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ABSTRACT OF THE DISSERTATION 
 
 
 

Targeting transcriptional and post-transcriptional gene regulation in MLL-AF4 leukemia 
 
 

by  

Tasha Lotus Lin 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Dinesh Subba Rao, Chair 

 

MLL-rearranged (MLL-r) leukemias are a clinically challenging and biologically unique 

subtype of leukemias associated with a poor prognosis and are characterized by their MLL-fusion 

proteins (MLL-FPs) that drive leukemia through epigenetic dysregulation and cooperation with 

downstream regulatory mechanisms. While novel therapeutic strategies for MLL-rearranged 

leukemias have been primarily directed at epigenetic dysregulation and concurrent downstream 

activating mutations or kinases, post-transcriptional gene regulation mechanisms have recently 

emerged as important mediators in MLL-FP leukemogenesis and have the potential to be potent 

combinatorial therapeutic targets. Our group has previously identified and studied the RNA 

binding protein, insulin-like growth factor 2 binding protein 3 (IGF2BP3) as a critical regulator of 

MLL-AF4 leukemogenesis. The goal of this dissertation is to investigate the mechanisms by which 

IGF2BP3 supports MLL-AF4 leukemogenesis and to explore its therapeutic potential by 

investigating combined inhibition of menin-MLL and IGF2BP3 in models of MLL-AF4 driven 

leukemia, in a novel combinatorial therapeutic strategy of targeting leukemia at the transcriptional 

and post-transcriptional level.  

We studied the combined effects of targeting menin-MLL and IGF2BP3 in MLL-AF4 

leukemia using human B-acute lymphoblastic leukemia (B-ALL) cell lines and murine 
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hematopoietic stem and progenitor (HSPCs) immortalized by MLL-Af4 expression in vitro and in 

vivo. In our studies, we harnessed the versatility of these immortalized HSPCs, derived from bone 

marrow of Cas9-EGFP mice, using their abilities to be readily modified by single-guide RNA 

introduction and to provide functional readouts on leukemic initiating cell function and number in 

vitro and in vivo using endpoint colony formation assays and transplantation. We found that 

IGF2BP3 knockdown via CRISPR/Cas9-mediated deletion sensitized human B-ALL cells with 

MLL-AF4 fusion and murine MLL-Af4 HSPCs to treatment with multiple commercially available 

menin-MLL inhibitors, showing anti-leukemic effects of decreased cell growth and increased 

apoptosis in vitro and negative effects on leukemic initiating cells by decreased colony formation 

in endpoint colony formation assays in vitro and by decreased leukemic engraftment in 

transplantation experiments in vivo. With regards to possible underlying mechanism, detailed 

evaluation of colony morphologies, histopathology, and RNA sequencing data all showed a 

consistent shift towards increased differentiation with IGF2BP3 knockdown and menin-MLL 

inhibition. While additional gene expression analyses and molecular studies are ongoing, we have 

noted significant overlap in the differentially expressed genes with MI-503 treatment and IGF2BP3 

knockdown, in biologically relevant pathways, confirming that IGF2BP3 and MLL-Af4 closely 

interact and functionally cooperate to regulate gene expression in MLL-AF4 driven leukemia. 

Lastly, in our in vivo MLL-Af4 leukemia model, IGF2BP3 depletion demonstrated a greater effect 

on increasing survival and delaying leukemia progression than ex vivo MI-503 treatment at the 

chosen micromolar dose, highlighting IGF2BP3 as a potent and promising therapeutic target.  

In summary, our studies confirm a role for IGF2BP3 as an oncogenic amplifier of MLL-

AF4 driven leukemia, with open questions regarding molecular mechanisms and role in leukemic 

stem cell function, and highlight its therapeutic potential, while suggest a promising and novel 

combinatorial approach to targeting leukemia at the transcriptional and post-transcriptional level. 
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CHAPTER I: 

Introduction: 

“Transcriptional and Post-Transcriptional Mechanisms of MLL and Their Disruption in 

MLL-rearranged Leukemias” 
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We begin with a brief introduction into leukemias with translocations in the MLL1/KMT2A 

gene, a subset of leukemias with unique pathologic features and association with poor prognosis. 

Next, we will discuss how MLL-fusion proteins, resulting from these translocations, drives 

leukemia through gene dysregulation. Then, we will discuss the emerging evidence for post-

transcriptional mechanisms for leukemogenesis, focusing on RNA-based mechanisms, including 

our group’s work on implicating the RNA binding protein insulin-like growth factor 2 binding protein 

3 (IGF2BP3) in MLL-Af4 driven leukemia and insights into IGF2BP3’s biochemical function as an 

RNA binding protein. Lastly, we will summarize the current novel therapeutic approaches for 

treating MLL-rearranged leukemia, as background to our work of exploring the therapeutic 

potential of targeting IGF2BP3 and post-transcriptional gene dysregulation as a novel approach.  

 

MLL-rearranged leukemias  

Leukemia is a clonal, malignant disease of hematopoietic tissues that results from somatic 

mutations in a primitive hematopoietic progenitor cell and is characterized by accumulation of 

leukemic blasts in the bone marrow and peripheral blood, resulting in impairment of normal 

hematopoiesis and leading to life-threatening cytopenias. Leukemias with chromosomal 

rearrangements of the mixed-lineage leukemia (MLL, also known as histone-lysine N-

methyltransferase 2A or KMT2A) gene represent an important subset of leukemias due to their 

poor prognosis, lineage infidelity, and unique characteristics that make it a model disease to study 

transcriptional dysregulation in cancer.  

MLL-rearranged leukemias account for more than 70% of leukemias in infants less than 1 

year of age and are associated with a relatively poor prognosis with an overall five-year survival 

rate of approximately 35-50% in infants with MLL-rearranged B-cell acute lymphoblastic leukemia 

(B-ALL), compared to an overall five-year survival rate of > 85% in all pediatric patients with B-

ALL [1-6]. MLL rearrangements are also seen in approximately of 5-10% of adults with acute 
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leukemia and can be seen in therapy-related leukemias following treatment with topoisomerase 

II inhibitors, which carry a very poor prognosis [7-10]. These leukemias can present as acute 

myeloid leukemia (AML), B-ALL, or mixed phenotype acute leukemia (MPAL) with ambiguous 

lineage and co-expression of myeloid and lymphoid markers. Cases of MPAL, as well as evidence 

of phenotypic lineage switching following treatment, demonstrate the lineage infidelity seen in 

MLL-rearranged leukemias, creating a mechanism for relapse and therapeutic challenge [11-14]. 

 

MLL in Normal Hematopoiesis and MLL-rearranged leukemias 

MLL Protein Structure and Function 

Wild-type MLL1 is encoded by the MLL/KMT2A gene located at the 11q23 and is 

structurally and functionally homologous to the Drosophila melanogaster trithorax protein, which 

serve as important epigenetic regulators of homeotic gene expression in embryonic development 

[15-17]. The role of MLL1 in embryogenesis and hematopoiesis has been well-studied, 

establishing MLL1 as essential for proper segment identity and homeotic transformation during 

embryogenesis, embryonic hematopoietic stem cell development, and maintenance of adult 

hematopoietic stem and progenitor cells, through regulation of homeobox (HOX) cluster gene 

expression [18-22].  

The structure of the MLL1 protein has been carefully dissected through numerous studies, 

reviewed, and will be briefly summarized here [23, 24]. The MLL gene encodes a large 3969 

amino acid protein that is cleaved post-translationally by taspase-1 into an N-terminal fragment 

(MLL-N) and C-terminal fragment (MLL-C). MLL-N contains a menin-binding domain, three DNA-

binding AT-hook motifs, two speckled nuclear localization signals, SNL1 and SNL2, and two 

repression domains, RD1 with a CxxC domain and RD2. Th middle portion contains four plant 

homology domains (PHD fingers) that mediate protein-protein interactions, including binding to 

H3K4me2/3, and a bromodomain that recognizes acetylated lysine residues. MLL-C contains a 
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transcriptional activation domain and a SET T (Su(var)3-9, enhancer of zeste, trithorax) domain 

with histone 3 lysine 4 (H3K4) methyltransferase activity and is responsible for Hox gene 

activation [25].  

MLL-N and MLL-C associate with each other as part of a large multiprotein complex that 

regulates chromatin modification and gene expression, including histone deacetylases and 

members of the SWI/SNF chromatin remodeling complex, while association with menin helps 

recruit MLL to the chromatin-binding protein lens epithelium-derived growth factor (LEDGF) and 

promoters of certain cell-cycle regulatory proteins [26-28]. Interestingly, the chromosomal 

rearrangements with the MLL gene that result in MLL-fusion proteins typically retain the N-

terminal portion, but not the middle or C-terminal portions. Therefore, the association of MLL with 

menin/LEDGF is thought to be crucial to the function of MLL-fusion proteins, which will be detailed 

later as an important therapeutic strategy, in addition to the mechanisms of transcriptional 

activation due to the translocation partner.  

Translocations underlying MLL-rearranged leukemia  

Chromosomal rearrangements with the MLL gene have been reported to occur with more 

than 90 different partners, but only 9 specific partners (AF4, AF9, AF10, ENL, AF10, ELL, PTD, 

AF6, EPS15) account for more than 90% of these fusions, with AF9 being the most common 

fusion partner in patients with AML and AF4 in patients with ALL [29]. Multiple fusion partners are 

nuclear proteins involved in transcriptional elongation, interacting with positive transcription 

elongation factor b (pTEFb), RNA polymerase II, and the histone 3 lysine 79 (H3K79) 

methyltransferase DOT1L [30-33]. The recruitment of these proteins involved in transcriptional 

elongation to MLL fusion proteins is thought to result in increased transcriptional activation and 

H3K79 methylation of key target genes, including Hox cluster genes, causing the aberrant gene 

expression underlying leukemogenesis through dysregulation of the normal transcriptional 
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machinery in hematopoietic cells. We will now focus on one of the most common fusion partners, 

AF4, as the current model systems in our lab focus on MLL-AF4 leukemia.  

 

MLL-AF4 Leukemia 

The MLL-AF4 fusion is the most common fusion protein seen in MLL-rearranged leukemia, 

occurring in approximately 40-45% of infant and adult MLL-rearranged leukemias [29]. Patients 

typically present with acute B-cell lymphoblastic leukemia and have a generally poor prognosis, 

as previously noted [1-6]. The MLL-AF4 protein is the result of an in-frame fusion due to a 

t(4;11)(q21,q23) translocation. AF4 is a nuclear protein encoded by the AF4/AFF1 gene and is 

part of the ALF family proteins that share a region known to confer transcriptional activation 

activity that is conserved in MLL1 fusions [34]. It has been shown to be a positive regulator of 

transcription, by interacting with the super elongation complex, pTEFb and DOT1L [26, 30, 32, 

35]. The gene expression profile of MLL-AF4 leukemia has been shown to include stem-cell 

associated genes, including the late HOXA cluster genes, FLT3, MEIS1, PROM1, and RUNX1, 

with increased H3K79 methylation and other genes associated with cell cycle progression, 

apoptosis and cellular transformation, including MYC and BCL2 [36-39]. This unique gene 

expression program suggests that MLL-AF4 directly activates a hematopoietic stem cell-like 

transcriptional program found in leukemic stem cells, as well as key oncogenic signaling pathways 

that are crucial to leukemogenesis [40, 41].  

