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The myelodysplastic syndromes (MDS) are a group of clonal hematopoietic disorders 

characterized by ineffective hematopoiesis resulting in cytopenias and an increased risk 

of transformation to acute myeloid leukemia.  Currently, the only curative therapy for 

MDS is an allogeneic hematopoietic stem cell transplantation (HSCT); however, old 

age and other comorbidities limit tolerability of conditioning regimens for HSCT, 

offsetting its benefits for patients. Among a wide range of genetic and epigenetic 

aberrations associated with MDS pathogenesis, dysregulation of ribosome biogenesis 

has been implicated. Using the Vav-cre-Asxl1-Tet2 mouse model of MDS, we show 

that delivering a ribosomal inactivating protein, saporin, via the internalization of the 

CD117 receptor, results in the depletion of normal and malignant stem cells with 

minimal effects on bone marrow cellularity.  Furthermore, we show that the depletion 

of malignant cells allows for sufficient engraftment of healthy stem cells into recipient 

mice. Together, these studies demonstrate that CD117-saporin treatment leads to the 

depletion of malignant stem cells and can serve as a conditioning regimen for HSCT 

opening a potential therapeutic window for MDS treatment.  
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CHAPTER ONE 

INTRODUCTION 

 

CLINICAL FEATURES OF THE MYELODYSPLASTIC SYNDROMES  

 

The myelodysplastic syndromes are a collection of chronic malignancies with unique 

clinical manifestations and prognoses. Identification and classification of MDS and 

other blood malignancies was only made possible after accurate enumeration and 

visual characterization of blood and bone marrow cells were made possible. Early 

tools, such as the light microscope, hemocytometers, and tissue staining methods, 

provided insights into the connection between disease and blood cells by providing 

quantitative and qualitative measures to correlate with disease symptoms. More 

recently, advent of flow cytometry and sequencing technologies have provided a 

deeper molecular understanding of disease biology.  

 

Early observations found a link between anemia, BM failure, and leukemia resulting 

in MDS being described as a preleukemic condition. It wasn’t until a study in 1970 

showing patients with high blast counts at the time of diagnosis progressed to 

leukemia more so than patients with lower blast counts that raised the possibility for 

MDS being an independent malignancy (Najean and Pecking 2008). It was also noted 

that some patients with preleukemia never developed leukemia and the term 

myelodysplasia was proposed (William B. Fisher, MD; Steven A. Armentrout, MD; 

Russell Weisman Jr. 1973). It wasn’t for another decade that a definitive classification 

was published and accepted. In 1982, the French American British (FAB) Group 

reported five subtypes of MDS diagnosed by blast percentage and ring sideroblasts (J. 

M. Bennett D. Catovsky M. T. Daniel G. Flandrin D. A. G. Galton H. R. Gralnick C. 
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Sultan 1982). Since then, FAB and the World Health Organization (WHO) have been 

updating the recommendations for diagnosis.  

 

Epidemiology 

It wasn’t until 2001 that MDS cases became reportable to the National Cancer 

Institute’s Survey, Epidemiology and End Results (SEER) cancer database. From the 

data collected, it is estimated that MDS occurs in 4.9 individuals per 100,000, 13.5 per 

100,000 in patients 65 years and older (Cogle 2015).  With a median age of 76 years at 

diagnosis, age is a major risk factor in the development of the disease (Figure 1.1) 

(Ma et al. 2007; Xiaomei 2012). Despite advances in understanding disease 

pathogenesis, no significant improvement in survival rates have been observed in the 

past decade (Mayer et al. 2017). Furthermore, as awareness of reporting criteria 

increases and as the population ages, the number of MDS patients is likely to increase 

in the coming decades making the need for new therapies even more critical.  

 

Figure 1.1.  Incidence Rate of Myelodysplastic Syndromes (MDS) in Different Age 

Groups in the United States (2001 to 2008).  Adapted from Xiaomei, 2012. 
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Diagnosis & Classification 

MDS is first suspected after an abnormal complete blood count (CBC) or a blood 

smear show cytopenias. Once nonmalignant causes of the cytopenias are excluded, the 

BM is assessed for cellularity, dysplasia, presence of blasts, and cytogenic and 

mutational profiles are analyzed and based on the current WHO recommendations, the 

disease is subcategorized as MDS with single lineage dysplasia, MDS with 

multilineage dysplasia, MDS with ring sideroblasts with single lineage dysplasia, 

MDS with ring sideroblasts with multilineage dysplasia, MDS with isolated del5q, 

MDS with excess blasts 1, MDS with excess blasts 2, or unclassified MDS (Table 

1.1) (Arber et al. 2016).  In addition to these subtypes, MDS can be classified as 

primary or secondary. Primary MDS, or de novo MDS, is the more common type and 

no clear risk factors are known. Secondary MDS, also known as therapy-related MDS 

(t-MDS), generally occurs as a result of DNA damage from chemotherapy or 

radiation. (Cutler, 2014) 

 

According to the International Prognostic Scoring System (IPSS-R) prognostic factors 

for MDS include cytopenia, blast percentage, cytogenetic abnormalities, fibrosis, and 

more recently, genetic mutations flow cytometry analysis of BM. Using these 

prognostic factors MDS is categorized into high-risk and low-risk. 

Lower-risk (IPSS score ≤1.0) MDS patients primarily suffer from BM 

hypercellularity and peripheral cytopenia resulting from a significantly increased  

rate of apoptosis among BM hematopoietic cells. In contrast, BM hematopoietic 

cells in higher-risk MDS patients demonstrate resistance to apoptosis, and some of  

these patients subsequently develop AML (Greenberg 1998; Y. Yoshida, Anzai, 

and Kawabata 1995).  
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Table 1.1: WHO Classification of MDS Subtypes 
↵* Cytopenias defined as: hemoglobin, <10 g/dL; platelet count, <100 × 109/L; and 
absolute neutrophil count, <1.8 × 109/L. Rarely, MDS may present with mild anemia or 
thrombocytopenia above these levels. PB monocytes must be <1 × 109/L 
↵† If SF3B1 mutation is present. 
↵‡ One percent PB blasts must be recorded on at least 2 separate occasions. 
↵§ Cases with ≥15% ring sideroblasts by definition have significant erythroid dysplasia, 
and are classified as MDS-RS-SLD. 
 

   Name Dysplastic 
lineages Cytopenias* Ring 

Sideroblasts 
BM and PB 
blasts Cytogenetics  

MDS with single 
lineage dysplasia  1 1 or 2 <15%/<5%† 

BM <5%, PB 
<1%, no Auer 
rods 

Any, unless fulfills all criteria for MDS 
with isolated del(5q) 

MDS with 
multilineage 
dysplasia 

2 or 3 1-3 <15%/<5%† 
BM <5%, PB 
<1%, no Auer 
rods 

Any, unless fulfills all criteria for MDS 
with isolated del(5q) 

MDS with ring 
sideroblasts 

     

MDS-RS with 
single lineage   
dysplasia 

1 1 or 2 ≥15%/≥5%† 
BM <5%, PB 
<1%, no Auer 
rods 

Any, unless fulfills all criteria for MDS 
with isolated del(5q) 

MDS-RS with 
multilineage     
dysplasia 

2 or 3 1-3 ≥15%/≥5%† 
BM <5%, PB 
<1%, no Auer 
rods 

Any, unless fulfills all criteria for MDS 
with isolated del(5q) 

MDS with isolated 
del(5q) 1-3 1-2 None or any 

BM <5%, PB 
<1%, no Auer 
rods 

del(5q) alone or with 1 additional 
abnormality except −7 or del(7q) 

MDS with excess 
blasts 

     

MDS-EB-1 0-3 1-3 None or any 
BM 5%-9% or 
PB 2%-4%, no 
Auer rods 

Any 

MDS-EB-2 0-3 1-3 None or any 
BM 10%-19% 
or PB 5%-19% 
or Auer rods 

Any 

MDS, 
unclassifiable 

     

with 1% blood 
blasts 1-3 1-3 None or any 

BM <5%, PB = 
1%,‡ no Auer 
rods 

Any 

with single lineage 
dysplasia and     
pancytopenia 

1 3 None or any 
BM <5%, PB 
<1%, no Auer 
rods 

Any 

based on defining 
cytogenetic  
 abnormality 

0 1-3 <15%§ 
BM <5%, PB 
<1%, no Auer 
rods 

MDS-defining abnormality 

 Refractory 
cytopenia of     
Childhood  

1-3 1-3 None BM <5%, PB 
<2% Any 
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As high-risk patients exhibit short survival and are more likely to progress to AML, 

more aggressive therapy, including hematopoietic stem cell transplantation (HSCT) 

is recommended with the aim to modify the course of the disease. Currently, HSCT 

is the only curative therapy for MDS; however, old age and other comorbidities limit 

tolerability of conditioning regimens for HSCT, offsetting its benefits for patients.  

Other therapies for high-risk patients include hypomethylating agents, azacytidine 

and decitabine (Cutler 2014). Low-risk MDS patients are treated with growth factors 

(EPO stimulating agents, G-CSF) and immunomodularory agents (antithymocyte, 

globulin, or lenalinomide) (Pierre Fenaux and Lionel Ad `es 2013). Over the last few 

years, better understanding of the disease biology has let to novel targets for therapy. 

Luspatercept, is a fusion protein that blocks transforming growth factor beta (TGF-B) 

alleviating the block in erythropoiesis in low-risk MDS patients (Platzbecker et al. 

2017). Currently, phase III trials are evaluating efficacy, and if successful, 

Luspatercept will become the third drug to be approved by the FDA for MDS 

(Giagounidis 2018).  

 

THE CELL OF ORIGIN 

 

Identification Murine HSCs 

MDS is a thought to be a clonal disorder originating in HSCs (Sperling, Gibson, and 

Ebert 2017; Woll et al. 2014). To better understand the pathogenesis of MDS, it is 

important to understand the defining features of HSCs.  

 

19th century scientist, Franz Ernst Christian Neumann, was the first to propose the 

theory that all cell lineages in the blood originate from one cell. Early evidence of the 

HSCs came in a surprising finding when a group studying methods of recovery from 
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radiation injury observed that transplanting normal mouse BM protected recipient 

mice from lethal dose of radiation giving them a new source of blood cell lineages 

(Jacobson et al. 1951,Ford et al. 1956). More direct evidence of HSCs was proposed 

when Till and McCulloch performed transplantation of BM cells into irradiated mice 

and used x-ray induced lineage tracking to observe colony formation in the spleen. 

They showed that the number of cells transplanted was proportional to the number of 

colonies observed (Becker, McCulloch, and Till 1963; Till and McCulloch 1961).  

Moreover, these colonies distinct from one another, indicating multilineage potential 

of the transplanted cells (Becker et al. 1963). In 1957, E. Donnall Thomas performed 

the first successful stem cell transplantation demonstrating that injecting BM cells can 

lead to long-term repopulation of blood cells (E. Donnall Thomas, M.D.†, Harry L. 

Lochte, Jr., M.D.‡, Wan Ching Lu, Ph.D.§, and Joseph W. Ferrebee 1957). Since then, 

such transplants were being performed however, the true identity of the HSC was still 

unknown.  It was these early studies that inspired the decades long exploration 

isolation and characterization of HSCs.  

 

Prospective separation of HSCs based on differential expression of cell surface 

markers became possible with the advent of fluorescence-based cell sorting making 

possible the enrichment of the HSC population. The Weissman group designed a 

strategy to purify HSCs using known cell surface markers for positive and negative 

selection. Using B220-, Gr-1-, Mac-1-, CD4-, CD8-, CD90lo, and Sca-1+, isolation of a 

multipotent HSC was made possible (GJ Spangrude, S Heimfeld 1988). In the 

following years, many groups identified additional cell surface markers by single-cell 

transplants to further define the hematopoietic hierarchy and to further purify the HSC 

population (Figure 1.2) (Benveniste et al. 2003; Ema et al. 2005; Kent et al. 2008; 

Kiel et al. 2005; Morrison and Weissman 1994; Osawa et al. 1996).  From these 
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studies, a purified murine HSC population can be obtained using Lin-, Sca-1+, cKit+, 

CD150+, CD34-, and CD48- combination staining.   

 

 

 

Figure 1.2. The Classical and Revised Roadmaps of Hematopoietic Hierarchy. (A) In 
the classical hierarchy roadmap, LT-HSCs and ST-HSCs are both multipotent but sit at 
different hierarchical levels owing to their distinct self-renewal abilities. The HSCs give 
rise to the MPPs with an accompanying reduction of self-renewal ability. Next there 
emerges a myeloid/lymphoid lineage segregation downstream of MPP. CLPs can produce 
lymphocytes. CMPs diverges into MEPs and GMPs. MEPs yield megakaryocytes and 
erythrocytes. GMPs generate granulocytes, macrophages, and dendritic cells. (B) In the 
revised hierarchy roadmap, LT-HSCs, IT-HSCs, and ST-HSCs/MPP1 cells are all 
multipotent but differ in their self-renewal ability. In the branching trees, the HSCs 
differentiate into MPPs, which consist of MPP2, MPP3, and MPP4/LMPP subpopulations. 
MPP2 and MPP3 cells mainly give rise to CMPs, whereas MPP4/LMPP cells 
predominantly generate lymphoid lineages. Next, CMPs can produce mature hematopoietic 
cells via MEP and GMP stages. CLPs can yield mature lymphocytes, which also can derive 
from MPP4/LMPP cells directly. Abbreviations: CLP, common lymphoid progenitor; CMP, 
common myeloid progenitor; GMP, granulocyte/macrophage progenitor; IT-HSC, 
intermediate-term hematopoietic stem cell; LMPP, lymphoid-primed multipotent 
progenitor; LT-HSC, long-term hematopoietic stem cell; MEP, megakaryocyte/erythrocyte 
progenitor; MPP, multipotent progenitor; ST-HSC, short-term hematopoietic stem cell. 
Reprinted from Zhang et al., 2018 
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Human HSC populations  

The advent of in vitro clonal assays and xenotransplatation models allowed for 

progress to be made in purifying the human HSCs population. An in vitro colony 

forming assay was established by growing human BM cells on agar for several weeks 

(Gartner and Kaplan 1980; Sutherland et al. 1989) allowing the ability to grow 

colonies from candidate HSC populations. Long-term repopulating assays were made 

possible by the breakthrough in humanized mouse models. Severe combined immune-

deficient (SCID) mice lacking T and B cells were used to engraft human BM cells 

(Kamel-Reid and Dick 1988; Lapidot et al. 1992). Success in this method provided a 

quantitative assay to measure long-term, multilineage potential of HSCs and gave a 

platform for the purification of human HSCs. The first cell surface marker found to 

enrich human HSCs was CD34 (Civin et al. 1984).  Further studies established CD90, 

CD38, and CD45RA as additional markers to purify HSCs (Baum et al. 1992; Bhatia 

et al. 1997; Conneally et al. 1997; Lansdorp, Sutherland, and Eaves 1990; Majeti, 

Park, and Weissman 2007; Murray et al. 1995). These studies not only isolated HSC-

rich populations, but also created an understanding of the hierarchy of the human 

hematopoietic system.  

 

 

Characteristics of HSCs 

Mature blood cells are generally short-lived and have to be replenished frequently to 

maintain normal peripheral blood counts. Residing in specialized niches in the BM, 

HSCs serve as a source of new blood cells by giving rise to terminally differentiated 

cells throughout the lifespan of an individual. This is made possible because HSCs 

maintain a balance of two key properties: differentiation and self-renewal.  The ability 

to differentiate allows the HSCs to give rise to mature cell types including 
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erythrocytes, monocytes, granulocytes, megakaryocytes, T and B lymphocytes, natural 

killer, and dendritic cells. This multipotent ability is the result of a hierarchical 

structure in which HSCs residing at the top, progressively differentiating into 

multipotent progenitors, followed by committed progenitors with restricted lineage 

potential which eventually give rise to mature cells. Another defining characteristic of 

HSCs is their ability to self-renew which allows the cells to persist for long durations. 

HSCs undergo asymmetric cell division, giving rise to one differentiated daughter cell 

and one quiescent stem cell. While the differentiated daughter cells lose their ability to 

self-renew, the new quiescent stem cell maintains a long-term lineage reconstitution 

potential with each division (Seita and Weissman 2010). The balance between 

differentiation and self-renewal is key in maintaining a healthy supply of blood cells. 

Aberrations in these properties can cause hematologic disorders in which patient 

exhibit a loss of HSC pool or altered differentiation potential.  

 

Early studies provided evidence that at any given time about 75% of HSCs exist in a 

quiescent state, 5% in the S/G2/M phase, and 20% in the G1 phase. More recent BrdU 

incorporation studies estimated that mouse HSCs divide approximately once in every 

57 days (Cheshier et al. 1999). More stringent studies using inducible Histone H2B-

GFP fusion protein to label cell division demonstrated that a more quiescent pool of 

HSCs divided only every 145 days (Foudi et al. 2008; Wilson et al. 2007).  

 

Prospective separation of HSCs has allowed for a better understanding of HSC 

function in normal and malignant states and have also shed light on the alterations 

within the hematopoietic system associated during the aging process.  Early studies 

investigating the frequencies of HSCs in mice showed that in the aged bone marrow, 

the number of phenotypic HSCs (lineage-cKit+sca+CD34-) is increased (Morrison et 
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al. 1996; Sudo et al. 2000). This increase in frequency is accompanied by an altered 

reconstitution potential as evident by decreased RBC and B cell output, as well as a 

myeloid bias (Chambers et al. 2007; Linton and Dorshkind 2004; Miller and Allman 

2003; Rossi et al. 2005).  

