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ABSTRACT 

Mutations and deletions in ribosomal proteins are associated with a group of 

diseases termed ribosomopathies. Collectively, these diseases are characterized by 

ineffective hematopoiesis, bone marrow failure, and an increased risk of developing 

myelodysplastic syndrome (MDS) and subsequently acute myeloid leukemia (AML). 

This observation highlights the role of dysregulation of this class of proteins in the 

development and progression of myeloid neoplasms. Analysis of gene expression in 

CD34+ hematopoietic stem cells (HSC) from 183 MDS patients demonstrated that 

ribosomal protein L22 (Rpl22) expression exhibited a greater reduction than any other 

ribosomal protein gene in MDS. Interestingly, we observed that AML patients with lower 

expression of Rpl22 had a significant reduction in their survival (TCGA cohort, N=200,  

Log Rank P value<0.05). To assess the mechanism of reduced expression, we developed 

a FISH probe complementary to the RPL22 locus and assessed for deletion of this locus 

in an independent set of 104 MDS/AML bone marrow samples. Strikingly, we found that 

RPL22 deletion was enriched in high-risk MDS and secondary AML cases. We, 

therefore, sought to investigate whether reduced Rpl22 expression played a causal role in 

leukemogenesis. Using Rpl22-/- mice, we found that Rpl22-deficiency resulted in a 

constellation of phenotypes resembling MDS. Indeed, Rpl22-deficiency caused a 

macrocytic reduction in red blood cells, dysplasia in the bone marrow, and an expansion 

of the early hematopoietic stem and progenitor compartment (HSPC). Since MDS has 

been described as a disease originating from the stem cell compartment, we next sought 

to determine if the hematopoietic defects were cell autonomous and resident in Rpl22-/- 

HSC. Competitive transplantation revealed that Rpl22-/- HSC exhibited pre-leukemic 
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characteristics including effective engraftment, but a failure to give rise to downstream 

mature blood cell lineages. Importantly, there was a strong myeloid bias in those 

downstream progeny derived form Rpl22-/- HSC.  To determine how Rpl22-deficiency 

increased the causes these deficiencies in HSC, we performed whole transcriptome 

analysis on Rpl22-/- HSC. Interestingly, alterations in genes associated with both 

ribosomal proteins and mitochondrial components were observed. We found that protein 

synthesis was unchanged in Rpl22-deficient HSCs, sharply contrasting the reductions in 

global protein synthesis that usually accompany ribosomal protein insufficiency. 

Consequently, we shifted our focus to the dysregulated mitochondrial genes, which were 

linked to the processes of oxidative phosphorylation and fatty acid metabolism.  We 

observed that oxidative phosphorylation was decreased in Rpl22-deficient HSCs while 

fatty acid oxidation was increased. Increased fatty acid oxidation is associated with 

maintenance of the hematopoietic stem cells.  Interestingly, inhibiting fatty acid oxidation 

mitigated this attribute in Rpl22 deficient HSCs.  Because Rpl22 is an RNA-binding 

protein, we asked if Rpl22 was regulating fatty acid oxidation by directly binding 

mRNAs encoding regulators of fatty acid oxidation.  We found that Rpl22 is able to 

directly bind the coding region of an upstream regulator of fatty acid oxidation, Alox12.  

Thus, we hypothesized that Rpl22-deficiency increased fatty acid oxidation through 

increased expression of Alox12. Consistent with this hypothesis, knockdown of Alox12 

impaired the function of Rpl22 deficient HSC.  Because the increased fatty acid oxidation 

promotes self-renewal of Rpl22-deficient HSC and blocks their differentiation, we also 

hypothesized that this would predispose them to leukemogenesis. We examined the 

potential for Rpl22-deficient HSPC to be transformed upon ectopic expression of the 
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MLL-AF9 oncogenic fusion. Indeed, Rpl22 deficiency increased predisposition to 

transformation both in vitro and in vivo, in MLL-AF9 knockin mice.  Furthermore, Rpl22 

deficient leukemias were preferentially sensitive to pharmacologic inhibition of fatty acid 

oxidation or Alox12 knockdown, indicating that leukemia cell survival was also 

dependent upon fatty acid oxidation.  Taken together, these findings indicate that Rpl22-

insufficiency predisposes HSPC to leukemic transformation and aggressive growth by 

regulating mitochondrial function, providing an explanation for the reduced survival 

observed in Rpl22-low AML patients. 

We also sought to determine how Rpl22 may be contributing to another subset of 

AML known as Therapy-related AML.  Most commonly, these patients develop AML 

after previously being treated with an alkylating chemotherapeutic drug.  Interestingly, 

we found that Rpl22-deficient HSPC are resistant to treatment with these agents, despite 

having evidence of DNA damage.  The ultimate consequence of the insensitivity of 

Rpl22-deficient HSPC to alkylating agents was that mice given serial doses of 

cyclophosphamide exhibited an increased incidence of leukemic-like changes.  This 

chemo-resistant phenotype in Rpl22-/- cells was related to increased expression of the 

DNA repair protein MGMT.  Inhibition of this protein abrogated the ability of these cells 

to survive following treatment with cyclophosphamide.  Ultimately, this study implicates 

Rpl22 as a regulator of alkylating DNA damage repair and suggests that both patients 

with hematologic or solid cancers that express reduced levels of Rpl22 are at increased 

risk for development of therapy related AML is they are treated with alkylating agents.  
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CHAPTER 1 

INTRODUCTION 

Emergence of Hematopoiesis 

The human body has an incredible demand to produce a large number of new 

blood cells each day.  It is estimated that more than 1011 blood cells are formed daily, and 

for the lifetime of each person. 1  Together these cells support a variety of critical 

processes in the organism including tissue oxygenation and remodeling, wound repair, 

hemostatic regulation, allergic responses, and resolution of bacterial and viral infections.  

The cells that support these functions in the body are made through a process known as 

hematopoiesis. 

Hematopoiesis in mammals begins fetally, in mesodermally derived cells known 

as hemangioblasts. 2,3  These cells form as early as embryonic day 18 in an external 

structure known as the yolk sac.  Hemangioblasts in the yolk sac form both endothelial 

cells as well as primitive blood forming cells, creating structures known as blood islands. 

3,4 These blood islands, at first, form predominantly primitive nucleated, macrocytic 

erythroid cells. 5  However, it has also been reported that they are also capable of 

producing macrophages and megakaryocytes. 6,7 The hemangioblast cells and blood 

islands persist for approximately 6 weeks of gestation. 6,7 This persistence allows the fetal 

heart to develop, begin beating, and start the process of circulation as early as 21 days 

into gestation.  This fetal circulation allows the colonization of primitive yolk sac cells 

within the embryo and the colonization of definitive early embryonic hematopoiesis. 8 
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This process of embryonic colonization will ultimately take place in the fetal 

liver. The fetal liver forms as an endodermal thickening as early as 22 days into gestation. 

9 At 23 days, the liver begins to be colonized by the erythroid-granulocyte progenitors 

derived from the yolk sac, capable of forming only primitive red blood cells and myeloid 

cells. 8 Subsequently, a second wave of colonization of more traditional long-term 

multipotential cells originates from a separate fetally internal source, the aorta-gonad-

mesonephros region (AGM). Within the AGM a cluster of primitive hematopoietic cells 

begins to form on the ventral endothelium by 27 days of gestation.  10 These cells begin to 

rapidly expand and by 35 days form a collection of a few thousand cells. 8 These cells, 

which go on to seed the liver and begin hematopoiesis, are the first true hematopoietic 

stem cells in the fetus.11 These primitive multipotential HSC can be observed in the fetal 

liver as early as 30-32 days.8 These HSC, which began in the AGM, will eventually go on 

to support hematopoiesis throughout the lifetime of the organism.  Hematopoiesis 

continues in the liver of the fetus until after birth. From this point, HSC will seed the 

bone marrow and stromal alterations begin to take place, to form the niche in which HSC 

will reside and contribute to adult hematopoiesis. 12 

Adult Hematopoiesis and the HSC  

  As previously indicated, adult hematopoiesis begins with HSC in the bone 

marrow.   These cells represent an extremely rare population, comprising approximately 

0.01% of the mononuclear cells in the marrow. 13,14  Nonetheless, while these cells are 

few in number they are responsible for blood production for the entire body.  Through a 

hierarchical cascade, these few cells are able to generate downstream progenitors, which 

give rise to all of the mature blood cell types, (Fig. 1). 15 16 17 18 In brief, long-term HSC 
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(LT-HSC) exist at the top of the hematopoietic hierarchy.  LT-HSC are highly quiescent 

and rarely divide.  It has been estimated that in humans, LT-HSC divide once every 100 

days or more. 19,20 Furthermore, when these cells eventually do divide, they are capable 

of self-renewing divisions (divisions giving rise to more LT-HSC) or differentiating 

divisions (divisions giving rise to more committed progenitors). 21 22  Differentiating 

divisions of LT-HSC give rise to more restricted short-term HSC (ST-HSC). 17,22,23  ST-

HSC retain some ability to self-renew and also to differentiate. 24 However, these cells 

are less quiescent than LT-HSC, allowing them to generate more progeny and meet 

hematopoietic demands for approximately 6-8 weeks. 22,23    ST-HSC undergo 

differentiating divisions to generate multipotent progenitors (MPP). 17, 25  MPP lack the 

ability for significant self-renewal. 26  However, these cells represent a forking point in 

the hematopoietic tree. They are able to differentiate into common myeloid progenitors 

(CMP) or into common lymphoid progenitors (CLP). 16,27 It is in this manner that HSCs 

are capable of generating both myeloid cells (RBC, platelets, eosinophils, basophils, 

monocytes, and neutrophils) and lymphoid cells (NK cells, T-cells, and B-cells).  
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Figure 1: Hematopoietic Hierarchy with Identification Markers.  This figure depicts 
the hematopoietic tree, with less differentiated cells at the top and more differentiated 
cells toward the bottom.  Progenitors are labelled with common markers for identification 
in mice. (Adapted from Shao et al. 2013)28 
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The processes that lead to differentiation are a complicated series of 

differentiating steps.  As mentioned, the process of lineage commitment begins at the 

apex of the hierarchy with the HSC. A complex network of balanced intrinsic signaling 

molecules regulates the maintenance of stemness.  Transcription factors that regulate 

“stemness” in HSC include, Gata2, Ikaros, Bmi1, HoxB4 as well many others. 29-31 32-34 

Alternatively, differentiation toward one fate or another is associated with altering 

signaling in these stem pathways with increases in lineages specific pathways.  For 

example, expression of the transcription factor PU.1 is normally low in HSC and is 

increased and required for differentiation toward the myeloid fate. 35,36 37 38 Similarly, 

low levels of Notch1 are important for HSC self-renewal, however, increases in Notch 

signaling favor differentiation toward the lymphoid fate. 39,40 

Microenvironmental factors also act as key regulators toward influencing HSC 

signaling processes.  For this reason, HSC exist in very specialized niches within a 

hypoxic area of the bone marrow. 41,42 43 It is here that stem cells receive inputs from the 

specialized stromal components within the niche to regulate their function.  This region 

contains numerous cells that support HSC maintenance such as osteoblasts, CXCL12 

abundant reticular cells (CAR), sympathetic nerve cells, mesenchymal stem cells, and 

endothelial cells. 44  In addition to the direct interactions these cells provide to HSC, they 

also secrete a set of soluble mediators in the appropriate balance (i.e. angiopoietin, 

thrombopoietin, osteopontin, CXCL12, etc.) required for quiescence and stem 

maintenance.  45-47 Alterations to the cell content, function or signaling network of HSC 

niche can induce stem cell proliferation and differentiation based on the needs of the 

organism.  Changes in signaling ultimately coordinate the effort to silence stem-related 
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genes while lineage specific genes increase in expression, as previously described.  These 

alterations to HSCs involve both transcriptional and epigenetic regulation. 48 49 Overall, 

however, for hematopoiesis to be efficient as well as sustainable, stem cells must 

maintain a reasonable balance between differentiation and self-renewal.  Alterations to 

stem cells or their niche which tip the scales of differentiation or self-renewal can cause 

exhaustion of the HSC or conversely lead to the development of pre-malignant clones 

with impaired differentiation. 50 51 52,53 

HSC Aging and Pre-Malignant HSCs  

As we get older our hematopoietic system becomes less efficient at keeping up 

with blood cell demands.  It is usually normal to find that elderly individuals have 

slightly reduced numbers of RBC or white blood cells (WBC). 54,55 These changes 

ultimately make elderly patients more susceptible to systemic infections and local 

inflammation.  These changes in hematopoiesis can be traced back to the consequences of 

aging HSC.  As HSC age their numbers increase in the bone marrow, but they have an 

impaired ability to differentiate.56 57,58  This is because, over time, HSC acquire changes 

to their cellular components that impair their function.   

While young HSC have been described to have an intrinsic bias toward either the 

lymphoid or myeloid fate, as they age their tendency toward the myeloid fate is 

significantly heightened. 58   It is currently debated whether these changes in HSC are due 

to a change in the composition of myeloid-biased and lymphoid-biased HSC or there are 

intrinsic changes to the HSC that increase myeloid-bias. 59 60 61 62-64 Likely, however, the 

altered function of aged HSC in the bone marrow reflects a combination of these two 
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possibilities. Nonetheless, the ultimate result is an increase in myeloid, but not erythroid 

cells, and a decrease in lymphoid cells.  54,65,66 

There are many alterations, such as epigenetic, transcriptional and metabolic 

changes, that are associated with and/or contribute to aging in HSC. 54,65,66 However, 

perhaps the most significant and interesting alteration acquired with age, as related to 

malignancy, are the lesions acquired to the HSC DNA and the disruption this ultimately 

causes to the balanced intrinsic signaling.  This has been shown using both a marker for 

DNA Damage, pγH2A.X, and direct evidence of DNA strand breaks using the comet 

assay approach. 67 52 With the persistence of these cells in the bone marrow for decades, it 

is believed that through replicative stress, oxidative damage, and physiologic or 

idiopathic genotoxic agents, HSC acquire damage to the genome. 52,68,69 52 28,70 These 

acquired lesions activate a DNA damage response (DDR), which initiates a cascade of 

chromatin remodeling, epigenetic modification, as well as transcriptional regulation in 

HSC. 71,72 Once an HSC acquires a genomic insult there are several possible fates.  The 

cell can attempt to repair the lesion, which is often unreliable in HSC, it can apoptose or 

senesce, or it can differentiate. 73-75  If the cell is able to recover, the DDR cascade can 

have lasting effects on the biasing of the stem cell, as discussed above. Ultimately, it is 

those HSC that persist after acquiring genotoxic stress that are most at risk for 

contributing to hematologic pathologies such as cytopenias or even malignancies.   76-78 

Further, troubling, is the fact that quiescent HSCs prefer to repair double stranded 

DNA damage by using non-homologous end joining (NHEJ). 74  NHEJ in brief, repairs 

double stranded DNA damage by clipping back the fragmented ends. This is sub-optimal 

for several reasons including that it can lead to abnormal chromosome fusions, loss of 
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genetic material around the repair site, and accumulation of genetic mutations all of 

which are ultimately observed in myeloid leukemias. 79  80 81 Because of the persistence 

of the HSC for the lifetime of the organism and the accumulation of DNA damage, 

potentially leading the chromosomal instability and genetic mutations, there is a strong 

potential for HSC to form pre-leukemic clones and eventually progress to initiate 

leukemias, most commonly in elderly patients.   

Specific evidence for the presence of pre-leukemic clones in humans has been 

presented in several studies, showing that more than 10 percent of the population over 

seventy harbors premalignant mutations in their hematopoietic stem and progenitor cells, 

most commonly in the DNMT3A, TET2, or ASXL1 genes. 82 83,84 85 These HSC retain their 

multipotency and persist with a competitive advantage over normal progenitors, 

predisposing them to leukemic transformation. 86 Interestingly, however, while these 

findings indicate an increased relative risk, the majority of these patients will never 

develop a myeloproliferative disease in their lifetime, even with this leukemic 

predisposition.  The presence of these early mutations in such a large percent of the 

population, highlight the need to investigate what subsequent alterations to these cells 

take place to allow a subset of these people to develop myeloid malignancy. Consistent 

with the observation in humans, mouse models (i.e. AML1-ETO, Flt3-ITD, etc.) within 

common AML mutations do not development AML during their lifetime. 87,88 It is not 

without the addition of stressors or, commonly alkylating chemotherapeutics, or 

combinations of mutations, that these mice develop symptoms similar to AML.89 90  

These results support the need for accumulations of several genetic alterations to the HSC 
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to form a dominant clone capable of progressing to myeloid leukemia.  And often at the 

time of diagnosis four or more mutations are noted. 91  

Myelodysplastic Syndrome (MDS) 

MDS is a collection of clonal stem cell disorders characterized by a general 

failure of the bone marrow to produce one or more lineages.  MDS is a disease that arises 

later in adult life.  Approximately, 3/4 of these patients diagnosed with MDS are older 

than 60 years of age. 92  Overall, MDS affects more than an estimated 30,000 people in 

the United States each year. 93  However, this number is more than likely underestimated, 

since frequently the diagnosis is missed, potentially because symptoms are nuanced or 

mild and MDS seems unlikely. 94  Therefore, a painful bone marrow biopsy is often not 

obtained, which is required for definitive diagnosis.  95 

Most commonly, patients who are ultimately diagnosed with MDS may present to 

the clinic complaining of signs of low RBC counts aka anemia (i.e. fatigue, weakness, 

dizziness or chest pain). 96 93,97  Other patients will have no symptoms at all, and are 

diagnosed incidentally, after blood tests were ordered for unrelated presentations. 96 93 

The physical diagnosis of MDS can be difficult and complicated.  This is in part because 

the many other pathologies of cytopenia (i.e. vitamin deficiencies, infections, alcohol 

abuse, etc.) must first be ruled out.  Furthermore there are many different appearances to 

the class of diseases known as MDS that can mask the diagnosis. However, there are 

some common traits amongst them that should indicate MDS as a diagnosis, especially in 

elderly patients. 98 They include the following: 

1. One or more cytopenias, measured by complete blood count, for more than six months.  
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2. Evidence of significant dysplasia in one or more lineage in the bone marrow.  

3. Exclusion of non-malignant causes of bone marrow dysfunction. 

Once MDS is suspected, subclassification of the disease can be made based on 

more specific characteristics of the disease, according the 2016 World Health 

Organization (WHO) classifications of MDS.99  These subclasses are based on 

histopathological features, such as presence of abnormal erythroid cells termed ringed 

sideroblasts, abnormal appearing (dysplastic) cell in one or more lineage, the number of 

immature cells (termed blasts) in the bone marrow and the blood, or cytogenetic 

properties. 99 100 These groups are shown in Table 1. 

MDS arises spontaneously, (de novo, generally diagnosed in old age) or as a 

result of previous treatment with chemotherapeutic or radiation therapy (t-MDS, 

generally diagnosed at an earlier age). 101  HSC have been demonstrated to be the most 

likely cell of origin in this disease, through their higher capability of transplanting disease 

into immunocompromised mice. 102,103 Further support for the HSC as the cell of origin 

comes from observations made directly in MDS patients.  These patients often have 

evidence of an expansion of HSC in their bone marrow that are less efficient at 

multilineage differentiation (i.e. ability to give rise to myeloid and lymphoid cells). 104 

Consistent with decades-long accumulations of genetic alterations in the stem 

cells, over half of MDS cases present with a common cytogenetic alterations, conferring 

varying significance to disease outcome. 105 106 More support has been obtained through 

recent advances using next generation genomic sequencing techniques, which have  
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MDS Sub-Classifications 

MDS Classification Sub-classifications 

MDS with single lineage 

dysplasia  

MDS with ring sideroblasts 

(MDS-RS) 

  -MDS-RS and single lineage 

dysplasia 

-MDS-RS and multilineage 

dysplasia 

MDS with multilineage 

dysplasia  

MDS with excess blasts 
 

MDS with isolated del(5q) 
 

MDS, unclassifiable 
 

 

Table 1: MDS Sub-Classifications. Adapted table from the 2016 WHO classification 
and sub-classifications for MDS. 
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shown that even those patients who present with seemingly normal cytogenetics have 

hundreds of detectable mutations in genes (somatic mutations) within various clones.107   

Using this information, we now find that over 70% of MDS clones have evidence 

of genetic alterations of some sort. 108  Within MDS, there have been a large number of 

described chromosomal alterations and genetic mutations in: epigenetic regulators (Tet2, 

IDH1, IDH2, etc.), splicesomal machinery (SF3B1, SRSF2, etc.), transcriptional control 

elements or signaling (Flt3-ITD, MLL translocations, PML-RARA, Runx1, etc.), as well 

as tumor suppressors (p53). 109,110 Ultimately, clones will acquire multiple mutations 

which have the effect of altering the ability of these HSC to differentiate or proliferate. 