 

Post-transcriptional mechanisms of leukemogenesis 

Much research has been dedicated towards the underlying transcriptional and epigenetic 

mechanisms that are dysregulated in MLL-rearranged leukemias, as detailed above, given the 

biology of MLL-fusion proteins. However, post-transcriptional regulation of gene expression 

through RNA-based mechanisms by various cis- and trans-acting regulatory elements, such as 
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RNA modifications, microRNAs, long non-coding RNAs, and RNA binding proteins (RBPs), has 

emerged as an important part of gene regulation underlying development and normal physiologic 

processes. Growing research has shown that these post-transcriptional mechanisms are 

dysregulated in cancer and can be hijacked by tumor cells to regulate the fate and function of 

oncogenic RNA transcripts and their subsequent protein expression, driving oncogenesis, 

including in leukemias [42-47].  

Our group has taken a particular interest in RBPs as there is emerging evidence that 

aberrant RBP expression and function is associated with acquisition of cancer stem cell 

phenotypes, which drive aggressive leukemia, resistance to therapy, minimal residual disease, 

and relapse [47-49]. RBPs have the potential to be powerful mediators of oncogenesis and potent 

therapeutic targets, as they can regulate multiple targets throughout different post-transcriptional 

steps, including splicing, polyadenylation, stability, localization, translation, and degradation, 

thereby causing large-scale disruption of downstream regulatory networks [50, 51]. Our group 

has been studying the RBP, insulin-like growth factor 2 binding protein 3, over the last several 

years and its role and function in MLL-AF4 leukemia. Below we will summarize what is known 

about its role in the pathogenesis of leukemia and its biochemical function as an RBP. 

 

The RNA binding protein insulin-like growth factor 2 binding protein 3 in MLL-AF4 leukemia 

Insulin-like growth factor 2 binding protein 3 (IGF2BP3) is an oncofetal RNA binding 

protein that is part of the IGF2BP family of proteins, a group that has been found to be involved 

in a number of various cellular functions, primarily in metabolism and development, and to be 

overexpressed and dysregulated across various cancers [52-55]. This family consists of three 

structurally and functionally related paralogs, IGF2BP1, IGF2BP2, and IGF2BP3, and were 

identified as post-transcriptional regulators of the fetal growth factor IGF2 [56]. IGF2BP3 is 

expressed during embryogenesis and is mostly absent in mature adult tissues, with the exception 
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of reproductive tissues, although its exact physiologic effects remain difficult to elucidate due to 

lack of available knockout in vivo models. In humans, IGF2BP3 has been found to be expressed 

at higher levels in fetal hematopoietic progenitors compared to their adult counterparts and is 

needed to maintain the molecular and phenotypic features of fetal type cells [57]. Overexpression 

of IGF2BP3 have been found in multiple solid tumors, first in pancreatic cancer, and hematologic 

malignancies and has been correlated with more aggressive disease and poor prognosis [58-60]. 

Our group has previously identified and reported the overexpression of IGF2BP3 in MLL-

rearranged B-ALL and showed that enforced expression of IGF2BP3 increased cell proliferation 

in vitro and in vivo and led to a pathologic expansion of hematopoietic stem and progenitor cells 

in a murine hematopoietic system, with features similar to those seen early in leukemogenesis 

[61]. Furthermore, our group found that MLL-Af4 transcriptionally induces IGF2BP3 and tested 

the requirement of IGF2BP3 in a bona-fide model of MLL-Af4 leukemogenesis and found that it 

was required for the efficient initiation of MLL-Af4 leukemia in vivo, using a murine knockout for 

IGF2BP3 (I3KO/MLL-Af4). I3KO/MLL-Af4 mice were found to have increased latency of leukemia 

and survival and decreased leukemic burden [62]. Further characterization of I3KO/MLL-Af4 

leukemia cells showed decrease in leukemic initiating cell number (LIC), as defined as CD11b+c-

kit+ cells, and functionally, decreased reconstitution in secondary transplants, consistent with 

reduction in the effective number of LICs [62]. Altogether, these results strongly implicate 

IGF2BP3 in the pathogenesis of MLL-Af4 leukemia.   

With regards to IGF2BP3’s biochemical function as an RNA binding protein, IGF2BP3 has 

been found to regulate RNA stability and alternative splicing, but the exact molecular mechanisms 

of these processes are of great interest and are still being investigated. Huang et al identified 

IGF2BP3 and other members of the IGF2BP family as readers of N6-methyladenosine (m6A) 

modified RNAs that promote the stability, and therefore, expression of their target mRNAs, 

including oncogenic transcripts such as MYC [63]. Direct targets of IGF2BP3 were found to be 
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enriched for m6A modifications, with loss of binding upon knockdown of METTL14, an enzyme 

that catalyzes N6-adenosine methylation [63]. IGF2BP3 was found to stabilize its mRNA targets 

in an m6A-dependent manner, with accelerated mRNA decay seen in high-confidence IGF2BP3 

targets in HepG2 cells knocked down for IGF2BP3, METTL3 or METTL14 [63].  

Multiple groups, including ours, have contributed to findings that suggest that IGF2BP3 

has a complex interaction with the microRNA machinery and RNA-induced silencing complex 

(RISC), providing another underlying mechanism for its role in RNA stability, in addition to RNA 

modifications as noted above [61, 64, 65]. In Jonson et al, IGF2BP3 was found to act as a potential 

safehouse against let-7 microRNA-mediated decay of oncogenic mRNAs, HMGA2 and LIN28B, 

by segregating these transcripts and other let-7 targets in cytoplasm RNP granules that do not 

contain RISC [64]. In Palanichamy et al, our group observed that in human B-ALL cell lines, REH 

and RS4;11, IGF2BP3 binding sites on target mRNAs, including oncogenic transcripts such as 

MYC and CDK6, were enriched at the 3’UTR near microRNA binding sites [61]. In Ennajdaoui et 

al, another group observed a similar pattern in the position of IGF2BP3 binding sites at the 3’UTR 

of target transcripts in pancreatic cancer cell lines, PANC1 and PL45 [65]. Their work also found 

that IGF2BP3 may modulate the association between RISC and its target transcripts to support 

oncogenesis. IGF2BP3-dependent changes in mRNA expression were inversely correlated with 

Ago2-mRNA association, suggesting that IGF2BP3 may interact with RISC to protect target 

transcripts from microRNA-mediated decay [65]. These targets included HMGA2, a known 

oncogene in human leukemia. The convergence of binding sites of RBPs and microRNAs at the 

3’UTR of these target oncogenic mRNAs strongly suggest a shared physical and regulatory 

interaction among IGF2BP3, RISC, and microRNAs, but additional work remains to determine the 

exact biochemical and molecular actions of these combinatorial mechanisms of post-

transcriptional gene regulation. 
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Lastly, our group implicated a possible role for IGF2BP3 in alternative splicing, a known 

mechanism of RBP function in biological processes including leukemogenesis [66, 67]. In Tran et 

al, IGF2BP3 binding sites were found in intronic regions and the 3’ splice-sites of its target 

transcripts, in addition to within the 3’UTR, in bulk leukemic CD11b+ cells from MLL-Af4 mice and 

MLL-Af4 transformed hematopoietic stem and progenitors cells (abbreviated as Lin-) [62]. Using 

Mixture of Isoforms Bayesian inference model (MISO) analysis of RNA-sequencing data from WT 

or Igf2bp3 KO CD11b+ or Lin- cells, we identified hundreds of transcripts with IGF2BP3-

dependent changes in alternative splicing, which were found to have significant overlap with 

IGF2BP3 binding sites [62]. These results provide indirect evidence that IGF2BP3 may also 

regulate leukemogenesis through alternative splicing, but additional work is needed to test this 

hypothesis and elucidate its molecular mechanisms.  

 

Treatments for MLL-rearranged leukemias  

Therapy for MLL-rearranged leukemias typically consists of the standard-of-care 

treatments based on the type of leukemia, acute myeloid leukemia (AML) or acute lymphoblastic 

leukemia (ALL), and presence of other molecular or cytogenetic features that can be targeted, 

such as presence of BCR-ABL rearrangement, or mutations in FLT3 or IDH1/2. Broadly, treatment 

options include combination chemotherapy, targeted agents against known concurrent activating 

mutations, molecular features or signaling pathways known to be important in the disease 

pathogenesis, such as FLT3 inhibitors, IDH1/2 inhibitors, and BCL-2 inhibitors, hematopoietic 

stem cell transplantation, and immune-based therapies directed against B-cell antigens, CD19 

and CD20, in B-acute lymphoblastic leukemia. Standard-of-care treatment options have also 

grown to include targeted therapy against epigenetic mechanisms, including DNA methylation 

and histone acetylation, with hypomethylating agents and histone deacetylase inhibitors, 

respectively and are used widely in the treatment of hematologic malignancies. Targeting 
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epigenetic dysregulation in MLL-rearranged leukemias has been an area of great interest, given 

increased understanding of how MLL-fusion proteins associate and function with epigenetic 

modifiers, as detailed earlier. Novel treatment approaches for MLL-rearranged leukemias have 

been directed at targeting these MLL-fusion proteins and their known associated epigenetic 

network, which we will review below.  

DOT1L inhibitors 

Disruptor of telomeric silencing 1-like (DOT1L), a histone 3 lysine 79 methyltransferase 

has been shown to be necessary for MLL fusion-mediated leukemogenesis in a number of 

experimental models and has been explored as a potential therapeutic target in MLL-rearranged 

leukemias [68-73]  Several small molecule inhibitors against DOT1L have been developed, 

including EPZ-5676 (pinometostat) and EPZ0004777, and have shown promising pre-clinical 

activity with downregulation of MLL target genes, tumor regression, and prolonged survival in 

animal models for MLL-rearranged leukemia [73-75]. However, in a phase 1 clinical study of EPZ-

5676, modest single-agent activity was seen, and ongoing pre-clinical and clinical studies are 

exploring combinatorial approaches that may potentiate the effect of DOT1L inhibition in MLL-

rearranged leukemias [74, 76]. 

Bromodomain inhibitors 

Bromodomain-containing proteins are a family of chromatin adaptor proteins that 

recognize and bind to N-acetylated lysines on histones and have been found to regulate the 

transcription of important cancer-related genes in MLL-rearranged leukemia. For example, BRD4, 

a member of the bromodomain and extra terminal (BET) family of proteins, was found to interact 

with polymerase-associated factor complex (PAFc), the super elongation complex, and MLL-

fusion proteins and was identified as a possible target in MLL-rearranged leukemia [77]. 