 

Aging is also associated with an increase in incidence of myeloid malignancies 

including MDS (Lichtman and Rowe 2004). Several early mutations, including 

DNMT3A, ASXL1, IDH1/2, and TET2, are found in MDS are also found in 

individuals without any overt sign of a hematologic malignancy (Busque et al. 2012; 

Jaiswal et al. 2014; Kwok et al. 2015). The presence of such mutations has been 

described as clonal hematopoiesis of indeterminate potential (CHIP). Studies of 

healthy samples from participants between the ages of 50 and 60 have shown that 95% 

of the individuals harbor mutations in DNMT3A and TET2, common preleukemic 

mutations. These mutations were found within both the myeloid and lymphoid 

compartments indicating that the mutation arose within the HSPC compartment 

(Young et al. 2016). While these mutations are correlated with an increased risk of 

hematologic malignancies, the risk is rather small, 0.5% per year overall, and despite 

the presence of clonal mutations, a majority of the people did not have hematologic 

malignancies (Jaiswal et al. 2014). Interestingly, looking at the mutational history of a 

founding clone in AML, many of the mutations were random events that occurred in 

the HSPC prior to the acquisition of the founding mutation (Welch et al. 2012). This 

suggests that accumulation of mutations in HSPCs may be a prior step in disease 

initiation.  
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Characteristics of MDS Stem Cells 

The long-term sustenance of cancer can be attributed to the cancer stem cell (CSC). In 

a study by Furth and Kahn, a single mouse leukemia cell was shown to have tumor-

initiating capacity in a recipient mouse (Furth, Kahn, and Breedis 1937). The CSC 

theory proposes that among the bulk cancer cells, a few cells act as stem cells by self-

renewing and differentiating thereby sustaining the cancer. These cells result from the 

acquisition of genetic and epigenetic mutations and are capable of propagating the 

cancer (Clevers 2011).   

 

While early studies suggested the existence of cancer stem cells (CSC) in hematologic 

malignancies, Dick and colleagues became the first to show direct evidence of the 

existence of a leukemia-initiating cell, or leukemic stem cell (LSC). In their studies, 

they showed that a subpopulation of leukemic cells expressing surface markers similar 

to normal hematopoietic stem/progenitor cells (Lineage- CD34+CD38-) were able to 

initiate leukemia in SCID mice and that this population did not consist of committed 

progenitor cells, but rather a more primitive cell population (Bhatia et al. 1997; Bonnet 

and Dick 1997; Lapidot et al. 1994; Larochelle et al. 1996). It has long been thought 

that MDS is a stem cell disease, however direct evidence was not provided until recent 

years (Pang et al. 2013; Tehranchi et al. 2010; Will et al. 2012). Early attempts to 

identify stem cell in MDS using xenograft models had been unsuccessful as the efforts 

to establish MDS in SCID mice resulted in poor grafts and did not develop signs of 

MDS (Benito et al. 2003; Grisendi et al. 2005; Kerbauy et al. 2004; Nilsson et al. 

2000; Thanopoulou et al. 2004). However, global gene expression profile studies of 

CD34+CD38-CD90+ HSCs from del5q patients demonstrated that MDS HSCs had a 

closer identity to normal HSCs than to normal progenitors suggesting that normal 

HSCs may be the origin of the disease (Nilsson et al. 2007). Additionally, 
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fluorescence in situ hybridization (FISH) studies of del5q patient HSCs and highly 

purified HSC populations from -7/7q- demonstrated that nearly all HSCs and a 

majority of the myeloid cells had the cytogenetic the defect (Nilsson et al. 2000; Will 

et al. 2012). Together, these studies provided evidence that the origin of MDS lies in 

HSCs.  

 

In addition to the cytogenetic abnormalities within MDS stem cells, quantitative 

changes have also been reported. Rigorous flow cytometry analysis of MDS patient 

samples showed phenotypic expansion of HSCs across subtypes, and an even greater 

expansion of the long-term HSCs (LT-HSCs), defined by Lin-,CD34+CD38-,CD90+ 

of high-risk cases (Pang et al. 2013; Will et al. 2012; Woll et al. 2014). High-risk 

patients were also shown to have expansion in the granulocyte-macrophage 

progenitors (GMP) (Pang et al. 2013). Across all subtypes of MDS, a decrease in 

megakaryocyte-erythroid progenitors (MEP) was observed suggesting apoptosis or a 

possible block in differentiation from common myeloid progenitors (CMP) to MEP, 

likely resulting in the anemia and thrombocytopenia observed in MDS patients (Will 

et al. 2012).  

 

MOLECULAR ABERRATIONS IN MDS 

 

Mutations Acquired in HSCs Lead to MDS  

Recent findings focusing on the molecular underpinnings in MDS stem cells revealed 

genetic and epigenetic alterations. The use of whole-genome and whole-exome 

sequencing to study limited number of cells has enabled researchers to identify many 

recurrent mutations in MDS (Bejar et al. 2011; Haferlach et al. 2014; Papaemmanuil et 

al. 2013). Mutations have been characterized in DNA methylation regulators 
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(DNMT3A, TET2, IDH1, IDH2), chromatin modification (ASXL1, EZH2), 

spliceosome machinery (SF3B1, SRSF2, U2AF1, U2AF2, ZRSR2), transcription 

factors (RUNX1, GATA2), signal transduction (NRAS, JACK2, KRAS, CBL), and 

cell cycle regulator (TP53) (Ernst et al. 2010; Gelsi-Boyer et al. 2009; Graubert et al. 

2011; Ley et al. 2010; Mardis et al. 2009; Yoshida et al. 2011). Among these 

mutations are early mutations, such as TET2, DNMT3A, ASXL1, TP53, SF3B1, and 

JAK2, which are responsible for the clonal expansion of HSCs and precede the 

development of MDS (Sperling et al. 2017).  

 

Large scale studies of MDS patients have identified more than ten genes to be 

significantly correlated with prognoses, including SF3B1, SRSF2, ASXL1, RUNX1, 

TP53, BCOR, EZH2, and U2AF1.  Additionally, the number of driver mutations at the 

time of diagnosis predicted the median leukemia free survival (Papaemmanuil et al. 

2013). Mutations in TP53, EZH2, ETV6, RUNX1, and ASXL1 were shown to be 

associated poor survival (Bejar et al. 2011) and high probability of relapse. 

Furthermore, patients with ASXL1, RUNX1, and TP53 were shown to have higher 

relapse rate and decreased overall survival after HSCT (Della Porta et al. 2016).  

 

Interestingly, early mutations associated with MDS are not exclusive to an overtly 

malignant state. Several studies have shown DNMT3A, ASXL1, SF3B1, and TET2 

mutations are present in individuals without any clinical signs of hematologic 

malignancies (Busque et al. 2012; Genovese et al. 2014; Jaiswal et al. 2014). The 

presence of such mutations is described as clonal hematopoiesis of indeterminate 

potential (CHIP). CHIP is diagnosed in patients with a somatic mutation with a mutant 

allele fraction of at least 2% and no evidence of a hematologic malignancy (Steensma 

et al. 2015).  
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Mouse Models of MDS 

Mouse models are invaluable and powerful tool in the study of cancers.  While success 

has been achieved in creating xenografts of several hematologic malignancies, MDS 

cells have proven to be challenging to establish grafts with. However, as molecular 

aberrations of MDS begins to be more understood, developing genetically engineered 

models of the disease has been made possible. In 2002, the hematopathology 

subcommittee of the Mouse Models of Human Cancers Consortium developed a set of 

guidelines describing criteria for mouse models of hematologic malignancies 

including MDS. The criteria of MDS included three points: First, the PB should have 

either neutropenia, thrombocytopenia (in the absence of leukocytosis or 

erythrocytosis), or anemia (in the absence of leukocytosis or thrombocytosis). Second, 

maturation defect in non-lymphoid cells should have dysplasia in granulocytes, 

erythrocytes, or megakaryocytes, or have at least 20% blasts in the BM. Finally, the 

disorder should not meet the criteria for another non-lymphoid leukemia(Kogan et al. 

2002).  

 

One of the more studied models of MDS is the gene fusion model, NUP98-HOXD13. 

Using a vav promoter to drive the expression in hematopoietic tissues, mice develop 

anemia and neutropenia and, in some cases, macrocytosis and thrombocytopenia. The 

BM is either normal or hypercellular and multilineage dysplasia is observed and 

eventually the mice develop AML (Choi et al. 2009). This model has been used to 

identify several secondary mutation, including, Nras and Kras, that lead to AML 

(Slape et al. 2008).  

 

An SRSF2 model was created using a hematopoietic specific Mx1-cre promotor to 

induce the Srsf2P95H mutation, found in 20-30% of MDS cases (Papaemmanuil et al. 
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2013; Yoshida et al. 2011).  SRSF2 has an RNA motif to promotes spliceosome 

assembly to allow exon inclusion. Under the Mx1-cre, hematopoietic specific 

promoter, the Srsf2P95H/+ mice developed anemia with macrocytic erythrocytes, 

leucopenia, and multilineage dysplasia in the BM (Kim et al. 2015). SRSF2 was also 

shown to be is essential for HSC survival as the mutant mice exhibited decreasing 

HSCs. The mutant form altered its RNA splicing function, affecting genes involved in 

cancer development and apoptosis, contributing to MDS development (Komeno et al. 

2015). 

 

ASXL1 mutations are reported in 15%-20% of MDS patients (Boultwood et al. 2010; 

Gelsi-Boyer et al. 2009) The conditional deletion of Asxl1 in hematopoietic cells 

develop anemia, accompanied by an increase in erythroid precursors, consistent with 

an impaired differentiation phenotype. Leukopenia was evident by reduction in B 

cells, neutrophils, and monocytes. In vitro colony cultures also demonstrated impaired 

progenitor function observed by reduction in CMP, MEP, and GMP colony output. 

HSCs also exhibited defects in self-renewal capacity upon transplantation which is not 

a characteristic of MDS stem cells. A compound Asxl1-Tet2 loss restored the self-

renewal defect induced by the Asxl1 loss, allowing the MDS stem cells to gain a 

competitive advantage (Abdel-Wahab et al. 2013).   

 

TRANSLATION 

 

Translation Levels in Hematopoietic Stem Cells  

Maintenance of tissues is largely dependent upon the function of adult stem cells 

which exhibit tight regulation of gene expression to regulate fate commitment. Among 

the regulatory processes, translational control has been shown to be important for the 
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maintenance of stem cells across different  species (Insco et al. 2013; Sampath et al. 

2008; Zhang, Qiao; Shalaby, Nevine; Buszczak 2014). Moreover, several adult stem 

cells including hematopoietic (Signer et al. 2014, 2016), neural (Llorens-Bobadilla et 

al. 2015), skeletal muscle (Zismanov et al. 2016), hair follicle (Blanco et al. 2016), 

and drosophila germline stem cells (Sanchez et al. 2016) exhibit lower protein 

translation rates than more differentiated cells.  

 

Maintenance of cellular protein, including synthesis, folding, targeting, and 

degradation, is one of the most regulated and energy consuming cellular processes 

(Buttgereit and Brandt 1995). Approximately 25-30% of the oxygen consumption 

coupled to ATP synthesis is used by protein synthesis (Brown 1997) a majority of 

which is spent on the biogenesis of components required for protein synthesis, notably 

the production, transport, and assembly of ribosomal subunits (Schmidt 1999; Strunk 

and Karbstein 2009; Warner 1999). Over the past few decades, progress in the 

structure and function of ribosomes and ribosomal proteins have provided insights into 

protein synthesis (Sonenberg and Hinnebusch 2007).  

Ribosomes are essential components of the cellular machinery catalyzing the synthesis 

of proteins. Eukaryotes have 80S ribosomes consisting of a 40S and a 60S subunit 

both of which are made up of ribosomal RNA (rRNA) and approximately 80 

ribosomal proteins. 60S, the larger subunit, is made up of approximately 50 ribosomal 

proteins (Rpl), and 3 rRNA molecules; 28S, 5.8S, and 5S. The smaller 40S subunit 

consists of about 33 ribosomal proteins (Rps) and an 18S rRNA (Strunk and Karbstein 

2009). The biogenesis and assembly of ribosomal subunits is a highly regulated 

process taking place in the nucleolus, nucleus, and the cytoplasm. rRNA (28S, 5.8S, 

5S, and 18S) are synthesized in the nucleolus and nucleolus. Ribosomal proteins are 

produced in the cytoplasm, transported to the nucleolus to assemble with rRNA 
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molecules, and then shuttled back to the cytoplasm where they mature. Protein 

translation requires the 40S and 60S ribosomal subunits, messenger RNA (mRNA), 

transfer RNA (tRNA), and initiation and elongation factors. Eukaryotic initiation 

factor (eIF) 2 recruits tRNA to the 40S subunit where the 5’ end of an mRNA is 

recruited by eIF3 and eIF4 and scanned for the start codon. Finally, the 60S subunit is 

assembled to form the final 80S complex and elongation of the amino acid chain is 

initiated (Jackson, Hellen, and Pestova 2010).   

 

Studies investigating regulation of protein synthesis in the hematopoietic system have 

shown that HSCs exhibit lower translation rates than restricted progenitors and mature 

hematopoietic cells (Signer et al. 2014, 2016). These reduced levels of translation 

were shown to be associated with the translational repressor, eukaryotic initiation 

factor 4E-binding protein 1 (4E-BP1). In a hypophosphorylated state 4E-BP1 binds to 

eIF4, preventing recruitment of the 40S subunit to mRNA (Merrick, WC; Hershey 

1996). HSCs were shown to have high levels of hypophosphorylated 4E-PB1/2 and 

4E-BP1/2 deficient mice had increased rates of translation and impaired HSC function 

showing that regulation of translation is a vital to HSC function (Signer et al. 2016).  

 

Defects in Ribosomal Proteins Lead to Impaired HSC Function 

Ribosomal proteins are integral to the protein translation machinery and HSC 

function. Rpl24, a component of the 60S subunit, deficient mice (Rpl24bst/+) exhibit 

overall decreased rates of protein synthesis. When compared to WT HSCs, HSCs from 

Rpl24 deficient mice had lower translation rates, decreased proliferation, and reduced 

reconstitution potential in transplant settings. Moreover, HSC exhaustion in Pten 

deficient mice, caused by increase translation rates, was rescued in the Rpl24bst/+ 

background (Signer et al. 2014). In another study, deletion of notchless (Nle), essential 
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for 60S subunit maturation, results in the entry of quiescent HSCs into cell cycle and 

ultimately leads to their exhaustion. Interestingly, no increase in cell death pathways 

were observed leading to the possibility that the defects in ribosome biogenesis may 

lead to premature differentiation of HSCs (Le Bouteiller et al. 2013), an mechanism 

that has been demonstrated in HSCs and several other stem cells as a response to stress 

(Inomata et al. 2009; Li, Mangmang, Yunlong He, Wendy Dubois, Xiaolin Wu, 

Jianxin Shi 2013; Wang et al. 2012). Additionally, Runx1 deficient HSCs having 

impaired ribosome biogenesis have been shown to have decreased rates of apoptosis 

under homeostasis and genotoxic stress conditions (Cai et al. 2011, 2015). Together 

these studies demonstrate the delicate balance of protein synthesis required for proper 

HSC function.  

 

Ribosomal Defects in Hematologic Malignancies 

Defects in ribosomal biogenesis have long been implicated in congenital BM failure 

syndromes including diamond-blackfan anemia (DBF),  Shwachman-Diamond 

syndrome (SDS), and x-linked dyskeratosis congenital (DKC) (Boocock et al. 2003; 

Draptchinskaia et al. 1999; Heiss et al. 1998). DBA, clinically characterized by 

anemia, macrocytosis, reticulocytopenia, and a block in erythropoiesis, is associated 

with mutations in several ribosomal proteins, including RPS19 and RPS24 which led 

to decrease 40S subunits (Choesmel V, Bacqueville D, Rouquette J, Noaillac-Depeyre 

J and Cretien A, Leblanc T, Tchernia G, Da Costa L 2007; Choesmel V, Fribourg S, 

Aguissa-Toure AH, Pinaud N, Legrand P and Gleizes PE 2008; Draptchinskaia et al. 

1999). DBA was the first disease to be linked with defects in ribosomal proteins and 

became the first of a group of disorders to be categorized as ribosomopathies. A 

common feature of many of these syndromes is the increased risk of developing 

cancers including MDS (Blanche P. Alter, Neelam Giri 2009; Donadieu et al. 2005).  
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Del5q syndrome is the most common chromosomal abnormality in MDS patients and 

is classified as having low risk of transformation to AML and long survival (Van Den 

Berghe et al. 1974; Jacqueline Boultwood, Sian Lewis 1994). Ribosome biogenesis 

defected in MDS were first shown in studies of del5q patients showing haplo-

insufficiency of two important ribosomal genes, RBM22 and RPS14 (Boultwood et al. 

2007).  RPS14 deficiency, causes defects in 18S RNA processing and lead to reduced 

levels of the 40 S subunit.  Using RNAi to deplete RPS14, it was shown that haplo-

insufficiency of RPS14 was played a causative role in development of the disease 

(Ebert et al. 2013).  

 

Evidence of defects in ribosomal proteins in non-del(51) MDS patients suggested that 

ribosome biogenesis defects may not be limited to del5q (Czibere et al. 2009; 

Davendra P. Sohal, Andrea Pellagati, Li Zhou, Yongkai Mo, Joanna B. Opalinska, 

Christina Alencar, Christoph Heuck, Amittha Wickrema, Ellen Friedman, John 

Greally, Benjamin L. Ebert, Jonathan Warner 2008; McGowan et al. 2011). In a large 

scale study, CD34+ cells from 72 non-del5q MDS patients and 11 del5q MDS patients 

were screened and it was found that 72% of the non-del5q patients had decrease in 

RPS14 expression (Czibere et al. 2009). In another study, 97 MDS patients, 54 low-

risk and 43 high-risk, RPL23, inhibitor of apoptosis, was overexpressed in high-risk 

patients and possibly caused disease progression (Qi et al. 2017).  