Collectively, however, these findings highlight the need to further understand the 

function, timing, and cooperating mutations associated with the genes that are mutated, 

and how they contribute to HSC pathology as they age, prior to their transformation.  

Answers to these questions will prove critical to understanding the pathogenesis of blood 

disorders born from stem cell dysfunction.  Clinical studies have shown that these genetic 

alterations, as we will see, often convey prognostic significance and can be used in 

planning treatments. 

Once a diagnosis of MDS is made, a course of action must be decided based on 

the patient’s best clinical and personal interests.  Within the MDS patient population 

there is a large range of disease severities, with some surviving only several months and 

others surviving 8 years or longer. 99, 111 The treatment course, therefore, must be 

informed by criteria used to predict the disease progression and prognosis.  This is 

achieved frequently by using the International Prognostic Scoring System (IPSS) which 

was revised in 2012 for MDS. 111 Since MDS is thought of as a prodromal disease to 



13 
 

AML, this system classifies the specific patient’s likelihood of progressing to AML as 

very low, low, intermediate, high, and very high. 112  Ultimately, the IPSS uses a scoring 

system to classify patients into these categories, shown in Tables 2 and 3. 99,111  As seen, 

the scale uses the degree of cytopenia, the blast percentage, and cytogenetic 

characterization to assign a risk group to a patient based on their age.  The cytogenetic 

factors are listed in Table 4 based on their prognostic scoring.  Finally, while the most 

recent IPSS has not taken into account the types and number of somatic mutations 

discovered using sequencing techniques, these most certainly play a role in disease 

prognosis and will likely be included in the future. Some of the most common mutations 

and their varying impact on prognosis have been listed in Table 5.113 

Unfortunately, once classified for risk MDS patients have very limited treatment 

options.  For those with very low and low-risk MDS no proactive steps are taken to limit 

progression to leukemia.  These patients are simply observed and evaluated for signs of 

progression and given supportive care, as required. 114,115  Even more disheartening, there 

are currently no approved drugs that are designed to be curative for MDS. 116,117 The only 

potentially curative therapy for MDS is allogeneic stem cell transplantation (ASCT), in 

which closely matched donor HSC are transplanted into a recipient who has undergone 

radiation therapy or myeloablative chemotherapy. 118 However, the extreme regimens of 

radiation and chemotherapies used in this treatment option are not tolerated very well in  
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Table 2: IPSS-R, Prognostic Variable Scoring for MDS Characteristics.  Prognostic 
scoring system for MDS disease characteristic variables, adapted from IPSS-R 111.  
Variables are combined to classify the patient’s prognosis according to Table 3.  

 

Table 3: IPSS-R Scoring Chart.  Table classifying patients into prognostic categories 
by combining their prognostic variable scores from Table 2. Adapted from IPSS-R 111 

 

 

Table 4: MDS Cytogenetic Prognosis. Classification of individual cytogenetics for 
MDS patients. Adapted from IPSS-R 111 

 

 

 

Prognostic variable Cytogenetics BM blast, % Hemoglobin Platelets ANC
0 Very good ≤ 2 ≥ 10 ≥ 100 ≥ 0.8

0.5 — — — 50-< 100 < 0.8
1 Good > 2%- < 5% 8- < 10 < 50 —

1.5 — — < 8 — —
2 Intermediate 5%-10% — — —
3 Poor > 10% — — —
4 Very poor — — — —

Risk category Very low Low Intermediate High Very high
Risk score ≤ 1.5 > 1.5-3 > 3-4.5 > 4.5-6 > 6
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Table 5: Somatic Mutations in MDS. Table showing the various discovered genetic 
mutations and their impact on disease progression, frequency, and associated MDS-types.  
Table was adapted from Harada H &Harada Y, 2015. 113 
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older patients.  Only patients younger than 60 years of age are recommended for this 

procedure. 119 120 For those patients older than 60 but less than 70 years of age a reduced 

intensity conditioning transplant can be performed. 121, 122 This treatment strategy, as the 

name implies, is better tolerated in older patients since the chemotherapeutic or radiation 

doses prior to transplantation are reduced.  ASCT and RIC transplantation are 

recommended for age-appropriate patients in both the high- and very high-risk IPSS 

groups. 119 120 122 Unfortunately, the majority of MDS patients are over 70 years of age 

and cannot tolerate either of these treatment options.  

Excluding clinical trials, high and very high-risk patients, who are older than 70 

years of age and not eligible for stem cell transplantation, are first treated according to 

their symptoms. 123 114 The first correction for these patients is to adjust their cytopenic 

symptoms.  Since the majority of MDS patients present with symptoms of anemia, 

restoring RBC numbers to the normal range can have a dramatic effect on the patient’s 

quality of life. 114 124 To accomplish this, there are a several erythropoiesis stimulating 

agents (ESA), such as erythropoietin or darbopoietin.   ESA are effective in up to half of 

patients with intermediate to low prognosis MDS. 125  Furthermore, patients with 

deletions of the 31-32 region of the long arm of chromosome 5 (del5q) respond well to 

treatment with the thalidomide derivative, lenalidomide. 126 117 However, in these higher 

risk groups these agents have little effect on an already ineffective hematopoietic system.  

For patients non-responsive to these agents, transfusions are recommended. 125,127 

Additionally, low platelet (thrombocytopenia) symptoms are frequently seen in 

MDS patients.  Currently, platelet stimulating drugs, romiplostim and eltrombopag have 

shown promising results in low-risk MDS patients.  128 129 130  However, trials are still 
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underway to evaluate the safety and efficacy of these drugs.   Therefore, 

thrombocytopenias are currently treated with platelet transfusion in all MDS patients. 131 

Finally, symptoms of low neutrophil counts (neutropenia) manifesting as an infection can 

be treated with antibiotic treatments, in these patients. 132 In lower risk MDS patients 

myeloid growth factors may prove effective.  133  

Another strategy to treat higher risk MDS in elderly patients is with the use of 

chemotherapeutic agents used in leukemia treatment, such as cytarabine, or with a 

hypomethylating agents (HMA) in order to slow the progression to leukemia. 134 The 

FDA approved HMA include azacytidine and decitabine.  Early trials comparing 

supportive care with azacytidine, showed the HMA delayed leukemic initiation by nine 

months over the control arm. 135 Additionally, a later study found azacytidine to be more 

effective at preventing leukemic progression than AML chemotherapeutic regimens, 

including the use of cytarabine, for elderly patients. 136 This study also found patient 

quality of life was improved, with reduced burdens of cytopenias being observed.  

Results with HMA drug decitabine while showing benefit over supportive care are more 

mixed and less dramatic than azacytidine. 137 138.  Ultimately, however, these drugs only 

prolong the progression toward development of leukemia.  And, in fact, a third of these 

patients with MDS will eventually progress to acute myeloid leukemia (AML) in their 

lifetime. 139 

Acute Myeloid Leukemia (AML) 

AML is the most common hematologic malignancy in adults and has an 

increasing incidence with age. 140 This myeloid malignancy is generally considered a 
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disease of elderly adults.  And while there is a subset of younger patients (<60 years old) 

that present with AML, most cases of this disease appear in patients older than 65.  As we 

will see, the advanced age of these patients makes treating this disease particularly 

challenging.  And unfortunately, if left untreated, the aggressive nature of AML will lead 

to death within just a matter of weeks to months. 141  

Similar to MDS, AML is a heterogeneous stem cell disease originating from 

leukemia initiating clones. AML can be classified as de novo (presenting without a prior 

history of hematological malignancies), secondary AML (secondary to MDS), and 

therapy-related AML (t-AML; the patient was treated for a previous malignancy and 

subsequently developed AML, most commonly alkylating agents and topoisomerase 

inhibiting drugs). 142,143 99 All are characterized by an impairment of normal 

hematopoiesis, frequently in multiple lineages, with an associated overcrowding of 

immature myeloid blasts in the bone marrow. Most patients present with symptoms of 

anemia (fatigue, dizziness, shortness of breath, etc.), infection, or bruising and bleeding. 

104 A diagnosis of AML should be suspected when patients present with these symptoms 

of hematopoietic failure and have evidence of circulating immature myeloid cells in the 

blood. 144  Ultimately, a bone marrow biopsy with a blast count of greater than 20% is 

required for a definitive AML diagnosis, excluding the presence of specific AML genetic 

fusions and inversions, namely t(15;17), t(8;21), inv(16) or t(16;16).  99 

Once a diagnosis of AML is obtained, the disease is further characterized by: 

immunophenotyping (to determine lineages involved), a general cytogenetic analysis (to 

karyotyping the disease), molecular cytogenetics (to identify known gene 

rearrangements), and quantitative PCR (to identify known somatic mutations). 145 Using 
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these characteristics the disease can be further classified and subclassified based on the 

2016 WHO AML classification system, Table 6. 99  This classification system was newly 

updated to incorporate the evolving understanding of the genetic and epigenetic 

landscape of AML and to include recently discovered somatic mutations that contribute 

to pathogenesis and severity.    

As indicated by the expanded 2016 AML WHO classification system, AML is a 

complex disease with an overwhelming number of chromosomal aberrations and genetic 

mutations.  This again highlights that this disease is the product of a lifetime of mutations 

in HSC that ultimately allow them to initiate leukemic clones. 77  Interestingly, as noted 

previously, many people within the population harbor early defining mutations, but never 

develop MDS or AML. 82 83,84 85   Importantly, these people never obtain the latter 

mutations required to progress from a pre-leukemic to leukemic clone.  This can be 

attributable to the fact that AML, classically, requires at least two mutations to develop, a 

class I mutation, which increases proliferation, and a class II mutation, which impairs 

differentiation. 146,147  A representation of these mutations and their co-occurrences are 

shown in Fig. 2. 148    

Interestingly, this “the two-hit model” was proposed by Gilliland and Griffin over 

a decade ago and still remains relevant today. 147   However, with the recent discoveries 

of a third class of somatic mutations, the epigenetic modifiers, the two-hit model needs to 

be refined.  This new class of mutations can cause changes to HSCs similar to both class I 

and II mutations and can co-occur with either class. 149-151 148      However, the epigenetic 

modulating mutations rarely co-occur together within the same AML.  148    
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Acute myeloid leukemia (AML) and related neoplasms 
 AML with recurrent genetic abnormalities 
  AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 
  AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-MYH11 
  APL with PML-RARA 
  AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A 
  AML with t(6;9)(p23;q34.1);DEK-NUP214 
  AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 
  AML (megakaryoblastic) with t(1;22)(p13.3;q13.3);RBM15-MKL1 
  Provisional entity: AML with BCR-ABL1 
  AML with mutated NPM1 
  AML with biallelic mutations of CEBPA 
  Provisional entity: AML with mutated RUNX1 
 AML with myelodysplasia-related changes 

 Therapy-related myeloid neoplasms 
AML with MDS-like changes 

 AML, NOS 
  AML with minimal differentiation 
  AML without maturation 
  AML with maturation 
  Acute myelomonocytic leukemia 
  Acute monoblastic/monocytic leukemia 
  Pure erythroid leukemia 
  Acute megakaryoblastic leukemia 
  Acute basophilic leukemia 
  Acute panmyelosis with myelofibrosis 

 

Table 6: AML Subclassifications. Subclassification categories for AML patients based 
off the new 2016 WHO guidelines.  Table is adapted from the Arber et. al 99 
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Figure 2: Co-Occuring Genetic Alterations in AML. Figure showing common 
mutations and rearrangements in AML as Class I (proliferation) or Class II (impairing 
differentiation) alterations.  The blue links show commonly occurring alterations. Runx1 
mutations and MLL rearrangements can occur together despite both being considered 
Class II.  Figure from Takahashi, 2011. 148 
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As disease progresses and becomes more aggressive, more mutations and genetic 

aberrations are obtained. 107,152  However, how these cumulative mutations interact and 

contribute to disease prognosis is often complex and unclear. Unfortunately, there is no 

universally accepted prognostic scoring system available for predicting AML disease 

course, as there was for MDS.  This is probably due to the fact that there are many 

different genetic and cytogenetic mutations present in AML with often ambiguous 

contributions to disease.  For example, patients with NPM1 mutations are generally 

considered to have a favorable prognosis. 153  However, when NPM1 mutations co-occur 

with FLT3-ITD or DNMT3A mutations, the prognosis of these patients is poor with a high 

likelihood of relapse following treatment. 154 

 Traditionally, prognosis for patients was first based on the number of blasts in the 

bone marrow and cytogenetic properties.155  In fact, cytogenetic properties, when present, 

still represent one of the most powerful predictors of prognosis. 156 However, the 

prognostic significance of certain cytogenetic alterations that classify an AML to one 

category over another is still debated for some abnormalities. While patients with a 

complex karyotype (≥having 3 or 5 cytogenetic aberrations) are consistently classified as 

having the poorest prognosis those with deletions of chromosome 7( -7 chromosomal 

abnormalities) can represent an intermediate or unfavorable alteration. 157-159  Table 7 

shows the known cytogenetic alterations present in AML and their prognostic 

significance across several different studies. 159      
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Table 7: Multi-study Cytogenetic Prognoses.  Prognosis category for known 
cytogenetic abnormalities in AML across several different studies.  Table from Orozco et 
al. 159 
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While cytogenetics represents a powerful prognostic tool, approximately 40% of 

patients with AML have normal karyotypic features. 156  Fortunately, with the 

advancement of sequencing technology a number of genetic alterations have also been 

identified that contribute to disease. 152,160 These alterations can also accompany AMLs 

with chromosomal rearrangement, further complicating clear prognostic guidelines, as 

mentioned before.  These genetic alterations are listed in Table 8 with their prevalence 

and common co-occurring mutations and chromosomal alterations. 161  Using all the 

above prognostic information, it is up to the individual practitioner to determine the best 

treatment approach considering both prognostic predictors and the patient’s ability to 

tolerate treatment regimens. 

Needless to say, our understanding of the genetic and epigenetic landscape in 

AML and how it contributes to disease progression is still evolving.  Defining the effect 

of co-occurring mutations and a firm set of criteria in the future will be important in 

determining prognosis for AML patients and informing their treatment course. 

Unfortunately, even once a prognosis is obtained, the current treatment strategies 

for AML are extremely limited.  Outside of enrolling in a clinical trial, there are only two 

treatment options, HSC transplantation and chemotherapeutic regimens. Admittedly, 

these treatments have been refined over the decades and have higher success rates than at 

their inception. 162  However, these strategies are blunt instruments for treating disease 

and frequently are too harsh to treat the majority of patients with AML, who are aged 65 

or older.   

Younger AML patients with a good prognosis and patients unable to tolerate HSC 

transplantation are treated with a combination of chemotherapeutic agents. Typically, this  
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Category/mutant gene % 
Associated mutations/ 

chromosomal 
abnormalities 

Prognostic 
implications 

DNA methylation 
   

 DNMT3A 20 NPM1, FLT3-ITD, NK Adverse 
DNA demethylation 

   
 TET2 8 ASXL1, NK 

Poorer in IR-
AML 

 IDH1 7 NPM1, NK 
Poorer in 

FLT3-ITD-neg 
AML 

 IDH2-R140 7 NPM1, NK Favorable 
 IDH2-R172 2 NK Adverse 

 WT1 9 FLT3-ITD 
Poorer in NK-

AML 
Activated signaling 

   

 FLT3-ITD 27 

NPM1, DNMT3A, NK, 
t(15;17)/ PML-RARA, 
t(6;9)/DEK-NUP214, 
t(5;11)/NUP98-NSD1 

Poorer in IR-
AML 

 FLT3-TKD 7 
inv(16)/CBFB-MYH11, 
t(15;17)/PML-RARA 

Variable 
according to 

study 

    

 NRAS 11 
inv(16)/CBFB-MYH11, 

t(3;5)/NPM1-MLF1, 
11q23/MLL-X 

NS 

    
 KRAS 5 

inv(16)/CBFB-MYH11, 
11q23/MLL-X 

NS 

 PTPN11 5 NPM1 ND 
 NF1*  4 MK, −17/17q ND 

 KIT 4 
t(8;21)/RUNX1/RUNX1T1, 

inv(16)/CBFB-MYH11 
Poorer outcome 
in CBF AML 

 CBL 1 
 

TBC 
Myeloid transcription 

factors    

 RUNX1 5 
MLL-PTD, ASXL1, IDH2, 

NK, +13 
Adverse 

 CEBPA 4 GATA2, NK Favorable 
Tumor suppressor/ 

multifactorial    

 TP53* 8 
Complex, MK, −5/-5q, 

−7/-7q, −17/17p 
Adverse 
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 NPM1 33 
DNMT3A, IDH1, IDH2-

R140, FLT3-ITD, 
PTPN11, cohesin, NK 

Favorable in 
absence of 

FLT3-ITD and 
mutant 

DNMT3A 

    Chromatin regulation 
   

 ASXL1 5 RUNX1, IDH2-R140, 
Poorer in IR-

AML 

  
t(8;21)/RUNX1-
RUNX1T1, +8  

 MLL-PTD 5 +11, NK, RUNX1, FLT3 Adverse 
 PHF6 3 RUNX1 TBC 
 ASXL2 2 t(8;21)/RUNX1-RUNX1T1 ND 
 BCOR 1 NK, DNMT3A TBC 
 EZH2 1 

 
ND 

Spliceosome 
   

 SRSF2 2 
+13, ASXL1, RUNX1, 

IDH1/2 
ND 

 SF3B1 3 
RUNX1, inv116/GATA2-

EVI1  
 U2AF1 2 

  
 ZRSR2 <1 

  
Cohesin 

   
 RAD21 6-9 NPM1 NS 
SMC1A 

   
SMC3 

   
STAG1 

   
STAG2 

   
 

Table 8: Mutations in AML.  Adapted table from Grimwade et. al showing prevalence 
of mutations and their prognostic significance.  Mutations within the same functional 
category are negatively associated, and positive associations are listed. bi, biallelic; IR, 
intermediate risk; ITD, internal tandem duplication; MK, monosomal karyotype; ND, not 
determined; NK, normal karyotype; NS, not significant; PTD, partial tandem duplication; 
TBC, to be confirmed; TKD, tyrosine kinase domain. *Includes mutations and gene 
deletions. 
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involves the so-called “7+3” induction therapy followed by a consolidation therapy.  

Induction therapy consists of a 7 day continuous infusion of cytarabine as well as 3 days 

of daunarubicin or idarubicin infusions. 145  Somewhat deceivingly, most patients who 

receive induction therapy undergo remission for the disease. 163,164  Unfortunately, most 

of these patients also relapse due to minimal residual disease (MRD). 163,164  Following 

induction therapy patients receive consolidation therapy, which consists of 5 days of high 

doses of cytarabine infusions. This treatment is frequently repeated every four weeks for 

3 or more cycles. In elderly patients, the dosing can be reduced for those unable to 

tolerate the high doses of induction and consolidation therapy. 165,166  Additionally, the 

HMA have also been shown to be effective in elderly patients compared to lower dose 

chemotherapy treatments.  124    

Patients that relapse from this treatment or who present with an unfavorable 

prognosis, should receive a HSC transplant, if it can be tolerated. 163  This therapy 

represents the only potentially curative treatment in AML. 167 However, it is extremely 

challenging for patients, and is only recommended for younger persons (<60 years) or in 

some cases a more hardy elderly individual without other co-morbidities (i.e. diabetes, 

hypertension, etc.). 164 119 120  Most commonly, an allogenic transplantation is performed 

in eligible candidates. HSC are harvested typically from a sibling or close relative, if 

available, or alternatively from a registry of HLA compatible donors.  In preparation for 

this procedure, patients are typically first administered a form of induction therapy to 

induce remission.  Prior to HSC transplantation, patients also receive myeloablative 

therapy, typically using the purine analog fludarabine and the alkylating agent busulfan. 

