ablation causes the abnormal 

interaction of HSCs with the hematopoietic microenvironment, while Rac1 deficiency leads to a 

decrease in the short-term engraftment of HSCs74. Recent studies show that Rac1 and Rac2 
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double deficiency induces a significant decrease in the transendothelial migration capability of 

progenitor cells112. Our lab previously showed that PTPS, a receptor protein tyrosine 

phosphatase, regulates the repopulating capacity of HSCs through Rac1 activation, confirming 

the key regulatory role of Rac1 in HSCs23. Here, we discovered that Grb10 maternal deletion 

overactivated Rac1, and that Grb10 deficient bone marrow cells have increased transendothelial 

migration capability, while treatment of EHT1864, a Rac inhibitor, abrogated the effect. Our data 

coincide with the central regulatory role of Rac1 in the HSC mobilization. Although no directly 

evidence shows a direct binding of Grb10 to Rac1, in C. elegans, Mig-10, a protein that is 

structurally similar to Grb family protein, binds to Rac1133. Whether Grb10 regulates Rac1 

directly or through certain signaling pathways remains to be an interesting question. In addition 

to this, we will also perform experiments to determine whether other Rac proteins such as Rac2 

or Rac3 are involved in the Grb10 signaling pathway. 

Recent studies have established Grb10 as a negative regulator of Akt-mTOR signaling 

pathway134,135. Activated mTORC1 phosphorylates and stabilizes Grb10 protein, then Grb10 

binds to cell surface receptors or insulin receptor substrate-1 (IRS1) in a competitive manner, 

tuning down the signaling135. mTOR has a well-established role in the regulation of protein and 

lipid synthesis, lysosome biogenesis and energy metabolism85. Researches from several groups 

show that deletion of different signaling molecules in Akt-mTOR pathway, including PTEN and 

TSC1, depletes HSCs as indicated by competitive transplantation assay43,89,105. However, the 

function of mTOR signaling during irradiation has not been clearly examined. We showed that 

Grb10 ablation leads to overactivation of mTOR signaling following irradiation. Injection of 

rapamycin, a mTORC1 inhibitor, abrogated the accelerated recovery of SLAM KSL cells in 

Grb10m/+ mice following irradiation. In a separate study, we injected rapamycin into the 
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recipient mice transplanted with Grb10+/+ and Grb10m/+ whole bone marrow cells (data not 

shown). The injection of rapamycin did not influence the increased donor engraftment of the 

Grb10m/+ BM cells compared to Grb10+/+ cells. These data indicate that under non-irradiation 

settings, Grb10 does not regulate HSCs through mTOR.  One possible reason is the existence of 

other negative feedback loops, especially the one via activation of S6K, compensates for the 

Grb10 ablation. Activated S6k phosphorylates IRS1 and leads to its degradation85. On the 

contrary, no previous report has shown regulatory molecules similar to PTEN or TSC1. However, 

irradiation may induce a more dramatic influence in the signaling that is over the limit of the 

compensation mechanism. In accordance with our data, in the neuronal system, activation of 

mTOR signaling promotes the regeneration of axon following injury, confirming a beneficial 

role of mTOR signaling during organ regeneration136-138. Our data reveal a novel regulator and 

irradiation mitigator of HSCs named Grb10, and suggest that pharmacological inhibition of 

Grb10 has therapeutic benefit in the bone marrow transplantation and hematological regeneration 

following irradiation injury.  

3.2 Future directions 

Grb10 ablation promotes HSC regeneration for more than 10-folds. That provides scientific 

bases to target Grb10 for potential therapeutic methods. Grb10 is an adaptor protein, which 

increases the difficulty to target this protein in the drug development. Utilizing bioinformatics 

tools, I will propose these experiments to find a drug target.   

3.2.1 RNA-seq of Grb10 knockout mice 

Grb10 is an intracellular protein, which limits the way we can apply to inhibit the expression of 

Grb10. To find a drug target, we will isolate BM c-kit+sca-1+ lineage- cells from Grb10+/+ and 

Grb10m/+ mice, which enriches BM HSCs, extract mRNA and perform RNA-seq comparing the 
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mRNA profile between Grb10+/+ and Grb10m/+ mice. We will perform gene ontology analysis to 

identify genes that are cellular surface receptors. We aim to find certain cell surface receptor that 

is up-regulated or down-regulated in the Grb10m/+ mice compared to Grb10+/+ mice. Then we 

will test the agonist or antagonist of this receptor on HSCs.  

To perform the pathway discovery analysis, we will irradiate Grb10+/+ and Grb10m/+ mice. At 

different time points after irradiation, we will collect BM KSL cells and run RNA-seq or 

microarray analysis. Then we will perform pathway discovery analysis using the same principle 

as in the phylogenetic profiling analyses that the genes in the same pathway tend to co-function 

under different conditions. Once we identify the genes that are related to Grb10 signaling 

pathway, we can then develop inhibitors for the genes in the Grb10 signaling pathway.  