 

Therapeutic Strategies 

The dysregulation of protein synthesis implicated in many other cancers has provided 

a window for therapeutic intervention. Inhibiting ribosome biogenesis and translation 
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initiation by targeting RNA Pol I, EIF4A, EIF4e, EIF2S1, mTOR, and dual PI3K-

mTOR have been explored.  

 

Aberrant regulation of the mTOR pathway has been implicated in several hematologic 

malignancies including AML, T-cell acute lymphoblastic leukemia (T-ALL, chronic 

myelogenous leukemia (CML), and high-risk MDS (Altman and Platanias 2008; 

Teachey, Grupp, and Brown 2010). mTOR, hyperactive in many cancers, forms two 

complexes, mTORC1 and mTORC2 and drives anabolic pathways, including protein 

synthesis and ribosome production.  Rapamycin, an mTORC1 inhibitor, has been 

proposed as a therapy for cancer. Rapamycin, which specifically targets mTORC1, has 

been clinically used since 2000 to prevent organ transplant rejection because of its 

immunosuppressant functions (MacDonald 2001).  

 

Cycloheximide (CHX) has been shown to block the elongation phase of eukaryotic 

translation. It binds the ribosome and inhibits eEF2-mediated translocation (Hardesty 

1971). CHX allows one complete translocation cycle to proceed before halting any 

further elongation (Pestova and Hellen 2003). CHX has been shown to have 

antiproliferative effects in leukemia cell lines (Myasnikov et al. 2016), however, since 

CHX has teratogenesis and reproductive side-effects it is not recommended to be used 

in vivo.  

 

Homoharringtonine is a translation elongation inhibitor and acts by binding to the 80S 

ribosome and inhibits protein synthesis. Hamoharringtonine has been approved by the 

FDA as a therapy for CML (Alvandi et al. 2014) and is in trials for AML (Alvandi et 

al. 2014).  
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Several inhibitors of translation have been implicated in treating hematologic disease, 

however they have not shown to have specific effects on CSCs. As ribosomal defects 

are pronounced in MDS and other bone marrow failure diseases, targeting ribosomes 

further may serve as a powerful therapy for depleting MDS stem cells. In this 

manuscript, we describe using the Vav-cre-Asxl1fl/fl-Tet2 fl/fl and Mx-cre- Asxl1fl/fl-

Tet2 fl/fl to assess the role for the aging stem cell in MDS pathogenesis and the 

targeting of the 60S ribosomal subunit in the Vav-cre-Asxl1fl/fl-Tet2 fl/fl mouse model 

of MDS stem cells using an immunotoxin, saporin.  
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CHAPTER TWO 

THE ROLE OF AGING STEM CELLS IN MDS PATHOGENESIS 

 

INTRODUCTION 

 

Aging is associated with changes in the hematopoietic system due to alterations in HSCs 

including increased HSC frequency, reduced red blood cells and lymphocytes, an 

increase in myeloid cells (Chambers et al. 2007; Jaiswal et al. 2014; Linton and 

Dorshkind 2004; Miller and Allman 2003; Morrison et al. 1996; Pang et al. 2011; Rossi 

et al. 2005; Sudo et al. 2000), and clonal hematopoiesis (Jaiswal et al. 2014; Steensma 

et al. 2015).  In addition to these changes, aging is also associated with an increased risk 

of developing malignancies originating from HSCs including MDS (Busque et al. 2012; 

Genovese et al. 2014; Jaiswal et al. 2014; Jan et al. 2012; Kwok et al. 2015).  

Hematologic changes observed in MDS, including anemia, decreased lymphoid output, 

myeloid bias, increased HSC frequency, and clonal expansion are similar to those 

observed in the normal elderly population (Table 2.1). We hypothesized that in addition 

to the somatic mutations and karyotypic alterations, MDS pathogenesis is also 

dependent upon factors present in normal aging background.   

 

Table 2.1: Hematopoietic Features in Aging and MDS  
 

 
Age MDS 

Increased HSC number ✔ ✔ 

Decreased HSC long-term reconstitution potential ✔ ✔ 

Myeloid Differentiation Bias ✔ ✔✔✔ 

Decreased lymphoid production ✔ ✔✔✔ 

Decreased red cell production ✔ ✔✔✔ 

Clonal Expansion ✔ ✔✔✔ 

Risk of MDS/AML ✔ ✔✔✔ 
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Given that MDS arises from HSCs and the elimination of MDS HSCs is required for a 

cure, it is important to identify all the factors that regulate MDS HSC function. In this 

study we investigated the contribution of aging in the development and severity of 

MDS phenotypes. We used the Vav-cre-Asxl1fl/fl-Tet2 fl/fl and Mx-cre- Asxl1fl/fl-Tet2 

fl/fl mouse models of MDS to address two questions: 1) Does the age of the cell-of-

origin impact MDS pathogenesis and 2) Does disease chronicity impact MDS stem 

cell phenotype.  

 

RESULTS 

 

The Cell-of-Origin Impacts MDS Pathogenesis 

We proposed to use Mx-cre- Asxl1fl/fl-Tet2 fl/fl conditional null mice to study the effect 

of varying the age when MDS initiating genetic deletions are induced on MDS disease 

phenotype and HSC function, predicting that older mice induced to develop MDS would 

manifest disease with faster kinetics and a more pronounced phenotype. 

 

Initial transplants were set up using 2X106 mononuclear cells (MNC) from Mx-cre- 

Asxl1fl/fl-Tet2 fl/fl (CD45.2) mice of varied ages (5, 12, and 22 months) into lethally 

irradiated CD45.1 recipients. At 16 weeks following stable engraftment, Asxl1 and 

Tet2 deletions were induced using polyI:polyC (Figure 2.1a). Following 

establishment of nearly 100% chimeras (Figure 2.2b), mice were tracked long-term 

for development of disease based on peripheral blood and bone marrow analysis.  
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FIGURE 2.1. Generation of Stably Engrafted Recipients 
a.  Experimental Setup. 2x106 MNC from Mx-cre- Asxl1fl/fl-Tet2 fl/fl or C57BL6 WT 

mice were transplanted into lethally irradiated mice. 16 weeks after transplant, deletion 
of Asxl1 and Tet2 was induced by 5 intraperitoneal injections of polyI:polyC every 
other day at a dose of 20mg/kg of body weight.  

b. 16-week Total Peripheral Blood Donor Chimerism. Donor chimerism represented by 
frequency of donor cells of total CD45+ cell population. 

 

 

6 months after the induced deletion of Asxl1 and Tet2 genes, peripheral blood counts 

show groups receiving old MDS cells exhibit lower white blood cell, specifically in 

the neutrophil compartment, when compared to groups receiving old WT cells (Figure 

2.2a). The neutropenia was confirmed with the reduction of Gr1-+Mac-1+ 

granulocytes in the peripheral blood by flow cytometry analysis (Figure 2.2b). 

Lineage analysis in the peripheral blood showed no difference in monocyte, B cell, 

and T cells at this time point. (data not shown).  
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FIGURE 2.2. Recipients of Old Donor HSCs Exhibit Leukopenia 
a. White Blood Cell and Neutrophil Counts. Complete blood counts measured using 

HemaVet 950.   
b. Peripheral Blood Flow Cytometry Analysis of Granulocytes. Granulocyte frequency 

as measured by Gr-1+Mac-1+ of total Ter119- cells. All data represent mean±s.d. *, 
p<0.05; **, p<0.01; ***, p<0.001.  

 

 

As expected, groups receiving young MDS cells had lower hematocrit percentage 

when compared to groups receiving young WT cells, however, this reduction did not 

become evident until 12-months post-deletion (Figure 2.3b). At the 6-month time 

point, hematocrit percentage were elevated in recipients of old MDS cells indicating a 

possible compensatory mechanism to produce excess RBC in response to an initial 

decrease in output (Figure 2.3a and 2.3b). Alterations in platelet counts are observed 

in normal aging and in this transplant, old WT donors exhibited reduced platelet 

output persistent from 6-months onward (Figure 2.3a and 2.3b). This reduced platelet 

phenotype was not observed in recipients of old MDS donor cells possibly indicating 

an intrinsic advantage of MDS cells or the result of an advantage due to a young 

microenvironment. These findings are consistent with the known myeloid dysplasia 

and leukopenia in MDS patients and mice.  
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FIGURE 2.3. Recipients of Old Donor HSCs Decrease in RBC Output  
a. Hematocrit % and Plate Count at Six-Months Post-Deletion.  
b. Hematocrit % and Plate Count at Twelve-Months Post-Deletion. Complete blood 

counts measured using HemaVet 950.  All data represent mean±s.d. *, p<0.05; **, 
p<0.01; ***, p<0.001.  

 

As expected, recipients of old MDS cells also exhibited an expansion of the LSK and 

CMP populations in the bone marrow (Figure 2.4a). This expansion is consistent with 

the previously described MDS phenotype in humans and mice. Kaplan-Meier survival 

curves of groups transplanted with young, intermediate, and old WT and mutant cells 

exhibited reduction in survival among recipients of old donor cells (Figure 2.4b). 

Together, these data suggest that the age of a stem cell at the time of deletion plays a 

a 

B6
-Y B6

-I
B6
-O

Mx
-Y

Mx
-I

Mx
-O

20

30

40

50

60

%

HCT

B6
-Y B6

-I
B6
-O

Mx
-Y

Mx
-I

Mx
-O

20

30

40

50

60
%

HCT

* 

* 

B6
-Y B6

-I
B6
-O

Mx
-Y

Mx
-I

Mx
-O

0

500

1000

1500

2000

K
/u
L

PLT

** 
* 

B6
-Y B6

-I
B6
-O

Mx
-Y

Mx
-I

Mx
-O

0

500

1000

1500
K
/u
L

PLT

ns ** 

b 

ns 



 27 
 

role in disease phenotype including neutropenia, defects in red cell compartment, 

expansion of HSCs, as well as overall survival.  

 

 

FIGURE 2.4. Deletion of Asxl1-Tet2 Results in the Expansion of HSPCs and Reduced 
Survival of Recipients of Old Stem Cells 
a. Bone Marrow HSPC Flow Cytometry Analysis Twelve-Months Post-Deletion. 

Bone marrow aspirates were performed and HSPC compartments were analyzed by 
flow cytometry.  

b. Kaplan-Meier Survival Curves. All data represent mean±s.d. *, p<0.05; **, p<0.01; 
***, p<0.001.  
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Impact of Disease Chronicity on MDS Stem Cell Phenotype 

To assess the impact of disease chronicity on MDS pathogenesis, transplants were set 

up using mononuclear cells from Vav-creTet2fl/flAsxl1fl/fl (CD45.2) constitutive double 

knock out mice of varied ages (5, 14, and 23 months) into lethally irradiated CD45.1 

recipients. Following establishment of nearly 100% chimeras, mice were tracked long-

term for development of disease based on peripheral blood and bone marrow analysis.  

Long-term cell counts showed no significant differences between the various groups 

(Figure 2.5). As MDS is characterized by an increase in severity of anemia with 

disease progression, this similarity in RBC between the young and old mutant 

recipients was unexpected.  

 

FIGURE 2.5. No Significant Differences in Long-Term Peripheral Blood Counts of 
Young and Old Mutant Recipients. Complete blood counts measured using HemaVet 950.  
All data represent mean±s.d. *, p<0.05; **, p<0.01; ***, p<0.001.  
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Examination of the bone marrow at the 34 and 60-week time point showed 

maintenance of high over all donor chimerism as well as chimerism within 

hematopoietic stem & progenitors (data not shown). Further examination showed 

groups receiving intermediate or old MDS cells exhibit lower GMP frequencies when 

comparted to groups receiving WT cells (Figure 2.6). This is consistent with the 

previously known findings that the Vav-creTet2fl/flAsxl1fl/fl mice exhibit age-

dependent myeloid dysplasia. Surprisingly, we also observed that mice receiving MDS 

cells exhibited lower LSK frequencies (Figure 2.6). Vav-creTet2fl/flAsxl1fl/fl mice 

have been shown to have rescue the impaired self-renewal seen in the single Asxl1-

deficient mice. These findings suggest a non-cell intrinsic mechanism leading to the 

lower LSK frequencies. Furthermore, when comparing young, intermediate, and old 

MDS cell recipients, no significant differences in HSCS frequencies was observed  

 

As expected, groups receiving young WT cells showed increased survival when 

compared to those receiving old WT cells. Interestingly, this difference was not 

observed when comparing groups receiving young, intermediate, and old MDS cells. 

Additionally, groups receiving old MDS cells had a significant increase in survival 

when compared to groups receiving old WT cells (Figure 2.7). As donor chimerism 

was maintained at equally high levels in these two groups (Data not shown), we have 

ruled out that this is due to inability of MDS cells to engraft. Together, these data 

demonstrate that constitute deletion of Asxl1 and Tet2 did not alter disease 

progression with varying the age of the stem cell. This was evident by similar 

peripheral blood counts, LSK frequencies, as survival of recipients of mutant cells.  
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FIGURE 2.6. Bone Marrow HSPC Frequencies. Bone marrow aspirates were performed 
on recipient mice at 34 and 60-weeks post-transplant. LSK, CMP, GMP, and MEP 
frequencies were determined by flow cytometry analysis.   
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FIGURE 2.7. Kaplan-Meier Survival Curve All data represent mean±s.d. *, p<0.05; **, 
p<0.01; ***, p<0.001.  

 

 

DISCUSSION 

 

In this study, we examined the effects of aging stem cells on MDS pathogenesis. 

Using a genetically accurate model of MDS, we show that hematopoietic specific 

deletion of Asxl1 and Tet2 in older cells manifests disease with faster kinetics as 

evident by decreased disease latency, greater disease severity, and decreased survival. 

Additionally, constitutive deletion of Asxl1 and Tet2 in young, intermediate, and old 

stem cells resulted in manifestation of disease at a similar rate and recipient mice 

exhibited no differences in overall survival. While age of the cell of origin impacts 

disease pathogenesis, disease chronicity itself does not impact MDS phenotype. Cell 

extrinsic factors may play a role in full manifestation of MDS.  
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CHAPTER THREE 

TRANSLATION IN MDS AND THE DEPLETION OF HSCS WITH 

CD117-SAPORIN IMMUNOTOXIN 

 

INTRODUCTION 

 

Defects in ribosomal proteins have been reported across different subtypes of MDS 

(Alkhatabi et al. 2016; Boultwood et al. 2007; Cai et al. 2015; Czibere et al. 2009; 

Davendra P. Sohal, Andrea Pellagati, Li Zhou, Yongkai Mo, Joanna B. Opalinska, 

Christina Alencar, Christoph Heuck, Amittha Wickrema, Ellen Friedman, John 

Greally, Benjamin L. Ebert, Jonathan Warner 2008; Lansdorp et al. 1990; McGowan 

et al. 2011). As these defects are pronounced in MDS stem cells they may be 

functioning on limited resources, making the more vulnerable targets of ribosome 

inhibitors.   

 

Ribosome-inactivating proteins (RIPs) are toxins which specifically and irreversibly 

inhibit protein synthesis by cleaving a specific adenine residue (A4324) on the 28S 

ribosomal subunit. Hundreds of RIPs have been isolated from plants and bacteria and 

have been shown to have a range of toxicity and are classified as type I or type II. 

Type I RIPs are single A-chain proteins with N-glycosidase enzymatic activity while 

type II RIPS have two polypeptide chains (A and B chain). The A-chain has enzymatic 

function and the B-chain is a lectin-like peptide with an affinity for galactose allowing 

translocation through the plasma membrane making type II RIPS more toxic (Schrot, 

Weng, and Melzig 2015; Stirpe 2004). In 1891, ricin and abrin became the first RIPs 

to be identified by Paul Ehrlich who identified the proteins and raised antibodies 

against them (Olsnes 2004). Several decades later the enzymatic activity was 
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described and ricin and related proteins were characterized as proteins that inhibit 

translation by damaging ribosomes, or ribosome-inactivating proteins (Olsens and Pihl 

1972).  

 

Saporin, isolated from Saponaria officinalis L (soapwort), is a type I RIP with nine 

forms. Saporin-6 is the most abundant form and conserves the RNA N-glycosidase 

activity specific to A4324 of the 28S ribosomal subunit. While Saporin-6 lacks the B-

chain, some groups have reported internalization of saporin by endocytosis in some 

cell types (Bagga, Seth, and Batra 2003; Cavallaro et al. 2018). Once internalized, 

saporin permanently inactivates the 28S subunit, blocking the binding of EF-1 and the 

formation of EF-2. This prevents the translocation of tRNA from the A site to the P 

site of the ribosomal complex ultimately leading to cell death (Endo and Tsurugi 

1988).  

 

Saporin molecules have been conjugated to antibodies of cell surface markers to 

generate immunotoxins against several cancer types, including hematologic 

malignancies (Polito et al. 2013). The first clinical trial used CD30-Saporin conjugates 

to treat refractory Hodgkin lymphoma patients. While the therapeutic effect was 

limited to a few months, the immunotoxin was successful in reducing the tumor mass 

by up to 60% (Falini et al. 1992).  

 

In a recent study, saporin conjugated to a CD45.2 internalizing antibody was used to 

deplete the BM of C57BL/6 wild-type mice allowing for nearly 100% engraftment of 

donor cells. Despite CD45.2 being expressed on most hematopoietic cells in the BM, 

CD45-Saporin conditioning had minimal effects on most of the mature BM cells 

avoiding toxicity generally caused by irradiation conditioning.  This study 
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demonstrated a novel method of conditioning patients for HSCT (Palchaudhuri R et al 

2016).  