145,168 
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 As can be imagined, the high doses of multiple chemotherapeutic drugs, can 

cause a high mortality and morbidity associated with the treatment.  The most frequent 

complication related deaths from HSC transplant include multi-system organ failure or 

systemic sepsis. 169,170 Even younger patients frequently fail this treatment with only 40% 

achieving long-term remission, due to a combination of treatment related mortality and 

relapse. 162,168  For those older patients unable to tolerate the severe regimen associated 

with this transplant, reduced-intensity conditioning prior to transplantations can also be 

performed. Typically, the doses used in this regimen are reduced at least 30%. 171 172 

Nonetheless, even with these reduced doses many elderly patients still are unable to 

tolerate the treatment.  Frustratingly, these older patients, most frequently, also have the 

worst cytogenetic and molecular aberrations that confer poor prognosis, and therefore are 

in greatest need of this potentially life-saving therapy. 77 Clearly, with the limitations of 

current therapies and the severity of this disease, more targeted approaches to treating 

AML are needed.   

Unfortunately, to date there are very few effective targeted drugs that are aimed at 

curing AML.  The HMA, while effective in some situations, ultimately only slow 

progression of myeloid malignancies. 124 136   In fact, in the past decade, the only 

successful targeted approach to AML treatment was with the identification of a subset of 

AML known as acute promyelocytic leukemia 90.  These patients suffer from a 

rearrangement involving chromosomes 15 and 17, t(15,17).  This rearrangement results in 

the fusion of promyelocytic leukemia (PML) and retinoic acid receptor alpha (RARA) 

genes.  This PML-RARA alters the function of RARA and causes abnormal transcription 

and ultimately in the arrest in differentiation at the promyelocyte stage of myeloid 
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development. 173  Targeting this mutation with a combination of all trans-retinoic acid 

and arsenic trioxide can induce the differentiation of these myeloid progenitors. 174-176 

Amazingly, the APL subset of AML went from poor prognosis to a disease with 

approximately 80% cure rates. 177  Ultimately, to improve therapies in other subsets of 

AML we clearly need a greater understanding of the molecular alterations that alter 

normal HSC and facilitate transformation and propagation of disease.  Recently, with the 

improvement of sequencing technology we have discovered a new level of epigenetic 

dysregulation, previously unknown.  Further investigations into DNA sequences along 

with continued advancements in other –omics approaches (i.e. transcriptomic, 

metabolomic, proteomic) will lead to the discovery of more contributing and cooperating 

alterations that may drive disease progression and relapse. 

The Ribosome And Ribosomopathies 

For decades a group of diseases, known as ribosomopathies, have implicated 

ribosomes and their balanced function and biogenesis to be critical for normal 

hematopoiesis, Table 9. 178 Patients suffering from these rare diseases often have early 

symptoms of cytopenias or more severe generalized bone marrow failure. Furthermore, 

as adults these patients have an increased risk of developing MDS and AML at younger 

ages. 178,179 Additional interest in the ribosome’s role in AML was more recently sparked 

by the discovery of an acquired loss of a ribosomal protein 14 (RPS14, del5q) in myeloid 

malignancies, which confers a particularly poor prognosis for these patients. 180  181 
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Table 9: Ribosomopathies. Table showing ribosomopathies, common gene defects in 
each disease, clinical features of the disease, cancer risks of the disease, and finally how a 
diagnosis is approached for each disease.  Table is from Narla & Ebert 2010. 178 
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In understanding these diseases, it is important to first recognize that the ribosome 

is a highly complex macromolecular tool, responsible for taking coded directions from 

the ever-changing transcriptome and putting it into action via protein synthesis.  This is a 

vital process to normal cellular function and is achieved through the deliberate and 

coordinated enzymatic action of both the 40S small subunit and a 60S large subunit, in 

eukaryotic cells. These subunits are individually comprised of a unique combination of 

enzymatic functioning ribosomal RNA (rRNA) and scaffolding proteins known 

collectively as ribosomal proteins (RP). The root to all ribosomopathies stems from 

insufficiencies in genes responsible for the integration of these individual components 

through ribosome biogenesis.  179,182 

The generation of these components is tightly regulated, complex, and a highly 

energy demanding process, which begins in the nucleolus.183 184,185  Three of the four 

rRNA components of the ribosome are transcribed together by RNA Polymerase I, to 

form a 90S pre-ribosomal complex. 186,187   Almost immediately, as this specialized RNA 

is transcribed it is covalently modified and bound by intermediate processing proteins and 

small subunit (SSU) RP. 188 Most commonly, during transcription the rRNA is cleaved to 

form independent pre-40S and pre-60S particles. 189 190  The pre-40S subunit with most of 

its approximate 33 RP bound to its 18S rRNA is exported to the cytoplasm for further 

maturation. 191The more complex pre-60S subunit, on the other hand, is retained in the 

nucleolus for further development. 192  Processing of the 60S subunit utilizes over 80 

factors for its maturation, before it is shuttled out of the nucleus to complete maturation 

in the cytosol with approximately 46 RP bound to 28S, 5.8S, and a 5S rRNA. 185,193  The 

complex and tightly regulated nature of ribosome biogenesis foreshadows that 



32 
 

impediments (i.e. loss of maturation proteins, covalent modifiers, or RP) to any step of 

this process can have dire consequences for the cell or the organism as a whole.  In fact, 

most mutations that cause ribosomal insufficiencies probably go unrecognized in 

humans, as many are incompatible with life in early embryogenesis. 194 195 178 

Those mutations compatible with life give rise to a collection of diseases termed 

ribosomopathies. These diseases are caused by haploinsufficiency of genes involved in 

ribosome biogenesis, shown in the above Table 9. 178  These genes, frequently RP 

themselves, ultimately cause a change in the structure and function of the ribosome. The 

traditional view of ribosomes as simple protein factories attributes the pathologies 

associated with ribosomopathies to traumatic disruptions in global protein translation.  

However, while there are many common features shared by this collection of diseases, 

such as hematopoietic defects, this view does not explain why they also have a host of 

unique symptoms.  In fact, different mutations within the same ribosomopathy can even 

have different symptomatic appearances.  For example, Diamond-Blackfan anemia 

(DBA) patients with mutations in Rpl5 and Rpl11 also frequently have cleft palate and 

digit abnormalities, which are rarely observed in DBA patients with other mutations. 196   

Therefore it seems likely that the developmental anomalies that are linked to particular 

mutations in RP result from loss of regulatory functions of that RP, rather than from 

generalized translational impairment.  And in fact, these alternative mechanisms have 

increasingly been shown and are known as p53-independent deficiencies, while the p53-

dependent deficiencies  represent a downstream result of generalized impairment of 

ribosome biogenesis. 182 
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Ribosome biogenesis is tightly linked with the cell cycle, which is regulated very 

closely by the p53 tumor suppressor. 197 The relationship between ribosomal 

insufficiency and p53 activation was first noted in a Bop-1 mutational mouse models.  

Bop-1 is a protein involved in rRNA processing, whose function is required to produce a 

mature 60S ribosomal subunit.  In Bop1 mutant mice, it was noted that cell cycle was 

perturbed by high levels of p53. 198  The control of p53 by ribosomal proteins, while not 

completely elucidated, seems to originate from direct regulation by excess free ribosomal 

proteins liberated by perturbed biogenesis.  For instance, Rpl11, Rpl5, Rpl23 and several 

others have been shown to be capable of binding Mdm2 and inhibit its binding to p53. 199, 

200,201, 202, 203.  Mdm2 is a ubiquitin ligase which binds p53 and targets it for proteosomal 

degradation. 204  Therefore, these RP activate p53 by inhibiting its negative regulator.  

Another mechanism of p53 regulation by RP was shown through Rps26.  This ribosomal 

protein is able to bind 5’ and 3’ UTRs in p53 mRNA to stabilize and promote its 

translation.  205  

Since the discovery that ribosomal insufficiency is associated with activation of 

p53, it has additionally been noted in many other RP insufficiency models.  High levels 

of p53 have been observed in the bone marrow and hematopoietic cells of patients with 

DBA, Shwachman-Diamond syndrome (SDS), and 5q syndrome patients (distinct from 

del5q AML patients). 206,207  Furthermore, many of the erythropoietic defects observed in 

these diseases can be corrected by impairing p53 function. 208,209,210,207  For example, a 

mouse model deleting a chromosomal region consistent with 5q syndrome results in 

macrocytic anemia and megakaryocytic dysplasia. 211 Interestingly, these defects were 

corrected with p53 deletion.  Similar results have also been seen in other models of RP 
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insufficiencies.  Rps6 haploinsufficiency, in mice, results in impaired proliferation of T-

lymphocytes as well as erythroid defects similar to those seen in 5q syndrome and DBA.  

These defects were associated with increased p53 activation and apoptosis.  p53-

deficiency rescued the lymphocyte proliferation and erythropoietic defects in these 

respective systems.  194,212,213 

As noted, RP can also have p53-independent effects through binding to specific 

RNA, DNA, or protein targets, which if impaired contribute to pathogenesis.  When these 

functions are confirmed to act off of the ribosome, as an independent protein, they are 

termed “extraribosomal functions”. 178  Since their discovery as a scaffold for enzymatic 

rRNA, RP have been predicted to have evolved from proteins with unique functions 

distinct from the ribosome. 214  This has seemingly been proven true, and over the past 

decades many ribosome independent roles of RP have been demonstrated.  For example, 

the above described control of p53 in response to ribosomal stress is a key example of 

extraribosomal functions of Rpl5, Rpl11, Rpl23, and Rps26. 199,200,201,202,203. 

An extraribosomal function of RPS14 has also been shown in a mouse model that 

resembles 5q syndrome.  Inducible haploinsufficiency of RPS14 mirrored erythropoietic 

defects seen in 5q syndrome and similar to previous models, these defects were corrected 

with p53 loss.  However, using quantitative proteomics they found that p53 signaling 

seems to be acting downstream of RPS14 mediated regulation of the calcium binding 

innate immune protein s100a8. Knockdown of s100a8 in HSCs was sufficient to rescue 

the erythroid defects and lower p53 levels to near normal levels, in the presence of 

RPS14 haploinsufficiency. Interestingly, the authors also noted that s100a8 expression 
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was increased in patients with del5q MDS, contributing to macrocytic anemia symptoms 

seen in those patients. 215 

As implied in previously cited examples, RP can also have a profound effect on cancer 

progression.  Increased proliferation associated with most cancers, requires an increase in 

ribosome biogenesis to meet the demands of the cell. 216  Reducing protein synthesis and 

ribosome biogenesis with Rpl24 haploinsufficiency markedly reduces the transformative 

capability of c-Myc overexpression. 217 Even more interesting, is that often RP can have 

extraribosomal oncogenic roles and are selectively increased in many cancers. For 

example, Rps3 can be phosphorylated by Akt signaling. 218,219  Phosphorylated Rps3 

translocates to the nucleus where it associates with NFκB to increase pro-survival genes. 

220  However, as we’ve seen, some RP also have tumor suppressor roles and can be 

deleted or mutated in cancer. 221, 222  This differentially altered expression of RP in cancer 

indicates that these proteins may be selected for their extraribosomal roles rather than 

their function on the ribosome.  However, given that RP are critical for ribosome 

biogenesis first and foremost, elucidating their dual role in extraribosomal functions can 

be a difficult.  This is especially true given that most RP deletions are embryonic lethal 

and even haploinsufficiency causes large increases in p53 activation. 

Rpl22 

Rpl22 is normally found on the exterior surface of the 60S ribosomal subunit. 223  

It can be found to localize with 28S rRNA in the nucleolus in maturation and in 

polysomes in the cytoplasm. 224  This RP is highly conserved in eukaryotic cells and 

ubiquitously expressed in mammalian tissues. 225  Seemingly Rpl22 is acting as a normal 
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RP.  However, what distinguishes Rpl22 from all other known RP mutations is that it is 

not required for ribosome biogenesis or global protein translation.  226.  This provides a 

truly unique opportunity for studying p53 dependent and independent functions of an RP 

through loss of function analyses.   

Like many RPs, Rpl22 contains RNA binding helices which facilitate its binding 

to a target motif comprising a stem-loop hairpin structure. 227,228  Interestingly, one of the 

earliest RNA targets described for Rpl22 was for the EBER1 RNA from Epstein-Barr 

Virus. 229  These early experiments indicated that Rpl22 was capable of acting outside its 

traditional role in the ribosome.  This proved to be true in the decades following its 

discovered binding to EBER.  In fetal hematopoiesis, Rpl22, through its extraribosomal 

functions, was found to be an important negative regulator or stem cell emergence in the 

AGM of zebrafish.  It accomplishes this through binding of hairpin structures within 

Smad1 mRNA and inhibiting its translation.  Rpl22 acts to antagonize its highly 

homologous paralog, Rpl22-like 1 (Rpl22L1), which is able to bind and promote Smad1 

translation at the same binding sites. 230  Balanced Smad1 expression is required to assure 

the appropriate expansion of fetal HSC.  This interesting antagonistic balance of RP also 

implies a novel mechanism of regulating ribosomal stress in times of cellular 

proliferation that is independent of p53. 230 

Another interesting extraribosomal role for Rpl22 was shown to play a role in T-

cell lymphomagenesis.  In this system, Rpl22 seems to act in an unpredicted manner 

compared to other RPs.  For examples, in a c-Myc driven model of lymphoma 

development, introduction of Rps24 insufficiency significantly suppressed development 

of tumors. 217 However, in an Akt driven model of T-cell lymphoma, Rpl22 
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haploinsufficiency was shown to enhance tumor growth.221  Here, Rpl22 was shown to 

act as a tumor suppressor through suppression of NF-κB signaling, which increases 

Lin28B expression.  Lin28B is a negative regulator of the microRNA let-7, which has 

been shown to antagonize Ras and Myc translation.  Importantly, it was found that in this 

system p53 was not increased in the T-cell lymphoma cells.  

However, Rpl22-deficiency has been found to selectively induce p53 in particular 

cell types and stages of development.  Enhanced p53 activation has been observed in T-

cell progenitors.231  This effect leads to impaired generation of αβ T-cells, which can be 

rescued with loss of p53 or proapoptotic target PUMA.232  Similar results were also found 

in B-cell development.  In Rpl22 deficient mice, B-cell development is arrested at the 

Pro-B cell stage and this results from activation of p53 and its pro-apoptotic targets. 233  

Again, B-cell development was rescued by p53 loss.  However, an interesting observation 

in both of these studies was the fact that development of γδ T-cells and the proliferation 

and class switching of downstream splenic B-cells, were unaffected.  This indicates that, 

unlike other RPs where deficiency leads to global and potent p53 activation, Rpl22 loss 

leads to p53 activation in a more tissue-restricted pattern.  This restricted increase in p53 

activation is probably an important reason why Rpl22 knockout mice are not embryonic 

lethal.  However, the mechanism by which Rpl22 loss selectively increases p53 activity 

remains to be answered.  

Other than its role as an RNA binding protein, Rpl22 has also been shown to be 

capable of protein-protein interactions.  Recently, it has been shown to be able to interact 

with casein kinase 2α (CK2α) in human small cell lung carcinoma.  In this study, they 

found that Rpl22 interaction with CK2α inhibited its substrate phosphorylation capacity. 
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234 Therefore, Rpl22 in lung cancer is acting as a tumor suppressor by inhibiting CK2α 

activity, which has been linked to increased proliferation and apoptosis resistance in 

several different cancer types 235,236  Among other interactions Rpl22 has also been 

shown to interact with PARP in a Drosophila system, indicating it may play a role in 

responses to DNA damage and DNA Repair. 237  Overall, the versatility that this RP has 

shown through specific RNA and protein interactions in a relatively short time is 

astounding.  These observations shift the age old paradigm that RPs simply exist to 

complex with rRNA and are solely responsible for translating mRNA into proteins.  

Instead RPs should be viewed as a pool of RNA-binding proteins with dual roles, both in 

global and selective mRNA regulation.   
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Thesis Aims 

As noted in the introduction, AML is a disease with very poor prognosis.  The 

majority of patients who present with myeloid malignancies are older than 65 years of 

age, and most of those diagnosed will rapidly succumb to the disease.  In an age where 

many individuals are living well into their eighties and beyond, this can be a devastating 

loss of a decade or more of life.  More frustrating, is when these patients and their 

families turn to medical practitioners for treatment, there are few if any that are curative.  

Due to the complex, multi-clonal nature of AML, targeted therapies have been 

few and far between.  Effective treatment must not only target the dominant clone at 

diagnosis, but also non-dominant clones able to escape therapy and contribute to relapse.  

The recent discovery of a number of genetic mutations in epigenetic regulators and 

splicesome components has demonstrated that while we have made progress in 

understanding the contributing factors in AML, there are likely other important 

contributing alterations in this disease that facilitate pathogenesis and are required for 

leukemia propagation.  Understanding these alterations and how they lead to leukemia 

initiation and propagation will lead us to targeted approaches to counteract disease. 

To date the role of ribosomal insufficiencies in MDS and AML remains uncertain.  

In fact, outside the ribosomopathies, which predispose to MDS and AML, and the 

therapy-related marker found in AML, del5q, RP have been largely overlooked.  Previous 

work from our lab has shown that the RP, Rpl22, can act as a tumor suppressor in T-cell 

lymphoma.  Furthermore, it appears to be doing so in an extraribosomal capacity by 

regulating NFκB signaling.  Recent work from other labs has also implicated Rpl22 in 

cancer, as a correlative marker of prognosis in both colon cancer and endometrial 
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cancer.238,239 Additional work from our lab, also indicates that Rpl22 plays a role in fetal 

HSC emergence in the AGM region of zebrafish through extraribosomal control of 

Smad1.  Given that AML is a disease that originates in HSC as well as its role a tumor 

suppressor in other cancers, we reasoned that Rpl22 may play a role in myeloid 

leukemogenesis and aggressiveness.  Therefore, our specific aims, split into two chapters, 

were as follows: 

Chapter III 

I. Determine if there was evidence of alterations in Rpl22 expression in 

MDS and AML Patients. 

II. Determine if Rpl22 was predisposing HSPC to leukemogenesis. 

III. Determine how Rpl22 was predisposing HSPC to leukemogenesis. 

IV. Determine if interruption of this pathway could correct pre-leukemic 

tendencies of HSC. 

V. Determine if interruption of this pathway could be used as an effective 

treatment strategy for Rpl22 deficient AML. 

Chapter IV 

VI. Determine if Rpl22 deficiency also predisposes to t-AML. 

VII. Determine how Rpl22 deficiency predisposes to t-AML. 

VIII. Determine if hindering the pathway could reverse the Rpl22 deficient 

predisposition to t-AML. 
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CHAPTER 2 

METHODS 

Patient Database And Survival Data.  

The expression of ribosomal protein genes and their correlations with clinical 

parameters were derived from previous gene expression studies of 183 MDS and 17 

healthy CD34+ control bone marrow samples (GSE19429).240  AML survival curve and 

Rpl22 expression data was obtained from the Beat AML consortium and will be 

presented in its entirety in an upcoming publication. Patient samples used in generation of 

the survival curve were obtained within 60 days of diagnosis. AML survival data was 

also confirmed with 200 AML samples from TCGA database. (Cancer Genome Atlas 

Research, 2013) Survival curves were calculated by Kaplan Meir analysis. Gene 

expression data on sorted LT-HSC (Lin-, CD34+, CD38-, CD90+), ST-HSC (Lin-, 

CD34+, CD38-, CD90-), GMP (Lin-, CD34+, CD38+, CD123+, CD45RA+) from 

AML/MDS patients and healthy controls is deposited in the GEO database (GSE35008 

and GSE35010). 11, 121 

FISH Analysis Of The RPL22 Locus.  

A FISH probe for 1p36.2 with the RP11-MI719 BAC was produced commercially 

by Empire Genomics by nick translation. The TelVysion orange 1q probe was used as a 

control. Control values for the percent deletion of RPL22 were established with pooled 

XY control bone marrow samples (pool of 20 bone marrows which tested negative by 

New York State and College of American Pathologists (CAP) Guidelines) as well as 

individual patient samples (patients with anemia and initial lymphoma bone marrow 
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samples – all with normal cytogenetics). The probe was tested in 112 patient samples 

including patients with low risk MDS, high risk MDS, as well as primary and secondary 

AML. Over 2600 interphase cells in total were counted for the XY control samples. At 

least 200 interphase cells were counted for each of the patient control samples as well as 

the MDS and AML samples. Metaphase cells were examined when identified. PRISM 

(http://www.graphpad.com/scientific-software/prism/) software was used to analyze the 

data for correlations with disease severity and other chromosomal abnormalities.  

Percentage of cells within each patient was graphed using GraphPad Prism.  Furthermore, 

patients were determined to have deletions if they contained a higher frequency of 

deletion than 3 standard deviations above control, normal bone marrow, deletion.  