Treatment with the bromodomain inhibitor I-BET151 displaced BRD4 and led to downregulation 

of important oncogenic transcripts BCL2, CDK6 and MYC and anti-leukemic effects in vitro and 
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in vivo in MLL-r leukemia models [77]. Another member of the BET family, BRD9, is part of the 

SWI/SNF chromatin remodeling complex and was found to be important for sustaining MYC 

expression in a number of MLL-rearranged leukemia cell lines [78]. Small molecule inhibition of 

BRD9 with BI-7273 led to inhibition of cell growth and induction of cell differentiation in MLL-AF9 

AML cells through downregulation of MYC [78]. 

Menin-MLL inhibitors 

Menin is a protein encoded by the MEN1 gene and was first characterized as a tumor 

suppressor, as germline mutations in the MEN1 gene were found to result in multiple endocrine 

neoplasia 1, a syndrome in which patients develop tumors of the endocrine glands. However, in 

MLL-rearranged leukemias, it has been found to interact with the N-terminal end of MLL-fusion 

proteins and is essential for leukemogenesis in MLL-rearranged leukemias [79-81]. While its 

mechanism of action is not fully understood either in solid tumors or leukemias, it is known to act 

as a molecular adaptor that interacts with epigenetic regulators and cell signaling molecules [82]. 

Identification of the MLL binding pocket on menin led to the development of small molecule 

inhibitors, targeting this menin-MLL interaction that is known to be essential for MLL-fusion protein 

leukemogenesis [83]. Pharmacologic inhibition of the menin-MLL interaction has been found to 

be an effective in multiple pre-clinical models of MLL-rearranged leukemia, as well as NPM1c 

mutated leukemia, in which there is an upregulation of HOXA and MEIS1 expression, genes 

known to be important in leukemogenesis, including self-renewal and maintenance of leukemic 

stem cells [84-86].  

Borkin et al reported the discovery and activity of MI-503, MI-463, and MI-538 and showed 

that menin-MLL inhibition downregulated expression of MLL-fusion targets, including HOXA9 and 

MEIS1, increased differentiation of leukemic blasts as shown by increased CD11b and decreased 

c-kit expression, and prolonged survival in mouse models of MLL-rearranged leukemia [84]. 

Krivstov et all reported the discovery and activity of VTP50469, a highly selective and orally 
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bioavailable small molecule inhibitor, which induced loss of MLL binding at a specific subset of 

genes and was found to have anti-leukemic effects with prolonged survival in patient-derived 

xenograft (PDX) models of MLL-rearranged AML and ALL [86]. Klossowski et al used the structure 

of MI-503 as a starting point to develop new analogs with increased inhibitory activity and 

improved drug-like properties and reported the discovery and activity of MI-3454 as a highly 

potent inhibitor with subnanomolar activity in PDX models of MLL-rearranged and NPM1 mutant 

AML [85]. VTP50469 and MI-3454 have been developed into clinical grade compounds, as 

SNDX-613 and KO-539 respectively, and have entered clinical trials for patients with 

relapsed/refractory acute leukemias with MLL gene rearrangement or NPM1 mutation.  

 

Combined therapeutic strategies against MLL-rearranged leukemias 

While the development of these novel therapeutic approaches is exciting, combinatorial 

strategies remain a cornerstone of cancer therapy to combat mechanisms of relapse and 

resistance that cancer cells exploit to maintain their survival. Menin-MLL inhibitors are the newest 

class of drugs to enter clinical trials with promising pre-clinical data for treatment of MLL-

rearranged leukemias and AML with NPM1c mutation. Of note, while AML with NPM1c mutation 

is not characterized by MLL-rearrangements, it is a frequent genetic abnormality in AML seen in 

about 20-30% of patients [87, 88]. Kuhn et al showed that NPM1-mutant AML has a leukemogenic 

expression program similar to those seen in MLL-r leukemias, with overexpression of HOX, 

MEIS1, FLT3 and PBX and a dependency on the menin-MLL interaction for growth based on 

experiments using CRISPR/Cas9 deletion and pharmacologic inhibition of menin-MLL1 [89].  

Two phase 1 clinical trials, AUGMENT-101 and KOMET-001, are currently evaluating the 

safety and efficacy of the menin-MLL inhibitors, SNDX-5613 and KO-539, respectively. Data from 

the AUGMENT-101 trial reported in April 2020 at the American Association Cancer Research 

Annual Meeting included 3 patients with MLL-rearranged leukemia, with 2 achieving a response 
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(complete response and partial response with incomplete count recovery), while the third had no 

response and progressive disease [90]. Data from the KOMET-001 trial reported in December 

2020 at the American Society of Hematology Annual Meeting included 12 patients (8 evaluable 

for response) with relapsed/refractory AML. One patient with MLL-r leukemia had stabilization of 

peripheral blood counts, while two heavily pre-treated patients with NPM1-mutated AML achieved 

a complete response [91, 92]. These early results demonstrate clinical activity in patients who 

were heavily pre-treated but suggest room for improvement and need for combination therapy 

given limited response rates. We will review the specific combinatorial strategies that have been 

reported in MLL-rearranged leukemias, as we aim to highlight the novelty of our approach in 

targeting transcriptional and post-transcriptional gene regulation in MLL-rearranged leukemia.  

Several combination strategies with DOT1L inhibitors for the treatment of MLL-rearranged 

leukemia have been investigated and are likely needed given modest single agent activity seen 

in clinical trials [93]. SIRT1, an NAD+-dependent deacetylase, in a genome-wide RNA 

interference screen, was identified as necessary for establishing a heterochromatin-like state after 

DOT1L inhibition [94]. SRT1720, a potent activator of SIRT1, was found to synergize with 

EPZ004777, a DOT1L inhibitor and enhance anti-proliferative activity against MLL-r leukemia 

cells [94]. DOT1L and BRD4, which had both been previously found to be important transcriptional 

activators in MLL-FP leukemogenesis, were found to cooperate functionally to regulate 

transcription of a subset of genes near super enhancers that are important for maintaining MLL-

FP leukemia [95]. Combined targeting of DOT1L and BRD4 using SGC0946 and I-BET 

respectively led to synergistic efficacy against human MV4;11 cells and primary patient samples 

with MLL-rearranged AML [95]. Dafflon et al performed an shRNA sensitizer screen in DOT1L 

inhibitor treated cells and identified that the MLL gene itself or known components of MLL-fusion 

complexes were most enriched in their dropout screen [96]. Combined inhibition DOT1L and 

menin-MLL using EPZ004777 and MI 2-2, respectively, was tested and showed enhanced 
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downregulation of known MLL-FP targets, HOXA9, MEIS1, MYC, and CDK6 and anti-proliferative 

effects in human MLL-rearranged leukemia cell lines in vitro, as well as decreased leukemogenic 

potential in vitro and ex vivo in MLL-AF9 transformed mouse cells, compared to either inhibitor 

alone [96]. 

In addition to combination treatment with DOT1L inhibitors as described above, inhibition 

of menin-MLL has been rationally combined with multiple other targets, including FLT3 inhibitors 

(for leukemia with concurrent FLT3 mutation) [97], BCL-2 inhibitors [98, 99], and CDK6 inhibitors 

[99], and most recently, against IKAROS [100], in the treatment of MLL-rearranged leukemia and 

AML with NPM1c mutation. Fiskus et al observed in menin KO AML MOLM13 cells a reduction in 

MEIS1, FLT3, HOXA9, CDK6, and BCL2 expression, prompting them to see if menin depletion 

would sensitize these cells to treatment with the BCL2 inhibitor venetoclax or CDK6 inhibitor 

abemaciclib. Menin was depleted using multiple methods including CRISPR/Cas9-mediated 

knockout, dTAG-13-induced degradation, and treatment with menin-MLL inhibitors, SNDX-50469 

and SNDX-5613. Co-treatment with SNDX-50469 and venetoclax or abemaciclib showed 

enhanced killing effects compared to single-agent treatment in human-cultured and patient-

derived AML cells expressing MLL-r or NPM1-mutant in vitro. Co-treatment with SNDX-5613 and 

venetoclax in vivo showed decreased leukemic burden and increased survival in cell line and 

patient-derived AML xenografts in vivo, compared to single inhibition. And most recently, Aubrey 

et al used a genome-wide CRISRP/Cas9-based functional genomic screen to look for potential 

resistance mechanisms and synthetic lethal interactions in MLL-r AML MOLM 13 cells treated 

with DOT1L or menin-inhibitors (with VTP-50469 and EPZ-5676, respectively) [100]. While they 

identified IKZF1 (IKAROS), MTA2, and HOAX10 as synthetic lethal targets, they further 

characterized the chromatin co-occupancy and shared protein-protein interactions between 

IKAROS and MENIN and demonstrated synergistic effects with combined targeting of IKAROS 

and MENIN, given readily available drugs that induce IKAROS protein degradation [100]. Their 
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findings suggest that IKAROS, a known critical transcription factor and regulator in various 

processes throughout normal hematopoiesis, functionally cooperates with MENIN to regulate 

gene expression in MLL-r AML and is a potent combinatorial therapeutic target in combination 

with menin-MLL inhibition [100].  

In summary, while there has been a lot of work characterizing the underlying mechanisms 

of leukemogenesis in MLL-rearranged leukemia, including how MLL-FPs drive leukemia through 

interaction with epigenetic cofactors, causing dysregulation of key transcriptional networks and 

aberrant gene expression in hematopoietic stem and progenitor cells, post-transcriptional gene 

regulation mechanisms are emerging to be equally important players that mediate and potentially 

amplify this transcriptional dysregulation upstream. We have demonstrated this paradigm in the 

characterization of the role and function of the RNA binding protein IGF2BP3 in MLL-AF4 

mediated leukemogenesis, as a transcriptional target of MLL-AF4 and critical regulator of MLL-

Af4-mediated leukemogenesis, and have suggested potential molecular mechanisms, including 

enhancing RNA stability and affecting alternative splicing, of key MLL-AF4 and IGF2BP3 targets. 