 

Here we aim to test whether saporin treatment can deplete MDS stem cells with 

minimal effects on the rest of the BM architecture. As standard conditioning regimen 

for HSCT for MDS patients can be too aggressive, affecting cells beyond the target, a 

more targeted and less aggressive regimen can serve as a replacement, making it 

possible for older patients with comorbidities to be eligible for HSCT. Additionally, as 

MDS HSCs have been shown to have global reductions in translation levels when 

compared to normal counterparts, they may have been more susceptible to further 

inhibition of translation.  

 

 

RESULTS 

 

Normal Human and MDS Patient HSCs exhibit decreased translation rates 

We first sought to quantify the rate of translation in human HSCs by using an op-puro 

incorporation assay. While one of the most well-established methods of measuring 

global changes in protein synthesis is dependent upon the incorporation of 

radiolabeled amino acids, such as 35S methionine and 35S cystine, in newly synthesized 

polypeptides, we needed a flow cytometry-based assay to measure protein synthesis of 

HSCs within a bulk population. A more recent assay using P-propargyl-puromycin 

(OP-Puro) has been developed to detect protein synthesis by fluorescence and for cells 

in vitro and in vivo. OP-Puro, an alkyne puromycin analog, when taken up by cells 

during active protein synthesis forms covalent polypeptide-OP-Puro conjugates and 
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nascent polypeptides can be quantified using fluorescence-based techniques (Liu et al. 

2012).  

 

Umbilical cord blood is a rich source for human HSCs and progenitors. Assessing 

protein translation in CD34 enriched cord blood cells, we found that when compared 

to total CD45+ cells, progenitors (CD45+CD34+CD38+) and more strikingly, HSCs 

(CD45+CD34+CD38) exhibit lower op-puro incorporation (Figure 3.1a). We further 

assessed op-puro incorporation in cells from two normal human bone marrow samples 

and observed more than a 50% reduction in translation within the progenitors and 

HSC compartment when compared to total CD45+ cells (Figure 3.1b). These results 

demonstrate that human HSC and progenitors from both cord blood and BM, exhibit 

reduced translation rates.  

 

We next sought to assess translation in stem cells from MDS patient BM samples. We 

obtained a BM aspirate sample from a patient with refractory anemia with excess 

blasts (RAEB-1), 6%.  Patients with RAEB-1 have multiple cytopenias and have 

between 5-9% blasts in the BM. Similar to the observations in normal BM HSCS, op-

puro incorporation in HSPCs was less than half of the levels as total CD45+ cells 

(Figure 3.2a).  

 

To further validate the reduced translation in MDS HSCs, we compared monosomes 

and polysomes from a healthy patient and an MDS patient with RUNX1 and EZH2 

mutations. First using CHX to freeze translating ribosomes with mRNA transcripts on 

FACS sorted CD34 cells, cell lysates were added to sucrose gradients followed by 

centrifugation and fractionation. Early fractions representing monosomes had higher 
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FIGURE 3.1. Cord Blood and BM HSCs Exhibit Reduced Translation 
Total fraction represents CD45+ cells. Progenitors cells are phenotypically characterized as 
CD45+ CD38+ CD34+ fractions and HSCs are characterized by CD45+ CD38- CD34+. 
Representative histograms show OP-puro MFI comparing progenitor and HSC populations.  
a. OP-Puro MFI in Cord Blood. Representative gating strategy, OP-Puro MIF 

histogram, and bar graphs. 300,000 CD34 enriched cord blood cells. N=3. All data 
represent mean±s.d. *, p<0.05; **, p<0.01; ***, p<0.001.  

b. OP-Puro MFI from Two Normal BM Patient Samples. Representative gating 
strategy, OP-Puro MIF histogram, and bar graphs. 300,000 CD34 enriched bone 
marrow cells.  
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FIGURE 3.2. MDS HSCs Exhibit Reduced Translation 
a. OP-Puro Incorporation in an MDS Patient BM Samples Total fraction 

represents CD45+ cells. Progenitors cells are phenotypically characterized as 
CD45+ CD38+ CD34+ fractions and HSCs are characterized by CD45+ CD38- 
CD34+. Representative histograms and bar graph show OP-puro MFI comparing 
total CD45+, progenitor, and HSC populations.  

b. Monosomes and Polysomes of Healthy and MDS patient BM sample. CD34+ 
cells from healthy and MDS patient samples were treated with 10mg/ml of CHX 
followed by centrifugation and fractionation. Ribosomal RNA content is plotted 
against each fraction.  

a 

CD34 

C
D

38
 HS

 
Progen

 

OP-Puro 
To

tal
Pro

g.
HSC

6000

8000

10000

12000

O
P-

pu
ro

 F
IT

C
 M

FI

MDSMDS BM 

CD34+ cells  

Centrifugation 

Cell Lysate 

Sucrose 
Density 

b 

0

10

20

30

40

1 2 3 4 5 6 7 8 9 10

NBM

MDS%
 R

NA
 

Fraction number 

monosomes polysomes 
NBM = 51 % 
MDS = 60 % 

NBM = 49% 
MDS = 40 % 



 38 
 

 ribosomal RNA (rRNA) content in CD34+ MDS cells when compared to the healthy 

control indicating more free ribosomes. Late fractions, representing the polysomes, 

showed lower rRNA content in CD34+ MDS cells when compared to the healthy 

control indicating fewer ribosomes bound to mRNA transcripts (Figure 3.2b). These 

two MDS patient samples both showed reduced translation in HSPCs however, 

analysis of larger sample number across different MDS subtypes will be necessary to 

validate these findings.  

 

Mouse Models of MDS Exhibit Reduced Translation 

We next wanted to test the efficacy of saporin in depleting MDS stem cells. To 

investigate this, we first established whether HSCs from mouse models of MDS also 

exhibit decreased translation. We began with an SRSF2 mouse model which carries a 

mutation, found in 20-30% of MDS patients (Papaemmanuil et al. 2013; Yoshida et al. 

2011), altering its splicing function. cKit enriched cells from an SRSF2 mutant and an 

SRSF2 wild-type were run through a sucrose gradient rRNA content across ten 

fractions was measured. cKit enriched cells from the mutant mouse had higher rRNA 

content within the monosome fractions and lower rRNA content within the polysome 

fractions when compared to wild-type cells indicating reduced translation in the 

mutant cells (Figure 3.3a).  

 

Additionally, we measured translation in the Vav-cre-Asxl1fl/fl-Tet2 fl/fl mouse model. 

Wild-type and mutant cKit enriched cells were assessed for op-puro incorporation. 

Wild-type HSCs (Lineage- Sca-1+ cKit+) trended toward having lower translation 

than progenitors and mutant HSCs were shown to have significantly lower translation 

than mutant progenitors. Moreover, when compared to wild-type HSCs, mutant HSCs 
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had reduced translation (Figure 3.3b). Taken together, the SRSF2 and Asxl1-Tet2 

models of MDS both exhibit reduced translation in HSCs.  

 

In Vivo Saporin Treatment Depletes HSCs  

To mimic a human MDS patient BM, wild-type mononuclear cells from UBC-GFP 

mice and mutant cells from Vav-cre-Asxl1fl/fl-Tet2 fl/fl mice were transplanted at a 1:1 

ratio into lethally irradiated recipients. 12-weeks post-transplant, mutant and GFP 

donor cells were stably engrafted at nearly the initial transplanted ratio (Figure 3.4a).  

Monocytes and B cells chimerism levels were equally between donor mutant and 

donor GFP cells and T cells were mostly derived from mutant cells. Granulocytes 

were mostly derived from wild-type donor cells instead of mutant donor cells evidence 

of the neutropenia exhibited by Vav-cre-Asxl1fl/fl-Tet2 fl/fl mice (Figure 3.4b).  
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FIGURE 3.3. HSCs in Mouse Models of MDS Have Reduced Translation 
a. Monosome and Polysomes of CKit Enriched BM cells of SRSF2 WT and SRSF2 

Mutant. cKit enriched cells were treated with 10mg/ml of CHX followed by 
centrifugation and fractionation. Ribosomal RNA content is plotted against each 
fraction. 

b. OP-Puro Incorporation in Asxl1-Tet2 Mutants. Progenitors cells are phenotypically 
characterized as Lineage- Sca-1- cKit+ fractions and HSCs are characterized by 
Lineage- Sca-1+ cKit+ Representative bar graph shows OP-puro MFI comparing in 
progenitor, and HSC populations from mutant and WT mice.   
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FIGURE 3.4. Generation of WT UBC-GFP and Asxl1-Tet2 Chimeric BM  
a. Generation of Vav-cre-Asxl1fl/fl-Tet2 fl/fl /UBS-GFP Mice. 10x106 MNC from 

Vav-cre-Asxl1fl/fl-Tet2 fl/fl (CD45.2) and 10x106 MNC from UBC-GFP (CD45.2) 
were transplanted via retro orbital injection into lethally irradiated pepboy 
(CD45.1) recipients.  

b. Sixteen-week Total Peripheral Blood and Lineage Chimerism. *, p<0.05; **, 
p<0.01; ***, p<0.001 
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Following stable engraftment, mice were treated with a biotinylated CD45.2 antibody, 

CD117, or IgG, conjugated to saporin-streptavidin. The CD45.2-Saporin immunotoxin 

has been shown to deplete HSPCs specifically from C57BL/6 BM (Palchaudhuri R et 

al 2016). As CD117 is expressed on mainly immature populations in the BM, we also 

tested the efficacy of HSC depletion when combined with saporin.  BM aspirates were 

sampled immediate before the immunotoxin treatment and 8 days post-treatment. As 

previously described, 8 days was sufficient time to observe depletion of HSCs from 

mouse BM (Palchaudhuri R et al 2016). A reduction in total LSK and LSK CD150+ 

cells was observed with both CD117-Saporin and CD45-Saporin treatment (Figure 

3.5a). Change in chimerism levels of each cell type within the LSK and progenitor 

compartments was also measured. Post-treatment, recipient (CD45.1) LSK and 

progenitor chimerism mostly increased, likely a result of the decreasing contributions 

from t wild-type GFP and mutant cells. Contributions of GFP and mutant cells within 

the LSK and progenitor compartment trended towards a decrease upon CD117-saporin 

and CD45-saporin treatment (Figure 3.5b) indicating that a single dose of the 

immunotoxin can deplete HSPCs in vivo.  

 

Treatment with Saporin Allows Engraftment of Donor Cells  

Myeloablative conditioning regimen for a HSCT aims to clear the BM of dysplastic 

cells and is followed by the infusion of healthy stem cells. Engraftment of healthy 

stem cells indicate sufficient depletion of resident HSCs has opened niche spaces for 

donor cells. To test whether saporin treatment can serve as a conditioning regimen for 

HSCT for MDS patients, we treated GFP and mutant chimeric mice with CD117- 

saporin and CD45-saporin, and followed up with a transplant of F1 donor cells 8 days 
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FIGURE 3.5. In Vivo Depletion of WT UBC-GFP and Asxl1-Tet2 HSCs Generation of 
Vav-cre-Asxl1fl/fl-Tet2 fl/fl /UBS-GFP Mice. 
a. Eight-Day Post-Treatment Frequencies. LSK and LSK CD150+ frequencies within 

total CD45 cells in IgG, CD117, and CD45.2 treated groups. 12ug of CD117-saporin 
and 24ug of CD45-saporin were administered retro-orbitally.  

b. Change in LSK and Progenitor Chimerism. Pre and post IgG, CD117, and CD45.2 
treatment. Each dot represents a single mouse and colors are coordinated to represent 
the same mouse pre and post-treatment.   

 

 

later (Figure 3.6a).  Following the transplant, peripheral blood analysis showed that 

CD117 and CD45 – saporin treated groups had approximately 60-70% engraftment of 

F1 cells 12 weeks after the transplant (Figure 3.6b).  
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FIGURE 3.6. Treatment with Saporin Allows Engraftment of F1 Donor Cells  
a. Eight-Days after IgG, CD117, and CD45– Saporin Treatment. Chimeric mice 

were transplanted with 20x106 WBM cells F1 donor cells.  
b. Twelve-Week F1 chimerism levels.  *, p<0.05; **, p<0.01; ***, p<0.001 
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levels after saporin treatment. Comparing chimerism levels, we observed that both 

GFP and mutant cells were depleted and mutant cells, despite having lower rates of 

translation, likely were not more susceptible to saporin treatment (Figure 3.7a).  

Looking within granulocytes, monocytes, b cells, and t cells, chimerism levels of GFP 

and mutant cells across all lineages were both reduced (Figure 3.7b). These data 

demonstrate that while saporin did not preferentially deplete MDS stem cells, it 

allowed for sufficient depletion of all HSCs to allow for donor cell engraftment.  
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FIGURE 3.7. GFP and Mutant Peripheral Blood Chimerism Decrease After Saporin 
Treatment  

a. Change in Total GFP and Mutant Chimerism Twelve Weeks After Saporin 
Treatment.  

Change in Lineage Chimerism of GFP and Mutant Cells Twelve Weeks After Saporin 
Treatment. *, p<0.05; **, p<0.01; ***, p<0.001 



 46 
 

 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

Total Chimerism (IgG)

Fr
eq

. o
f C

D
45

+ 
ce

lls

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

Total Chimerism (CD117)

Fr
eq

. o
f C

D
45

+ 
ce

lls

*

* 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

Total Chimerism (CD45)

Fr
eq

. o
f C

D
45

+ 
ce

lls

*
*
 

a 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

Granulocyte Chimerism (CD117)

Fr
eq

. o
f C

D
45

+ 
ce

lls

* * 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

Granulocyte Chimerism (CD45)

Fr
eq

. o
f C

D
45

+ 
ce

lls

**** *
 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

50

100

150

Granulocyte Chimerism (IgG)

Fr
eq

. o
f C

D
45

+ 
ce

lls

* 

b 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

Monocyte Chimerism (IgG)

Fr
eq

. o
f C

D
45

+ 
ce

lls

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

Monocyte Chimerism (CD45)

Fr
eq

. o
f C

D
45

+ 
ce

lls

**** *

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

Monocyte Chimerism (CD117)

Fr
eq

. o
f C

D
45

+ 
ce

lls

*** *

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

B Cell Chimerism (IgG)

Fr
eq

. o
f C

D
45

+ 
ce

lls

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

B Cell Chimerism (CD117)

Fr
eq

. o
f C

D
45

+ 
ce

lls

*

* 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

B Cell Chimerism (CD45)

Fr
eq

. o
f C

D
45

+ 
ce

lls

* *
 

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

T Cell Chimerism (CD117)

Fr
eq

. o
f C

D
45

+ 
ce

lls

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

T Cell Chimerism (IgG)

Fr
eq

. o
f C

D
45

+ 
ce

lls

GFP (p
re

)

GFP (p
ost

)

MUT (p
re

)

MUT (p
ost

)
0

20

40

60

80

100

T Cell Chimerism (CD45)

Fr
eq

. o
f C

D
45

+ 
ce

lls

*



 47 
 

DISCUSSION 

 

We have shown using op-puro incorporation and a sucrose gradient assay that in both 

mouse models of MDS and in human cord blood and BM samples, normal and MDS 

HSCs exhibit reductions in global translation when compared to bulk and progenitor 

populations. Reduced translation in HSPCs of the two MDS patient samples evaluated 

here represent only a small subset of MDS patients. Additional samples will be 

required to validate the findings and to correlate the reduction in translation to known 

defects in ribosome biogenesis.  

 

Using mononuclear cells from the genetically accurate Vav-cre-Asxl1fl/fl-Tet2 fl/fl MDS 

model and wild-type UBC-GFP mice we generated chimeric BM representing the 

normal and dysplastic cells present in MDS patient BM prior to disease progression. 

We transplanted equal number of cells from GFP and mutant mice and observed that 

engraftment efficiency of both cells was equal and total chimerism levels remained 

equal long-term. These mice were treated with the immunotoxin and evidence of GFP 

and mutant HSPC depletion was observed from BM aspirates 8 days after treatment.   

 

Subsequent donor cell transplant lead to high engraftment indicating elimination of 

resident HSPCs opened niche space for donor cells. We also observed that the IgG 

treated groups also exhibited increase F1 engraftment and reduced chimerism levels 

specifically within the GFP compartment. While the internalization of IgG by some 

BM cells explains the depletion, the reasons for the specificity of GFP cell depletion is 

not clear. 
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We had observed that HSCs from mutant mice have lower translation when compared 

to wild-type, and hypothesized that perhaps the reduced translation would make them 

more susceptible to an immunotoxin that targets the translation machinery. However, 

we did not see a selective depletion of mutant HSCs. Nonetheless, sufficient depletion 

of mutant HSCs allowed engraftment of donor cells making the treatment a potential 

non-genotoxic conditioning regimen for transplants.  
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CHAPTER FOUR 

EXPLORING THE MECHANISM OF SAPORIN-INDUCED CELL 

DEPLETION  

 

INTRODUCTION 

 

While our data shows depletion of wild-type and MDS HSCs in vivo, an 

understanding of how saporin causes the depletion needs to be determined.  

In early studies, evidence of saporin cytotoxicity has mostly been obtained by 

determining inhibition of protein synthesis or determining cell viability of treated cells 

compared to controls (Bolognesi et al. 2005; Polito et al. 2009; Tazzari et al. 1999, 

2018).  In an early study, saporin conjugated to anti-CD2 mAb showed inhibition of 

proliferation and an inhibition of protein synthesis measured by 3H-leucine 

incorporation by the SKW-3 T-ALL cell line after 48 hours of incubation with the 

immunotoxin (Tazzari et al. 2018).   