Patients who met this criterion were considered to have Rpl22 deleted AML.    

Mice.  

Mice were maintained in the Association for Assessment and Accreditation of 

Laboratory Animal Care-accredited Laboratory Animal Facility at Fox Chase Cancer 

Center and were handled in compliance with guidelines established by the Institutional 

Animal Care and Use Committees. Young adult Rpl22+/+ and Rpl22-/- mice, between 8 

and 12 weeks of age, were used in all experiments had been backcrossed to the C57BL/6 

background. For p53 dependency experiments,  Rpl22-/-  mice were crossed with p53-/- 

mice.  All mice were on a C57BL/6 background.  Similarly, mice between 8 and 12 

weeks of age were used for all experiments. Mice were also gender matched for all 

experiment with a balance of both genders across experiments. CD45.1 allotype marked 

C57BL/6 mice used in competitive bone marrow transplantation were purchased from 

Jackson Labs (Bar Harbor, ME). MLL-AF9 knockin mice were also purchased from 
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Jackson Labs, backcrossed with Rpl22-deficient mice in our colony, following which 

survival analysis was performed on littermates. 241  For survival analysis, MLL-AF9 

knockin mice were sacrificed upon developing symptoms of disease (i.e. difficulty 

breathing, hunched posture, poor grooming, large tumors, or obvious splenic 

protuberance) or at specified times for disease burden analysis.  For leukemia 

transplantation models, immunocompromised I2rg-/-Rag2-/- mice were used.  Following 

injection of leukemia cells, mice were monitored for signs of disease burden as 

mentioned previously. 

Complete Blood Counts. 

The hearts of the mice were exposed through careful removal of the sternum and 

ribcage.  Following, blood was collected by cardiac puncture into the right ventricle, 

using a 1 mL syringe and 25G needle.  Following aspiration, the needle was removed 

from the syringe to prevent shear stress, and the blood was expelled into an EDTA coated 

tube, purchased from Becton-Dickinson. Blood was analyzed using an Abaxis VetScan 

Hematology Analyzer (Union City, CA) according to the manufacturer's instructions. 

Immunofluorescence And Histology.  

Sternums were formaldehyde fixed for preservation. Standard dehydration and 

decalcification were performed. Tissues were paraffin embedded for sectioning.  Samples 

were subjected to H&E staining using a standard weak acid protocol. 

Immunofluorescence analysis was performed on bone marrow sections, bone marrow 

touch preps, or cytospun cell suspensions. Paraffin embedded slide sections, were 

subjected to xylene dissolution, followed by serial rehydration in 100%, 95 %, 70%, and 
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50% ethanol solutions.  Following, a hydrophobic ring was drawn around the sample 

with a barrier pen.  Blocking Buffer was added to the sample consisting of PBS with 

0.1% Triton-X (PBS-T) with 1% Donkey Serum.  Primary antibody was diluted to 

desired concentration in PBS-T with 0.1% BSA.  Primary Antibody dilution was added to 

the samples and incubated for 1 hour.  Following, cells were washed with PBS-T three 

times by 5 minutes.  Secondary antibody diluted in PBS-T with 0.1% BSA was then 

added to sample for 30 minutes in the dark.  After which time samples were washed three 

times by 5 minutes.  DAPI (nuclear) diluted 1ug/mL in PBS was added to the sample for 

5 minutes.  Following, the sample was washed three times by 5 minutes.  All remaining 

fluid was removed from sample. Mounting Solution and cover slips were then added on 

top of the sample.  Slides were refrigerated overnight and analyzed the following day.  

Cytospun cells used for immunofluorescence were stained in a similar fashion, after 

formaldehyde fixed cells were spun using a cytofunnel (Thermo-Fisher) onto a cytoslide 

(Thermo-Fisher) at 600rpm for 5 minutes. Images were captured using a Nikon E800 

upright microscope with BioRad Radiance 2000 confocal scanhead. Primary antibodies 

were conjugated using AlexaFluor 594 or 488 secondary antibodies(Life Technologies). 

Flow Cytometric Analysis And Cell Sorting Of Hematopoietic Stem And 

Progenitors For Assays. 

Bone Marrow was isolated either by flushing or crushing bones with mortar and 

pestle. Phenotypic analyses were performed using femurs only.  Subsequent cell counts 

for phenotypic analyses are based on hemocytometer counts from 2 femurs.  Briefly, 

mice were sacrificed by carbon dioxide asphyxiation and femurs were carefully dissected 

out.   The farthest ends of the femurs were cut off using a razor blade to expose the 
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marrow.  A 10 mL syringe was filled with IMDM media supplemented with 10% fetal 

bovine serum (FBS), L-glutamine, Penicillin, and Streptomycin.  A 22G needle was 

added to the syringe and the bone marrow was flushed from each femur into a 15 mL 

conical tube, using approximately 5 mL per femur.  Marrow suspensions were 

centrifuged for 5 minutes at 1100rpm then resuspended in ACK RBC lysis buffer (pH 

7.2-7.4).  FACS buffer (PBS with 2% FBS) was added after a minute of lysis to 

inactivate.  ACK Lysis was not performed when erythropoiesis and erythroblasts were 

analyzed.    Cells were spun down as before and resuspended in FACS buffer.  After 

hemocytometer counting, the appropriate number of cells were added to FACS tubes for 

staining. In assays requiring CD34 staining, cells were stained on ice for a minimum of 

one hour to ensure appropriate antigen binding. Either PI or DAPI were used for 

identification of dead cells. 

 For sorting of HSC and progenitor populations, ileums, femurs, and tibias were 

isolated from each mouse to maximize cell retrieval.  Collected bones were added to a 

mortar with approximately 10 mL of IMDM supplemented with 10% FBS, L-glutamine, 

Penicillin, and Streptomycin and crushed using a pestle. The marrow suspension was 

passed through a 100 µm filter.  Cells were spun down then subjected to ACK lysis of 

RBC, and then washed with FACS Buffer.  Cells were spun down and resuspended in 1 

to 2 mL of FACS Buffer, depending on the number of bone marrow cells being isolated. 

Enrichment for stem and progenitors was performed by addition of purified rat antibodies 

for lineage markers (Gr-1, CD11b, B220, Ter119, and CD3).  Cells were incubated at 4C 

rotating for 10-15 minutes.  Following, cells were washed twice with 3 mL.  

Subsequently, lineage positive cells were removed by incubating cells with goat anti-rat 
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magnetic beads (Qiagen) and magnetic purification.  Cells were stained using standard 

approaches with the indicated antibodies. PI or DAPI were used to exclude dead cells or 

for nuclear staining in cell cycle analysis. Spleens were also analyzed in MLL-AF9 

knockin mice for disease burden.  Spleen cells were isolated using a 100 µm cell strainer 

inserted into a 50 mL conical tube.  Spleens were placed into the cell strainer and crushed 

through the strainer with the plunger of a 1 mL syringe.  Washes with IMDM 

supplemented with 10% FBS, L-glutamine, Penicillin, and Streptomycin were 

periodically performed between crushing.  Spleen was crushed until no longer red.  

Following, cells were spun down and RBCs were lysed with ACK lysis buffer, unless 

erythropoiesis was being analyzed.  Cells were counted by hemocytometer, and 

appropriate number of cells were added to FACS tube for staining, as described above.  

All cells were analyzed for flow cytometry using a BD LSR II and sorted using BD 

FACSAria II. Table 10 lists all the antibody clones used, their conjugated fluorophore 

and supplier. 

Western Blotting And RT-PCR. 

LSK cells used for western blot and RT-PCR were isolated from ileums, femurs 

and tibias.  Bone marrow was lineage depleted and stained using surface markers for 

sorting.  LSK were sorted into 500 µL FBS in a 1.5 mL microcentrifuge tube.  After 

sorting, Cells were washed twice with PBS.  Cells were lysed in RIPA supplemented with 

protease and phosphatase inhibitors (Roche), at a ratio of 200,000 LSK per 10uL RIPA.  

MLL-AF9 transduced LSK cells were harvested from culture conditions and washed 

twice with room temperature PBS. These cells were also lysed RIPA supplemented with 

protease and phosphatase inhibitors, and at a ratio of 200,000 cells per 10uL RIPA.  Of  
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Antigen Clone Fluorophore Company 
B220 RA3-6B2 APC-Cy7 Biolegend 
B220 RA3-6B2 FITC Biolegend 
B220 RA3-6B2 Purified Biolegend 

CD11b M1/70 PE-Cy7 Biolegend 
CD11b M1/70 FITC Biolegend 
CD11b M1/70 RF710 Tonbo Bio 
CD11b M1/70 APC-Cy7 Biolegend 
CD11b M1/70 Purified Biolegend 
CD150 TC15-12F12.2 BV421 Biolegend 

CD16/32 2.4G2 BV605 BD Bioscience 
CD16/32 93 PE Biolegend 
CD16/32 93 Alexa Fluor 

700 eBioscience 
CD19 eBio1D3 FITC eBioscience 
CD3 145-2C11 FITC Biolegend 
CD3 17A2 RF710 Tonbo Bio 
CD3 145-2C11 PE-TR BD Bioscience 
CD3 17A2 APC-Cy7 Biolegend 
CD3 17A2 Purified Biolegend 

CD34 RAM34 Biotin eBioscience 
CD34 RAM34 eFluor660 eBioscience 
CD41 ebioMWReg30 PE eBioscience 
CD41 MWReg30 APC Biolegend 

CD45.1 A20 PE BD Bioscience 
CD45.1 A20 APC-Cy7 Biolegend 
CD45.2 104 RF710 Tonbo Bio 
CD45.2 104 APC-Cy7 Biolegend 
CD48 HM48-1 PerCP-Cy5.5 Biolegend 
CD48 HM48-1 BV421 Biolegend 
c-Kit 2B8 APC Biolegend 
c-Kit 2B8 APC-eFluor 

780 eBioscience 

Gr-1 RB6-8C5 Alexa Fluor 
700 Biolegend 

Gr-1 RB6-8C5 FITC Biolegend 
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Gr-1 RB6-8C5 RF710 Tonbo Bio 
Gr-1 RB6-8C5 APC-Cy7 Biolegend 
Gr-1 RB6-8C5 Purified Biolegend 
Ki-67 16A8 FITC Biolegend 

M-CSFR AFS98 Biotin Biolegend 
SA-Biotin   QDOT605 Life Tech 

Sca-1 D7 PE-Cy7 Biolegend 
Sca-1 D7 PE BD Bioscience 

TER119 TER119 FITC Biolegend 
TER119 TER119 PerCP-Cy5.5 Biolegend 
TER119 TER119 APC-Cy7 Biolegend 
TER119 TER119 RF710 Tonbo Bio 
TER119 TER119 PE-Cy5 Biolegend 
TER119 TER119 Purified Biolegend 

 

Table 10: Antibodies Used for Flow Cytometry and Sorting. This table lists all the 
antibody clones used, their conjugated fluorophore and supplier. 

 

note, these cells are particularly sensitive to changes in temperature.  These cells were not 

chilled until after lysis. 2x Denaturing Laemmli Sample Buffer (Bio-Rad) was made prior 

to blotting, using dithiothreitol (DTT) as a reducing agent. The sample buffer was added 

to an equal amount of the RIPA lysed cells.  Samples were then loaded into a 10-well, 4-

12%, 1.0mm Bis-Tris Protein gel (Bio-Rad), as per the manufacturer’s specifications.  A 

total of 200,000 LSK cells or MLL-AF9 transduced LSK cells were loaded per well.  

Samples were run at 100V in MOPS Running Buffer (Bio-Rad) until the dye front ran off 

the end of the gel. Protein was transferred to a PVDF membrane using the Trans-Blot 

Turbo Transfer System(Bio-Rad), using a mini transfer packet (Bio-Rad) as per the 

manufacturer’s suggestions.  Transfer was run for 7 minutes at 1.3 Amps.  Following 

transfer, the membrane was washed for 5 minutes on a rotor with TBS supplemented with 

Tween-20 to a concentration of 0.1% (TBST).  The membrane was blocked in 5% non-fat 
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milk dissolved in TBST for 30 minutes.  For primary antibodies, Alox12 (LSBio) was 

diluted at 1 to 500,  Vinculin was diluted 1 to 200, and β-actin at 1 to 500 in 5% milk 

TBST solution.  Primary antibody was added to membranes overnight at 4C on a rotor.  

The following morning the membranes were washed three times for five minutes.  

Secondary antibody conjugated to HRP (Thermo-Fisher) and specific for the primary 

antibody host were diluted 1:1000 in 5% milk and added to membranes for 1 hour.  

Membranes were then washed three times for five minutes.  ECL Chemiluminescence 

solution was added to the membrane and then exposed to film.   

For RNA isolation HSC were sorted directly into RLT buffer supplied in the 

Qiagen RNAeasy Micro isolation kit.  RNA was isolated using the supplied purification 

columns, as per the manufacturer’s protocol. Once RNA was isolated, it was reverse 

transcribed using the Superscript IV Reverse Transcriptase kit (Thermo-Fisher).  

Recommended Taqman probes (Thermo-Fisher) for the indicated gene were purchased 

for analysis of gene expression.  Reactions were incubated in an ABI Prism 7000 thermal 

cycler. Relative quantitation was calculated by the 2−ΔΔCT method and normalized to Hprt. 

In Vivo Proliferation Analysis Of The Hematopoietic Compartment.   

Proliferation was assessed by BrdU incorporation. Briefly, mice were injected 

with BrdU at a dose of 0.15mg/g body weight. Mice were also maintained on water 

supplemented with 1mg/mL BrdU and 2% sucrose. After 24 hours, mice were sacrificed 

and bone marrow from femurs and a single cell suspension was prepared, as described 

above.  Cells were washed with PBS and incubated with a fixable live/dead stain (Tonbo) 

diluted in PBS.  Following cells were lineage reduced as described above.  Cells were 
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then washed with FACS buffer, spun down and surfaced stained.  Following surface 

staining cells were fixed and permeabilized for nuclear staining, according to the 

manufacturer’s protocol for the Foxp3 Transcription Factor Staining Buffer Set 

(eBioscience). Cells were DNAse treated at a concentration of 300µg/mL for 1 hour at 

37C.  Following a wash with 1mL of Perm/Wash Solution, cells were stained with anti-

BrdU antibody (BioLegend) for 20 minutes. Cells were washed and resuspended in 

FACS buffer for analysis on a BD LSR II. Cell cycle activity was also confirmed by Ki-

67 staining. Briefly, cells were stained with a fixable live-dead dye then lineage reduced, 

as previously described.  Lineage reduced cells were then surface stained for HSC 

markers, fixed, permeabilized using the Foxp3 Transcription Factor Staining Buffer Set, 

and then stained with an anti-Ki-67 antibody for at least 30 minutes, (BioLegend), 

following which they were analyzed by flow cytometry on a BD LSR II. 

 

Competitive Transplantation. 

 CD45.1 mice were lethally irradiated, using a 81-4R panoramic Cesium 

Irradiator, with a total dose of 11 Gy.  This dose was delivered in separate doses of 6.5Gy 

and 4.5Gy spaced three hours apart.  After 24 hours, mice were injected retro-orbitally 

with 300 CD45.2 marked LSK/CD48-/CD150+ marked HSC and 200,000 CD45.1 

marked competitor bone marrow cells delivered in 200 µl Hank’s Balanced Salt Solution 

(HBSS).  In order to obtain sorted CD45.2 HSCs, bone marrow was isolated, lineage 

depleted and surface stained, as previously stated.  HSCs were sorted using a FACS Aria 

II into a 1.5 mL microcentrifuge tube containing 500 µL FBS.  ACK lysed bone marrow 
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cell suspension obtained from a CD45.1 mouse was also obtained in parallel.  

Appropriate numbers of CD45.1 bone marrow cells were added to the microcentrifuge 

tube with the sorted CD45.2 HSC, to make a pellet visible when spinning down.  Cell  

suspension was spun down and resuspended in appropriate amount of HBSS for 

injection.  

Engraftment was monitored by retro-orbital bleeding every 4 weeks. Blood was 

collected in a FACS tube containing 100 µL of 10 IU/mL heparin.  Following, blood was 

ACK lysed a minimum of 2 times, or until pellet was not visibly red.  Blood Cells were 

surface stained as indicated for lineage markers.  DAPI was used to delineate dead cells.  

Mice were sacrificed after 20 weeks of engraftment.  Blood and bone marrow cells were 

isolated, and prepared for surface staining as previously described. These tissues were 

analyzed by flow cytometry.  

RNA-Seq Analysis Of HSC.  

Bone marrow was isolated, lineage reduced, and surface stained.  HSC were 

sorted directly into 500 µL TriReagant (Sigma-Aldrich), as previously described, 

following which RNA was isolated according to the manufacturer’s protocol. RNA-seq 

libraries were prepared using TruSeq RNA sample kit according to the manufacturer. 

Using this approach, an RNA-Seq gene set was obtained, listing mRNA targets 

differential expressed between Rpl22-/- and Rpl22+/+ HSC. The read counts are 

normalized to reads per kilobase of transcript per million mapped reads. Measurements 

are shown as log2 transformed. The set of differentially expressed genes was then 



52 
 

evaluated using the Mouse Genome Atlas, KEGG, and OMIM Disease Databases 

through the Enrichr Platform. http://amp.pharm.mssm.edu/Enrichr/.   

Alox12 Binding Site Prediction And Electrophoretic Mobility Shift Assay 

Rpl22 binding sites in mRNA encoding regulators of FAO were identified using 

M-fold prediction software (http://unafold.rna.albany.edu/) with previously identified 

stem-loop binding sequence structures. 242 EMSA analysis was performed as follows. 35 

nucleotide RNA oligos encompassing binding sites and controls were 5’-end labeled with 

γ-32P-ATP. 15pmol of each RNA oligo was incubated with 40uCi of γ-32P-ATP and 

10U T4 polynucleotide kinase (NEB, M0201S) in 1x T4 polynucleotide kinase buffer 

(NEB) for 40 min at 37˚C. Free ATPs were removed using a NucAway spin column 

(ThermoFisher, AM10070). For EMSA reactions, 5nM of radioactive labeled RNA was 

used was added to binding buffer (37.5 mM HEPES (pH 7.9), 75 mM NaCl, 5 mM 

MgCl2, 0.1mg/ml BSA, 8% glycerol, and 1 ug E.coli tRNA) containing GST-Rpl22 

fusion proteins. RNA-binding was assessed by electrophoresis on a non-denaturing gel. 

Oligo sequences for Alox12 and EBER sequences used were as follows: 

BS1: AUCCUGCUGGAUGGAAUUCCAGCUAAUGUGAU 

BS2: AUUUCCUCACCAUGUGUGUUUUCACAUGCACU 

NBS: ACCAGAGUGAUGAUAUUGUGAGGGGAGACCCA 

EBER2: GCUCAGUGCGGUGCUACCGACCCGAGGUCAAG 

EBER1: GGUCCGUCCCGGGUACAAGUCCCGGGUGGUGA 
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In Vivo Analysis Of Protein Synthesis.  

Protein synthesis by HSC in vivo was measured with OP-Puro, as previously 

described. 243,244  Mice were injected with 50mg/kg OP-Puro in pH 6.4-6.6 PBS.  After 

one hour the mice were sacrificed and bone marrow was isolated. After lineage reduction, 

cells were stained with GhostDye710, a fixable live/dead dye (Tonbo Biosciences), and 

analyzed by flow cytometry using the indicated antibodies.  PE and PE-conjugated 

antibodies were used sparingly in this experiment, as the Click-it reaction that follows 

tends to bleach these fluorophores. After staining, the cells were fixed and permeabilized 

using a Fix/Perm kit (BD Biosciences), following which the OP-Puro was conjugated to 

azide-linked AlexaFluor 488 (Life Technologies) using the Click-It Cell Reaction kit, as 

per the manufacturer’s protocol(Life Technologies).  Following, addition of AlexaFluor 

488 to OP-Puro, cells were washed then stained with any PE or PE-conjugates that were 

required.  HSC were analyzed by flow cytometry for Alexa 488 staining.  

Generation Of MLL-AF9 Transduced LSK.  

Bone marrow was isolated, lineage depleted, and stained as previously described. 