The work in this dissertation investigates the combined targeting of MLL-AF4 and IGF2BP3 

through chemical and genetic inhibition with menin-MLL inhibitor treatment and CRISPR/Cas9-

mediated depletion of IGF2BP3 and its effects on leukemic growth, differentiation, and gene 

expression. This work aims to further develop IGF2BP3 as a potential therapeutic target, 

introduce a novel therapeutic approach of targeting transcriptional and post-transcriptional gene 

regulation, and further explore the mechanisms by which IGF2BP3 and MLL-AF4 interact to 

dysregulate gene expression in leukemia.  
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Abstract 

RNA binding proteins are emerging as a novel class of therapeutic targets in cancer, 

including in leukemia, given their important role in post-transcriptional gene regulation, and have 

the unexplored potential to be combined with existing therapies.  The RNA binding protein insulin-

like growth factor 2 binding protein 3 (IGF2BP3) has been found to be a critical regulator of MLL-

AF4 leukemogenesis and represents a promising therapeutic target. Here, we study the combined 

effects of targeting IGF2BP3 and the menin-MLL interaction in MLL-AF4 driven leukemia in vitro 

and in vivo, using genetic inhibition with CRISPR-Cas9 mediated deletion of Igf2bp3 and 

pharmacologic inhibition of the menin-MLL interaction with multiple commercially available 

inhibitors. Depletion of Igf2bp3 sensitized MLL-AF4 leukemia to the effects of menin-MLL 

inhibition on cell growth and leukemic initiating cells in vitro. Mechanistically, we found that both 

Igf2bp3 depletion and menin-MLL inhibition led to increased differentiation in vitro and in vivo, 

seen in functional readouts and by gene expression analyses. IGF2BP3 knockdown had a greater 

effect on increasing survival and attenuating disease than pharmacologic menin-MLL inhibition 

with MI-503 alone and showed enhanced anti-leukemic effects in combination. Our work shows 

that IGF2BP3 is an oncogenic amplifier of MLL-AF4 mediated leukemogenesis and is a potent 

therapeutic target and provides a paradigm for targeting leukemia at both the transcriptional and 

post-transcriptional level.  
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Introduction 

Leukemias driven by translocations in the mixed-lineage leukemia 1 gene (MLL1/KMT2A) 

represent a subgroup of particular interest due to their unique clinical and biological 

characteristics and poor prognosis. MLL1 is a H3K4 histone methyltransferase that mediates the 

expression of critical homeobox (HOX) cluster genes in normal hematopoietic stem and 

progenitor cells (HSPCs) and is necessary for definitive hematopoiesis [1, 2]. Chromosomal 

rearrangements in the MLL1 gene result in fusion proteins, with several partners that are part of 

the super elongation complex, leading to aberrant gene expression [3-5]. Comprehensive 

genomic studies of patient-derived MLL-rearranged leukemia cells show that these leukemias 

have very few genetic alterations [6, 7], suggesting that epigenetic dysregulation driven by the 

fusion proteins are largely responsible for leukemogenesis. This is further borne out by 

demonstration of the sufficiency of MLL fusion protein overexpression, e.g., MLL-AF9 and MLL-

Af4, to drive leukemia in both murine and human HSPCs [8-10]. Critical features to MLL-fusion 

protein leukemogenesis include the interaction of the N-terminal end of the MLL-fusion with 

menin, a molecular adaptor protein that interacts with epigenetic regulators and cell signaling 

molecules, in addition to its interactions with downstream chromatin modifiers such as disruptor 

of telomeric silencing 1-like (DOT1L) and the super elongation complex [11-13].  

However, in recent years, the importance of post-transcriptional regulation of gene 

expression by factors such as microRNAs and RNA binding proteins (RBPs) has been 

increasingly appreciated. Our group implicated the oncofetal RBP insulin like growth factor 2 

mRNA binding protein 3 (IGF2BP3) as a critical regulator of MLL-AF4-mediated leukemogenesis 

[14, 15]. We found that MLL-AF4 transcriptionally induced IGF2BP3 and that IGF2BP3 targets 

and regulates important leukemogenic transcripts, amplifying the aberrant gene expression 

initiated by MLL-AF4 [15]. Further, IGF2BP3 is required for the efficient initiation of MLL-Af4 driven 

leukemia and function of leukemic initiating cells (LICs), thereby establishing a critical role of 
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IGF2BP3 in the pathogenesis of MLL-AF4 driven leukemia and its potential as a promising 

therapeutic target. 

Existing strategies for treating MLL-rearranged leukemia include chemotherapy, small 

molecule inhibitors, and CD19-directed therapies (in the case of MLL-rearranged B-acute 

lymphoblastic leukemia). Novel therapeutic strategies for MLL-rearranged leukemia have been 

directed towards targeting the menin-MLL interaction, H3K79 methyltransferase DOTL1, the 

chromatic epigenetic reader BRD4, and epigenetic modifications [16, 17]. Multiple potent 

inhibitors have been developed to target the menin-MLL1 interaction, including MI-503, MI-463, 

MI-3454, VTP-50469, and have demonstrated impressive single-agent activity in preclinical 

studies, with derivatives entering phase I-II clinical trials [18-22]. However, combinatorial 

strategies remain a cornerstone of cancer-directed therapy to combat issues with dose-limiting 

toxicities and drug resistance from single-agent therapy. Therefore, we sought to explore a novel 

therapeutic strategy of combinatorial targeting of leukemia at the transcriptional and post-

transcriptional level. Our approach was to combine the pharmacologic inhibition of the menin-MLL 

interaction with genetic inhibition of IGF2BP3.  

Here, we tested the combined effects of IGF2BP3 knockdown via CRISPR/Cas9-mediated 

deletion and menin-MLL inhibition using commercially available menin-MLL inhibitors in human 

B-ALL cell lines and a murine model for MLL-Af4 driven leukemia [8]. Depletion of Igf2bp3 

sensitized MLL-AF4 leukemia to the effects of menin-MLL inhibition on cell growth and leukemic 

initiating cells. Mechanistically, we found that both knockdown of IGF2BP3 and menin-MLL 

inhibition with the drug MI-503 led to increased differentiation of MLL-Af4 leukemia, with a more 

dramatic effect seen in the combination approach. Concordantly, gene expression analyses 

demonstrated an upregulation of differentiation genes with MI-503 treatment and IGF2BP3 

knockdown. Lastly, we found decreased leukemic engraftment and significantly increased 

survival with IGF2BP3 knockdown in comparison to MI-503 treatment and enhanced anti-
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leukemic effects with combined MI-503 and IGF2BP3 depletion in our in vivo model for MLL-Af4 

leukemia. Together, our work supports the idea that IGF2BP3 is an oncogenic amplifier of MLL-

AF4 mediated leukemogenesis and that IGF2BP3 represents an exciting therapeutic target. Our 

data also supports a novel combinatorial therapeutic strategy of targeting leukemia at both the 

transcriptional and post-transcriptional level.  
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Results 

 

IGF2BP3 knockdown increases sensitivity of MLL-r leukemia cells to menin-MLL inhibition 

in vitro 

Here, we sought to assess the effects of combining menin-MLL inhibition with IGF2BP3 

knockdown in human B-ALL cell lines and murine immortalized HSPCs transformed with MLL-

Af4 (which we will refer to in this paper as MLL-Af4 Lin- as an abbreviation) as a means of 

inhibiting MLL-AF4 leukemogenesis at the transcriptional and post-transcriptional level. To 

knockdown IGF2BP3 in human B-ALL cell lines, we used a two-vector lentiviral system as 

previously described to deliver Cas9 and single-guide RNA (sgRNA) targeting Igf2bp3 (I3KO) or 

non-targeting (NT), in two MLL-AF4-expressing human B-ALL cell lines, RS4;11 and SEM, and 

an additional human B-ALL cell line without MLL-AF4 translocation, NALM6 [23]. To deplete 

IGF2BP3 in MLL-Af4 Lin- cells, MLL-Af4 Cas9-GFP Lin- cells were transduced with a retroviral 

vector containing a sgRNA targeting Igf2bp3 (I3KO or I3-TL1) after MLL-Af4 transformation of 

Lin- cells isolated from bone marrow of Cas9-GFP mice (Figure S1B), in two serial retroviral 

transductions, as previously described [15, 23]. Both guides targeting Igf2bp3 (I3KO or I3-TL1) 

caused decreased IGF2BP3 expression, in comparison to non-targeting controls (NT or NT-TL) 

by Western blot analysis (Figure 1A, S2A). MLL-Af4 Lin- cells treated with menin-MLL inhibitor, 

MI-503, for 4 days showed a dose-dependent decrease in IGF2BP3 expression, consistent with 

our prior findings that MLL-Af4 drives expression of Igf2bp3 [15] (Figure 1B). 

IGF2BP3 knockdown resulted in dramatically enhanced menin-MLL inhibition of cell 

growth in SEM and RS4;11 cells treated with MI-503, MI-463 and MI-538 for 4 days in 

luminescent-based cell viability assays (Figure 1C-D). In contrast, there was no difference in 

sensitivity to effects of menin-MLL inhibition on cell growth in NALM6, a human B-ALL cell line 

without MLL-AF4 translocation, and IGF2BP3 knockdown (Figure 1E). This synergistic effect of 
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IGF2BP3 knockdown and menin-MLL inhibition on cell growth was also seen in our murine MLL-

Af4 Lin- leukemia cells across multiple menin-MLL inhibitors and two different guides targeting 

Igf2bp3 (I3KO, I3-TL1) (Figure 1F, S2D). Treatment with MI-503 did not cause a significant 

increase in apoptosis of MLL-Af4 NT Lin- cells, by annexin V staining or caspase 3/7 activity, 

except at very high concentrations of 1.0µM, consistent with its limited effect on cell growth (Figure 

1F-I). MLL-Af4 Lin- cells depleted for IGF2BP3 (MLL-AF4 Lin- I3KO) showed an increased effect 

of MI-503 treatment on apoptosis, by caspase 3/7 activity and increased annexin V positivity 

(Figure 1G-J). Together, these findings highlight the sensitization of MLL-Af4 leukemia cells to 

menin-MLL inhibition with IGF2BP3 knockdown, with enhanced inhibition of cell growth and 

increased apoptosis.  

 

IGF2BP3 knockdown enhances effect of menin-MLL inhibition on LIC and differentiation. 

Our group has previously shown that leukemic initiating cells (LIC), which are thought to 

be critical in driving relapsed disease, require IGF2BP3 to propagate in vitro and in vivo. Menin-

MLL inhibition has also been shown to decrease the LIC population, consistent with prior 

observations that aberrant MLL expression supports LICs [9, 24]. To further characterize the 

combined effects of IGF2BP3 knockdown and menin-MLL inhibition on LICs in vitro, we seeded 

MI-503 treated MLL-Af4 immortalized HSPCs depleted for IGF2BP3 (I3KO) or non-depleted (NT) 

into endpoint colony formation assays. IGF2BP3 knockdown more significantly reduced total 

colony number than MI-503 treatment (Figure 2A, B). Furthermore, MI-503 treated MLL-Af4 Lin- 

I3KO cells showed further reduction in total colony formation, compared to IGF2BP3 knockdown 

alone, suggesting that the combined inhibitory effect on LICs is at least additive (Figure 2A, B). 

Both MI-503 treatment and IGF2BP3 knockdown in MLL-Af4 Lin- cells showed a shift 

towards more differentiated colony morphologies in endpoint methylcellulose colony formation 

assays (Figure 2C-E) and morphologic changes consistent with increased differentiation (Figure 
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2F). Decreased CFU-GM progenitor colonies and increased CFU-G and CFU-M were seen with 

MI-503, and in I3KO cells, with the maximal effect seen in the combination (Figure 2C-E). This 

pattern of increased differentiation with MI-503 treatment and IG2BP3 knockdown, alone and 

together, was also seen morphologically in cytologic analysis of single cell suspension 

preparations (Figure 2F). The effect of MI-503 treatment is consistent with prior characterization 

of menin-MLL inhibitors in promoting differentiation of MLL-rearranged leukemia [20, 21]. 