 

We sought to determine whether the immunotoxins CD117-saporin and CD45-saporin 

also inhibited translation of HSPCs in wild-type and mutant Vav-cre-Asxl1fl/fl-Tet2 fl/fl. 

We also assessed protein translation rates in cord blood units to determine whether 

human HSPCs respond to the immunotoxins by the same mechanism. We evaluated 

protein synthesis by the op-puro incorporation assay and also assessed cell viability as 

well as functional effects of the immunotoxin treatment.  
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RESULTS 

 

We began the study by using the multipotent mouse erythroid myeloid lymphoid 

(EML) cell line to evaluate in vitro effects of the immunotoxins. We verified that 

EML cells express CD117 receptor and contained both Sca-1+ LSK and Sca-1- 

progenitor cell populations. Dose titration curve of the CD117-saporin treatment was 

generated based on cell viability after 72 hours of culture (Figure 4.1a). Using 10nM 

of both CD117 and saporin, we demonstrated that within 24 hours, saporin molecules 

were robustly internalized with CD117-saporin treatment. No shift was observed in 

the saporin only group indicating that only when conjugated with the internalizing 

antibody can saporin be transported into the cell (Figure 4.1b). To assess whether 

apoptosis was induced at this time point we did an annexin V and 7AAD stain and it 

revealed little to no increase in apoptotic cell frequencies (Figure 4.1c). We followed 

up with a cell cycle stain to determine whether any shifts in cell cycle status occurs 

with the immunotoxin and observed a decrease in S phase accompanied by an increase 

in G1 phase indicating a possible G1 arrest (Figure 4.1c). These data demonstrate that 

at the 24-hour time point CD117-saporin is efficiently internalized and while no 

induction of apoptosis occurs, cells may enter into a G1 arrest. As EML cells treated 

with CD117-saporin showed greater changes at 72 hours, apoptosis and cell cycle 

changes need to me measured at timepoints beyond 24 hours.  
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FIGURE 4.1. In Vitro Effects of Saporin on EML Cells  
a. EML Cell Flow Cytometry and Dose Titration.  
b. Internalization of Saporin. EML cells treated for 24 hours with 10nM CD117-

saporin followed by an intracellular anti-saporin FITC stain 
c. Annexin V and 7AAD Staining After 24 hours.  
d. BrdU Staining to Assess Cell Cycle Status 24-hours After Treatment.  
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Next, we cultured cKit enriched cells from C57BL/6 mice with saporin, CD117-

saporin, and CD45-saporin for 72 hours and observed that at the 48-hour time point, 

we began to see reduced cell counts in the CD117-saporin and CD45-saporin groups 

which then became significant by the 72 hours timepoint (Figure 4.2a).  

 

Similar to the observation made in EML cells, 24-hour treatment with CD117-saporin 

let to a decrease in cells in S phase (Figure 4.2b). Moreover, across the progenitor, 

LSK, and LT-HSC compartments, we observed well over 50% reduction in op-puro 

incorporation after a 24-hour treatment indicating that saporin treatment inhibits 

protein synthesis in wild-type HSPCs (Figure 4.2c).  

 

Finally, we wanted to know if human HSC exhibit similar reductions upon treatment 

with saporin. CD34 enriched cells from cord blood were treated with saporin, CD117, 

and CD117-saporin for 90 minutes. We have shown that internalization of CD117 

occurs within 90 minutes and we wanted to assess how quickly internalized saporin 

can alter translation. We observed that after 90 minutes, op-puro incorporation was 

reduced by more than 50% in HSCs and progenitor cells (Figure 4.3a). We wanted to 

see whether any functional effects take place with short-term treatment and performed 

CFU assay with treated cells.  After a 7-day culture, we observed an increase in total 

colony output from cells treated with CD117-saporin. A striking increase in erythroid 

colonies was observed possibly indicating an increase in differentiation (Figure 4.3b).  
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FIGURE 4.2. In Vitro Effects of Saporin on WT BM Cells 
a. cKit enriched cells from C57BL/6 mice were plated and treated with saporin, CD117-

saporin, and CD45-saporin. Cell counts at 24, 48, and 72 hours. 
b. cKit enriched cells from C57BL/6 mice were treated with saporin, CD117, and CD117-

saporin and BrdU staining was performed to assess cell cycle status 
c. OP-Puro incorporation assay after 24 hour. Progenitors (Lin- Sca-1- cKit+), LSK (Lin- 

Sca-1+ cKit+), and LT-HSC (Lin- Sca-1+ cKit+  CD34- CD150+)*, p<0.05; **, 
p<0.01; ***, p<0.001 
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FIGURE 4.3. In Vitro Effects of Saporin on Cord Blood HSPCs 
a. OP-Puro incorporation in CD34 enriched cord blood cells following a 90-minute 

saporin, CD117, and CD117-saporin treatment. 
b. 500 CD34 enriched cord blood cells were treated with the immunotoxin for 90-minutes 

and plated in m3434 methylcellulose for 7 days.  
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with CD117-saporin treatment may exert a functional effect on the cells. We also 

measured effects of CD117-saporin on EML cells and observed a possible G1 arrest 

suggesting insufficient components for cell cycle to proceed. A previous study 

demonstrated that in saporin treatment of two different glioblastoma cell lines lead to a 

G1 arrest with no increase in apoptosis in one cell line and an increased apoptosis and 

a block in S phase progression in the other (Cimini et al. 2012). These results indicate 

that distinct cellular responses can be induced by saporin in different cells. As we 

proceed forward, mechanism of cell death must be validated across normal and mutant 

mouse and human cells.  
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CHAPTER FIVE 

MATERIALS AND METHODS 

 

Animal Studies 

All animal studies were performed with Memorial Sloan Kettering Cancer Center or 

NYU Langone Medical Center IACUC approval. Wild-type C57BL/6J (CD45.2) mice, 

congenic B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) mice, and CByJ. B6-Tg(UBC-

GFP)30Scha/J mice were purchased from Jackson Laboratories. Hybrid F1 mice were 

generated at MSKCC by crossing CD45.2 C57BL/6J mice with CD45.1 Bs.SJL-

Ptprca Pepcb/BoyJ mice and were used to distinguish donor, competitor, and host cell 

contribution. Vav-cre-Asxl1fl/fl-Tet2 fl/fl and Mx-cre- Asxl1fl/fl-Tet2 fl/fl mice were 

generously provided by Dr. Abdel-Wahab, MSKCC. All mice within each experiment 

were age and sex-matched.  

 

Transplantation 

BM cells for transplantation were harvested by crushing freshly isolated femurs, tibia, 

hips, and spine and were filtered through a 40um strainer. Competitive transplants 

were performed with 20x106 BM mononuclear cells at a 1:1 ratio of CD45.2 Vav-cre-

Asxl1fl/fl-Tet2 fl/fl and CD45.2 UBC-GFP cells. Cells were injected retro-orbitally into 

lethally irradiated (9.5Gy split dose) congenic CD45.1 recipient mice.  

 

Mouse Peripheral Blood Analysis 

Peripheral blood was drawn from the tail-vein and collected in blood collection tubes 

with 0.5M EDTA (Fisher Scientific: 22-040-200). Automated peripheral blood counts 

were obtained using either a HemaVet 950 (Drew Scientific) or ProCyte Dx 

Hematology Analyzer (IDEXX) according to standard manufacturer’s instruction. For 
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flow cytometry quantification of T, B, and myeloid cells, blood samples were treated 

with 2% dextran for 30 minutes at 37C flowed by ACK lysis (ThermoFisher 

Scientific: A10492-01) for 10 minutes at room temperature. Cells were stained with 

the following antibody cocktail in FACS butter for 30 minutes on ice. Ter119-APC 

(eBioscience: 17-5921-82), Gr-1-PE (eBioscience: 12-5931-82), Mac-1-e450 

(eBioscience: 48-0112-82), B220-PE-Cy5 (BioLegend: 103210), and CD3-APC-Cy7 

(eBioscience: 47-0032-82). Donor chimerism analysis were performed using CD45.1-

PE-Cy7 (eBioscience: 25-0453-82), CD45.2-A700 (BioLegend: 109822) and for 

transplants using UBC-GFP cells, chimerism was based on GFP+ events within the 

CD45+ gate. Propidium iodide (BioLegend – 421301) was used to evaluate cell 

viability.  

 

Mouse Bone Marrow Analysis 

Bone marrow aspirates were performed as previously described (Chung, Kim, and 

Abdel-Wahab 2014). Briefly, mice were anesthetized with isoflurane using a 

vaporizer. A 27.5G tuberculin syringe was inserted through the patellar tendon into the 

shaft of the femur and the plunger was pulled back until approximately 5uL were 

collected. For flow cytometry analysis of stem and progenitor cells, cells were stained 

using the following antibody cocktail: Ter119, B220, CD3, CD4, CD8, Gr-1, and 

Mac-1-PE-Cy5 (BioLegend: 116210), Sca-1-Pacific Blue (BioLegend: 122520), 

CD117-APC-Cy7 (105826), CD34-FITC (BioLegend 343604), CD150-PE 

(BioLegend: 115904), and CD16/32-A700 (eBioscience: 56-0161-82). Donor 

chimerism analysis were performed using CD45.1-PE-Cy7 (eBioscience: 25-0453-82), 

CD45.2-A700 (BioLegend: 109822) and for transplants using UBC-GFP cells, 

chimerism was based on GFP+ events within the CD45+ gate.  Propidium iodide 

(BioLegend – 421301) was used to evaluate cell viability. 
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Immunotoxin preparation 

Saporin (Streptavidin-ZAP) was purchased from Advanced Targeting Systems (IT-

27). The number of saporin molecules ranged from 1-2.8 molecules/streptavidin 

depending on the lot. Aliquots of saporin were prepared and stored at -80°C for long-

term use. Biotinylated anti-mouse CD45.2 (clone 104 - 109804), biotinylated anti-

mouse CD117 (clone 2B8 - 105804), biotinylated anti-mouse IgG1, K Isotype control 

antibody (clone MOPC-21 400104) and biotinylated anti-human CD117 (clone 104D2 

– 313208) were purchased from BioLegend. Immunotoxins were prepared by 

combining saporin and antibody at a 1:1 molar ratio and after 10 minutes of incubation 

at room temperature diluted with PBS. In vivo administration of immunotoxin was 

performed by intravenous injections (300µL volume). 

 

Saporin Internalization Assay 

Anti-Saporin FITC labeled (goat polyclonal) antibody was purchased from Advanced 

Targeting Systems (catalog number: FL-02). Aliquots were prepared and stored at -

20°C until use. Cells were first incubated with antibody-saporin conjugate for at least 

90 minutes to allow for internalization at in 5% CO2 at 37°C in culture media. Cells 

were washed with PBS and were treated with fixation/permeabilization solution 

(BDbiosciences - 554714) for 10 minutes at 4°C. Cells were then washed with 1x 

wash buffer provided in the fix/perm kit. Anti-saporin FITC antibody was diluted at 

1:000 in 1x wash buffer and incubated with cells for 30 minutes at room temperature 

in the dark. Internalization of saporin was analyzed by flow cytometry.  

 

Measurement of Antibody Internalization 
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In vitro antibody internalization was assessed as previously described (Schmidt, 

Thurber, and Wittrup 2008). Briefly, EML cells and cKit enriched mouse BM cells in 

respective media were incubated with biotinylated anti-CD117 (clone 2B8) anti-

CD45.2 (clone 104), and IgG1K Isotype (clone MOPC-21) antibody and streptavidin-

AF488 conjugate (Life Technologies). After 24 hours, cells were washed twice with 

FACS buffer (PBS, 2% FBS).  Cells were incubated with and without 0.25mg.mL 

polyclonal anti-AF488 quenching antibody (Life Technologies clone A-11094) and 

AF488 signal was quantified by flow cytometry and allowed for measurement of 

surface and internal fluorescence.  

 

Mouse BM Cell Culture 

BM cells were harvested by crushing freshly isolated femurs, tibia, hips, and spine and 

were filtered through a 40um strainer. For CD117 enrichment, BM cells were 

incubated with CD117 MicroBeads, mouse (Miltenyi Biotec: 130-091-224) for 30 

minutes at 4°C. Cells were passed through LS columns (Miltenyi Biotec: 130-042-

401) on a MACS manual separator. LS column was washed three times with FACS 

buffer and eluted with 5 mL FACS buffer. CD117 enriched cells were plated in 

DMEM-F12 with 10% FBS, 10 ng/µL SCF (Peprotech: 250-03), 10 ng/µL Flt3 ligand 

(Peprotech: 250-31L), 10 ng/µL TPO (Peprotech: 315-14), 10ng/µL IL-3 (Peprotech: 

213-13), and 10 ng/µL IL-6 (Peprotech: 216-16). All cytokines were obtained from 

Peprotech.  

 

Cord Blood Preparation and Culture 

Cord blood units were obtained through the National Cord Blood Program at the New 

York Blood Center. Individual cord blood units were diluted with equal volume PBS, 

2% EDTA buffer and mononuclear cells are subsequently isolated by density gradient 
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centrifugation. 30mL of diluted cord blood were layered onto 15mL Ficoll-Paque 

solution (Fisher 45-001-750 and centrifuged at 1500 rpm for 40 minutes at room 

temperature. Mononuclear cells are carefully collected from the interphase layer 

between the plasma layer and ficoll layer and pooled together. Cells are washed with 

PBS, 2% EDTA buffer and spun for 30 minutes at 1500 rpm at room temperature. For 

CD34 enrichment after density gradient centrifugation, MNCs were incubated with 

CD34 MicroBead Kit, human (Miltenyi Biotec: 130-046-702) for 30 minutes at 4°C. 

Cells were passed through LS columns (Miltenyi Biotec: 130-042-401) on a MACS 

manual separator. LS column was washed three times with FACS buffer and eluted 

with 5 mL FACS buffer. CD34 enriched cord blood cells were plated in StemSpan 

(Stem Cell Technologies: 09600) supplemented with 10% FBS, 20ng/mL TPO 

(Peprotech: 300-18), 20ng/mL IL-3 (Peprotech: 200-03), 20ng/mL G-CSF (Peprotech: 

300-23) and 1% Pen Strep.  

 

Patient Bone Marrow Cell Preparation and Culture 

Patient BM samples were obtained from the Department of Pathology NYU Medical 

Center. BM cells were diluted in FACS buffer and layered onto Ficoll-Paque and spun 

at 1500 rpm for 40 mins at room temperature. Mononuclear cells are carefully 

collected from the interphase layer between the plasma layer and ficoll layer and 

pooled together. Cells are washed with PBS, 2% EDTA buffer and spun for 30 

minutes at 1500 rpm at room temperature. For CD34 enrichment after density gradient 

centrifugation, MNCs were incubated with CD34 MicroBead Kit, human (Miltenyi 

Biotec: 130-046-702) for 30 minutes at 4°C. Cells were passed through LS columns 

(Miltenyi Biotec: 130-042-401) on a MACS manual separator. LS column was washed 

three times with FACS buffer and eluted with 5 mL FACS buffer. CD34 enriched cord 

blood cells were plated in StemSpan (Stem Cell Technologies: 09600) supplemented 
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with 10% FBS, 20ng/mL TPO (Peprotech: 300-18), 20ng/mL IL-3 (Peprotech: 200-

03), 20ng/mL G-CSF (Peprotech: 300-23) and 1% Pen Strep. 

 

EML Cell Culture 

EML cell line, clone 1 was purchased from ATCC (ATCC CRL-11691). Cells were 

cultured in Iscove's modified Dulbecco's medium with 4mM L-glutamine adjusted to 

contain 1.5 g/L sodium bicarbonate (ATCC: ATCC 30-2005) containing 200 ng/ml 

mouse stem cell factor, and 20% FBS. Culture was maintained by replacement of 

media every 2 days to maintain a cell concentration of 1x106 viable cells/mL.  

 

Cell-Cycle and Apoptosis Analysis 

Cell cycle analysis was performed using BD Pharmingen BrdU Flow Kits APC (BD 

Biosciences: 552598). Cells were incubated with 10uL of BrdU solution (1nM BrdU 

in 1x PBS) and incubated for 1 hour followed by staining with cell surface marker 

antibodies for 30 minutes and in the case of staining with mouse CD34 antibody for 

LT-HSCs, cells were stained for 2 hours. Cells were washed and incubated with 

100uL of BD cytofix/cytoperm buffer at 4°C for 10 minutes. Cells were subsequently 

washed with 1x perm/wash buffer and analyzed by flow cytometry. For evaluation of 

apoptosis, the Annexin V–PE apoptosis detection kit (BD Biosciences: 556421) was 

used. Cells were incubated with 5uL of PE Annexin V and 5uL of 7-AAD and 

incubated for 15 minutes at room temperature in the dark. Cells were resuspended in 

1x binding buffer and analyzed by flow cytometry.  

 

CFU-Assay 

Colony assays on CD34 enriched cord blood cells were performed using MethoCult 

H4434 Classic (StemCell: 04434). After cells are isolated, 500 CD34 enriched cells 
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were added to 2mL of H4434 and vigorously vortexed. Using a syringe with a 16-

gauge blunt-end needle, methocult mixture with cells are dispensed into 6-well plates. 

The plate is gently tilted to allow to distribute evenly. Sterile water is added to the 

plate and plate is incubated with 5% CO2 at 37°C for 7-10 days. Colony phenotyping 

was performed using manufacturer’s instructions. Methocult and cells were collected 

and washed twice with 1xPBS and 20,000 cells were plated for secondary plating. The 

remaining cells were stained for flow cytometry analysis.  

 

Cell Viability Assay 

CellTiter-Glo Luminescent Cell Viability Kit (Promega: G7571) was used to 

determine the number of viable cells after immunotoxin treatment. Cells were first 

treated with antibody-saporin conjugates for 72 hours in culture media at 37°C. 