LSK were sorted from Rpl22+/+ and Rpl22-/- mice. LSK were plated in a 24 well plate 

containing 1mL IMDM supplemented with 10% FBS, 10 ng/mL Stem Cell Factor (SCF), 

6 ng/mL IL-3, and 5 ng/mL IL-6.  Cells were spinoculated with MLL-AF9 lentivirus for 

1.5 hours at 2000 rpm at room temperature.  Following cells were placed in a cell 

incubator at 37C and 5% CO2 for 4 hours.  Media was changed and cells were allowed to 

recover overnight in the cell culture incubator.  Following recovery, LSK were plated in 

M3434 methylcellulose (Stem Cell Tech).  These cells were serially passaged through 
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M3434 methylcellulose until stabilized colony formation was observed. Cells were then 

maintained in IMDM supplemented with 10% FBS, 10 ng/mL SCF, 6 ng/mL IL-3, and 5 

ng/mL IL-6. 

Metabolic Profiling Of Early Stem And Progenitors. 

Prior to start of fatty acid oxidation assay, cold palmitate-BSA conjugated mixture 

at a ratio of 2.5mM palmitate to 7% BSA was made.  On the day before the experiment 

the appropriate amount of C14-palmitate was air dried then resolubilized in cold 

palmitate-BSA mixture overnight at 37˚C in a thermal mixer. On the day of the 

experiment, LSK were sorted as stated above. 100,000 LSK in 100 µL were plated per 

well in a 96 well plate.   DMEM containing TPO (200 ng/ mL), SCF (200 ng/mL), 2 µM 

L-carnitine, 3.4 μCi C14-Palmitate, and 0.6% BSA-200 μM cold palmitate.  The final 

working concentration should be DMEM containing TPO (100 ng/ mL), SCF (100 

ng/mL), 1 µM L-carnitine, 1.7 μCi C14-Palmitate, and  0.3% BSA-100 μM cold 

palmitate.   The LSK are left in the cell culture incubator overnight. The next morning, 

cell suspension is acid precipitated to remove and non-oxidized palmitate.  This is 

accomplished by resuspending the cells with a pipette and adding it to 200 µL (equal 

volume) 1M perchloric acid in a 1.5 mL microcentrifuge tube.  Cells are incubated 

upright on a shaker for 1 hour.   Following, cells are centrifuged for 20-30 minutes at 

14,000g and 4C.  200 µL of the supernatant of the acid extracted mixture was then 

measured by liquid scintillation counting. FAO was also assessed on 150,000 MLL-AF9 

transformed LSK.  These cells, however, were only incubated in C-14 palmitate for 4h.  

Additionally, the working cytokine concentrations used were SCF (10ng/mL), IL-3 

(6ng/mL), and IL-6 (5ng/mL).   
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Metabolic profiling of LSK was performed using a Seahorse XF96 analyzer with 

supplied Seahorse plates and kits.  200,000 sorted LSK were plated and attached to XF96 

tissue culture plates, as per manufacturer’s protocol. Respiration was measured under 

basal conditions. Oxidative phosphorylation was assessed using stressed conditions 

following the addition of Oligomycin and FCCP, according to the manufacturer’s 

protocol for Metabolic Phenotyping(Seahorse Biosciences). Oxygen consumption and 

ECAR were measured after addition of the inhibitors. 

 

Colony Formation Assays.  

For serial re-plating experiments, 500 primary or MLL-AF9 transformed LSK 

were plated in M3434 Methylcellulose (Stem Cell Technologies) in 35 mm2 dishes.  

Colonies were counted every seven days.  At the end of seven days, cells were isolated by 

dissolution in warmed media and 10,000 cells were re-passaged. For drug treatment with 

etomoxir, 500 primary LSK or MLL-AF9 transformed LSK cells were resuspended in 

M3434 Methylcellulose supplemented with 200 μM etomoxir.  Cells were plated on 35 

mm2 plates and colony formation was assessed after seven days.  Etomoxir was 

purchased from Sigma-Aldrich and dissolved as specified by the manufacturer. The drug 

was stored in the dark at -20˚C, and thawed only once prior to use.  For drug treatment 

with baicalein, 500 MLL-AF9 transformed LSK were resuspended in M3434 

methylcellulose supplemented with indicated concentrations of drug.   Baicalein was 

purchased from Sigma-Aldrich and fresh dilutions were made prior to each experiment in 

DMSO.  The drug was stored in the dark at -20˚C.  For knockdown experiments Alox12 
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shRNA sequences were cloned into the PLKO.1 vector as per manufacturer’s suggestions 

(Sigma). Briefly, shRNA oligos were annealed. Stuffer DNA was cut out by double 

restriction enzyme digestion with AgeI and EcoRI.  Linearized plasmid without stuffer 

DNA was gel purified and T4 ligated with annealed oligos.  DH5α cells were transformed 

with this reaction and ampicillin-resistant clones containing the desired shRNA sequence 

were selected for.  Plasmid Maxi-preps were isolated according to Qiagen kit protocol.   

Non-targeting sequence insert to the PLKO.1 vector was purchased directly from Sigma 

to use as a control.  The sequences for sh1 are:  

5’CCGGCCTGCCTTATGAATACCTCAACTCGAGTTGAGGTATTCATAAGGCAG

GTTTTTG 3’ 

and 

5’AATTCAAAAACCTGCCTTATGAATACCTCAACTCGAGTTGAGGTATTCATA

AGGCAGG 3’. 

The sequences for sh2 are: 

5’CCGGCTCAGCCAATTTCAAGCAGATCTCGAGATCTGCTTGAAATTGGCTGA

GTTTTTG 3’ 

and 

5’AATTCAAAAACTCAGCCAATTTCAAGCAGATCTCGAGATCTGCTTGAAATT

GGCTGAG 3’.  

The puromycin resistance gene was excised from PLKO.1 prior to use with restriction 

enzymes KpnI and BamHI, and replaced with either eGFP or mCherry.  
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In Vivo Chemotherapeutic Treatments. 

 For cyclophosphamide treatments, mice were injected intraperitoneally with 

150mg/kg of cyclophosphamide in PBS.  Cyclophosphamide was obtained fresh from our 

pharmacy, prior to each use.  After 3 days, bone marrow was harvested and cell surface 

stained to analyze for the remaining presence of progenitor populations.  Alternatively, 

mice were injected with 35 mg/kg O6-benzylguanine (BG) one hour prior to 

cyclophosphamide injection to inhibit MGMT. BG was made fresh for each use by 

dissolving desired amount in polyethylene glycol-40 (PEG-40).  This mixture was then 

mixed one to one with PBS.  100 uL of appropriate concentration BG mixture was 

injected into each mouse 1 hour prior to cyclophosphamide treatment.  Mice were 

sacrificed after three days and bone marrow was analyzed by flow cytometry, as 

described previously.  Serial cyclophosphamide injections were performed once a week 

at 100mg/kg for 6 weeks.  Following mice were observed for signs of leukemia as 

mentioned previously.   

For 5-FU injections, mice were injected intraperitoneally with 5 mg per mouse. 

After five days mice were sacrificed and bone marrow was analyzed by flow cytometry 

as described.  For serial injections of 5-FU, 150 mg/kg of drug was injected weekly.  

Mice were monitored for signs of RBC failure (i.e. lethargy, labored breathing, non-

mobility, etc.).  If able, mice were sacrificed and bone marrow was harvested for staining 

and flow cytometric analysis. 
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In Vitro Chemotherapy Treatment 

Bone marrow was isolated and lineage reduced as previously described. Equal numbers 

of cells were resuspended in cytokine media containing appropriate amount of drug or 

vehicle.  Base cytokine media consisted of IMDM, 10% FBS, 1% BSA, 10 ng/mL IL-6, 

10 ng/mL IL-3, 50 ng/mL SCF, 10 ng/mL TPO, 10 ng/mL EPO, and 50 ng/mL Flt 

Ligand.  All cytokines were purchased from Peprotech.  Following incubation cells were 

harvested by pipette.  Wells were additionally washed with 1mL IMDM.  Cells were 

centrifuged and resuspended in FACS buffer containing propidium iodide to identify 

dead cells.   

Statistical Analysis.  

A two-tailed student’s t-test was used to compare significance between groups in 

all graphed data.  ROUT method was used to identify and confirm clear outliers.  Outliers 

determined by this method are denoted using an asterisk on graphs. Survival-Curves were 

analyzed using the Mantel-Cox log-rank test.  All analyses were performed using 

Microsoft Excel or GraphPad Prism Software.  P-values, Z-scores, or combined scores 

associated with gene set enrichment analyses were obtained using the built-in function 

used by the Enrichr Analysis.   
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CHAPTER 3 

POST-TRANSCRIPTIONAL REGULATION OF ALOX12 BY RPL22 

PREVENTS LEUKEMOGENESIS OF HEMATOPOIETIC STEM CELL  

Introduction 

Ribosomopathies are a group of inherited diseases resulting from mutations or deletions 

of RP encoding genes or factors that facilitate ribosome biogenesis.178 This class of 

diseases is characterized by defects in hematopoiesis that often culminate in complete 

bone marrow failure, with many patients progressing to development of MDS and 

AML.178,179 The association between the inactivation of RP and increased risk for 

myeloid malignancy has been known for some time and is widely viewed as resulting 

from generalized impairment of ribosome function. Nevertheless, recent evidence 

suggests that particular RNA-binding RP are capable of performing regulatory functions 

either from within specialized ribosomes, or separated from the ribosome in an “extra-

ribosomal” fashion.178 Several studies have highlighted extraribosomal functions of RP 

involved in modulating pre-mRNA splicing, transcription and translation.245,246,247 These 

findings highlight a need to systematically investigate the contribution of RP inactivation, 

or reductions in their expression, to the etiology of myeloid neoplasms in order to gain 

insight into the lost regulatory functions of RP that contribute to malignant 

hematopoiesis. 

Previous work from our lab has identified Rpl22 to have a regulatory role as a 

tumor suppressor, which is deleted in a subset of T-cell leukemia and lymphoma patients.  

It was demonstrated in this system that Rpl22 impairment was able to increase 
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carcinogenesis of Akt driven lymphomas by increasing oncogenic Lin28B in an NF-κB 

dependent manner.  Critically Rpl22 haploinsufficiency did not alter protein synthesis in 

Akt lymphoma cells. Given that ribosomopathies commonly predisposes to MDS and 

AML, we were curious if Rpl22 could be playing a role in predisposing to myeloid 

leukemias. Surprisingly, in this study, we found that Rpl22 was the most significantly 

decreased RP in MDS.  Decreased expression of Rpl22 was associated with worse disease 

outcomes in both MDS and AML patients.  Interestingly, there was evidence for deletion 

of RPL22 in a large number of MDS and AML patients. Furthermore, we found Rpl22 

played a causal role in predisposing HSC to myeloid transformation through direct 

regulation of HSC metabolism. 

Metabolism in HSC has recently been recognized as an important regulator of 

stem cell behavior.  Under normal conditions quiescent HSC reside in a hypoxic niche 

and require very little energy.248,249,250 Predominantly, they rely only on anaerobic 

glycolysis to generate the ATP they require for survival.251,252  Importantly, oxidative 

phosphorylation is minimal in these cells. 251,253  This is important to keep physiologic 

reactive oxygen species (ROS) to a minimum in this cell population.254,255  ROS is an 

important secondary messenger in hematopoiesis, and when generated can induce 

differentiating divisions in HSC. 256  Defects in oxidative phosphorylation, on the other 

hand, lead to impaired differentiation.  These observations indicate that while oxidative 

phosphorylation is not highly active in stem cells, it nonetheless is important for their 

function.  253,255 

Another noteworthy metabolically active pathway that is important for 

maintaining self-renewing divisions in HSC is fatty acid oxidation (FAO).  The 
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mechanism by which FAO regulates stem cell maintenance remains unclear.  However, it 

has been shown that increasing PPARδ signaling in HSC, an upstream regulator of FAO, 

increases their self-renewing divisions and impairs their differentiation.  Conversely, 

when FAO was inhibited HSCs increased their differentiating divisions and exhaust.257   

Notably then, it is possible that alterations to HSC that maintain or enforce FAO may 

impair their ability to differentiate, which would predispose them to leukemic 

transformation.  And in fact, in this study we found that this is how loss of Rpl22 acts to 

predispose to leukemic transformation.  We show here, that Rpl22 is able to bind Alox12, 

a lipoxygenase known to produce fatty acid substrates that activate PPAR signaling, and 

regulate its translation.  In the absence of Rpl22, Alox12 is increased and impairs HSC 

differentiation through increased FAO.  Impairing FAO or Alox12 led to a loss of stem 

cell function and an induction of differentiation.  Importantly, this is clinically relevant in 

both preventing leukemia initiation, as well as in treating Rpl22-low MDS and AML 

patients, since we observed that impairing either FAO or Alox12 was able to impair 

leukemic initiation both in vitro and in vivo. 

Results 

Low Rpl22 Expression Correlates With More Severe MDS And AML. 

To assess the changes in RP expression levels in myeloid neoplasms, we 

performed gene expression analysis of CD34+ hematopoietic progenitor cells of 183 

MDS patients. This analysis revealed that RPL22 is one of the most significantly reduced 

RP in this disease (Fig. 3a,b).  We also observed that reduced RPL22 expression was  
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Figure 3: RPL22 Expression is Reduced in a Subset of MDS Patients.  (a-b), 
Expression levels of RPL10A and RPL22 mRNA in CD34+ samples from MDS patients 
(n=183 patients). All data were analyzed for significance using the student’s t-test, unless 
otherwise specified.  Error bars represent s.e.m. *P ≤  0.05, **P ≤   0.01, ***P ≤  0.001. 

 

associated with significantly greater reductions in hemoglobin (Hgb), a marker of MDS 

severity (Fig. 4a).258,111 Since MDS often progresses to AML, we evaluated Rpl22 

expression in bulk tumor from AML patients using data obtained from the BEAT AML 

consortium and the TCGA database. Strikingly, RPL22 expression was significantly 

decreased amongst most AML patients compared to healthy control (Fig. 4b).  We 

further examined RPL22 expression levels in the immature cells from which this disease 

originates, by stringently sorting hematopoietic stem and progenitor cell (HSPC) 

populations from patients diagnosed with AML.259 From these analyses we observed a 

significant reduction of RPL22 mRNA in the leukemia initiating populations comprising 

long-term HSC (LT-HSC; Lin-CD34+CD38-CD90+), short-term HSC (ST-HSC; Lin-

CD34+CD38-CD90-), and granulocyte-macrophage progenitors (GMP; Lin-

CD34+CD38+CD123+CD45RA+) of patients with higher risk AML (associated with 

complex karyotype; CK), compared to identically sorted cells from age-matched, healthy 

controls (Fig. 4c-e). 259,260,103 Moreover, reduced expression of RPL22 was associated  
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Figure 4: Reduced RPL22 Expression in MDS and AML Patients Correlates with 
Worse Disease Burden and Outcomes. (a) Hemoglobin levels of MDS patients with 
lower (bottom quartile) and higher (top quartile) RPL22 expression.  (b) Waterfall plot of 
RPL22 expression in whole white blood cells of AML patients and healthy controls 
enrolled in the BEAT AML consortium. (c-e), RPL22 mRNA levels in sorted (c) LT-
HSC (Lin-, CD34+, CD38-, CD90, N=12 AML/MDS, HC=4) (d) ST-HSC (Lin-, CD34+, 
CD38-, CD90) and (e) GMP (Lin-, CD34+, CD38+, CD90+, CD123+) from AML bone 
marrow samples compared to age-matched healthy controls (HC). Cytogenetic 
abnormalities are depicted as NK (Normal Karyotype) or CK (Complex Karyotype). (f) 
Survival curve of AML patients from the TCGA database, with low RPL22 expression 
(bottom quartile) compared to those with high expression (top quartile). Survival curve 
was analyzed for significance using the Mantel-Cox log-rank test. All data were analyzed 
for significance using the student’s t-test, unless otherwise specified.  Error bars represent 
s.e.m. *P ≤  0.05, **P ≤   0.01, ***P ≤  0.001.  
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with more aggressive AML, since the patients with low RPL22 expression (bottom 

quartile) from the TCGA AML cohort exhibited reduced overall survival (Fig. 4f).  These 

findings were confirmed using data from the BEAT AML consortium (Fig. 5)  

 

Figure 5: Confirmation That Reduced RPL22 Confers Worse Survival. Survival 
curve of AML patients from the Beat AML consortium with low Rpl22 expression 
(bottom quartile) or high expression (top quartile). Because the study is ongoing, only 
patients who died during the course of the study were included. Survival curve was 
analyzed for significance using the Mantel-Cox log-rank test.  

 

 Using fluorescent in situ hybridization (FISH) analysis in an independent cohort of 

MDS/AML samples, we found that the RPL22 locus was more frequently deleted in 

progenitor cells from both MDS and AML patients (Fig. 6a).  Approximately 40% of 

MDS patients and 27% of AML patients showed evidence of increased RPL22 deletion, 

with more of these patients being represented in the high-risk MDS and secondary AML 

groups (Fig. 6b).  Collectively, these data indicate that RPL22 expression is frequently 

reduced in MDS/AML patients, including in their stem/ progenitors cells, and that low 

Rpl22 expression is associated reduced survival, and thus, more aggressive myeloid 

disease. 
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Figure 6: RPL22 is More Frequently Deleted in High-Risk MDS and Secondary 
AML. (a-b), FISH analysis of deletion of the RPL22 locus in bone marrow cells from 85 
MDS and AML patients. (a) Dot-plot representing the fraction of CD34+ cells in which 
the RPL22 locus was deleted. Patients in which the frequency of RPL22 deletion is 3 
S.D. greater than the mean of healthy controls are colored, with blue and red colors 
representing low and high risk MDS, respectively (middle), or primary and secondary 
AML, respectively (right). RTest of Proportions, P<0.05). (b) The distribution of patients 
with a frequency of RPL22 deletions greater than 3 S.D. that of control were subdivided 
between low and high risk MDS, and primary and secondary AML, and represented 
graphically.   All data were analyzed for significance using the student’s t-test, unless 
otherwise specified.  Error bars represent s.e.m. *P ≤  0.05, **P ≤   0.01, ***P ≤  0.001. 
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Rpl22 Deficient Mice Display An MDS-Like Phenotype. 