Furthermore, the effect of IGF2BP3 depletion seen in MI-503 treated cells (versus MI-503 treated 

MLL-Af4 Lin- NT) show that IGF2BP3 depletion enhances the effect of menin-MLL inhibition on 

differentiation of MLL-Af4 leukemia cells. Together, these findings confirm that both IGF2BP3 and 

menin inhibition affect the number and differentiation state of LICs and that combined inhibition 

appears to have an additive effect in our in vitro assay readouts. 

 

IGF2BP3 knockdown in MLL-Af4 Lin- cells impacts the global transcriptome and leads to 

upregulation of genes involved in differentiation 

To gain insight into how combined menin-MLL inhibition and IGF2BP3 knockdown interact 

and affect gene expression, we performed RNA-seq analysis in MLL-Af4 Lin- cells with the 

following treatment conditions: (1) MLL-Af4 Lin- cells depleted for IGF2BP3 (I3KO) and treated 

with MI-503 (low-dose at 0.2µM, high-dose at 1.0µM) or DMSO control, (2) MLL-Af4 Lin- cells 

non-depleted for IGF2BP3 (NT) and treated with MI-503 (low-dose at 0.2µM, high-dose at 1.0µM) 

or DMSO control. Comparison of differentially expressed genes in DMSO-treated MLL-Af4 Lin- 

cells depleted for IGF2BP3 (I3KO) versus non-depleted (NT) showed dramatic changes in the 

global transcriptome with 4346 upregulated and 1720 downregulated genes, by differential 

expression analysis with DESeq2 [25] (Figure 3A, S3A). In contrast, a smaller number of genes 

were differentially expressed in MLL-Af4 Lin- NT with MI-503 compared to DMSO control, 

particularly at the low-dose concentration (Figure 3A-B, S3A). In comparisons of NT and I3KO 



 

35 

 

cells, we identified a significant enrichment in pathways involved in cell differentiation and 

activation, particularly in leukocytes: neutrophil degranulation, regulation of cell-cell adhesion, cell 

activation, myeloid leukocyte differentiation, and leukocyte migration (Figure 3C). Next, we 

evaluated the differentially expressed genes upon MI-503 treatment in NT and I3KO. Interestingly, 

there is significant overlap between genes that are upregulated with IGF2BP3 knockdown and 

with MI-503 treatment. More than 70% of genes that are upregulated with MI-503 treatment in 

MLL-Af4 NT and I3KO cells are upregulated with IGF2BP3 knockdown (Figure 3G). Furthermore,  

we saw significant enrichment in pathways involved in cell differentiation, with MI-503 treatment 

in both MLL-Af4 NT and I3KO cells, similar to those affected by IGF2BP3 depletion (Figure 3D, 

F). Specifically, analyses on MI-503 treated-MLL-Af4 NT cells using Metascape [26] showed 

significant enrichment in pathways of neutrophil degranulation, oxidative stress and redox 

pathway, leukocyte cell-cell adhesion, myeloid cell differentiation, and regulation of cysteine-type 

endopeptidase activity involved in apoptotic process (Figure 3D). Similar analyses on I3KO cells 

showed significant enrichment in upregulation of transcripts associated with leukocyte migration, 

cell-cell adhesion, positive regulation of cell motility, neutrophil degranulation, and myeloid 

leukocyte activation (Figure 3F).  

We next looked to validate the differentially expressed genes involved in differentiation 

using individual RT-qPCR for these genes of interest. As anticipated, we found a decrease in 

expression of Igf2bp3, and its known target mRNAs, Myc and Hoxa9, in NT cells treated with MI-

503 (Figure 4A-C). Next, we focused on enriched differentially upregulated genes involved in 

leukocyte differentiation, Fcnb, Prg2, Mmrn1, Elane, Ets1, Pram1, Cebpd and Cepbe. A 

significant increase was seen in all of these genes with Igf2bp3 depletion (Figure 4D-K). Fold 

change was significantly higher with I3KO than with MI-503 treatment (Figure 4D-K). For genes 

Fcnb, Prg2, Mmrn1, and Pram1, MI-503 treatment led to a significant increase in expression in 

MLL-Af4 Lin- I3KO cells, while a non-significant increase was seen with the other genes of 
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interest, Elane, Ets1, Cebpd, and Cebpe, suggesting a saturating effect of Igf2bp3 depletion on 

upregulation of these genes involved in differentiation. Together, our analyses demonstrate that 

similar, but not identical, impacts on gene expression are engendered by genetic inhibition of 

IGF2BP3 and menin-MLL inhibition with MI-503.  We propose that these impacts on gene 

expression underlie the phenotypic effects seen upon the co-inhibition of transcriptional and post-

transcriptional gene expression regulation.  

 

IGF2BP3 knockdown and MI-503 treatment decrease engraftment of MLL-Af4 leukemia 

cells in vivo 

To further characterize our findings in vivo, we developed and validated a congenic 

transplantation model for the murine MLL-Af4 leukemia, using the above-described cellular 

systems (MLL-Af4 Lin- NT and I3KO) derived from murine bone marrow (Supplementary Fig S4).  

To assess the effects, we transplanted either NT or I3KO Lin- cells (derived from CD45.2+ mice) 

into CD45.1+ mice following five days of treatment with MI-503 in vitro (Figure 5A). Six weeks 

post-transplantation, evaluation of peripheral blood showed that both treatment with MI-503 and 

IGF2BP3 depletion led to decreased CD45.2+ cells in the peripheral blood, reflective of decreased 

leukemic engraftment (Figure 5B). Mice in these four groups were followed for development of 

leukemia, and at the time of the first mouse showing clinical signs of terminal leukemia (at 8.5 

weeks), all mice were sacrificed. Mice were evaluated for leukemia, as defined by increased 

spleen weight, and presence of increased blasts seen in bone marrow, spleen and/or peripheral 

blood. Depletion of IGF2BP3 led to significantly decreased proportion of mice with gross 

leukemia, decreased bone marrow cell counts, as well as decreased CD11b+ count and 

CD45.2+% in both spleen and bone marrow (Figure 5C, D-I). MI-503 treatment resulted in a 

modest decrease in proportion of mice with gross leukemia, total cellular and CD11b+ counts, 

and CD45.2+% in bone marrow and spleen, compared to DMSO control (Figure 5D). Interestingly, 
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histopathologic analysis at the time of necropsy showed morphologic changes consistent with 

increased differentiation in spleens of mice that were transplanted with leukemic cells that were 

treated with MI-503 or depleted for IGF2BP3, with the cells appearing most differentiated in mice 

transplanted with MI-503 treated I3KO cells (Figure 5J). Furthermore, in our bone marrow 

samples from these mice, we saw an upregulation in genes involved in granulocytic differentiation, 

Cebpe, Elane, Fcnb, Prg1, Mmrn1, and Ets1, in the same pattern, with MI-503 treatment and 

IGF2BP3 knockdown, by performing RT-qPCR using the differentiation genes previously 

identified in our evaluation of the Lin- cells in vitro (Figure S5D-I).  

In addition to the endpoint experiments outlined above, we evaluated mice for overall 

survival and leukemia-free survival in a separate experiment. Mice were closely followed for any 

signs of morbidity, and/or leukemia, and evaluated by increased spleen weight, and presence of 

increased blasts seen in bone marrow, spleen and/or peripheral blood at the time of necropsy. 

Treatment with MI-503 showed a modest effect with a delay in leukemia progression but without 

improvement in overall survival in mice transplanted with MLL-Af4 leukemia (NT, comparison MI-

503 vs. DMSO), in the dose used and the experimental setup deployed here (Figure 5K-L). In 

contrast, IGF2BP3 depletion did significantly increase both overall and leukemia-free survival in 

mice transplanted with MLL-Af4 leukemia (comparison NT DMSO vs. I3KO DMSO) (Figure 5C). 

This increase in overall and leukemia-free survival was also seen in mice transplanted with MI-

503 treated MLL-Af4 leukemia cells (comparison NT MI-503 vs I3KO MI503), highlighting the 

therapeutic potential of targeting IGF2BP3 in addition to menin-MLL inhibition.  
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Materials and Methods 

Cell lines and cell culture 

All cell lines were maintained in standard conditions in incubator at 37°C and 5% CO2. Human B-

ALL cell lines, RS4;11 (ATCC CRL-1873), NALM6 (ATCC CRL-3273), and SEM (DMZ-ACC 546) 

were cultured as previously described [23]. Immortalized MLL-Af4 transformed hematopoietic 

stem and progenitor cells derived from mouse bone marrow (MLL-Af4 Lin- cells) were cultured in 

IMDM with 15% FBS, supplemented with recombinant mouse SCF 100 ng/µL, recombinant 

mouse IL-6 4 ng/µL, recombinant human FLT3 50 ng/µL, and mouse TPO 50 ng/µL.  

 

Plasmids and viral transduction 

The MSCV-MLL-FLAG-Af4 plasmid was generously provided by Michael Thirman (University of 

Chicago) through a material transfer agreement [21]. Single-guide RNAs against mouse Igf2bp3 

and non-targeting guides were cloned into an in-house MSCV-hu6-sgRNA-EFS-mCherry vector 

[23]. Single-guide RNAs against human Igf2bp3 and non-targeting guides were cloned into 

pLKO.sgRNA.EFS.tRFP (Addgene 57823). Single guide RNA sequences are available in the 

Supplemental Table 1. Generation of retroviral and lentiviral supernatants and viral transduction 

were performed according to standard procedures. 

 

CRISPR/Cas9-mediated deletion of IGF2BP3 in cell lines 

Human B-ALL cell lines, SEM, RS4;11, and NALM6 were depleted for IGF2BP3 using lentiviral 

delivery of CRISPR/Cas9 components in a two-vector system previously described [23]. 

Immortalized MLL-Af4 Lin- cells were generated by initially isolating HSPCs from bone marrow of 

Cas9-GFP and then transformed using retroviral transduction with MLL-Af4 retroviral supernatant, 

with four rounds of transduction with MLL-Af4 retroviral supernatant, followed by selection in G418 

supplemented media at 400 µg/mL for 7 days, as previously described [23]. Cells were then stably 
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transduced with lentiviral supernatant containing sgRNA against Igf2bp3 (I3Cr2, I3-TL1) or non-

targeting (NT-1, I3-TL1) and sorted on GFP and mCherry positivity.  

 

Protein extraction and Western blot 

Cell lysates were made and electrophoresed using SDS-PAGE using standard conditions [14]. 

Antibodies used were IGF2BP3 anti-rabbit polyclonal (catalog #RNP009, MBL) and β-actin anti-

mouse monoclonal (catalog A5441, Sigma-Aldrich).  

 

In vitro assays for cell viability, apoptosis, and proliferation, with drug treatment 

Cells were treated with drug or dimethylsulfoxide (DMSO) carrier control at DMSO 0.1%. 

Commercially available menin-MLL inhibitors were obtained as follows: MI-503 (catalog 

SML2520, Sigma-Aldrich), MI-463 (catalog HY-19809, MedChemExpress), and MI-538 (catalog 

HY-19810, MedChemExpress). Cell viability assays were performed using a luminescent assay 

based on ATP quantitation (CellTiterGlo, Promega, catalog G7571), per manufacturer’s protocol. 