CellTiter-Glo Reagent was added to the cells in equal volume and mixed for two 

minutes on a shaker to induce cell lysis. The plate was incubated for 10 minutes at 

room temperature to stabilize the luminescent signal. Luminescence was recorded on a 

spectrophotometer.  

 

OP-Puro Incorporation Assay (in vitro & in vivo) 

In vitro OP-Puro incorporation assay was performed using either the Click-iT Plus 

OPP Alexa Fluor™ 488 Protein Synthesis Assay Kit (ThermoFisher Scientific: 

C10456) or the Click-iT Plus OPP Alexa Fluor™ 594 Protein Synthesis Assay Kit 

(ThermoFisher Scientific: C10457). Cells were cultured with Dilute Click-iT OPP 

(Component A) at 1:1000 for 30 minutes at 37°C. Cells were fixed and permeabilized 

with 100uL of the BD Fix/perm solution. Cells were washed with 1x wash buffer and 
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incubated with OPP detection solution for 30 minutes at room temperature. Cells were 

washed with Click-iT Reaction Rinse Buffer and subsequently analyzed by flow 

cytometry.  

 

Sucrose Gradients 

10%, 20%, 30%, 40%, 50%, and 60% sucrose solution was prepared in lysis buffer. 

Gradients were prepared by layering each concentration of sucrose followed by 

incubation at -80C for 45 minutes to allow for solidification before adding the next 

layer. Cells of interest were treated with 10mg/ml CHX for 10 minutes at 37°C to 

freeze translating ribosomes in place on the mRNA transcripts. Cell were lysed and on 

top of the sucrose gradient solution and centrifuged at 4°C for 3 hours at 50,000 

rpm.  After centrifugation, 300uL fractions were removed from the top of the 

gradient and placed into pre-chilled microcentrifuge tubes. RNA was isolated using 

RNeasy Mini Kit (Qiagen: 74104) and quantified.  
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CHAPTER SIX 

DISCUSSION & FUTURE DIRECTION 

 

Deregulation of translation has been implicated in many hematologic malignancies 

including MDS. Here we demonstrate in mouse models of MDS and in two MDS 

patient samples, wildtype- and MDS HSCs exhibit decreased translation rates as 

measured by op-puro incorporation. We also show that using an immunotoxin that 

targets the 28S ribosomal subunit, we are able to deplete MDS HSPCs in vivo 

allowing access to open niches for donor HSCs. While it is promising to propose using 

saporin as a conditioning regimen of HSCT for MDS patients or as an adjunct therapy 

to standard care, many questions still remain unanswered.  

How does saporin affect the cell and its cell cycle status? In EML cells, treatment with 

CD117-saporin lead to an increase in the G1 phase and a decrease in S phase 

suggesting a G1 arrest. As a cell progresses through the cell cycle, protein production, 

including production of ribosomal proteins, is highest in the G1 phase making the 

phase most sensitive to translation inhibition. As saporin inhibits translation initiation 

by preventing the 60S subunit from binding to the elongation factor 2 (EEF2), cells 

decide to arrest in G1 instead of committing to the next cell cycle. This arrest in G1 

would also be accompanied by increased doubling time as cells would spend more 

time in the G1 phase and fewer cells would be cycling. With increasing concentration 

of our immunotoxin, we observed a decreasing EML cell viability (Figure 3.1a). 

Whether this is due to cell death or reduced cell growth is unclear. We measured 

apoptosis after a 24-hour treatment and did not observe any significant increase 

however, this does not exclude the possibility of cell death. We need to assess 

apoptotic as well as necrosis pathways at different time points ranging from 24-72 
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hours to allow sufficient time for saporin to exert its effect. Additionally, by 

measuring saporin internalization using a range of saporin concentrations, a 

correlation between amount of toxin can be made to its direct effect.  

Our in vivo study we demonstrated that wild-type GFP and Vav-cre-Asxl1fl/fl-Tet2 fl/fl 

HSCs were depleted upon treatment with both CD117-saporin and CD45-saporin and 

subsequently, donor cells were able to be engrafted. Our data and previously published 

data (Palchaudhuri R et al 2016) show that in vivo depletion takes 6-9 days. What 

happens to HSCs in this time is still unclear. If cells undergo cell death or exhaustion 

during this time, assessing BM in at intermediate timepoints for apoptosis or necrosis 

and functional assays such as CFU and transplantation of phenotypic HSCs may 

provide insight into the process of cell depletion.  

While many studies suggest that defects in ribosome biogenesis exist across MDS 

subtypes, how that affects global translation rates and cell function of HSCs has not 

been validated. Assessment of op-puro incorporation in large cohorts of MDS patient 

samples would allow access to this information and may provide insight into the 

biology of MDS stem cells. However, large cohorts of patient samples are not readily 

available, so an alternative is to study mouse models with ribosomal defects. 

Previously studied Rpl24bst/+ mice have defects in 60S subunit biogenesis. These mice 

exhibit reduced translation in the HSCs and exhibit reduced HSC function (Signer et 

al. 2014). In addition to these mice, the rps19 knockdown, rps6, and rps14 all 

demonstrate that defects in ribosomal proteins are associated with HSC exhaustion or 

reduced HSC function (Choesmel V, Fribourg S, Aguissa-Toure AH, Pinaud N, 

Legrand P and Gleizes PE 2008; McGowan et al. 2011; Schneider et al. 2016). Using 

such mouse models, we would be able to test the efficacy of saporin treatment on cells 

with defects in ribosome biogenesis. Knowing whether the defects in translation make 
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these cells more susceptible to depletion would be important finding to demonstrate 

the specificity by with the Ab-saporin conjugate exerts its effects. As observed in a 

recent study, the effect of CD45-saporin were very specific to the HSC compartment. 

Mice treated with the immunotoxin did not have any significant changes to bulk 

CD45+ cells (Palchaudhuri R et al 2016). A possible reason for this specific depletion 

may be the low translation levels of HSCs compared to other CD45 cells. If true, this 

would allow MDS stem cells to be targeted more so than healthy HSCs as they have 

lower translation rates.   

Translational control is a highly regulated process and aberrations in the process are 

linked with cancers. Ribosomopathies, including MDS, exhibit defects in ribosomal 

proteins and patients have an increased risk of developing a hematologic malignancy. 

On the other hand, increase protein synthesis has also been shown to also promote 

hematologic malignancies, including T cell leukemias (Barna et al. 2008; Hsieh et al. 

2010). Deregulation of translation. While changes in translation leading to a 

malignancy is disease specific, targeting the machinery may serve as a powerful tool 

for malignancies described with either an increase or a decrease in translation.  

A critical question here is whether a defect in ribosome only leads to reduced 

translation or do the defects altered ribosome function leading to the increased risk of 

developing a malignancy? The well understood, housekeeping function of a ribosomal 

protein has been to act as components of the ribosomal structure enabling protein 

synthesis. However, studies have suggested that ribosomal proteins have additional 

physiological functions and defects in these proteins might contribute to disease 

pathogenesis (Ruggero 2013). 
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Saporin has been used as an immunotoxin for many years now and several studies 

have shown its efficacy in targeting malignant stem cells in pre-clinical studies 

(Ferreras et al. 2011; Polito 2004).  Several clinical trials have also been conducted 

with saporin containing immunotoxins and have been well tolerated. The first trial 

used a CD30-saporin conjugate in patients with advanced refractory Hodgkin’s 

disease. Side effects including fever, myalgias, thrombocytopenia, and transient liver 

damage were observed in 70% of patients (Falini et al. 1992; Pasqualucci et al. 1995). 

A second trial using bispecific F(ab’) antibodies with saporin in lymphoma patients 

and only mild fever, weakness, and myalgia for 1-2 days after the treatment were 

described (French et al. 1995, 1996).  

The use of an immunotoxin such as CD117-saporin has some advantages compared to 

other therapies. Unlike treatment with lenalidomide or myeloablative conditioning for 

HSCT, the immunotoxin activity is not limited dividing cell. Both dividing and 

quiescent cells have been demonstrated to be affected by the saporin treatment by 

showing reduction in translation. Moreover, an immunotoxin can only exert its effects 

on the targeted cells based on the antibody making it a non-ablative method of 

eliminating disease-initiating cells.   

 

 

 

 

 



 68 
 

REFERENCES 

 

Abdel-Wahab, Omar et al. 2013. “Deletion of Asxl1 Results in Myelodysplasia and 

Severe Developmental Defects in Vivo.” The Journal of Experimental Medicine 

210(12):2641–59. Retrieved 

(http://www.jem.org/lookup/doi/10.1084/jem.20131141). 

Alkhatabi, Heba A. et al. 2016. “RPL27A Is a Target of MiR-595 and May Contribute 

to the Myelodysplastic Phenotype through Ribosomal Dysgenesis.” Oncotarget 

7(30):47875–90. 

Altman, Jessica K. and Leonidas C. Platanias. 2008. “Exploiting the Mammalian 

Target of Rapamycin Pathway in Hematologic Malignancies.” Current Opinion 

in Hematology 15(2):88–94. 

Alvandi, Firoozeh et al. 2014. “U.S. Food and Drug Administration Approval 

Summary: Omacetaxine Mepesuccinate as Treatment for Chronic Myeloid 

Leukemia.” The Oncologist 19(1):94–99. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/24309980). 

Arber, D. A. et al. 2016. “The 2016 Revision to the World Health Organization Classi 

Fi Cation of Myeloid Neoplasms and Acute Leukemia.” Blood 127(20):2391–

2406. 

Bagga, Shveta, Divya Seth, and Janendra K. Batra. 2003. “The Cytotoxic Activity of 

Ribosome-Inactivating Protein Saporin-6 Is Attributed to Its RRNA N-

Glycosidase and Internucleosomal DNA Fragmentation Activities.” Journal of 



 69 
 

Biological Chemistry 278(7):4813–20. 

Barna, Maria et al. 2008. “Suppression of Myc Oncogenic Activity by Ribosomal 

Protein Haploinsufficiency.” Nature 456(7224):971–75. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/19011615). 

Baum, C. M., I. L. Weissman, A. S. Tsukamoto, A. M. Buckle, and B. Peault. 1992. 

“Isolation of a Candidate Human Hematopoietic Stem-Cell Population.” 

Proceedings of the National Academy of Sciences of the United States of America 

89(7):2804–8. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/1372992). 

Becker, A. J., E. A. McCulloch, and J. E. Till. 1963. “Cytological Demonstration of 

the Clonal Nature of Spleen Colonies Derived from Transplanted Mouse Marrow 

Cells.” Nature 197:452. Retrieved (http://dx.doi.org/10.1038/197452a0). 

Bejar, Rafael et al. 2011. “Clinical Effect of Point Mutations in Myelodysplastic 

Syndromes.” New England Journal of Medicine 364(26):2496–2506. Retrieved 

(https://doi.org/10.1056/NEJMoa1013343). 

Benito, Ana I. et al. 2003. “NOD/SCID Mice Transplanted with Marrow from Patients 

with Myelodysplastic Syndrome (MDS) Show Long-Term Propagation of 

Normal but Not Clonal Human Precursors.” Leukemia Research 27(5):425–36. 

Retrieved (https://doi.org/10.1016/S0145-2126(02)00221-7). 

Benveniste, Patricia, Claude Cantin, Deborah Hyam, and Norman N. Iscove. 2003. 

“Hematopoietic Stem Cells Engraft in Mice with Absolute Efficiency.” Nature 

Immunology 4:708. Retrieved (http://dx.doi.org/10.1038/ni940). 

Van Den Berghe, Herman et al. 1974. “Distinct Haematological Disorder with 



 70 
 

Deletion of Long Arm of No. 5 Chromosome.” Nature 251:437. Retrieved 

(http://dx.doi.org/10.1038/251437a0). 

Bhatia, M., J. C. Wang, U. Kapp, D. Bonnet, and J. E. Dick. 1997. “Purification of 

Primitive Human Hematopoietic Cells Capable of Repopulating Immune-

Deficient Mice.” Proceedings of the National Academy of Sciences of the United 

States of America 94(10):5320–25. Retrieved 

(http://www.pnas.org/cgi/doi/10.1073/pnas.94.10.5320%5Cnhttp://www.pubmed

central.nih.gov/articlerender.fcgi?artid=24676&tool=pmcentrez&rendertype=abst

ract). 

Blanche P. Alter, Neelam Giri, Sharon A. Savage and Philip S. Rosenberg. 2009. 

“Cancer in Dyskeratosis Congenita.” Blood 113(6549–6557). 

Blanco, Sandra et al. 2016. “Stem Cell Function and Stress Response Are Controlled 

by Protein Synthesis.” Nature 534(7607):335–40. Retrieved 

(http://dx.doi.org/10.1038/nature18282). 

Bolognesi, Andrea et al. 2005. CD38 as a Target of IB4 MAb Carrying Saporin-S6: 

Design of an Immunotoxin for Ex Vivo Depletion of Hematological CD38+ 

Neoplasia. 

Bonnet, Dominique and John E. Dick. 1997. “Human Acute Myeloid Leukemia Is 

Organized as a Hierarchy That Originates from a Primitive Hematopoietic Cell.” 

Nature Medicine 3:730. Retrieved (http://dx.doi.org/10.1038/nm0797-730). 

Boocock, Graeme R. B. et al. 2003. “Mutations in SBDS Are Associated with 

Shwachman-Diamond Syndrome.” Nature Genetics 33(1):97–101. 



 71 
 

Boultwood, J. et al. 2010. “Frequent Mutation of the Polycomb-Associated Gene 

ASXL1 in the Myelodysplastic Syndromes and in Acute Myeloid Leukemia.” 

Leukemia 24:1062. Retrieved (http://dx.doi.org/10.1038/leu.2010.20). 

Boultwood, Jacqueline et al. 2007. “Gene Expression Profiling of CD34 + Cells in 

Patients with the 5q- Syndrome.” British Journal of Haematology 139(4):578–89. 

Le Bouteiller, Marie et al. 2013. “Notchless-Dependent Ribosome Synthesis Is 

Required for the Maintenance of Adult Hematopoietic Stem Cells.” The Journal 

of Experimental Medicine 210(11):2351–69. Retrieved 

(http://www.jem.org/lookup/doi/10.1084/jem.20122019). 

Brown, D. F. Rolfe and G. C. 1997. “Cellular Energy Utilization and Molecular Origin 

of Standard Metabolic Rate in Mammals.” Physiological Reviews 77(3):731–58. 

Busque, Lambert et al. 2012. “Recurrent Somatic TET2 Mutations in Normal Elderly 

Individuals with Clonal Hematopoiesis.” Nature Genetics 44(11):1179–81. 

Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/23001125). 

Buttgereit, Frank and Martin D. Brandt. 1995. “A Hierarchy of ATP-Consuming.” 

Control 167:163–67. 

Cai, Xiongwei et al. 2011. “Runx1 Loss Minimally Impacts Long-Term 

Hematopoietic Stem Cells.” PLoS ONE 6(12):1–14. 

Cai, Xiongwei et al. 2015. “Runx1 Deficiency Decreases Ribosome Biogenesis and 

Confers Stress Resistance to Hematopoietic Stem and Progenitor Cells.” Cell 

Stem Cell 17(2):165–77. Retrieved 

(http://dx.doi.org/10.1016/j.stem.2015.06.002). 



 72 
 

Cavallaro, Ugo, Anders Nykjaer, Morten Nielsen, and Marco R. Soria. 2018. “Α2-

Macroglobulin Receptor Mediates Binding and Cytotoxicity of Plant Ribosome-

Inactivating Proteins.” European Journal of Biochemistry 232(1):165–71. 

Retrieved (https://doi.org/10.1111/j.1432-1033.1995.tb20795.x). 

Chambers, Stuart M. et al. 2007. “Aging Hematopoietic Stem Cells Decline in 

Function and Exhibit Epigenetic Dysregulation.” PLoS Biology 5(8):e201–e201. 

Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/17676974). 

Cheshier, S. H., S. J. Morrison, X. Liao, and I. L. Weissman. 1999. “In Vivo 

Proliferation and Cell Cycle Kinetics of Long-Term Self-Renewing 

Hematopoietic Stem Cells.” Proceedings of the National Academy of Sciences of 

the United States of America 96(6):3120–25. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/10077647). 

Choesmel V, Bacqueville D, Rouquette J, Noaillac-Depeyre J, Fribourg S. and Gleizes 

PE Cretien A, Leblanc T, Tchernia G, Da Costa L. 2007. “Impaired Ribosome 

Biogenesis in Diamond-Blackfan Anemia.” Blood 109:127–1283. 

Choesmel V, Fribourg S, Aguissa-Toure AH, Pinaud N, Legrand P, Gazda HT and 

Gleizes PE. 2008. “Human RPS19, the Gene Mutated in Diamond-Blackfan 

Anemia, Encodes a Ribosomal Protein Required for the Maturation of 40 S 

Ribosomal Subunits.” Human Molecular Genetics. 

Choi, Chul Won, Yang Jo Chung, Christopher Slape, and Peter D. Aplan. 2009. “A 

NUP98-HOXD13 Fusion Gene Impairs Differentiation of B and T Lymphocytes 

and Leads to Expansion of Thymocytes with Partial TCRB Gene 

Rearrangement.” Journal of Immunology (Baltimore, Md. : 1950) 183(10):6227–



 73 
 

35. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/19841179). 

Chung, Young Rock, Eunhee Kim, and Omar Abdel-Wahab. 2014. “Femoral Bone 

Marrow Aspiration in Live Mice.” JoVE (89):e51660. Retrieved 

(https://www.jove.com/video/51660). 