To determine whether Rpl22 is playing a causal role in MDS and AML 

progression, we assessed whether loss of Rpl22 disrupted murine hematopoiesis. Similar 

to MDS patients, Rpl22-/- mice displayed a significant reduction in red blood cells (RBC) 

with increased mean corpuscular volume (MCV), consistent with macrocytic anemia 

(Fig. 7a,b).261 Rpl22-deficient mice also exhibited evidence of an increased frequency of 

total megakaryocytes, (Fig. 7c) and erythroid and myeloid dysplasia (Fig. 7d,e). Finally, 

the bone marrow of Rpl22-deficient mice contained ~20% more CD34+ cells and an 

expansion of granulocyte-macrophage progenitors (GMP; LK/CD34+FCγRhigh; Fig. 7f-

h), as is typically observed in higher risk MDS and AML patients.104 

Since the alterations in hematopoiesis observed in MDS patients result from 

impaired function of their expanded HSC population, we sought to determine if these 

same abnormalities characterized the HSC in Rpl22-/- mice.262,102 Indeed, both lineage-, 

Sca-1+, c-Kit+, (LSK) cells and HSC defined by SLAM markers (LSK/CD48-CD150+) 

were increased in the bone marrow of Rpl22-/- mice, relative to wild type littermate 

controls; both by proportion and absolute numbers(Fig. 8a-d).17,18 This expansion was 

associated with an increased number of proliferating cells, as HSC and other progenitor 

populations in Rpl22-/- mice exhibited greater BrdU incorporation compared to Rpl22+/+ 

controls (Fig. 8e). These results were also confirmed using Ki-67 staining (Fig. 8f). Since 

inactivation of other RP (e.g., RPS14) is thought to impair hematopoiesis by activation of 

p53, we crossed Rpl22-/- mice with p53-deficient mice to determine if the expansion of  
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Figure 7: Rpl22-/- Mice Display Characteristics Similar to MDS. (a) Measurement of 
red blood cells (RBC; g/dL) in the peripheral blood of Rpl22-/- and Rpl22+/+ mice (n = 8). 
(b) Measurement of the mean corpuscular volume (MCV) of RBC from Rpl22-/- and 
Rpl22+/+ mice (n = 8). (c) Proportion of CD41+, FSC-high megakaryocytes (n = 9) in the 
bone marrow of Rpl22-/- and Rpl22+/+ measured by flow cytometry. (d) H&E staining of 
Rpl22-/-  bone marrow. Boxed images represent zoomed in images of dysplastic 
erythroblasts. (e) Immunofluorescent staining of bone marrow for megakaryocytes with 
CD41 (red) and nuclei stained with DAPI (blue). (f) Proportion of CD34+ progenitors (n 
= 18) in the bone marrow of Rpl22-/- and Rpl22+/+ mice were measured by flow 
cytometry. (g-h) Representative histograms and graph of the proportions of LK subsets, 
defined by FcγR and CD34 (including granulocyte-macrophage progenitors, GMP; 
LK/CD34+/FCϒRhigh) in the bone marrow of Rpl22-/- and Rpl22+/+ mice, measured by 
flow cytometry (n = 9). All data were analyzed for significance using the student’s t-test, 
unless otherwise specified.  Error bars represent s.e.m. *P ≤  0.05, **P ≤   0.01, ***P ≤  
0.001. 
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Figure 8: Rpl22-/- Mice Have an Expansion of Cell-Cycle Active HSC. (a) 
Representative FACS histograms of LSK in the bone marrow of Rpl22-/- and Rpl22+/+ 
mice, measured by flow cytometry (n = 15). (b-c) Graph of proportions, b, and cell 
number, c, of LSK in the femoral bone marrow of Rpl22-/- and Rpl22+/+ mice, measured 
by flow cytometry (n = 15). (d) Representative FACS histograms of HSC (LSK, CD48-, 
CD150+) in the bone marrow of Rpl22-/- and Rpl22+/+ mice, measured by flow cytometry 
(n = 15). (e-f)  Graph of proportions, e, and cell number, f, of HSC in the femoral bone 
marrow of Rpl22-/- and Rpl22+/+ mice, measured by flow cytometry (n = 15). (g) 
Graphical representation of flow cytometric analysis of BrdU incorporation in LSK, 
HSC, and MPP. (n = 4), separate experiments performed twice. (h) Assessment of cell 
cycle status of Rpl22+/+ and Rpl22-/- HSC by internal staining for Ki-67. The mean +/- 
SEM of Ki67+ cells from a representative experiment repeated twice is represented 
graphically (n = 4).  All data were analyzed for significance using the student’s t-test, 
unless otherwise specified.  Error bars represent s.e.m. *P ≤  0.05, **P ≤   0.01, ***P ≤  
0.001. 
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pre-malignant HSC in Rpl22-/- mice was p53-dependent.215,263 Interestingly, we found 

p53-deficiency failed to suppress the expansion of LSK and HSC observed in Rpl22-

deficient mice (Figure 9a,b).  Thus, as occurs in MDS patients, Rpl22-deficient mice 

display an expansion of HSC in the marrow; however, this expansion is not dependent 

upon p53, as it is not corrected by p53-deficiency.  

 

Figure 9: Loss of p53 Does Not Correct HSC Expansion in Rpl22 Deficient Mice. (a-
b) Graphs depicting flow cytometric analysis of the proportion of LSK (a) and HSC (b) in 
the bone marrow of Rpl22+/+ p53+/+, Rpl22-/-p53+/+, Rpl22+/+ p53-/-, and Rpl22-/- p53-/- 
mice (n ≥ 6). The mean +/- SEM of a representative experiment is represented 
graphically. All data were analyzed for significance using the student’s t-test.  

Rpl22 Deficient HSCs Display Altered Stem Cell Behavior. 

The alterations in hematopoiesis observed in MDS patients have previously been 

shown to result from dysfunctional HSC.262,102,264 To determine if this was also true of the 

altered hematopoiesis observed in Rpl22-deficient mice, we performed competitive bone 

marrow transplantation assays using allotype-marked Rpl22-/- (CD45.2) or Rpl22+/+ HSC 

combined with whole bone marrow competitor (WBM, CD45.1). Analysis of peripheral 

blood at 20 weeks post-transplantation revealed that Rpl22-/- HSC were significantly less 

capable of reconstituting hematopoiesis than Rpl22+/+ HSC, as Rpl22-/- HSC produced 
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very few peripheral blood leukocytes (Fig. 10a).  Moreover, the few leukocytes that were 

produced by the Rpl22-deficient HSC were profoundly biased toward the myeloid fate 

(CD11b+Gr-1+; Fig. 10b), consistent with the basal myeloid-bias observed in the donor 

Rpl22-/- mice and in MDS patients.265 

The failure of Rpl22-/- HSCs to reconstitute hematopoiesis could result either from 

their failure to engraft, or alternatively, from failure to produce mature hematopoietic cell 

lineages following engraftment. To evaluate the extent of engraftment by Rpl22-deficient 

HSC, we assessed donor chimerism in the bone marrow of transplanted mice. While 

Rpl22-/- HSC contributed less to overall bone marrow cellularity than did Rpl22+/+ HSC 

(Fig. 10c), Rpl22-/- HSPC in the bone marrow were markedly over-represented (2.5 

times) relative to the presence of mature leukocytes in peripheral blood (Fig. 10d). 

Together these data suggest that the MDS-like phenotype observed in Rpl22-/- mice 

results from HSC dysfunction, where Rpl22-/- deficient HSC are capable of self-renewal, 

as evidenced by their ability to engraft and expand in the bone marrow, but are unable to 

produce lineage-committed downstream progenitors or peripheral leukocytes.   

To identify the stages of hematopoiesis impaired by Rpl22-deficiency, we 

assessed the contribution of Rpl22-/- HSC to particular hematopoietic progenitor 

populations, relative to that of Rpl22+/+ HSC. Interestingly, transplanted Rpl22-/- HSCs 

produced equivalent numbers of LSK, HSC, and multipotent progenitors (MPP, 

LSK/CD150-CD48-) as effectively as Rpl22+/+ HSCs (Fig. 11a-c). However, development 

of Rpl22-/- progenitors beyond the MPP stage was more severely impaired, as LK cells, 

and all of their subsets (GMP; LK/CD34-FCγRlow megakaryocyte-erythroid progenitors 

or MEP; and LK/CD34+FCγRlow common myeloid progenitors or CMP), were reduced  
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Figure 10: Rpl22 Deficient HSC Have Impaired Hematopoietic Function.  (a-d), 
Competitive transplantation of 300 CD45.2 HSC with 200,000 CD45.1 competitor WBM 
cells. All data shown at 20 weeks post-transplantation , (n = 10, performed in two 
separate experiments). (a) Contribution of CD45.2 Rpl22+/+ and Rpl22-/- HSC to the 
peripheral blood following competitive transplantation. (b) Representative histogram of 
myeloid lineage cells in the peripheral blood of transplanted mice. (c) Contribution of 
CD45.2 Rpl22+/+ and Rpl22-/- HSC to the bone marrow following competitive 
transplantation.  (d) Ratio of contribution of transplanted CD45.2 HSC-derived cells to 
bone marrow (BM) cellularity relative to their contribution to peripheral blood. All data 
were analyzed for significance using the student’s t-test. Error bars represent standard 
error of the mean (SEM). *P ≤ 0.05, **P ≤   0.01, ***P ≤ 0.001. 
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relative to mice transplanted with Rpl22+/+ HSC, with GMP and MEP exhibiting the most 

profound reductions (Fig. 11d,e). Consequently, Rpl22-deficient HSC are capable of 

engraftment, normal expansion, and generation of MPP, but are impaired in their ability 

to give rise to downstream, committed progenitors. 

Changes in metabolism, not global protein synthesis, play a role in the alteration to 
stem cell behavior with Rpl22 loss. 

To determine how Rpl22-deficiency impairs HSC function, we performed whole 

transcriptome analysis on HSC from Rpl22+/+ and Rpl22-/- mice. From this analysis, we 

found that Rpl22-deficiency altered the expression of approximately 600 genes. Gene 

ontology (GO) analysis using the Cellular Components Database revealed that Rpl22-

deficiency most significantly affects the expression of clusters of genes associated with 

the ribosome and mitochondria (Fig. 12a). Because HSC function has been reported to be 

impaired by reductions in protein synthesis, and because ribosomal protein mutations are 

linked to significant decreases in global protein synthesis, we sought to determine if 

Rpl22-deficiency was impairing HSC function by attenuating protein synthesis.243,216,244 

To do so we measured protein synthesis in HSC in situ, by monitoring O-propargyl-

puromycin (OPP) incorporation into nascent polypeptides using flow cytometry.243,244 

Surprisingly, we observed that the incorporation of OPP into new proteins by Rpl22-/- 

HSC (red) was equivalent to that incorporated by Rpl22+/+ HSC (blue) (Fig. 12b). 

Therefore, in contrast to what has been observed for HSC upon inactivation of other RP, 

this analysis revealed the unexpected finding that the alteration of HSC function caused 

by Rpl22-deficiency is not associated with an attenuation of global protein 

synthesis.243,216,215 
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Figure 11: Rpl22 Deficient HSC and MPP Have an Impaired Ability to 
Differentiate. (a-e) Competitive transplantation of 300 CD45.2 HSC with 200,000 
CD45.1 competitor WBM cells. All data shown at 20 weeks post-transplantation , (n = 
10, performed in two separate experiments). (a) Representative histograms of the 
contribution of CD45.2+ cells (HSC donor derived) and CD45.1+ cells (competitor 
WBM derived) to the LSK compartment.  (b-e) Contribution of CD45.2 Rpl22+/+ and 
Rpl22-/- HSC to the following bone marrow populations following competitive 
transplantation: b, LSK; c, HSC and MPP; d, LK; and e, LK subsets, CMP, GMP, and 
MEP. All data were analyzed for significance using the student’s t-test. Error bars 
represent standard error of the mean (SEM). *P ≤ 0.05, **P ≤   0.01, ***P ≤ 0.001. 
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Figure 12: Rpl22 Deficiency Does Not Impair Protein Synthesis in HSC. (a) Gene 
ontology (GO) analysis of differentially expressed genes identified by RNA-Seq analysis 
of Rpl22-/- and Rpl22+/+ HSC using GO Cellular Components Database. Significant gene 
sets were categorized and represented as a pie chart.  The size of the slices corresponds to 
EnrichR combined score for match to a given GO category. (b) Protein synthesis was 
measured in HSC by O-propargyl-puromycin (OPP) incorporation into nascent 
polypeptides and analyzed by flow cytometry. A representative FACS histogram of OPP 
incorporation by HSCs is depicted and expressed graphically as mean +/- SEM of the 
mean fluorescence intensity (MFI). All data were analyzed for significance using the 
student’s t-test. Error bars represent standard error of the mean (SEM). *P ≤ 0.05, **P ≤  
 0.01, ***P ≤ 0.001. 
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Because global protein synthesis was not impaired, we sought to determine if altered 

mitochondrial function was contributing to the impaired function of Rpl22-deficient 

HSC, since mitochondrial function, particularly genes involved in oxidative 

phosphorylation and fatty acid oxidation (FAO), was another GO class exhibiting an 

altered expression signature in Rpl22-deficient HSC (Fig. 12a). To determine if these 

changes in gene expression contributed to altered mitochondrial function, we performed 

metabolic analysis on Rpl22+/+ and Rpl22-/- LSK cells. We observed no differences in 

extracellular acidification rate, a surrogate measure of glycolysis (Fig. 13a); however, 

Rpl22-/- LSK did exhibit reduced oxygen consumption when challenged with oligomycin 

and carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), suggesting a 

reduction in cellular capacity to mediate oxidative respiration (Fig. 13b). Interestingly, 

the expression of a number of genes involved in fatty acid metabolism were increased in 

Rpl22-deficient HSC (Fig. 13c). These alterations in gene expression are noteworthy 

because increased dependence on lipid oxidation has been implicated in both HSC self-

renewal and cancer stem cell function.257,266, 267 Consistent with the increased expression 

of genes involved in lipid oxidation, there was a significant increase in FAO in Rpl22-/- 

LSK (Fig. 13d).  Since increased FAO has been implicated in self-renewal of HSC, we 

asked if explanted Rpl22-/- HSCs exhibited a prolonged retention of their SLAM-marked 

HSC phenotype (LSK, CD150+, CD48- ) upon culture in vitro.257 Indeed, whereas a 

significant proportion of Rpl22+/+ HSC lost their HSC phenotype after two days in 

culture, it was fully retained by Rpl22-/- HSC (Fig 14a). Moreover, retention of the HSC 

phenotype by Rpl22-/- HSC was dependent on FAO, as it was abrogated by 

pharmacologic inhibition of FAO using Etomoxir (Fig 14a).268,269 Blockade of FAO was  
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Figure 13: FAO is Increased in Rpl22 Deficient HSC, While Oxidative 
Phosphorylation is Decreased. (a) Representative graph of glycolytic potential of 
Rpl22+/+ and Rpl22+/+ LSK, as indicated by the Extracellular Acidification Rate (ECAR) 
measured using the Seahorse XFe96 Bioanalyzer (n = 4, repeated twice). (b)  
Representative graph of aerobic respiration following administration of Oligomycin and 
FCCP, an indicator of oxygen consumption rate (OCR) (n = 4, repeated twice). (c) Heat 
map depicting expression levels in HSC of genes identified by RNA-Seq that are 
involved in fatty acid metabolism (n = 3).  (d) Measurement of FAO in Rpl22-/- and 
Rpl22+/+  LSK. FAO activity depicted graphically as the mean +/- SEM of triplicate 
measurements. All data are representative of 3 experiments performed, unless otherwise 
stated. All data were analyzed for significance using the student’s t-test. *P ≤ 0.05, **P ≤  
 0.01, ***P ≤ 0.001. 
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not cytotoxic to Rpl22-/- HSC, but instead induced their differentiation into MPP (Fig 

14b). Rpl22-/- stem and progenitors also exhibited enhanced function, as they retained a 

greater capacity to form colonies in methylcellulose following serial passage (Fig. 14c).  

This capability, too, was attenuated by pharmacologic inhibition of FAO (Fig. 14d). 

Together these findings suggest that the increased self-renewal and inability of Rpl22-/- 

HSC to support the development of downstream committed progeny results from an 

alteration in cellular metabolism. Specifically, Rpl22-/- HSC exhibit both a reduced ability 

to perform oxidative phosphorylation, a generator of the oxygen radicals required to 

promote differentiation, and enhanced FAO, which promotes self-renewal.257,270,271,272,273  

Because Rpl22 is an RNA binding protein, we hypothesized that Rpl22 may be 

controlling FAO in HSC by regulating the translation of mRNA targets encoding critical 

regulators of this process. Using M-fold to predict RNA secondary structure of the 

transcripts encoding regulators of FAO, we found several RNA targets within our FAO 

signature bearing the consensus stem-loop structure recognized by Rpl22 (Fig. 15).  

Amongst these differentially expressed targets (Figs. 13c and 16a), arachidonate 

lipoxygenase-12 (Alox12) was of particular interest, both because it had two consensus 

Rpl22 binding sites in its coding region (Fig 15), and because Alox12 converts 

polyunsaturated fatty acids to activating ligands for a master transcriptional regulator of 

FAO, PPAR.274,275 Accordingly, we wished to determine if Rpl22 was regulating HSC 

behavior through direct binding and regulation of Alox12.  Using an electrophoretic-

mobility shift assay, we confirmed that Rpl22 was strongly binding to the second 

predicted binding site (BS2) of Alox12, but not to negative controls EBER2 or an RNA 

sequence between BS1 and BS2 predicted not to be bound (NBS) (Fig. 16b). The  
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Figure 14: Rpl22-/- HSPC are More Dependent on FAO for their Altered Stem Cell 
Behavior. (a,b) Flow cytometric assessment of the retention of the HSC 
immunophenotype (CD150+CD48-) or differentiation into MPP following two days in 
methylcellulose culture with and without etomoxir treatment (n = 9).  (c) Graphical 
representation of colony forming ability of Rpl22+/+ and Rpl22-/- LSK through three 
serial passages (n = 3, performed three separate times).  (d) Serial colony forming ability 
of Rpl22-/- and Rpl22+/+ HSPCs treated with or without etomoxir. Mean +/- SEM of 
colonies of triplicate cultures from 3 serial platings is depicted graphically. Performed 
three separate times. All data were analyzed for significance using the student’s t-test.  
Error bars represent SEM. *P ≤ 0.05, **P ≤   0.01. 
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Figure 15: Rpl22 Binding Motifs in Differentially Expressed mRNA Encoding 
Regulators of FAO. (a) Schematic illustrating the location of Rpl22 protein in the crystal 
structure of the 80S ribosome, a ribbon diagram of the crystal structure of Rpl22, and the 
consensus stem-loop structure bound by Rpl22. (b-e) Diagrammatic representation of the 
location of predicted, consensus Rpl22 stem-loop binding sites in mRNA encoding (b) 
Alox12, (c) Ces2g, (d) Lhfp, and (e) Scd1.   
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Figure 16: Rpl22 Directly Binds and Regulates Alox12. (a) Immunoblot analysis of 
Alox12 protein expression in Rpl22+/+ and Rpl22-/- LSK. Vinculin was used as a loading 
control. (b), Assessment of GST-Rpl22 binding to the indicated fragments of Alox12 
mRNA as measured by EMSA analysis. EBER1 and EBER2 serve as positive and 
negative controls, respectively. (c) Quantification of the expression level of Alox12 
mRNA in Rpl22+/+ and Rpl22-/- HSC. Triplicate qPCR measurements are represented 
graphically as mean +/- SEM, with expression level in Rpl22-/- HSC normalized to that in 
Rpl22+/+ HSC (n=3). 
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increase in Alox12 protein expression in Rpl22-/- HSPC (Fig. 16a), exceeds the increase 

in Alox12 mRNA, consistent with post-transcriptional regulation of expression (Fig. 16c).  

Collectively, these results support a model where Rpl22 controls FAO and HSC function 

by directly binding Alox12 mRNA and regulating its translation.   

To determine how the loss of ALOX12 affects Rpl22-/- stem and progenitor behavior, we 

knocked down Alox12 in LSK cells and sorted them into methylcellulose to observe their 

colony forming ability (Fig. 17a,b). Alox12 knockdown preferentially impaired the 

ability of Rpl22-deficient stem and progenitors to form colonies (Fig. 17c), suggesting 

that their enhanced capacity to form colonies depends on Alox12 and its ability to 

regulate FAO.  

Rpl22 deficiency predisposes hematopoietic cells to rapid leukemogenesis. 

Since enhanced self-renewal and an impaired ability to differentiate characterize a 

premalignant state, we reasoned that Rpl22-/- HSC should be predisposed to leukemic 

transformation.276 Consistent with this interpretation, interrogation of the expression 

signature of Rpl22-/- HSC using the OMIM Disease database revealed an association with 

leukemia, particularly those genes regulated by the MLL-AF9 oncogenic fusion (Fig. 

18a-c). Consequently, we assessed whether Rpl22-/- HSC were predisposed to 

transformation. To do so, we employed a mouse model of AML in which the MLL-AF9 

oncogene is knocked into the germline.241,277 Indeed, Rpl22-/- MLL-AF9 knockin mice 

exhibited a far greater leukemic burden at 15 weeks of age, as evidenced by splenic 

weight (Fig. 19a). Furthermore, Rpl22-deficient MLL-AF9 knockin mice developed and  
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Figure 17: Alox12 Knockdown Preferentially Impairs Rpl22-/- HSPC Colony 
Formation. (a,b) Analysis of the efficacy of shRNA knockdown of Alox12 expression in 
MLL-AF9 transformed Rpl22+/+ LSK as measured by triplicate qPCR measurements of 
mRNA expressed as mean +/- SEM normalized to control transduced cells, a, or 
immunoblotting for protein, b. Measurements were made 72h post transduction with 
lentivirus encoding non-targeting (NT) shRNA or those targeting Alox12 (sh1 and sh2). 
(c) Colony formation of Rpl22+/+ (white bars) and Rpl22-/- (black bars) LSK cells 
following knockdown of Alox12. Colony formation normalized to that of NT Rpl22+/+ 

LSK. All data were analyzed for significance using the student’s t-test. *P ≤ 0.05, **P ≤  
 0.01, ***P ≤ 0.001.  
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Figure 18: Rpl22 Deficiency Reveals Alteration of Gene Expression Similar to MLL-
AF9 Transformed Human HSPC. (a) OMIM disease analysis of RNA-seq data from 
Rpl22-/- and Rpl22+/+ HSC. Top five matched gene sets are depicted graphically as a pie 
chart. Slice size represents the combined score calculated by EnrichR compared to other 
categories shown. (b-c) Gene expression similarities between genes upregulated, b, and 
downregulated, c, in Rpl22-/- LSKs compared to genes previously described to be altered 
in human progenitor cells transduced with MLL-AF9. 277 
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Figure 19: Rpl22 Deficient Mice Develop Succumb to Leukemic Burden More 
Rapidly. (a) Disease burden on MLL-AF9 knockin Rpl22-/- and Rpl22+/+ mice was 
measured at 15 weeks of age (n = 5). Representative spleens are depicted along with a 
graphical representation of the mean +/- SEM of splenic weights. (b) Survival analysis of 
MLL-AF9 knockin Rpl22-/- (n = 10) and Rpl22+/+ (n = 7) mice. Significance was 
determined using a Mantel-Cox test. (c) , Representative images showing necropsy of a 
mouse upon evidence of leukemic burden. (d) Representative flow cytometric analysis of 
myeloid burden in spleens of MLL-AF9 knockin mice at time of death.  Spleens were 
stained with the myeloid marker Mac-1/CD11b at the time of death. All data were 
analyzed for significance using the student’s t-test. *P ≤ 0.05, **P ≤   0.01, ***P ≤ 0.001. 
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succumbed to leukemia much more rapidly than their Rpl22+/+ counterparts (Fig. 19b).  