1500 cells/well (for 384 well format) and 6000 cells/well (for 96 well format) were plated and 

incubated with drug for four days at 37°C in a 5% CO2 incubator, followed by endpoint assay. To 

measure apoptosis, annexin V staining with Annexin V BV421 (BD Biosciences, catalog 

BDB563873) followed by flow cytometry analysis and a luminescent assay measuring caspase-3 

and -7 activities (Caspase-Glo 3/7 Assay, Promega, catalog, G8091) were performed, per 

manufacturer’s instructions. For Ki67 intracellular staining, cells were fixed and permeabilized 

using intracellular fixation and permeabilization buffer (Invitrogen, catalog 88882400) and stained 

with PerCP/Cyanine 5.5-tagged anti-mouse Ki-67 (Biolegend, catalog 652423).  
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Flow cytometry 

For mouse experiments, peripheral blood was collected at pre-determined time points and bone 

marrow and spleen at time of sacrifice for endpoint analysis. Isolation of single cell suspensions 

and staining with fluorochrome-conjugated antibodies were performed per standard procedures 

[14]. A list of antibodies is provided in Supplemental Table 2. Flow cytometry was performed at 

the UCLA Jonsson Comprehensive Cancer Center and at the Broad Stem Cell Research Flow 

Cores, with subsequent analysis performed using FlowJo software. 

 

Methylcellulose-based colony forming unit assays 

The assay was performed by seeding MLL-Af4 Cas9 Lin- cells after 4 days of drug treatment into 

Methocult colony forming media (STEMCELL Technologies, catalog M3434), at various cell 

seeding densities of 250-5000. Cells in Methocult media were cultured for 10-12 days and 

counted for total colony number and morphologic subtypes.  

 

RNA isolation and qPCR 

Total RNA was extracted from cell pellets using Qiazol (Qiagen) per manufacturer’s protocol. 

Previous protocols were adapted for RT-qPCR as standard procedures [14]. A full list of RT-qPCR 

primers is presented in Supplemental Table 1. For normalization to housekeeping genes, we used 

RT-qPCR primers for human 18S (or actin) and mouse L32.  

 

RNA Sequencing 

Total RNA was extracted from cell pellets using Qiazol (Qiagen) per manufacturer’s protocol with 

the following modification to include an additional RNA ethanol wash step: after the total RNA was 

solubilized in ddH2O, one overnight ethanol precipitation step was included for further purification. 

Libraries were prepared from 2 µg of total RNA per sample using the NEXTFLEX Rapid 
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Directional RNA-Seq Kit 2.0 (Perkin Elmer Applied Genomics), following Poly(A) selection and 

purification using the NEXTFLEX Poly(A) Beads Kit 2.0 per the manufacturer’s protocol (Perkin 

Elmer Applied Genomics), and sequenced on Illumina NovaSeq S4 (UC Davis Genome Center, 

DNA Technologies, and Expression Analysis Core Laboratory), generating 150bp paired-end 

reads. RNA-seq reads were mapped to the mouse genome assembly mm18 using STAR 2.5.3 

and Bowtie 2 [27, 28]. Differentially expressed genes were identified using DESeq2 [25]. Multiple 

testing correction was performed using the Benjamini–Hochberg method. Significant differentially 

expressed genes have adjusted P value =< 0.05 and absolute log2FC >= 1. Enrichment analyses 

were completed with Metascape [26]. 

 

Mice and bone marrow transplantation 

C57BL/6J, B6.SJL-Ptprca Pepcb/BoyJ (B6 CD45.1), and B6J.129(Cg)-Gt(ROSA)26Sor
tm1.1(CAG-

cas9*,-EGFP)Fezh
/J (Cas9-GFP BL/6J) mice were obtained from Jackson Laboratory. MLL-Af4 Lin- 

cells were transplanted into 8–10-week-old CD45.1 female recipients (or C57BL/6J in pilot 

experiments). Recipients were initially conditioned with busulfan 30 m/kg intraperitoneally on D-

3 and D-2, followed by transplantation by retro-orbital injection of 2e5 Lin- cells with 1e5 of 

CD45.1 carrier marrow (with the exception of the experiment in supplemental figure S4, which 

used a dose of 3e5 Lin- cells with 1e5 carrier marrow from CD57Bl/6J mice). 

 

Histopathology 

Cell samples were prepared for Wright staining and microscopy using Shandon Cytospin III 

Centrifuge. Fixation and staining of peripheral blood smears were performed using methanol and 

Wright staining. Fixation and sectioning of mouse tissue samples were performed per standard 

procedures, as previously described [29], and then subsequently processed in the UCLA 
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Translational Pathology Clinical Laboratory. Analysis and review were performed by a board-

certified hematopathologist (DSR). 

 

Statistical analysis 

Data shown represent mean ± SD for continuous numerical data. Two-tailed student’s t tests or 

one-way ANOVA followed by Bonferroni’s multiple comparisons test were performed using 

GraphPad Prism software and conducted as described in the figure legends. Survival analyses 

were performed using Kaplan-Meier method with comparisons made using log-rank tests, 

followed by Bonferroni’s correction for multiple comparisons. A P value less than 0.05 was 

considered significant.  
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Discussion 

In this study, we tested a novel combinatorial therapeutic strategy of targeting MLL-Af4 

leukemia at the transcriptional and post-transcriptional level, using commercially available 

inhibitors of menin-MLL and genetic inhibition of IGF2BP3, an RNA binding protein critical to MLL-

Af4 mediated leukemogenesis. The development of this approach was based on our prior work 

showing that IGF2BP3 is necessary for the efficient initiation of MLL-Af4 driven leukemia, and 

therefore, represents a promising therapeutic target [15]. We found that concomitant targeting of 

IGF2BP3 enhanced the therapeutic effect of pharmacologic menin-MLL inhibition in MLL-Af4 

driven leukemia in our in vitro and in vivo studies. Both inhibition of IGF2BP3 and the menin-MLL 

interaction affect the number and function of leukemic initiating cells, as shown by functional 

readouts in endpoint colony formation assays. Furthermore, detailed evaluation of colony 

morphologies, histopathology, and RNA sequencing data all show a consistent shift towards 

increased differentiation with IGF2BP3 knockdown and menin-MLL inhibition, highlighting a 

mechanism for their combined anti-leukemic effects.  

Our prior work showing the importance of the RNA binding protein IGF2BP3 as a critical 

regulator of MLL-Af4 leukemogenesis has added to growing evidence for the role and function of 

RNA binding proteins as important regulators of oncogenesis and their potential as a novel class 

of therapeutics. Small molecule inhibitors have been developed against a number of these RNA 

binding proteins, including Musashi-2, HuR, LIN28B, and MBNL1, and have been studied as 

single-agents, but have not been combined with therapies directed towards upstream 

transcriptional regulators [30-34]. In the same vein, inhibitors targeted at the menin-MLL 

interaction have been developed for the treatment of MLL-rearranged leukemias and NPM1c 

mutated acute myeloid leukemias but have not been combined with therapies targeting post-

transcriptional gene dysregulation [18-22, 35, 36]. Here, we have shown a potent effect of 

combining genetic inhibition of the RNA binding protein IGF2BP3 and pharmacologic inhibition of 
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the menin-MLL interaction, in our models for MLL-Af4 leukemia, resulting in decreased cell growth 

in vitro and leukemic burden in vivo. These results not only support the combined targeting of 

menin-MLL and IGF2BP3 as a novel therapeutic approach for treatment of MLL-rearranged 

leukemia and highlight an essential interaction between MLL and IGF2BP3 in the gene regulation 

of MLL-Af4 driven leukemia, but also establish support for a novel treatment paradigm of targeting 

transcriptional and post-transcriptional gene regulation.  

With regards to underlying mechanism of IGF2BP3 function in leukemogenesis, we have 

previously shown that deletion of Igf2bp3 led to decreased number and function of MLL-Af4 

leukemic-initiating cells [15]. Borkin et al showed that treatment with menin-MLL inhibitors, MI-

503 and MI-563, led to decreased c-kit (CD117) expression in their MLL-r leukemia cells [20]. 

Because there is some disagreement over which immunophenotypic markers are expressed by 

and used to define leukemic stem cells depending on the model system, we used a functional 

readout for leukemic initiating cells to assess the combined effects of IGF2BP3 knockdown and 

menin-MLL inhibition with in vitro endpoint colony formation assays. We showed a decrease in 

total colony number and shift towards more differentiated colony morphologies, which is 

consistent with prior characterization of the pharmacologic effects of these menin-MLL inhibitors. 

Notably, IGF2BP3 knockdown enhanced the effect of MI-503 in these readouts of LIC function 

and number, suggesting that together inhibition of IGF2BP3 and menin-MLL further target the 

leukemic stem cell, a known critical driver of refractory and relapsed disease [37-40]. 

Furthermore, we tested the combined inhibition of IGF2BP3 and the menin-MLL 

interaction on the ability to initiate MLL-Af4 leukemia in vivo. We demonstrated that transformed 

MLL-Af4 HSPCs can efficiently engraft and initiate leukemia in both syngeneic and congenic mice, 

following limited amounts of time in culture and CRISPR/Cas9-mediated deletion of Igf2bp3. This 

system allows for the genetic manipulation of any gene as the mouse model carries Cas9-eGFP 

in its genome.  We also standardized the model for in vivo engraftment, finding that leukemia 
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engraftment and terminal morbidity occur at about 4 and 8 weeks respectively. Treatment of these 

MLL-Af4 transformed HSPCs with menin-MLL inhibitor in vitro and CRISPR/Cas9-mediated 

deletion of Igf2bp3 effectively reduced leukemic engraftment in vivo, showing that IGF2BP3 and 

menin-MLL inhibition reduce the number and function of leukemic initiating cells and is consistent 

with the results from our in vitro colony formation assays. Hence, this represents a single 

integrated system that allows for both in vitro and in vivo analyses of leukemogenesis.   

In our RNA sequencing experiments, we characterized gene expression changes with 

menin-MLL inhibition and depletion of IGF2BP3 in MLL-rearranged leukemia. We demonstrated 

that both menin-MLL inhibition and IGF2BP3 upregulated genes involved in 

leukocyte/granulocyte differentiation, with a stronger effect seen with Igf2bp3 depletion than 

pharmacologic menin-MLL inhibition alone, and an additive effect in combination with menin-MLL 

inhibition. The results from this gene expression data help provide a molecular explanation for the 

increased differentiation seen with menin-MLL inhibitor treatment, previously reported in studies 

of MI-503, MI-463, and VTP-50469 [18, 20, 21]. Furthermore, the pattern of upregulation of genes 

involved in granulocyte differentiation, seen with MI-503 treatment alone, IGF2BP3 knockdown 

alone, and then combined, mirror the functional and phenotypic outputs of anti-leukemic effects 

on cell growth, differentiation and LIC number and function.  