Cimini, A. et al. 2012. “Distinct Cellular Responses Induced by Saporin and a 

Transferrin-Saporin Conjugate in Two Different Human Glioblastoma Cell 

Lines.” Journal of Cellular Physiology 227(3):939–51. 

Civin, C. I. et al. 1984. “Antigenic Analysis of Hematopoiesis. III. A Hematopoietic 

Progenitor Cell Surface Antigen Defined by a Monoclonal Antibody Raised 

against KG-1a Cells.” The Journal of Immunology 133(1):157 LP-165. Retrieved 

(http://www.jimmunol.org/content/133/1/157.abstract). 

Clevers, Hans. 2011. “The Cancer Stem Cell: Premises, Promises and Challenges.” 

Nature Medicine 17(3):313–19. Retrieved (http://dx.doi.org/10.1038/nm.2304). 

Cogle, Christopher R. 2015. “Incidence and Burden of the Myelodysplastic 

Syndromes.” Current Hematologic Malignancy Reports 10(3):272–81. 

Conneally, E., J. Cashman, A. Petzer, and C. Eaves. 1997. “Expansion in Vitro of 

Transplantable Human Cord Blood Stem Cells Demonstrated Using a 

Quantitative Assay of Their Lympho-Myeloid Repopulating Activity in 

Nonobese Diabetic-Scid/Scid Mice.” Proceedings of the National Academy of 

Sciences of the United States of America 94(18):9836–41. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/9275212). 

Cutler2, Mikkael A. Sekeres1 and Corey. 2014. “How We Treat Higher-Risk 



 74 
 

Myelodysplastic Syndromes.” Blood 123(6):829–36. 

Czibere, A. et al. 2009. “Low RPS14 Expression Is Common in Myelodysplastic 

Syndromes without 5q- Aberration and Defines a Subgroup of Patients with 

Prolonged Survival.” Haematologica 94(10):1453–55. Retrieved 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&do

pt=Citation&list_uids=19794090). 

Davendra P. Sohal, Andrea Pellagati, Li Zhou, Yongkai Mo, Joanna B. Opalinska, 

Christina Alencar, Christoph Heuck, Amittha Wickrema, Ellen Friedman, John 

Greally, Benjamin L. Ebert, Jonathan Warner, Jacqueline Boultwood and Amit 

Verma. 2008. “Downregulation of Ribosomal Proteins Is Seen in Non 5q- MDS.” 

Blood 112:854. 

Donadieu, Jean et al. 2005. “Analysis of Risk Factors for Myelodysplasias, Leukemias 

and Death from Infection among Patients with Congenital Neutropenia. 

Experience of the French Severe Chronic Neutropenia Study Group.” 

Haematologica 90(1):45–53. 

Draptchinskaia, Natalia et al. 1999. “The Gene Encoding Ribosomal Protein S19 Is 

Mutated in Diamond-Blackfan Anaemia.” Nature Genetics 21:169. Retrieved 

(http://dx.doi.org/10.1038/5951). 

E. Donnall Thomas, M.D.†, Harry L. Lochte, Jr., M.D.‡, Wan Ching Lu, Ph.D.§, and 

Joseph W. Ferrebee, M. D. 1957. “Intravenous Infusion of Bone Marrow in 

Patients Receiving Radiation and Chemotherapy.” The New England Journal of 

Medecine 257:491–96. 

Ebert, Benjamin L. et al. 2013. “Identification of RPS14 as a 5q- Syndrome Gene by 



 75 
 

RNA Interference Screen.” Nature 451(7176):335–39. 

Ema, Hideo et al. 2005. “Quantification of Self-Renewal Capacity in Single 

Hematopoietic Stem Cells from Normal and Lnk-Deficient Mice.” 

Developmental Cell 8(6):907–14. Retrieved 

(https://doi.org/10.1016/j.devcel.2005.03.019). 

Endo, Y. and K. Tsurugi. 1988. “The RNA N-Glycosidase Activity of Ricin A-Chain. 

The Characteristics of the Enzymatic Activity of Ricin A-Chain with Ribosomes 

and with RRNA.” Journal of Biological Chemistry  263(18):8735–39. Retrieved 

(http://www.jbc.org/content/263/18/8735.abstract). 

Ernst, Thomas et al. 2010. “Inactivating Mutations of the Histone Methyltransferase 

Gene EZH2 in Myeloid Disorders.” Nature Genetics 42:722. Retrieved 

(http://dx.doi.org/10.1038/ng.621). 

Falini, B. et al. 1992. “Response of Refractory Hodgkin’s Disease to Monoclonal 

Anti-CD30 Immunotoxin.” The Lancet 339(8803):1195–96. Retrieved 

(https://doi.org/10.1016/0140-6736(92)91135-U). 

Ferreras, José M., Lucía Citores, Rosario Iglesias, Pilar Jiménez, and Tomás Girbés. 

2011. “Use of Ribosome-Inactivating Proteins from Sambucus for the 

Construction of Immunotoxins and Conjugates for Cancer Therapy.” Toxins 

3(5):420–41. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/22069717). 

Ford, C. E., J. L. Hamerton, D. W. H. Barnes, and J. F. Loutit. 1956. “Cytological 

Identification of Radiation-Chimæras.” Nature 177:452. Retrieved 

(http://dx.doi.org/10.1038/177452a0). 



 76 
 

Foudi, Adlen et al. 2008. “Analysis of Histone 2B-GFP Retention Reveals Slowly 

Cycling Hematopoietic Stem Cells.” Nature Biotechnology 27:84. Retrieved 

(http://dx.doi.org/10.1038/nbt.1517). 

French, R. R., A. J. Bell, T. J. Hamblin, A. L. Tutt, and M. J. Glennie. 1996. 

“Response of B-Cell Lymphoma to a Combination of Bispecific Antibodies and 

Saporin.” Leukemia Research 20(7):607–17. 

French, R. R., T. J. Hamblin, A. J. Bell, A. L. Tutt, and M. J. Glennie. 1995. 

“Treatment of B-Cell Lymphomas with Combination of Bispecific Antibodies 

and Saporin.” Lancet (London, England) 346(8969):223–24. 

Furth, Jacob, Morton C. Kahn, and Charles Breedis. 1937. “The Transmission of 

Leukemia of Mice with a Single Cell.” Cancer Research 31(2). 

Gartner, S. and H. S. Kaplan. 1980. “Long-Term Culture of Human Bone Marrow 

Cells.” Proceedings of the National Academy of Sciences of the United States of 

America 77(8):4756–59. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/6933522). 

Gelsi-Boyer, Véronique et al. 2009. “Mutations of Polycomb-Associated Gene 

ASXL1 in Myelodysplastic Syndromes and Chronic Myelomonocytic 

Leukaemia.” British Journal of Haematology 145(6):788–800. Retrieved 

(https://doi.org/10.1111/j.1365-2141.2009.07697.x). 

Genovese, Giulio et al. 2014. “Clonal Hematopoiesis and Blood-Cancer Risk Inferred 

from Blood DNA Sequence.” New England Journal of Medicine 371(26):2477–

87. Retrieved (https://doi.org/10.1056/NEJMoa1409405). 



 77 
 

Giagounidis, Aristoteles. 2018. “An Efficacy and Safety Study of Luspatercept (ACE-

536) Versus Placebo in Adults Who Require Regular Red Blood Cell 

Transfusions Due to Beta (β) Thalassemia (BELIEVE).” 

GJ Spangrude, S Heimfeld, IL Weissman. 1988. “Purification and Characterization of 

Mouse Hematopoietic Stem Cells.” Science 241(4861):58–62. 

Graubert, Timothy A. et al. 2011. “Recurrent Mutations in the U2AF1 Splicing Factor 

in Myelodysplastic Syndromes.” Nature Genetics 44(1):53–57. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/22158538). 

Greenberg, Peter L. 1998. “Apoptosis and Its Role in the Myelodysplastic Syndromes: 

Implications for Disease Natural History and Treatment.” Leukemia Research 

22(12):1123–36. Retrieved (https://doi.org/10.1016/S0145-2126(98)00112-X). 

Grisendi, Silvia et al. 2005. “Role of Nucleophosmin in Embryonic Development and 

Tumorigenesis.” Nature 437:147. Retrieved 

(http://dx.doi.org/10.1038/nature03915). 

Haferlach, T. et al. 2014. “Landscape of Genetic Lesions in 944 Patients with 

Myelodysplastic Syndromes.” Leukemia 28(2):241–47. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/24220272). 

Hardesty, Boyd. 1971. “The Mechanism by Which Cycloheximide Glutarimide 

Antibiotics Inhibit Peptide Synthesis on Reticulocyte Ribosomes *.” (1). 

Heiss, Nina S. et al. 1998. “X-Linked Dyskeratosis Congenita Is Caused by Mutations 

in a Highly Conserved Gene with Putative Nucleolar Functions.” Nature Genetics 

19:32. Retrieved (http://dx.doi.org/10.1038/ng0598-32). 



 78 
 

Hsieh, Andrew C. et al. 2010. “Genetic Dissection of the Oncogenic MTOR Pathway 

Reveals Druggable Addiction to Translational Control via 4EBP-EIF4E.” Cancer 

Cell 17(3):249–61. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/20227039). 

Inomata, Ken et al. 2009. “Genotoxic Stress Abrogates Renewal of Melanocyte Stem 

Cells by Triggering Their Differentiation.” Cell 137(6):1088–99. Retrieved 

(http://dx.doi.org/10.1016/j.cell.2009.03.037). 

Insco, Megan L. et al. 2013. “NIH Public Access.” 11(5). 

J. M. Bennett D. Catovsky M. T. Daniel G. Flandrin D. A. G. Galton H. R. Gralnick 

C. Sultan. 1982. “Proposals for the Classification of the Myelodysplastic 

Syndromes.” British Journal of Haematology 51:189–99. 

Jackson, Richard J., Christopher U. T. Hellen, and Tatyana V Pestova. 2010. “The 

Mechanism of Eukaryotic Translation Initiation and Principles of Its Regulation.” 

Nature Reviews Molecular Cell Biology 11:113. Retrieved 

(http://dx.doi.org/10.1038/nrm2838). 

Jacobson, L., E. L. Simmons, E. K. Marks, and J. H. Eldredge. 1951. “Ziechnical 

Papers Recovery from Radiation Injury1 No . E.” Science 113:510–11. 

Jacqueline Boultwood, Sian Lewis, and James S. Wainscoat. 1994. “The 5q- 

Syndrome.” The Journal of The Americal Society of Hematology 84(10). 

Jaiswal, Siddhartha et al. 2014. “Age-Related Clonal Hematopoiesis Associated with 

Adverse Outcomes.” New England Journal of Medicine 371(26):2488–98. 

Retrieved (https://doi.org/10.1056/NEJMoa1408617). 

Jan, Max et al. 2012. “Clonal Evolution of Preleukemic Hematopoietic Stem Cells 



 79 
 

Precedes Human Acute Myeloid Leukemia.” Sci Transl Med 4(149):149ra118. 

Retrieved 

(http://www.ncbi.nlm.nih.gov/pubmed/22932223%5Cnhttp://dx.doi.org/10.1016/

j.beha.2014.10.003%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/22932223). 

Kamel-Reid, S. and J. E. Dick. 1988. “Engraftment of Immune-Deficient Mice with 

Human Hematopoietic Stem Cells.” Science 242(4886):1706 LP-1709. Retrieved 

(http://science.sciencemag.org/content/242/4886/1706.abstract). 

Kent, David et al. 2008. “Regulation of Hematopoietic Stem Cells by the Steel 

Factor/KIT Signaling Pathway.” Clinical Cancer Research 14(7):1926–30. 

Kerbauy, Daniella M. Bahia, Vladimir Lesnikov, Beverly Torok-Storb, Eileen Bryant, 

and H. Joachim Deeg. 2004. “Engraftment of Distinct Clonal MDS-Derived 

Hematopoietic Precursors in NOD/SCID-Β2-Microglobulin-Deficient Mice after 

Intramedullary Transplantation of Hematopoietic and Stromal Cells.” Blood 

104(7):2202 LP-2203. Retrieved 

(http://www.bloodjournal.org/content/104/7/2202.abstract). 

Kiel, Mark J. et al. 2005. “SLAM Family Receptors Distinguish Hematopoietic Stem 

and Progenitor Cells and Reveal Endothelial Niches for Stem Cells.” Cell 

121(7):1109–21. Retrieved (https://doi.org/10.1016/j.cell.2005.05.026). 

Kim, Eunhee et al. 2015. “SRSF2 Mutations Contribute to Myelodysplasia by Mutant-

Specific Effects on Exon Recognition.” Cancer Cell 27(5):617–30. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/25965569). 

Kogan, Scott C. et al. 2002. “Bethesda Proposals for Classi Cation of Nonlymphoid 

Hematopoietic Neoplasms in Mice.” 100(1):238–45. Retrieved 



 80 
 

(http://www.bloodjournal.org/content/bloodjournal/100/1/238.full.pdf). 

Komeno, Yukiko et al. 2015. “SRSF2 Is Essential for Hematopoiesis, and Its 

Myelodysplastic Syndrome-Related Mutations Dysregulate Alternative Pre-

MRNA Splicing.” Molecular and Cellular Biology 35(17):3071–82. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/26124281). 

Kwok, Brian et al. 2015. “MDS-Associated Somatic Mutations and Clonal 

Hematopoiesis Are Common in Idiopathic Cytopenias of Undetermined 

Significance.” Blood 126(21):2355 LP-2361. Retrieved 

(http://www.bloodjournal.org/content/126/21/2355.abstract). 

Lansdorp, P. M., H. J. Sutherland, and C. J. Eaves. 1990. “Selective Expression of 

CD45 Isoforms on Functional Subpopulations of CD34+ Hemopoietic Cells from 

Human Bone Marrow.” The Journal of Experimental Medicine 172(1):363–66. 

Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/1694223). 

Lapidot, T. et al. 1992. “Cytokine Stimulation of Multilineage Hematopoiesis from 

Immature Human Cells Engrafted in SCID Mice.” Science 255(5048):1137 LP-

1141. Retrieved (http://science.sciencemag.org/content/255/5048/1137.abstract). 

Lapidot, T. et al. 1994. “A Cell Initiating Human Acute Myeloid Leukaemia after 

Transplantation into SCID Mice.” Nature 367(6464):645–48. 

Larochelle, André et al. 1996. “Identification of Primitive Human Hematopoietic Cells 

Capable of Repopulating NOD/SCID Mouse Bone Marrow: Implications for 

Gene Therapy.” Nature Medicine 2:1329. Retrieved 

(http://dx.doi.org/10.1038/nm1296-1329). 



 81 
 

Ley, Timothy J. et al. 2010. “DNMT3A Mutations in Acute Myeloid Leukemia.” New 

England Journal of Medicine 363(25):2424–33. Retrieved 

(https://doi.org/10.1056/NEJMoa1005143). 

Li, Mangmang, Yunlong He, Wendy Dubois, Xiaolin Wu, Jianxin Shi, Jing Huang. 

2013. “NIH Public Access.” Molecular Cell 46(1):30–42. 

Lichtman, Marshall A. and Jacob M. Rowe. 2004. “The Relationship of Patient Age to 

the Pathobiology of the Clonal Myeloid Diseases11The Literature Review for 

This Report Was through December 2002.” Seminars in Oncology 31(2):185–97. 

Retrieved 

(http://www.sciencedirect.com/science/article/pii/S0093775403006675). 

Linton, Phyllis Jean and Kenneth Dorshkind. 2004. “Age-Related Changes in 

Lymphocyte Development and Function.” Nature Immunology 5:133. Retrieved 

(https://doi.org/10.1038/ni1033). 

Liu, Jing, Yangqing Xu, Dan Stoleru, and Adrian Salic. 2012. “Imaging Protein 

Synthesis in Cells and Tissues with an Alkyne Analog of Puromycin.” 

Proceedings of the National Academy of Sciences 109(2):413 LP-418. Retrieved 

(http://www.pnas.org/content/109/2/413.abstract). 

Llorens-Bobadilla, Enric et al. 2015. “Single-Cell Transcriptomics Reveals a 

Population of Dormant Neural Stem Cells That Become Activated upon Brain 

Injury.” Cell Stem Cell 17(3):329–40. Retrieved 

(http://dx.doi.org/10.1016/j.stem.2015.07.002). 

Ma, Xiaomei, Monique Does, Azra Raza, and Susan T. Mayne. 2007. 

“Myelodysplastic Syndromes: Incidence and Survival in the United States.” 



 82 
 

Cancer 109(8):1536–42. 

MacDonald, Allan S. 2001. “A Worldwide, Phase III, Randomized, Controlled, Safety 

and Efficacy Study of a Sirolimus/Cyclosporine Regimen for Prevention of Acute 

Rejection in Recipients of Primary Mismatched Renal Allografts.” 

Transplantation 71(2). 

Majeti, Ravindra, Christopher Y. Park, and Irving L. Weissman. 2007. “Identification 

of a Hierarchy of Multipotent Hematopoietic Progenitors in Human Cord Blood.” 

Cell Stem Cell 1(6):635–45. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/18371405). 

Mardis, Elaine R. et al. 2009. “Recurring Mutations Found by Sequencing an Acute 

Myeloid Leukemia Genome.” New England Journal of Medicine 361(11):1058–

66. Retrieved (https://doi.org/10.1056/NEJMoa0903840). 

Mayer, Flavia et al. 2017. “A Population-Based Study on Myelodysplastic Syndromes 

in the Lazio Region (Italy), Medical Miscoding and 11-Year Mortality Follow-

up: The Gruppo Romano-Laziale Mielodisplasie Experience of Retrospective 

Multicentric Registry.” Mediterranean Journal of Hematology and Infectious 

Diseases 9(1):1–11. 