All mice, died of similar myeloid leukemic burden at time of death (Fig. 19c,d). 

Rpl22 Deficient Leukemias are More Susceptible to Alterations in Metabolism. 

Since increased FAO was required for the enhanced self-renewal exhibited by 

Rpl22-/- HSC, we next asked if enhanced FAO also contributed to increased leukemic 

potential of the Rpl22-deficinet MLL-AF9 driven leukemia cells. We found that, similar 

to non-transformed HSCs, MLL-AF9 transformed LSK from Rpl22-/- mice exhibited 

increased FAO (Fig. 20a). Moreover, the increased FAO appears to play an important 

role in maintaining the leukemic potential of these cells, since the colony forming ability 

of Rpl22-/- leukemia cells was attenuated to a much greater degree by treatment with the 

FAO inhibitor, etomoxir, than was observed for their Rpl22+/+ counterparts (Fig. 20b).   

As was seen pre-malignant Rpl22 deficient LSK, ALOX12 protein expression was also 

elevated in Rpl22-deficient leukemia cells, consistent with proximal regulation by Rpl22 

(Fig. 21a).  Interestingly, in the leukemic cells, we did not observe increased expression 

of Alox12 mRNA with Rpl22 loss, indicating strongly for post-transcriptional regulation 

by Rpl22 (Fig. 21b).  Moreover, when we knocked down Alox12 expression, or 

attenuated its activity with the pharmacologic inhibitor, baicalein, leukemia colony 

forming ability of Rpl22-deficient leukemia cells was significantly impaired (Fig. 21c,d).  

Finally, to determine whether decreased Alox12 expression could convey a survival 

benefit in Rpl22 deficient leukemia, we transplanted leukemic cells after shRNA 

knockdown the gene.  We observed that reduced Alox12 in Rpl22-deficient MLL-AF9  
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Figure 20: Rpl22 Deficient Leukemia is More Sensitive to FAO Inhibition. (a) 
Measurement of FAO in MLL-AF9 transformed LSK from Rpl22-/- and Rpl22+/+ mice. 
FAO activity in triplicate measurements is expressed as the mean +/- SEM. Experiment 
performed on three separate instances (b) Effect of etomoxir treatment on colony 
formation by MLL-AF9 transformed LSK cells from Rpl22-/- and Rpl22+/+ mice. 
Colony formation in triplicate methylcellulose plates is depicted graphically as the mean 
+/- SEM. Representative of an experiment performed three times. All data were analyzed 
for significance using the student’s t-test. *P ≤ 0.05, **P ≤   0.01, ***P ≤ 0.001. 
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Figure 21: Rpl22 Deficient Leukemia is More Sensitive to Alox12 Impairment in 
vitro. (a) The expression of Alox12 protein by Rpl22+/+ and Rpl22-/- leukemia cells was 
assessed by immunoblotting. Vinculin served as a loading control. (b) Alox12 mRNA 
expression was measured by qPCR in Rpl22+/+ and Rpl22-/- leukemia cells. (c)  Effect of 
Alox12 knockdown on colony formation by MLL-AF9 transformed LSK Cells from 
Rpl22+/+ and Rpl22-/- mice. (c) Colony formation in triplicate methylcellulose plates is 
depicted graphically as the mean +/- SEM. (d)Graphical representation of the effect of the 
Alox12 inhibitor, baicalein, on colony formation by MLL-AF9 Rpl22+/+ and Rpl22-/- 
LSK.  Colonies formation was assessed one week after plating (n= 3). Triplicate 
measurements were graphed as mean +/- SEM and normalized to vehicle treated control. 
All data were analyzed for significance using the student’s t-test. *P ≤ 0.05, **P ≤   0.01, 
***P ≤ 0.001. 
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leukemia had a significant impact on survival, while only a marginal effect on Rpl22-

proficient MLL-AF9 leukemia (Fig. 22 a,b) 

Discussion 

In conclusion, we have identified a novel mechanism by which RP insufficiency 

increases the predisposition to leukemia. RPL22 expression is reduced in MDS and AML, 

including at the stem cell level, and is associated with reduced survival in AML. Rpl22 

loss is causally-linked to aggressive disease in a murine leukemia model. Importantly, 

unlike what has been observed for the inactivation of other RP, the inactivation of Rpl22 

does not alter HSC function and predispose them to transformation by generally 

impairing protein synthesis. Instead, Rpl22 inactivation creates a premalignant state 

characterized by enhanced HSC self-renewal and impaired generation of downstream 

committed progenitors, by altering metabolism, specifically FAO and oxidative 

phosphorylation. Indeed, Rpl22-deficient HSC exhibit an increase in FAO, which is 

responsible for the impaired function of HSC and promotes the survival of Rpl22-

deficient leukemia cells. These observations are consistent with previous reports 

demonstrating that enhanced FAO promotes HSC self-renewal and cancer stem cell 

activity. 257,266  Moreover, we establish a novel link between Rpl22-insufficiency and 

enhanced FAO that is mediated by a critical regulator of FAO, Alox12, whose mRNA is 

directly bound by Rpl22. 257,266,267 Taken together, these results indicate that Rpl22 

normally controls stem cell function by suppression of Alox12 signaling, which achieves 

a balance between FAO and oxidative phosphorylation that enables stem cells to execute 

both self-renewing and commitment divisions. 33,34 Consequently, Rpl22-insufficiency 

leads to dysregulated Alox12 activity, which favors  
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Figure 22: Rpl22 Deficient Leukemia is More Sensitive to Alox12 Impairment in 
vivo.  (a-b) Survival curve of NSG mice injected with Rpl22+/+ or Rpl22-/- MLL-AF9 
leukemia after sh knockdown of Alox12 with sh1, a, or sh2, b. Non-targeting sh sequence 
was used as a control (n ≥ 3 per group).  Significance was determined using a Mantel-
Cox test. 
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self-renewal, blocks differentiation, and predisposes stem cells to leukemic 

transformation.  Rpl22 deficiency induced alterations in stem cell function that ultimately 

predispose the HSC to leukemic transformation.  Furthermore, Rpl22 insufficient 

leukemia cells were more sensitive to inhibition of FAO or Alox12.  These findings 

indicate that the substantial subset of MDS and AML patients with aggressive disease 

associated with Rpl22 insufficiency, may benefit from targeted ALOX12 inhibition to 

prevent or treat disease, respectively, while avoiding many of the toxic side effects 

associated with direct FAO inhibition.   
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CHAPTER 4 

RPL22 DEFICIENCY PREDISPOSES TO ALKYLATING AGENT INDUCED 

THERAPY-RELATED MYELOID NEOPLASMS 

Introduction 

Therapy related myeloid neoplasms (t-MN) are a collection of clonal diseases that occur 

following the course of chemotherapeutic treatment.  Patients can develop disease 

anywhere from 1 year following treatment up to 20 years following treatment.101  

Typically, however, patients will develop a t-MN 3-7 years after a previous treatment.101   

The t-MN diseases consist of therapy related MDS (t-MDS) and therapy related AML (t-

AML).278  While only a small percentage of patients treated with chemotherapy will 

develop a therapy related myeloid neoplasm (t-MN), those patients that do, account for 

up to 20% of MDS and AML cases.101,279 Patients with a t-MN present with symptoms 

similar to de novo MDS or AML.  Most patients suffer from symptoms of cytopenias, 

such as shortness of breath or fatigue (anemia), infection (neutropenia), or bruising and 

bleeding (thrombocytopenia).  Initial diagnoses of MDS and AML are first made through 

peripheral blood and bone marrow analyses.  An informed diagnosis of t-MDS or t-AML 

is only made after discovery of previous treatment for a primary malignancy in the 

patient’s medical history.280 While initial presentation is seemingly similar, t-MN are 

very distinct from de novo myeloid neoplasms by their aggressive disease course.  These 

patients, generally, present with t-MN symptoms significantly earlier, have a very poor 

prognosis, and succumb to disease more rapidly than other MDS or AML patients. 279 
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This earlier presentation matches the theory that HSC require multiple “hits” or 

genetic mutations before transformation.101  Normally, it may take a person until the 7th 

decade of life or beyond to acquire these hits.  However, patients with t-MN are believed 

to acquire these lesions idiopathically a full decade or more earlier. 281-283  Furthermore, 

because of their history of aggressive chemotherapeutic treatment, patients with t-MN 

generally have more chromosomal aberrations and high-risk alterations.180  Most 

commonly, up to 90% of patients with t-MN present with deletions of chromosomes 5 

(del5q) or 7 (del7q), which are associated with a poorer prognosis.284,285 Interestingly, 5q 

deletions contain the RP, Rps14, which is thought to contribute to the severe anemia seen 

in these patients. 286  Additionally, these chromosomal aberrations are frequently made 

more ominous with the co-occurrence of p53 mutations.287   

Patients with a t-MN are ultimately treated similar to de novo MDS and AML.  

However, t-MN patients have much poorer response rates to chemotherapy and relapse 

significantly faster than de novo patients.  This is attributed to adaptations that t-MN 

clones have been selected for during the initial chemotherapeutic regimen, which act to 

increase multi-drug resistance mechanisms. 288 Therefore, if tolerable, the recommended 

treatment for t-MN patients is autologous HSC transplant.  However, previous toxicities 

associated with prior chemotherapeutic treatments often exclude these patients from a 

transplant.  101,180,289 

Generally, the majority of t-MN can be further sub-classified into one of two 

groups, based on the causative agent.  Those that stem from patients that were previously 

treated either with 1) an alkylating agent or 2) a topoisomerase inhibitor. 278  Patients who 

previously were treated with topoisomerase inhibitors (etoposide or anthracyclines) have 
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a significantly shorter latency of one to three years.290 These patients also generally 

present with t-AML and rarely with t-MDS. Cytogenetically, they also tend to have more 

translocations associated with worse survival.278 Commonly, topoisomerase inhibitor-

induced t-AML has an increased incidence of MLL rearrangements and Runx1 

rearrangements.  284,291 These alterations can be attributed to the fact that these drugs act 

by introducing double stranded DNA breaks.  292,293 

While t-MN from topoisomerase inhibitors are more aggressive, most commonly 

patients who develop a t-MN were previously treated with an alkylating agent. 294  t-MN 

that develop after treatment with an alkylating agent have a longer latency period, 

typically 4-7 years after previous treatment. 101,295  Most of these patients present with a 

high risk t-MDS and about a third with t-AML. 101,295   Treatment with an alkylating 

agent introduces alkyl adducts to cytosines and guanine residues to form O6-

methylguanine and N3-methylcytosine.296   These alterations are highly mutagenic 

inducing mismatches, single strand breaks, and even secondary double strand breaks after 

cycling.297 In chemotherapy the hope is to affect the genome of the cancer cells enough to 

induce apoptosis.  Conversely, adducts can be repaired by mismatch repair (MMR), base 

excision repair (BER), nucleotide excision repair (NER) or by the protein methylguanine 

methyltransferase (MGMT). 298,299  While these pathways are important for repairing 

DNA damage and survival in normal cells, they also have been implicated in 

chemotherapy resistance in malignant cells.300,301   

For example, chemoresistance in glioblastoma cancer stem cells has been linked 

with increasing MGMT expression. 302.  Here we show that Rpl22 can also contribute to 

chemoresistance to alkylating agents in a similar manner.  Rpl22 is capable of regulating 
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MGMT.   When Rpl22 is deficient, this leads to increased expression of this repair 

protein.  This increased MGMT expression protects Rpl22 deficient HSPC from 

alkylating agent induced death.  Furthermore, when we impair MGMT we are able to 

abrogate this chemoresistance. Work presented in the preceding chapter has already 

demonstrated that Rpl22 deficiency can predispose HSC to transformation through its 

regulation of metabolism and subsequent impairment of differentiation.  Therefore, we 

find that when we serially challenge mice with an alkylating agent, cyclophosphamide, 

Rpl22 deficient HSPC are able to survive and go on to produce a leukemic-like state, 

likely through introduction of key genetic lesions. Through our observations, we 

conclude that Rpl22 prevents t-MN by regulating MGMT and facilitating chemotherapy-

mediated death in clones that would have potential to develop malignancy. 

Results 

Rpl22 Deficient HSPC are Resistant to Alkylating Agents. 

A recent study examined gene expression differences between HSPCs of patients 

undergoing treatment for lymphoma, which is the most common patient type to develop 

t-AML.284  The investigators compared gene expression in pre-malignant CD34+ cells 

isolated from patients that developed t-AML compared to those patients that did not 

develop leukemia.  Interestingly, a number of RP were found to be decreased in the 

patients that developed t-AML.303   The authors interpret these alterations in RP levels as 

largely due to effects on global protein synthesis and its effects on impairing 

hematopoiesis.286,303 However, we believed that RP could also contribute to 

chemoresistance through specific regulatory roles within the HSPC.  Since Rpl22 is a 
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unique RP, which does not affect protein synthesis in HSC when absent, it well suited to 

studying any regulatory roles that RP may have outside of global ribosomal translation. 

We therefore sought to examine whether Rpl22 deficiency could contribute to 

chemoresistance in stem and progenitors of the bone marrow. Given that most patients 

who develop t-AML were treated with alkylating agents we sought to determine if Rpl22 

deficiency would confer resistance to these agents.  Furthermore, since 

cyclophosphamide is one of the most commonly used alkylating agents used to treat 

cancer, we sought to examine its effect on the hematopoietic system of Rpl22-/- mice.   

Mice were injected with a high-dose of cyclophosphamide and the bone marrow 

was analyzed by flow cytometry for evidence of resistance to the drug.  We found that 

the HSC and MPP were significantly spared in our Rpl22 deficient mice (Fig. 23a,b).   

 

Figure 23: Rpl22 Deficient HSPC are Resistant to Cyclophosphamide Treatment. 
(a-b) Percent of HSC and MPP remaining in the bone marrow of Rpl22+/+ and Rpl22-/- 
mice after intraperitoneal injection of cyclophosphamide (200 mg/kg) after 3 days (n=6). 
Measurements were graphed as mean +/- SEM and normalized to vehicle treated control.  
All data were analyzed for significance using the student’s t-test.  
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Since Rpl22 deficiency conferred a survival advantage to the alkylating agent, 

cyclophosphamide, we wondered whether the effects were specific to this drug.  To 

address this question, we treated lineage reduced bone marrow in vitro with several 

alkylating drugs. We observed that the effects were not limited to cyclophosphamide, as 

Rpl22 deficiency spared cells from death by the alkylators temozolomide and 

Methylnitronitrosoguanidine (MNNG), but not against the cytoskeletal drug paclitaxel 

(Fig. 24a-c). 

Rpl22 Deficiency Predisposes to Cyclophosphamide Induced AML. 

Previous work in this thesis has shown that loss of Rpl22 confers a pre-malignant 

phenotype that is predisposed to leukemogenesis with the addition of MLL-AF9 fusion 

oncogene.  Given that Rpl22-/- HSC have a pre-malignant phenotype as well as a 

chemoresistant phenotype, we speculated that we could push these cells to malignancy 

through introducing leukemia-inducing lesions by serially challenging mice with 

alkylating DNA damage.  We found that Rpl22 deficient mice injected for 6 weeks with 

cyclophosphamide developed leukemia-like symptoms and died while Rpl22+/+ mice all 

survived the treatment and showed no signs of leukemia throughout the time course (Fig. 

25a).  Interestingly, while two Rpl22-/- mice died of myeloid disease burden, another 

showed T-cell leukemic burden in the bone marrow (Fig. 25b,c).   
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Figure 24: Rpl22 Deficiency Confers Specific Resistance to Alkylating Agents. (a) 
Lineage reduced Rpl22+/+ and Rpl22-/- cells were cultured for 4, 8, and 16 hours, in liquid 
culture with cytokines and in the presence of temozolomide (160 µM).  Dead Cells were 
identified using propidium iodide. (b) Lineage reduced Rpl22+/+ and Rpl22-/- cells were 
cultured for 24 hours, in liquid culture with cytokines and in the presence of MNNG (7 
µM).  Dead Cells were identified using propidium iodide. (c) Lineage reduced Rpl22+/+ 
and Rpl22-/- cells were cultured for 24 and 48 hours, in liquid culture with cytokines and 
in the presence of varying concentrations of Paclitaxel (11 and 27nM).  Dead Cells were 
identified using propidium iodide. Preliminary data represents experiments performed a 
single time in triplicate.  No statistics were performed on technical replicates. 
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Figure 25: Rpl22 Deficiency Predisposes to Cyclophosphamide Induced 
Leukemogenesis. (a) Rpl22+/+ and Rpl22-/- mice were injected with cyclophosphamide 
(100 mg/kg) for 6 weeks (n≥9).  Following monitored for signs of leukemogenesis (i.e. 
labored breathing, hunched posture, decreased mobility). Significance was determined 
using a Mantel-Cox test. (b) Representative FACS  plot for myeloid cells (Mac-1 + cells) 
in the bone marrow of mice that died of myeloid disease compared to age matched 
untreated mice and mice treated serially with cyclophosphamide but did not develop 
leukemia-like symptoms (c) Representative FACS  plot for T-cells (CD3 + cells) in the 
bone marrow of mice that died of myeloid disease compared to age matched untreated 
mice and mice treated serially with cyclophosphamide but did not develop leukemia-like 
symptoms 
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Rpl22 Loss Contributes to Chemoresistance by Increasing MGMT 

 In order to determine the mechanism by which Rpl22 loss contributes to 

alkylating agent resistant we examined the RNA-seq results from the previous study in 

this thesis.  Within our results we noted that there was a significant increase in expression 

of the DNA repair protein O6-methylguanine methyltransferase (MGMT), also known as 

O6-alkylguanine DNA alkyltransferase.  This result was confirmed using quantitative 

PCR on both HSC and also shown in lineage reduced bone marrow (Fig. 26a,b). The 

function of this enzyme is to repair methylation and alkylation adducts to guanine 

residues. 

 To determine if this effect was specific to increased expression of MGMT we 

attempted to induce sensitization of Rpl22-/- HSPC with the drug O6-Benzylguanine 

(BG). BG is a known competitive inhibitor of MGMT that has been shown to inhibit its 

activity in vivo, and importantly is well tolerated in human trials.304  BG was injected one 

hour prior to injection with cyclophosphamide, as previously described.304,305  

Interestingly, Rpl22-/- HSC and MPP displayed a significant reduction in their resistance 

to cyclophosphamide to WT levels with BG co-treatment (Fig 27a,b).  These results 

indicate that Rpl22-deficient HSPC are resistant to the alkylating agent 

cyclophosphamide and that this effect is mediated by increased MGMT expression.  
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Figure 26: Mgmt Expression is Increased in Rpl22-/- HSPC. (a) qPCR analysis for 
MGMT expression in Rpl22+/+ and Rpl22-/-  HSC and MPP relative to HPRT 
housekeeping gene (n=3). (b) qPCR analysis for MGMT expression in Rpl22+/+ and 
Rpl22-/-  Lineage Negative cells relative to HPRT housekeeping gene (n=2). 
Measurements were graphed as mean +/- SEM and normalized to vehicle treated control. 
All data were analyzed for significance using the student’s t-test. 
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Figure 27: Inhibition of MGMT Sensitizes Rpl22-/- HSPC to Cyclophosphamide. (a) 
Graph depicting the effects of MGMT inhibition on cyclophosphamide induced 
chemoresistance on HSC. Rpl22+/+ and Rpl22-/- mice were injected with 35 mg/kg O6-
benzylguanine 1 hour prior to cyclophosphamide treatment, to inhibit MGMT. (n =6). (e) 
Graph depicting the effects of MGMT inhibition on cyclophosphamide induced 
chemoresistance on MPP. Rpl22+/+ and Rpl22-/- mice were injected with 35 mg/kg O6-
benzylguanine 1 hour prior to cyclophosphamide treatment, to inhibit MGMT. (n =6). 
Measurements were graphed as mean +/- SEM and normalized to vehicle treated control. 
All data were analyzed for significance using the student’s t-test. 