3.2.2 Immunoprecipitation of Grb10 

Previous research suggests that Grb10 binds to cell surface receptors, specifically receptor 

tyrosine kinases. In another effect to identify signals that are regulated by Grb10, we will 

perform immunoprecipitation of Grb10. Then we will perform tandem mass spectrometry on the 

proteins that are pulled down by Grb10. Then we will map the results to the protein database to 

find the receptor proteins that interact with Grb10. 

3.2.3 Drug interaction screen 

To screen drugs that inhibit Grb10 function, we will utilize the principle of defining drug-gene 

interactions.  Our data suggests that Grb10 knock out promotes the proliferation of HSCs. We 

will use cell growth as the readout. In this situation, we will normalize the growth rate for a 

knockout versus WT condition. Then we will screen a library of drugs and normalize the growth 

rate for a drug (with drug vs. without drug). Then we will measure the combined effect by 

treating the Grb10 knock out cells with drug. By comparing the combined effect and the 
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individual effect of Grb10 knock out and drug treatment, we can screen for drugs that have 

interaction with Grb10.  

3.2.4 Other molecules that are upregulated by irradiation 

Methods 

HSC in vitro culture. Murine lineage-c-kit+sca1+ (KSL) cells were sorted with a BD FACS Aria 

Fusion (BD). 500 sorted KSL cells were cultured in one 96-well plate, in IMDM with 10% FBS 

and 1% penicillin-streptomycin supplemented with 20ng/mL thrombopoietin, 125ng/mL stem 

cell factor and 50ng/mL Flt-3 ligand (TSF). Purified recombinant protein osteocalcin (Bachem) 

and osteonectin (R&D systems) were put into the culture in a range of 0.3ng/ml to 1000ng/ml, 

and 0.1ug/ml to 5ug/ml, respectively. At day+7 in culture, cells were collected and counted with 

an automated cell counter (Bio-rad). Cells were stained with cell surface markers anti-c-kit APC-

Cy7 (BD Biosciences), anti-Sca-1 PE (BD Biosciences), anti-lineage V450 (BD Biosciences). 

Results 

To look at other molecules that are shown to have altered expression induced by irradiation, we 

focus on osteocalcin (OCN) and osteonectin (ON), both of which show specific increased 

expression after irradiation. Osteocalcin is one of the few proteins that have restricted expression 

in osteoblasts and has long been used as a marker for osteoblast staining. Recently, whole-

organism approaches have started to reveal novel functions of osteocalcin on the physiology of 

the body. Osteocalcin secreted from in vitro cultured osteoblast promotes the production of 

testosterone by the testes, while it has no influence on the ovary-derived estrogen139. In a 

separate study, mice that lack osteocalcin expression show decreased beta-cell proliferation, 

glucose intolerance and insulin resistance140. These data suggest the possibility that osteocalcin 

can act as a signaling molecule on other organs including bone marrow. Osteonectin is also 
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abundant in bone and has been shown to be related to angiogenesis, metalloproteinase 

expression, cell proliferation and cell-matrix interactions141. The expression of osteonectin 

correlates with tumor progression142.  

The expression of both osteocalcin and osteonectin is upregated at 550cGy in KSL cells in vitro, 

although the kinetics of upregulation is different. Triggered by irradiation, OCN is rapidly 

upregulated in the KSL cells at 12h following irradiation, while the response of osteonectin to 

irradiation occurs at 24h following irradiation (Figure 45). For both of the genes, the 

upregulation is only observed in KSL cells which enrich for HSCs, but not in c-kit+sca1-lin- 

progenitor cells, indicating a stem cell specific function. To determine whether OCN or ON have 

the potential to be a growth factor for HSCs, we performed 7-day culture of KSL cells with a 

range of different dosages of OCN and ON. Treatment of 1ug/ml ON in KSL cells shows a 

potential trend of KSL increase, while a OCN dose as low as 0.3ng/ml is sufficient to promote 

the proliferation of KSL cells in vitro (Figure 46). These preliminary data suggest that OCN and 

ON have the potential to be growth factors for HSC expansion.  
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Figure 45 Osteocalcin and osteonectin expression in KSL and KLSca1- cells after 550cGy 

irradiation 

Expression of osteocalcin and osteonectin in KSL and KLSca1- cells at 12 (left) (n = 4/group ) 

and 24 (right) (n = 4/group) hours after 550cGy irradiation. 
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Figure 46 In vitro culture of BM KSL cells with osteocalcin and osteonectin 

Mean percentage of BM KSL cells at day+7 after in vitro culture with TSF medium + 

Osteocalcin or osteonectin (n=6 /group, t-test).  
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