McGowan, Kelly A. et al. 2011. “Reduced Ribosomal Protein Gene Dosage and P53 

Activation in Low-Risk Myelodysplastic Syndrome.” Blood 118(13):3622–33. 

Merrick, WC; Hershey, John W. B. 1996. “The Pathway and Mechanism of 

Eukaryotic Protein Synthesis.” Pp. 31–69 in Translational Control. 

Miller, Juli P. and David Allman. 2003. “The Decline in B Lymphopoiesis in Aged 



 83 
 

Mice Reflects Loss of Very Early B-Lineage Precursors.” The Journal of 

Immunology 171(5):2326 LP-2330. Retrieved 

(http://www.jimmunol.org/content/171/5/2326.abstract). 

Morrison, Sean J., Antoni M. Wandycz, Koichi Akashi, Amiela Globerson, and Irving 

L. Weissman. 1996. “The Aging of Hematopoietic Stem Cells.” Nature Medicine 

2:1011. Retrieved (https://doi.org/10.1038/nm0996-1011). 

Morrison, Sean J. and Irving L. Weissman. 1994. “The Long-Term Repopulating 

Subset of Hematopoietic Stem Cells Is Deterministic and Isolatable by 

Phenotype.” Immunity 1(8):661–73. Retrieved (https://doi.org/10.1016/1074-

7613(94)90037-X). 

Murray, L. et al. 1995. “Enrichment of Human Hematopoietic Stem Cell Activity in 

the CD34+Thy- 1+Lin- Subpopulation from Mobilized Peripheral Blood.” Blood 

85(2):368 LP-378. Retrieved 

(http://www.bloodjournal.org/content/85/2/368.abstract). 

Myasnikov, Alexander G. et al. 2016. “Structure–Function Insights Reveal the Human 

Ribosome as a Cancer Target for Antibiotics.” Nature Communications 7:12856. 

Retrieved (https://doi.org/10.1038/ncomms12856). 

Najean, Y. and A. Pecking. 2008. “Refractory Anaemia with Excess of Myeloblasts in 

the Bone Marrow: A Clinical Trial of Androgens in 90 Patients.” British Journal 

of Haematology 37(1):25–33. Retrieved (https://doi.org/10.1111/j.1365-

2141.1977.tb08808.x). 

Nilsson, Lars et al. 2000. “Isolation and Characterization of Hematopoietic 

Progenitor/Stem Cells in 5q-Deleted Myelodysplastic Syndromes: Evidence for 



 84 
 

Involvement at the Hematopoietic Stem Cell Level.” Blood 96(6):2012 LP-2021. 

Retrieved (http://www.bloodjournal.org/content/96/6/2012.abstract). 

Nilsson, Lars et al. 2007. “The Molecular Signature of MDS Stem Cells Supports a 

Stem-Cell Origin of 5q-Myelodysplastic Syndromes.” Blood 110(8):3005–14. 

Olsens, S. and A. Pihl. 1972. “Inhibition of Peptide Chain Elongation.” Nature 

238:459. Retrieved (https://doi.org/10.1038/238459a0). 

Olsnes, Sjur. 2004. “The History of Ricin, Abrin and Related Toxins.” Toxicon 

44(4):361–70. Retrieved 

(http://www.sciencedirect.com/science/article/pii/S0041010104001898). 

Osawa, Masatake, Ken-ichi Hanada, Hirofumi Hamada, and Hiromitsu Nakauchi. 

1996. “Long-Term Lymphohematopoietic Reconstitution by a Single CD34-

Low/Negative Hematopoietic Stem Cell.” Science 273(5272):242 LP-245. 

Retrieved (http://science.sciencemag.org/content/273/5272/242.abstract). 

Palchaudhuri R et al. 2016. “Non-Genotoxic Conditioning for Hematopoietic Stem 

Cell Transplantation Using a Hematopoietic-Cell-Specific Internalizing 

Immunotoxin.” Nature Biotechnology 34(7):738–45. 

Pang, W. W. et al. 2013. “Hematopoietic Stem Cell and Progenitor Cell Mechanisms 

in Myelodysplastic Syndromes.” Proceedings of the National Academy of 

Sciences 110(8):3011–16. Retrieved 

(http://www.pnas.org/cgi/doi/10.1073/pnas.1222861110). 

Pang, Wendy W. et al. 2011. “Human Bone Marrow Hematopoietic Stem Cells Are 

Increased in Frequency and Myeloid-Biased with Age.” Proceedings of the 



 85 
 

National Academy of Sciences of the United States of America 108(50):20012–

17. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/22123971). 

Papaemmanuil, Elli et al. 2013. “Clinical and Biological Implications of Driver 

Mutations in Myelodysplastic Syndromes.” Blood 122(22):3616 LP-3627. 

Retrieved (http://www.bloodjournal.org/content/122/22/3616.abstract). 

Pasqualucci, L. et al. 1995. “Immunotoxin Therapy of Hematological Malignancies.” 

Haematologica 80(6):546–56. 

Pestova, Tatyana V. and Christopher U. T. Hellen. 2003. “Translation Elongation after 

Assembly of Ribosomes on the Cricket Paralysis Virus Internal Ribosomal Entry 

Site without Initiation Factors or Initiator TRNA.” Genes and Development 

17(2):181–86. 

Pierre Fenaux and Lionel Ad `es. 2013. “How We Treat Lower-Risk Myelodysplastic 

Syndromes.” Blood 121(21):4280–87. 

Platzbecker, Uwe et al. 2017. “Luspatercept for the Treatment of Anaemia in Patients 

with Lower-Risk Myelodysplastic Syndromes (PACE-MDS): A Multicentre, 

Open-Label Phase 2 Dose-Finding Study with Long-Term Extension Study.” The 

Lancet Oncology 18(10):1338–47. Retrieved (https://doi.org/10.1016/S1470-

2045(17)30615-0). 

Polito, A. Bolognesi and L. 2004. “Immunotoxins and Other Conjugates: Pre-Clinical 

Studies.” Mini-Reviews in Medicinal Chemistry 4(5):563–83. Retrieved 

(http://www.eurekaselect.com/node/80792/article). 

Polito, Letizia et al. 2009. “ATG-Saporin-S6 Immunotoxin: A New Potent and 



 86 
 

Selective Drug to Eliminate Activated Lymphocytes and Lymphoma Cells.” 

British Journal of Haematology 147(5):710–18. Retrieved 

(https://doi.org/10.1111/j.1365-2141.2009.07904.x). 

Polito, Letizia, Massimo Bortolotti, Daniele Mercatelli, Maria Giulia Battelli, and 

Andrea Bolognesi. 2013. “Saporin-S6: A Useful Tool in Cancer Therapy.” Toxins 

5(10):1698–1722. 

Della Porta, Matteo G. et al. 2016. “Clinical Effects of Driver Somatic Mutations on 

the Outcomes of Patients With Myelodysplastic Syndromes Treated With 

Allogeneic Hematopoietic Stem-Cell Transplantation.” Journal of Clinical 

Oncology 34(30):3627–37. Retrieved 

(https://doi.org/10.1200/JCO.2016.67.3616). 

Qi, Yuekun et al. 2017. “Ribosomal Protein L23 Negatively Regulates Cellular 

Apoptosis via the RPL23/Miz-1/c-Myc Circuit in Higher-Risk Myelodysplastic 

Syndrome.” Scientific Reports 7(1):1–12. 

Rossi, Derrick J. et al. 2005. “Cell Intrinsic Alterations Underlie Hematopoietic Stem 

Cell Aging.” Proceedings of the National Academy of Sciences of the United 

States of America 102(26):9194 LP-9199. Retrieved 

(http://www.pnas.org/content/102/26/9194.abstract). 

Ruggero, Davide. 2013. “Translational Control in Cancer Etiology.” Cold Spring 

Harbor Perspectives in Biology 5(2):a012336. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/22767671). 

Sampath, Prabha et al. 2008. “A Hierarchical Network Controls Protein Translation 

during Murine Embryonic Stem Cell Self-Renewal and Differentiation.” Cell 



 87 
 

Stem Cell 2(5):448–60. 

Sanchez, Carlos G. et al. 2016. “Regulation of Ribosome Biogenesis and Protein 

Synthesis Controls Germline Stem Cell Differentiation.” Cell Stem Cell 

18(2):276–90. Retrieved (http://dx.doi.org/10.1016/j.stem.2015.11.004). 

Schmidt, Emmett V. 1999. “The Role of C-Myc in Cellular Growth Control.” 

Oncogene 18:2988. Retrieved (http://dx.doi.org/10.1038/sj.onc.1202751). 

Schmidt, Michael M., Greg M. Thurber, and K. Dane Wittrup. 2008. “Kinetics of 

Anti-Carcinoembryonic Antigen Antibody Internalization: Effects of Affinity, 

Bivalency, and Stability.” Cancer Immunology, Immunotherapy : CII 

57(12):1879–90. Retrieved (https://www.ncbi.nlm.nih.gov/pubmed/18408925). 

Schneider, Rebekka K. et al. 2016. “Rps14 Haploinsufficiency Causes a Block in 

Erythroid Differentiation Mediated by  S100A8 and S100A9.” Nature Medicine 

22(3):288–97. 

Schrot, Joachim, Alexander Weng, and Matthias F. Melzig. 2015. “Ribosome-

Inactivating and Related Proteins.” Toxins 7(5):1556–1615. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/26008228). 

Seita, Jun and Irving L. Weissman. 2010. “Hematopoietic Stem Cell: Self-Renewal 

versus Differentiation.” Wiley Interdisciplinary Reviews: Systems Biology and 

Medicine 2(6):640–53. Retrieved (https://doi.org/10.1002/wsbm.86). 

Signer, Robert A. J. et al. 2016. “The Rate of Protein Synthesis in Hematopoietic Stem 

Cells Is Limited Partly by 4E-BPs.” Genes and Development 30(15):1698–1703. 

Signer, Robert A. J., Jeffrey A. Magee, Adrian Salic, and Sean J. Morrison. 2014. 



 88 
 

“Haematopoietic Stem Cells Require a Highly Regulated Protein Synthesis 

Rate.” Nature 509(7498):49–54. 

Slape, Christopher, Leah Y. Liu, Sarah Beachy, and Peter D. Aplan. 2008. “Leukemic 

Transformation in Mice Expressing a &lt;Em&gt;NUP98-HOXD13&lt;/Em&gt; 

Transgene Is Accompanied by Spontaneous Mutations in 

&lt;Em&gt;Nras&lt;/Em&gt;, &lt;Em&gt;Kras&lt;/Em&gt;, and 

&lt;Em&gt;Cbl&lt;/Em&gt;” Blood 112(5):2017 LP-2019. Retrieved 

(http://www.bloodjournal.org/content/112/5/2017.abstract). 

Sonenberg, Nahum and Alan G. Hinnebusch. 2007. “New Modes of Translational 

Control in Development, Behavior, and Disease.” Molecular Cell 28(5):721–29. 

Sperling, Adam S., Christopher J. Gibson, and Benjamin L. Ebert. 2017. “The 

Genetics of Myelodysplastic Syndrome: From Clonal Haematopoiesis to 

Secondary Leukaemia.” Nature Reviews Cancer 17(1):5–19. Retrieved 

(http://dx.doi.org/10.1038/nrc.2016.112). 

Steensma, David P. et al. 2015. “Clonal Hematopoiesis of Indeterminate Potential and 

Its Distinction from Myelodysplastic Syndromes.” Blood 126(1):9 LP-16. 

Retrieved (http://www.bloodjournal.org/content/126/1/9.abstract). 

Stirpe, Fiorenzo. 2004. “Ribosome-Inactivating Proteins.” Toxicon 44(4):371–83. 

Retrieved 

(http://www.sciencedirect.com/science/article/pii/S0041010104001904). 

Strunk, Bethany S. and Katrin Karbstein. 2009. “Powering through Ribosome 

Assembly.” Rna 15(12):2083–2104. 



 89 
 

Sudo, Kazuhiro, Hideo Ema, Yohei Morita, and Hiromitsu Nakauchi. 2000. “Age-

Associated Characteristics of Murine Hematopoietic Stem Cells.” The Journal of 

Experimental Medicine 192(9):1273 LP-1280. Retrieved 

(http://jem.rupress.org/content/192/9/1273.abstract). 

Sutherland, H. J., C. J. Eaves, A. C. Eaves, W. Dragowska, and P. M. Lansdorp. 1989. 

“Characterization and Partial Purification of Human Marrow Cells Capable of 

Initiating Long-Term Hematopoiesis in Vitro.” Blood 74(5):1563 LP-1570. 

Retrieved (http://www.bloodjournal.org/content/74/5/1563.abstract). 

Tazzari, P. L. et al. 1999. “An Epstein-Barr Virus-Infected Lymphoblastoid Cell Line 

(D430B) That Grows in SCID-Mice with the Morphologic Features of a CD30+ 

Anaplastic Large Cell Lymphoma, and Is Sensitive to Anti-CD30 

Immunotoxins.” Haematologica 84(11):988 LP-995. Retrieved 

(http://www.haematologica.org/content/84/11/988.abstract). 

Tazzari, Pier Luigi et al. 2018. “Immunotoxins Containing Saporin Linked to 

Different CD2 Monoclonal Antibodies: In Vitro Evaluation.” British Journal of 

Haematology 86(1):97–105. Retrieved (https://doi.org/10.1111/j.1365-

2141.1994.tb03258.x). 

Teachey, David T., Stephan A. Grupp, and Valerie I. Brown. 2010. “Mammalian 

Target of Rapamycin Inhibitors and Their Potential Role in Therapy in 

Leukaemia and Other Haematological Malignancies.” British Journal of 

Haematology 145(5):569–80. 

Tehranchi, Ramin et al. 2010. “Persistent Malignant Stem Cells in Del(5q) 

Myelodysplasia in Remission.” New England Journal of Medicine 363(11):1025–



 90 
 

37. Retrieved (http://www.nejm.org/doi/abs/10.1056/NEJMoa0912228). 

Thanopoulou, Eleni et al. 2004. “Engraftment of NOD/SCID-Β2 Microglobulin Null 

Mice with Multilineage Neoplastic Cells from Patients with Myelodysplastic 

Syndrome.” Blood 103(11):4285 LP-4293. Retrieved 

(http://www.bloodjournal.org/content/103/11/4285.abstract). 

Till, J. E. and E. A. McCulloch. 1961. “A Direct Measurement of the Radiation 

Sensitivity of Normal Mouse Bone Marrow Cells.” Radiation Research 

14(2):213–22. Retrieved (http://www.jstor.org/stable/3570892). 

Wang, Jianwei et al. 2012. “A Differentiation Checkpoint Limits Hematopoietic Stem 

Cell Self-Renewal in Response to DNA Damage.” Cell 148(5):1001–14. 

Warner, Jonathan R. 1999. “The Economics of Ribosome Biosynthesis in Yeast.” 

Trends in Biochemical Sciences 24(11):437–40. 

Welch, John S. et al. 2012. “The Origin and Evolution of Mutations in Acute Myeloid 

Leukemia.” Cell 150(2):264–78. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/22817890). 

Will, Britta et al. 2012. “Stem and Progenitor Cells in Myelodysplastic Syndromes 

Show Aberrant Stage-Specific Expansion and Harbor Genetic and Epigenetic 

Alterations.” Blood 120(10):2076–86. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/22753872). 

William B. Fisher, MD; Steven A. Armentrout, MD; Russell Weisman Jr., MD; et al. 

1937. “‘Preleukemia’ A Myelodysplastic Syndrome Often Terminating in Acute 

Leukemia.” JAMA Internal Medicine 132(2):226–32. 



 91 
 

Wilson, ANNE et al. 2007. “Dormant and Self-Renewing Hematopoietic Stem Cells 

and Their Niches.” Annals of the New York Academy of Sciences 1106(1):64–75. 

Retrieved (https://doi.org/10.1196/annals.1392.021). 

Woll, Petter S. et al. 2014. “Myelodysplastic Syndromes Are Propagated by Rare and 

Distinct Human Cancer Stem Cells In&#xa0;Vivo.” Cancer Cell 25(6):794–808. 

Retrieved (https://doi.org/10.1016/j.ccr.2014.03.036). 

Xiaomei, M. 2012. “Epidemology of Myelodysplastic Syndromes.” American Journal 

of Medicine 125(Supplement):S2-5. 

Yoshida, Kenichi et al. 2011. “Frequent Pathway Mutations of Splicing Machinery in 

Myelodysplasia.” Nature 478:64. Retrieved 

(http://dx.doi.org/10.1038/nature10496). 

Yoshida, Yataro, Naoyuki Anzai, and Hiroshi Kawabata. 1995. “Apoptosis in 

Myelodysplasia: A Paradox or Paradigm.” Leukemia Research 19(12):887–91. 

Retrieved (https://doi.org/10.1016/0145-2126(95)00100-X). 

Young, Andrew L., Grant A. Challen, Brenda M. Birmann, and Todd E. Druley. 2016. 

“Clonal Haematopoiesis Harbouring AML-Associated Mutations Is Ubiquitous 

in Healthy Adults.” Nature Communications 7:12484. Retrieved 

(https://www.ncbi.nlm.nih.gov/pubmed/27546487). 

Zhang, Qiao; Shalaby, Nevine; Buszczak, Michael. 2014. “Changes in RRNA 

Transcription Influence Proliferation and Cell Fate within a Stem Cell Lineage.” 

Science 17(343):298–301. 

Zismanov, Victoria et al. 2016. “Phosphorylation of EIF2α Is a Translational Control 



 92 
 

Mechanism Regulating Muscle Stem Cell Quiescence and Self-Renewal.” Cell 

Stem Cell 18(1):79–90. 

 