We demonstrated that menin-MLL inhibition does in fact reduce IGF2BP3 expression, as 

well as expression of known IGF2BP3 targets that are important in leukemogenesis, Hoxa9 and 

Myc, and that the addition of IGF2BP3 knockdown further reduced the expression of these 

important oncogenic transcripts. This effect supports our understanding of IGF2BP3 as an 

oncogenic amplifier of MLL-Af4 mediated leukemogenesis. Prior work from our group and others 

have shown the ability for IGF2BP3 and other RNA binding proteins to affect RNA splicing and 

RNA stability through interaction with microRNAs, the RNA-induced silencing complex, as 

potential molecular mechanisms underlying the RBP’s role and function in oncogenesis [14, 15, 
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41-44]. Elucidating these molecular mechanisms remains an area of great interest and future 

direction for our work. This study provides possible targets of interest that can be studied to further 

understand the interaction between MLL-Af4 and IGF2BP3. For example, in this study, we 

identified Elane as a differentially upregulated gene with MI-503 treatment and IGF2BP3 

knockdown. Interestingly, Elane is also a direct target of IGF2BP3, based on our data from 

enhanced crosslinking-immunoprecipitation experiments in MLL-Af4 Lin- cells [15]. Additional 

studies using functional genomic analyses in which these targets are knocked out would help 

define the contribution of these transcripts to MLL-Af4 leukemogenesis and help elucidate the 

mechanism by which IGF2BP3 contributes to leukemogenesis. Our model system for MLL-Af4 

leukemia using Cas9-expressing MLL-Af4 transformed HSPCs lends itself readily to these 

functional genomic analyses, as multiple targets could be quickly screened using a CRISPR 

sgRNA library in Cas9-expressing MLL-Af4 cells depleted for IGF2BP3. Important functional 

targets could be identified based on their ability to restore growth in IGF2BP3 depleted leukemia 

cells, with in vitro and in vivo screens predicted to show relative enrichment for sgRNAs against 

these targets.  

From the perspective of clinical translation, we look forward to methods of inhibiting 

IGF2BP3 in combination with existing experimental therapeutics, including menin-MLL inhibitors. 

One limitation of our study is that Igf2bp3 deletion occurred prior to the functional readouts that 

we pursued.  Hence, the role of IGF2BP3 in maintenance remains an important and unanswered 

question.  Future studies, using a conditional knockout system and/or protein degradation system, 

will help us further explore the therapeutic potential of targeting IGF2BP3. While developing 

targeting and developing small molecule inhibitors against RNA-binding proteins remains 

challenging, in this study, we have shown that targeting IGF2BP3 had potent anti-leukemic effects 

against MLL-Af4 leukemia in vitro and in vivo, and that this results in additional, anti-leukemic 

effects with menin-MLL inhibitors.  Our studies confirm a role for IGF2BP3 as an oncogenic 
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amplifier of MLL-AF4-driven leukemia and suggest a promising and novel combinatorial approach 

to targeting leukemia at the transcriptional and post-transcriptional level.  
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Figure 3. Increased upregulation of genes involved in differentiation with IGF2BP3 knockdown 

and menin-MLL inhibition in MLL-Af4 leukemia.  
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menin-MLL inhibition in MLL-Af4 leukemia, validated by RT-qPCR.  
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Figure 5. Combinatorial inhibition of menin-MLL and IGF2BP3 decreases leukemic engraftment 

and burden and increases survival in vivo. 
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Supplemental Figure S1. IGF2BP3 knockdown in human B-ALL cell lines and murine MLL-Af4 Lin- 

HSPCs decreases cell growth.  
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Supplemental Figure S2. IGF2BP3 depletion, using alternative guides targeting IGF2BP3, show 

expected changes in downregulation of known IGF2BP3 targets, decreased cell growth, and 

sensitization to menin-MLL inhibition. 
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Supplemental Figure S4. IGF2BP3 knockdown via CRISPR/Cas9 leads to decreased leukemic 

burden in vivo. 
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Supplemental Figure S5. Validation of individual RT-qPCR genes upregulated in differentiation 

pathways in mice transplanted with MLL-Af4 leukemia cells, depleted for IGF2BP3 and treated with 

MI-503 in vitro 
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Figure Legends 
 

Figure 1. IGF2BP3 knockdown increases sensitivity of MLL-r leukemia cells to menin-MLL 

inhibition.  

(A) Western blot analysis showing IGF2BP3 knockdown in RS4;11, NALM6 and SEM cell lines 

and MLL-Af4 Lin- cells (using I3KO sgRNA targeting Igf2bp3 and NT, as a non-targeting guide). 

(B) Western blot analysis showing IGF2BP3 expression in MI-503 treated MLL-Af4 Lin- cells 

depleted (I3KO) or non-depleted for IGF2BP3 (NT). Cells were treated with MI-503 (0.2µM, 1.0µM 

or DMSO control) for 4 days.  

(C-E) Dose-response curves from cell viability assays, using CellTiterGlo, of human B-ALL cell 

lines, SEM, RS4;11, and NALM6, depleted (I3KO) versus non-depleted (NT) for IGF2BP3 treated 

with menin-MLL inhibitors (MI-503, MI-463, and MI-538) for 4 days. Viability has been normalized 

to DMSO control-treated cells not depleted for IGF2BP3 (NT DMSO), mean ± SD, n = 6. 

(F) Dose-response curves from cell viability assays, using CellTiterGlo, of MLL-Af4 Lin- cells 

depleted for IGF2BP3 (I3KO) versus non-depleted (NT) treated with menin-MLL- inhibitors for 4 

days. Viability has been normalized to DMSO control-treated cells not depleted for IGF2BP3 (NT 

DMSO), mean ± SD, n = 6. 

(G) Increased caspase 3/7 activity of MI-503 treated MLL-Af4 Lin- cells depleted for IGF2BP3 

(I3KO) versus non-depleted (NT). Cells treated with MI-503 for 4 days at various concentrations 

for dose-response. Caspase 3/7 activity measured using Caspase-Glo 3/7 and normalized to 

activity of DMSO-treated control, mean ± SD, n = 3. 

(H) Increased Annexin V positivity in MLL-Af4 Lin- I3KO cells (versus NT) and with MI- 503 

treatment (versus DMSO control), mean ± SD, n = 3. (One-way ANOVA with Bonferroni’s multiple 

comparisons test, **p<0.01, ****p<0.0001).  

(I-J) Histograms from representative samples for Annexin V staining, analyzed by flow cytometry. 
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Figure 2. Combined IGF2BP3 knockdown and menin inhibition increases differentiation of 

MLL-Af4 leukemia 

(A) Total colony numbers of MI-503 treated MLL-Af4 Lin- cells, depleted (I3KO) or non-depleted 

(NT) for IGF2BP3. MLL-Af4 Lin- NT and I3KO cells were treated with MI-503 0.5µM for 4 days 

and seeded in methylcellulose colony formation assays, at various initial seeding densities and 

cultured for 10 days. 

(B) Total colony number was reduced with both I3KO and MI-503 treatment in methylcellulose 

colony formation assays, at initial seeding density of 2500, mean ± SD, n =3, one way ANOVA 

with Bonferroni’s multiple comparison’s test (*p <0.05, **p<0.01). 

(C-E) Proportion of CFU-GM colonies is decreased with both I3KO and MI-503 treatment with 

trend towards increased proportion of CFU-G and CFU-M colonies with I3KO and MI-503 

treatment, mean ± SD, n =2 (one-way ANOVA with Bonferroni’s multiple comparisons test, 

**p<0.01, ***p<0.001). 

(F) Wright staining of cytospins of MLL-Af4 Lin- cells depleted for IGF2BP3 (I3KO) or non-

depleted (NT) treated with MI-503 0.5µM (or DMSO) for 4 days. Representative images shown.  

 

Figure 3. Increased upregulation of genes involved in differentiation with IGF2BP3 

knockdown and menin-MLL inhibition in MLL-Af4 leukemia.  

(A) Volcano plot of differentially expressed genes with IGF2BP3 knockdown using DESeq 

analysis on RNA sequencing samples from MLL-Af4 Lin- NT or I3KO cells.  

(B) Volcano plot of differentially expressed genes with MI-503 treatment using DESeq analysis 

on RNA sequencing samples from MLL-Af4 Lin- NT cells treated with MI-503 1.0µM vs DMSO. 

(C) Pathway enrichment for upregulated genes with IGF2BP3 knockdown utilizing Metascape 

analysis webtool on MLL-Af4 Lin− IGF2BP3 DESeq dataset with an adjusted P < 0.05 cutoff. 
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(D) Pathway enrichment for upregulated genes with MI-503 treatment 1.0µM utilizing Metascape 

analysis webtool on MLL-Af4 Lin− NT MI-503 DESeq dataset with an adjusted P < 0.05 cutoff. 

(E) Volcano plot of differentially expressed genes with MI-503 treatment in MLL-Af4 Lin- I3KO 

cells using DESeq analysis on RNA sequencing samples from MLL-Af4 Lin- I3KO cells treated 

with MI-503 1.0µM (versus DMSO control).  

(F) Pathway enrichment for upregulated genes with MI-503 treatment at 1.0µM in MLL-Af4 Lin- 

I3KO cells utilizing Metascape analysis webtool on MLL-Af4 Lin- I3KO MI-503 DESeq dataset 

with an adjusted P < 0.05 cutoff.  

(G) Venn diagram of shared upregulated genes with IGF2BP3 knockdown and MI-503 treatment 

in MLL-Af4 Lin- NT (blue) and I3KO (red) cells. 

  

Figure 4. Increased upregulation of genes involved in differentiation with IGF2BP3 

knockdown and menin-MLL inhibition in MLL-Af4 leukemia, validated by RT-qPCR.  

(A-C) MI-503 treatment at 1.0µM leads to downregulation of Igf2bp3 and known IGF2BP3 targets, 

Myc, Hoxa9, in MLL-Af4 Lin- cells.  

(D-K) Upregulation of genes involved in differentiation with IGF2BP3 knockdown and MI-503 

treatment.  

mRNA expression was measured by RT-qPCR in MLL-Af4 Lin- cells depleted (I3KO) or non-

depleted (NT) for IGF2BP3 and treated with MI-503 1.0µM or DMSO control. Expression shown 

as fold change from NT DMSO (mean ± SD, n=2; one-way ANOVA with Bonferroni’s multiple 

comparisons test ; *p < 0.05, ** p <0.01, ***p< 0.001, **** p< 0.0001). 
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Figure 5. Combinatorial inhibition of menin-MLL and IGF2BP3 decreases leukemic 

engraftment and burden and increases survival in vivo.  

(A) Schematic of BMT of MI-503 treated MLL-Af4 Lin- cells, depleted (I3KO) or non-depleted (NT) 

for IGF2BP3. Cells treated with MI-503 0.5µM (or DMSO control) for 5 days in vitro were 

transplanted into CD45.1 recipients following busulfan conditioning.  

(B) Decreased peripheral blood engraftment of leukemic cells by CD45.2+% with MI-503 

treatment and I3KO, at D42 (mean ± SD, n = 8 mice per group; one way ANOVA with Bonferroni’s 

multiple comparison’s test, * p< 0.05). 