 

Rpl22-/- HSPC are More Resistant to 5-Fluorouracil Treatment 

Of note, MGMT expression has also been shown to increase resistance to 5-

fluorouracil (5-FU) in colorectal and oral cancers.306  Given the correlation between 

MGMT with 5-FU resistance, we sought to determine if Rpl22-/- HSPC would also be 

more resistant to this drug as well. We observed that HSPC display a marked resistance 

to this drug in vivo as well (Fig 28 a-e). In this system we also confirmed that Rpl22-/- 

HSC acquired DNA damage and remained in the bone marrow 5 days after treatment 

with 5-FU, marked by pγH2A.X staining (Fig. 29a). Consistent with the accumulation of 

DNA damage these cells also activated p53 similar to WT cells (Fig. 29b).  Nonetheless, 

when these LSKs from 5-FU treated mice were sorted and applied to colony formation 

assays they showed no decline in function compared to untreated LSK and in contrast to 



102 
 

5-FU treated WT LSK (Fig. 29c).  Interestingly, this resistance to 5-FU allowed Rpl22-/- 

mice to survive significantly longer than WT mice when serially challenged with the drug 

(Fig 30a). Additionally, analysis of the bone marrow indicated a strong pre-leukemic 

state with an large expansion of lineage negative progenitors and LSK cells (Fig 30b,c).  

Furthermore, there was a significant expansion of the GMP cells, consistent with high-

risk MDS patients. 104  

Discussion 

Here we have shown that Rpl22 deficiency confers resistance to the alkylating agent 

cyclophosphamide and 5-FU chemoresistance to HSPC.  This survival advantage allows 

HSC to remain in the bone marrow, despite acquiring genetic alterations that ultimately 

lead to leukemic alterations, as was seen through serial cyclophosphamide treatments.    

These chemoresistant characteristics could be linked to increased MGMT expression in 

Rpl22-/- cells.  This indicates that MGMT repairs enough of the damage (guanine alkyl 

adducts) to maintain cell survival, however, there is an increased likelihood of acquiring 

genetic hits that can initiate leukemia through mismatches (persistent cytosine adducts) as 

well as mutations acquired by strand breaks from alkyl-adduct induced replication errors. 

These observations strongly indicate that Rpl22 deficiency could predispose patients 

harboring Rpl22 deficient pre-leukemic HSPC toward developing t-AML.  Interestingly, 

Rpl22 deficient HSPC were able to be sensitized to alkylating treatment through 

pharmacologic inhibition of MGMT in vivo.  These findings indicate that low Rpl22 

expression may be a useful marker in bone marrow of patients predisposed to developing 

t-AML.  Furthermore, these patients may benefit from the addition of BG to their 

treatment regimen for primary cancers to eliminate pre-leukemic HSC.  
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Figure 28: Rpl22-/- HSPC are Resistant to Treatment with 5-FU. (a-e) Mice were 
treated with an injection of 5 mg of 5-FU, bone marrow was harvested after 5 days for 
flow cytometric analysis of resistance (n= 16).  (a) Flow cytometric analysis of LSK and 
LK cells following 5-FU treatment.  (b) Flow cytometric analysis of early stem and 
progenitors (HSC, MPP) within in the LSK compartment. (c) Graphical representation of 
the remaining LK Cells following 5-FU treatment. (d) Graphical representation of the 
remaining LSK Cells following 5-FU treatment. (e) Graphical representation of the 
remaining early stem and progenitors (HPC-1, HPC-2, HSC and MPP)  following 5-FU 
treatment. Measurements were graphed as mean +/- SEM and normalized to vehicle 
treated control. All data were analyzed for significance using the student’s t-test. 
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Figure 29: Rpl22 Deficient HSPC Acquire DNA Damage by 5FU and Continue to 
Function. (a) Graphical representation of pγH2A.X in HSC measured by flow cytometric 
analysis (n=2) (b) Western blot of lysates from lineage reduced bone marrow, and bone 
marrow from 5-FU treated mice for p53.  Actin is used as a loading control. (c)  LSK 
cells were sorted from mice following treatment with 5-FU.  LSK cells were subjected to 
colony formation assay.  Measurements were graphed as mean +/- SEM and normalized 
to vehicle treated control. 
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Figure 30:  Rpl22 Deficiency Increases Survival from Serial 5-FU injections. (a) 
Survival curve of mice that were injected weekly with 150mg/kg of 5-FU (b) FACS Plots 
of Lineage Negative progenitors in normal WT mice vs. serially injected Rpl22-/- mouse 
at 40 days. (c) FACS Plots of LSK in normal WT mice vs. serially injected Rpl22-/- 

mouse at 40 days. (d) FACS Plots of granulocyte macrophage progenitors (GMP) in 
normal WT mice vs. serially injected Rpl22-/- mouse at 40 days.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

Regulation of Metabolism by Rpl22 in HSC and Myeloid Leukemia 

We have demonstrated that Rpl22 is reduced in a large number of AML patients 

and contributes pathogenesis.  In part, this can be explained by deletions of Rpl22 in a 

subset patients.  However, recently it has also been shown that as HSC age they are able 

to acquire mismatches in regions known as microsatellites.307,308  Microsatellite 

instabilities contribute to pre-leukemic genetic alterations in older stem cells.  

Interestingly, the RPL22 gene contains a microsatellite that we speculate may also be 

altered in the elderly population.  Future studies looking for the presence of mismatches 

in this gene region in HSPC from young, old normal, MDS and AML patients should be 

performed moving forward to determine if this is this represents another mechanism by 

which Rpl22 expression can be reduced.   

Regardless of the mechanism of reduced expression, we have shown that Rpl22 is 

a critical regulator of leukemogenesis through its ability to control HSC function, 

independent of its function in general protein synthesis.   Rpl22 is able to directly bind 

Alox12 and presumably regulate its translation.   This is suggested by the fact that 

increases in Alox12 protein are significantly higher than the changes observed in mRNA 

in Rpl22 deficient HSPC.  Furthermore, in MLL-AF9 transduced LSK, where Alox12 

protein levels were significantly increased, Alox12 mRNA levels were unchanged. While 

these results are most likely explained by a model that that Rpl22 is primarily acting to 
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bind and impair translation of Alox12, it remains possible, though unlikely, that Rpl22 

could also be regulating Alox12 protein stability.  

Regardless, our results indicate that Rpl22 deficiency causes deregulation of 

Alox12 and increases FAO, which impairs differentiation and increases self-renewing 

divisions.  A continuing outstanding question in the field remains how increased FAO 

promotes the maintenance of the stem cell state and self-renewing divisions.  Because 

Rpl22-deficiency promotes stem cell maintenance through increased FAO, but decreases 

oxidative phosphorylation, we speculate that the acetyl-CoA generated by FAO may 

contribute to stem cell renewal through acetylation of histones or other regulating 

proteins that influence the expression of genes responsible for self-renewal.309 

These changes in stem cell behavior predisposed HSPC to leukemic 

transformation by MLL-AF9.  The observed changes in FAO and Alox12 persisted in 

these leukemic cells, which sensitized Rpl22 deficient leukemic cells to treatment with 

FAO inhibiting agents or attenuation of Alox12 activity by knockdown or pharmacologic 

inhibition, both in vitro and in vivo.  Critically, this indicates that the large proportion of 

AML patients with reduced Rpl22 expression could benefit from the addition of drugs 

that interfere with fatty acid metabolism.  While the link between PPAR activation by 

eicosanoids produced by Alox12 has been made in other systems, there are many 

different known ligands that activate PPAR and subsequently of FAO.  Therefore, we 

present here a novel upstream regulator of PPAR in the hematopoietic system.  

Furthermore, inhibition of this upstream enzyme represents a potentially less toxic way to 

impair FAO in patients, given that direct inhibition of β-oxidation systemically is not 

well tolerated in humans.310,311  In addition, future studies should be performed to analyze 
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the efficacy of Alox12 inhibition on preventing leukemic initiation. If effective, this may 

represent a prophylactic treatment that MDS patients could use to prevent the progression 

to AML, with minimal side effects.   

This study has opened up a whole new field of RP regulation to both myeloid 

leukemias and HSC biology.  While we observe one effect that Rpl22 has on 

leukemogenesis other RP are likely playing unique targeted regulatory roles as well, as 

evidenced by the varying spectrum of developmental anomalies associated with 

insufficiency of particular RP seen in ribosomopathies.  Furthermore, we believe that 

Rpl22 may play other roles in regulating metabolism in HSC as well.  As noted in Fig. 

13b, we observed that oxidative phosphorylation was impaired in HSC.  Low activity 

through the electron transport system (ETS) is important to maintaining HSC self-

renewing divisions.  However, when differentiation is induced in HSC they need to alter 

their metabolic properties from anaerobic glycolysis to oxidative phosphorylation to meet 

energy demands.  Inefficiencies in this process can lead to impaired differentiation and 

hematopoietic function. 253,255  Interestingly, within our RNA-seq results we identified 

Atp5e to be reduced in Rpl22-/- HSC.  This protein is a component of Complex V of the 

ETS and is critical for the final transfer of electrons to oxygen.  Future studies will be 

important to determine if reductions of Atp5e and oxidative phosphorylation are also 

playing a role in impairing differentiation in HSC and predisposing to leukemic initiation.  

Understanding these roles that Rpl22 and other RP play in regulating normal HSC 

biology and subsequently how they are pathologically altered in leukemia will be 

important for developing more efficient targeted therapies. 
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Regulation of HSPC Chemoresistance by Rpl22 

In the fourth chapter of this thesis we showed that Rpl22 regulates 

chemoresistance in HSPC.  It accomplishes this through regulation of the DNA repair 

protein MGMT.  Interestingly, however, m-fold prediction software did not find 

predicted binding sites within Mgmt mRNA.  Firstly, this could be due to the inherent 

difficulty in predicting secondary RNA structure.  While m-fold is an invaluable 

prediction software that can focus the study of a large number of candidate genes, it also 

is capable of generating a large number of false negatives and positives.  This, again, is 

the nature of trying to predict folding of a macromolecule with a large number of 

biological variables.   

The second possibility to address this observation is that Rpl22 may act on an 

upstream regulator of MGMT expression.  MGMT has been described to be regulated 

transcriptionally as well as post-transcriptionally by a host of different microRNAs.312  At 

the transcriptional level, MGMT expression is induced by the transcription factors NF-

κB, Sp1, CBP-p300, and HIF-1α.313-316  Interestingly, p53 is known to be a negative 

regulator of MGMT transcription. 317  This indicates that the regulatory role that Rpl22 

plays on MGMT expression is independent of p53 induction, since MGMT expression is 

increased with Rpl22 loss. Previous work from our lab has already shown a role for 

Rpl22 in regulating NF-κB signaling.221  Therefore, this is a likely candidate to explain 

how Rpl22 may be regulating MGMT in HSPC. In moving forward, it remains to be seen 

whether NF-κB signaling is increased in Rpl22 deficient HSPC. And if increased, where 

in the pathway is acting and how is it curbing this pathway when present?  Rpl22 is a 

well-known RNA binding protein, but recently has been shown to interact and regulate 
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protein function.234  Therefore, Rpl22 could also potentially be directly interacting with 

NF-κB and preventing its transactivating ability.    

We also observed that the increased MGMT induced by the loss of Rpl22 was 

able to induce leukemic changes in the HSPC, after serial injections with the alkylating 

agent cyclophosphamide.  This is an important observation, as it demonstrates that Rpl22 

deficient HSPC are in fact predisposed to transformation by alkylating agents.  This 

indicates that patients with identified clones that have reduced Rpl22 expression in the 

bone marrow may benefit from the addition of an MGMT inhibitor (i.e. BG) to their 

chemotherapy regimen for their primary cancer.  This could have the potential effect of 

reducing the incidence of patients that develop t-MN, by eliminating these pre-malignant 

cells.   

While we saw an increase in leukemia-like symptoms and consistent changes in 

the bone marrow of some Rpl22-/- mice, it is interesting that not all mice developed 

malignancy.  Moving forward it will be important to understanding what specific 

acquired genetic alterations led to leukemogenesis.  Even more interesting is that while 

two of the mice developed myeloid disease another mouse developed T-cell disease.  

Additionally, mice that were treated with cyclophosphamide, but did not develop 

leukemia, displayed an intermediate proportion of both T-cells and myeloid cells in the 

bone marrow compared to untreated and leukemic mice.  Together these observations 

indicate several possibilities: 1) the cell of origin is capable of differentiating to both the 

myeloid and the lymphoid lineage with early genetic alterations and only with later 

lesions after development of malignancy does the clone become a myeloid leukemia or 

lymphoid leukemia; 2) the genetic lesions could be affecting multiple HSPC with an 
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intrinsic bias toward the myeloid or lymphoid fate.  Early lesions increase proliferation of 

both myeloid and lymphoid clones, while a later leukemia inducing lesion is acquired in 

either a myeloid-biased clone or lymphoid-biased clone, making it dominant and 

therefore causing T-cell leukemia or myeloid leukemia; or 3) Rpl22 loss may confer 

resistance to a T-cell progenitor that gains a lesion to impart self-renewal.  Understanding 

the acquired mutations and expression profiles in the mice that developed T-cell leukemia 

compared to those that developed myeloid leukemia will educate which of these systems 

is most likely. 

In the last part of the fourth chapter we also demonstrated that Rpl22 deficiency 

confers resistance to HSPC death by the drug 5-FU which confers a survival advantage to 

mice upon serial 5-FU injection.  While all the wild-type mice died of bone marrow 

failure, Rpl22-/- mice survived treatment significantly longer and several of the mice even 

survived through the end of the study.  These mice displayed a strong expansion of HSPC 

and GMP indicating a pre-leukemic state.  However, in future investigations it would be 

interesting to observe whether these mice actually develop signs of leukemia over time, 

similar to the serial cyclophosphamide injected mice.   

A remaining question to this study is the mechanism by which Rpl22 confers 

resistance to 5FU.  While there is a correlation between MGMT expression and 5-FU 

resistance, 5-FU induced DNA damage is not known to be corrected by this repair 

protein.306  5-FU is a nucleoside analogue that acts by both incorporating into nucleic 

acids and inhibiting thymidylate synthase.  There are several possibilities to explain this 

phenomenon: 1) 5-FU is somehow introducing alkyl adducts to DNA that MGMT can 

repair 2) MGMT has other unknown repair mechanisms or 3) Rpl22 is inducing other 
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changes to HSPC that make them resistant to 5-FU independent of their resistance to 

alkylating agents.  These possibilities can be narrowed through inhibition of MGMT prior 

to 5-FU injection in Rpl22 knockout mice.  Understanding this mechanism will be 

important to determine how to best prevent secondary hematopoietic malignancies in 

patients previously treated with this drug. 

Are the Regulatory Roles of Rpl22 Acting Extraribosomally or Through 

Ribosomal Selectivity? 

An overarching question for the work presented in this thesis is how is Rpl22 

performing its regulatory functions.  We have shown that these effects are independent of 

ribosomal protein synthesis or effects on p53 induction.  This suggests that Rpl22 is 

acting independent of its typical role in global translation to target specific mRNA 

targets.  However, how is it possible for a RP to exert targeted effects.   

This can be addressed by looking at the origin of the ribosome itself.  The 

ribosome is such that it evolved first from enzymatic rRNA followed by billions of years 

of additions and substitutions of proteins to this specialized RNA.  These bound proteins 

became known as ribosomal proteins (RP).  These RP act to ensure appropriate folding 

and configuration of rRNA to function optimally in the cell.214,318  However, given that 

many of these RPs were added following the development of enzymatic rRNA it is likely 

that they already had unique functions prior to their function on the ribosome. From this 

perspective of ribosome biology we arrive at two theories that could potentially explain 

RP exerting targeted regulatory functions: 1) The extraribosomal theory: Ribosomal 

proteins can exist off of the ribosome and exert effects directly to their binding partners 
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or 2) The ribosomal specificity theory: the ribosomal composition of RP on the ribosome 

at any given time can alter the structure of rRNA in such a way that confers specificity 

for some mRNA targets over others.   

The ribosomal specificity theory while speculated over a decade ago, has gained 

popularity recently with a publication in which the authors claim that Rpl38 absence from 

the ribosome prohibits the formation of 80S ribosomes onto certain Hox genes.319,320 In 

this paper they find that loss of Rpl38 causes neural tube defects, which are not caused by 

decreased global protein synthesis. Instead these alterations were due to decreased 

translation of a handful of Hox genes, which showed decreased association with 

polysome.  Finally the authors claim that these effects are due to Rpl38 effects on the 

ribosome since cytoplasmic fractions of sucrose gradients without ribosomes do not 

contain any Rpl38 by immunoblotting.319 Unfortunately, the authors do not provide any 

other mechanistic insights.  Furthermore during translation it is the small subunit of the 

ribosome that interacts with initiation factors to start the process of translation.  It 

therefore, remains unclear how Rpl38, a large subunit RP, could interfere with this 

process while bound to 60S ribosomal subunit.  Furthermore, looking for Rpl38 in the 

cytoplasmic fraction of a sucrose gradient devoid of ribosomes, may disregard unbound 

Rpl38 present in the nucleus and even Rpl38 bound to protein-nucleotide complexes in 

the cytoplasm.  Overall, this theory to explain regulatory roles of RP seems unlikely in its 

current state; future developments may address these concerns moving forward.  

The seemingly more plausible explanation for regulatory functions of RP is the 

extraribosomal theory.  This theory holds that RP act off of the ribosome to exert their 

targeted effects.  Unfortunately, due to the importance of most RP’s role in ribosome 
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biogenesis, it can be difficult to distinguish the role that the fraction of an unbound RP 

can have independent of the ribosome.  To study this, you would have to eliminate the 

domain of a RP that was responsible for its extraribosomal function without affecting its 

ribosomal binding capacity.  Unfortunately, these domains are often one and the same, 

the RNA binding domain.  Alternatively, you could eliminate the stability of the RP once 

unbound to the ribosome.   

  Probably, one of the best studies showing this alternative approach in 

investigating extraribosomal function was in a study on Rpl13a.  In this study, the authors 

showed that Rpl13a in response to interferon signaling is phosphorylated by ZIPK.  This 

phosphorylation dissociated Rpl13a from the ribosome where it eventually is able act as 

part of the GAIT (gamma interferon inhibitor of translation) complex to inhibit 

inflammation related transcripts.  Interestingly, the authors find that Rpl13a once 

phosphorylated is rapidly ubiquitinated and degraded. However, the GAIT component 

GAPDH was able to bind and protect Rpl13a from this degradation.  Furthermore, and 

most surprisingly, they identified that S-nitrosylation of GAPDH inhibited its ability to 

bind Rpl13a and subsequently its extraribosomal role in inhibiting translation of 

inflammatory transcripts.321 

Unfortunately, while studies demonstrating targeted regulatory roles independent 

of global translation have been widely documented for many RP, few confirm whether 

the RP is acting on or off the ribosome.  Most studies claiming ribosome specificity make 

inferences based off ribosomal profiling, which could just as easily be explained through 

extraribosomal functions.  Conversely, as mentioned, proving extraribosomal functions 

for most RPs can be difficult, considering that most are indispensable for ribosome 
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biogenesis with the majority of the RP reservoir existing on the ribosome.  Without 

extensive characterizations of the RP domains and functions as seen in the above Rpl13a 

study, demonstrating extraribosomal function can be difficult. We think that Rpl22 in our 

system is acting independent of the ribosome.  In support of this, we find that 

approximately 10% of Rpl22 is unbound to the ribosome.  However, in moving forward 

and to show that Rpl22’s functions are off the ribosome, we will need to more closely 

define the Rpl22 domains, alterations, and binding partners.  In this way, we can more 

precisely eliminate the ability of Rpl22 to either bind the ribosome (acting solely in a 

extraribosomal capacity) or eliminate its stability or ability to act unbound to the 

ribosome (loss of extraribosomal capacity).   
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