(C) Decreased proportion of mice with leukemia with MI-503 treatment and IGF2BP3 knockdown, 

(8 mice per group; Fisher’s exact test, * p< 0.05, ** p < 0.01). Mice were all evaluated at necropsy 

at 8.5 weeks after first mouse developed signs of terminal leukemia. 

(D-I) Decreased leukemic burden seen with IGF2BP3 knockdown and MI-503 treatment in NT 

groups, based on total counts, CD11b+ counts and CD45.2+% by flow cytometry in spleen (D-F) 

and bone marrow (G-I) (mean ± SD, n = 7-8 mice per group; one way ANOVA with Bonferroni’s 

multiple comparison’s test, * p< 0.05, ** p< 0.01, *** p < 0.001, **** p <0.0001). Mice were all 

evaluated at necropsy at 8.5 weeks after first mouse developed signs of terminal leukemia. 

(J) Histopathology shows increased differentiation in spleens of mice transplanted with MLL-Af4 

leukemia with IGF2BP3 depletion and MI-503 treatment, as seen by decreased nucleus-to-

cytoplasm ratio and presence of mature granulocytes and megakaryocytes. Images are from 

representative mice in each group.  

(K-L) Increased overall survival and leukemia survival with IGF2BP3 knockdown and MI-503 

treatment in NT groups (n = 8 mice per group; Kaplan-Meier with log-rank test, * p< 0.05, ** p< 

0.01, *** p < 0.001). Comparisons made versus NT DMSO. Follow-up to 15 weeks with terminal 

sac of remaining mice. 
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Supplemental Figure S1. IGF2BP3 knockdown in human B-ALL cell lines and murine MLL-

Af4 Lin- HSPCs decreases cell growth.  

(A) Cell viability of SEM, RS4;11 and NALM6 cells depleted for IGF2BP3 (I3KO) or non-depleted 

(NT) was measured using CellTiterGlo, at multiple timepoints over 120 hours, and is plotted as 

fold change from D0, mean ± SD, n =6.  

(B) Schematic for generation of MLL-Af4 transformed HSPCs depleted for IGF2BP3 using 

CRISPR/Cas9 by harvesting HSPCs from bone marrow of Cas9-GFP mice, followed by MLL-Af4 

transduction, and then retroviral transduction to introduce sgRNA targeting Igf2bp3 or non-

targeting guides. 

(C) Cell viability of MLL-Af4 Lin- cells depleted for IGF2BP3 (I3KO) or non-depleted (NT) was 

measured using CellTiterGlo, at multiple timepoints over 120 hours, and is plotted as fold change 

from D0, mean ± SD, n =6. 

(D) Total colony number is reduced with IGF2BP3 knockdown in MLL-Af4 Lin- cells in 

methylcellulose colony formation assays. MLL-Af4 Lin- depleted for IGF2BP3 (I3KO) or non-

depleted (NT) were seeded at an initial seeding density of 5000 cells, followed by 10 days in 

methylcellulose culture media. Mean ± SD, n =2 (t- test, ** p < 0.01). 

(E) Ki67 positivity by FACS staining in MLL-Af4 NT and I3KO Lin- cells treated with MI-503 0.5µM 

or DMSO control, mean ± SD, n =2. (One-way ANOVA with Bonferroni multiple comparisons test) 

(F) Total colony number of MI-463 treated MLL-Af4 NT and I3KO Lin- cells is reduced with 

IGF2BP3 knockdown in methylcellulose colony formation assays. MLL-Af4 Lin- cells depleted for 

IGF2BP3 (I3KO) or non-depleted (NT) were treated with MI-463 0.5µM or DMSO control for 5 

days before seeding 500 cells into methylcellulose culture media for 12 days. Mean ± SD, n =2 

(One-way ANOVA with Bonferroni multiple comparisons test, * p < 0.05, ** p < 0.01). 
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Supplemental Figure S2. IGF2BP3 depletion, using alternative guides targeting IGF2BP3, 

show expected changes in downregulation of known IGF2BP3 targets, decreased cell 

growth, and sensitization to menin-MLL inhibition. 

(A) Western blot analysis showing IGF2BP3 knockdown in MLL-Af4 Lin- cells (using I3-TL1 

sgRNA targeting Igf2bp3 and NT-TL, as a non-targeting guide). 

(B) Expression of Ig2bp3 and known downstream targets was decreased, as measured by RT-

qPCR (mean ± SD, n=2; t-test; *p < 0.05, ** p <0.01, ***p< 0.001, **** p< 0.0001). 

(C) Cell viability of MLL-Af4 Lin- cells depleted for IGF2BP3 (I3-TL1) and non-depleted (NT-TL) 

was measured using CellTiterGlo, at multiple timepoints over 120 hours, and is plotted as fold 

change from D0, mean ± SD, n =6.  

(D) Dose-response curves from cell viability assays, using CellTiterGlo, of MLL-Af4 NT-TL and 

I3-TL1 Lin- cells treated with menin-MLL inhibitors, MI-503 and MI-463, for 4 days. Viability has 

been normalized to DMSO control-treated cells not depleted for IGF2BP3 (NT-TL DMSO), mean 

± SD, n = 6. 

 

Supplemental Figure S3. Differentially expressed genes in MLL-Af4 Lin- cells with 

depletion of IGF2BP3 and treatment with menin-MLL inhibitor, MI-503.  

(A) Number of differentially expressed genes with MI-503 treatment (0.2 µM or 1.0 µM) vs. DMSO 

control for 4 days and with IGF2BP3 depletion (I3KO vs. NT) in MLL-Af4 Lin- cells, by DESeq 

analysis on RNA sequencing samples. 

(B) Pathway enrichment for downregulated genes with IGF2BP3 knockdown in MLL-Af4 Lin- 

cells utilizing Metascape analysis webtool on MLL-Af4 Lin− IGF2BP3 DESeq dataset with an 

adjusted P < 0.05 cutoff. 

(C) Pathway enrichment for downregulated genes with MI-503 treatment (1.0 µM) in MLL-Af4 

Lin- NT utilizing Metascape analysis webtool on MLL-Af4 Lin- NT MI-503 DESeq dataset with an 
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adjusted P < 0.05 cutoff.  

(D) Pathway enrichment for downregulated genes with MI-503 treatment (1.0 µM) in MLL-Af4 

Lin- I3KO utilizing Metascape analysis webtool on MLL-Af4 Lin- I3KO MI-503 DESeq dataset 

with an adjusted P < 0.05 cutoff.  

 

Supplemental Figure S4. IGF2BP3 knockdown via CRISPR/Cas9 leads to decreased 

leukemic burden in vivo. 

(A) Schematic of bone marrow transplantation of MLL-Af4 Lin-  knocked out for IGF2BP3 (I3KO) 

vs. control (NT), using CRISPR/Cas9 mediated knockdown. 

(B) Decreased leukemic burden in peripheral blood with IGF2BP3 knockdown, based on 

GFP+mCherry+ cells by FACS at D23, mean ±SD, n = 8 mice/group (t test, **** p < 0.0001). 

(C-D) Decreased proportion of mice with gross leukemia or pre-leukemia in I3KO mice, in timed 

sac at D30. Leukemia defined as spleen weight > 150 mg or presence of leukemic blasts in 

peripheral blood or bone marrow. Pre-leukemia was defined based on morphologic changes seen 

on histopathology. N = 8 mice/group (Fisher’s exact test, *** p < 0.001). 

(E-H) Decreased leukemic burden in spleens of I3KO mice, as shown by weights, counts, 

CD11b+% and mCherry+GFP+%, mean ±SD, n = 8 mice/group (t test, * p < 0.05, *** p < 0.001, 

**** p < 0.0001). 

(I-K) Decreased leukemic burden in bone marrow of I3KO mice, as shown by counts, CD11b+% 

and mCherry+GFP+%, mean ±SD, n = 8 mice/group (t test, *** p < 0.001, **** p < 0.0001). 

 

Supplemental Figure S5. Validation of individual RT-qPCR genes upregulated in 

differentiation pathways in mice transplanted with MLL-Af4 leukemia cells, depleted for 

IGF2BP3 and treated with MI-503 in vitro 
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Expression of genes of interest in bone marrow of mice transplanted with MI-503 treated MLL-

Af4 Lin- NT or I3KO cells was measured by RT-qPCR. MLL-Af4 Lin- cells depleted (I3KO) or non-

depleted (NT) for IGF2BP3 were treated with MI-503 0.5µM (MI-503) or carrier control (DMSO) 

for 5 days in vitro before transplantation. Mice were sacrificed at 8.5 weeks at first signs of first 

mouse developing terminal leukemia. Gene expression data shown from selected mice in each 

group. Shown as fold change from NT DMSO (mean ± SD, n=2; one-way ANOVA with 

Bonferroni’s multiple comparisons test ; *p < 0.05, ** p <0.01, ***p< 0.001, **** p< 0.0001). 
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Supplemental Tables 

 

Supplemental Table 1. Single-guide RNA sequences and qPCR primer sequences 

sgRNA sequences 

Name Target Sequence 

NT Non-targeting (human) TAGACAACCGCGGAGAATGC 

I3KO IGF2BP3 (human) ATTCCAGTAAGGACCAAGCT 

NT Non-targeting (mouse) GAGGTATTCGGCTCCGCG 

I3KO Igf2bp3 (mouse) GATGGCGCCAACGGACAGGG 

NT-TL Non-targeting (mouse) GAATCCATTCAGTTTGTCTA 

I3-TL1 Igf2bp3 (mouse) ATGTTGCAGTTCGGCTCGAT 

Mouse qPCR primers 

Gene Forward primer Reverse primer 

Fcnb CACTATTCGTCTTGACCCTGAC GGTCCAGTTGGTCCCTCTTT 

Prg2 TGAAACTTCTGACTCCAAAAGCC CGGCATTAGCTCTTCCCCT 

Mmrn1 GGTCTTCAGGCTTACCAACAC GAGTGGCCGAGAGCACTTG 

Ets1 GGGTGATGTGGGCTGTGAAT TGGGTAGGTAGGGTTGGCTC 

Cebpe GCAGCCACTTGAGTTCTCAGG GATGTAGGCGGAGAGGTCGAT 

Cebpd CGACTTCAGCGCCTACATTGA CTAGCGACAGACCCCACAC 

Elane AGCAGTCCATTGTGTGAACGG CACAGCCTCCTCGGATGAAG 

Pram1 GAAACCTTCATATCCTCAAGCCA GCTGTGGATGCTTCTTAGGGAA 

Igf2bp3 CCTGGTGAAGACGGGCTAC TCAACTTCCATCGGTTTCCCA 

Hoxa9 AAAACACCAGACGCTGGAAC TCT TTTGCTCGGTCCTTGTT 

Myc ATGCCCCTCAACGTGAACTTC CGCAACATAGGATGGAGAGCA 

Spib AGGAGTCTTCTACGACCTGGA GAAGGCTTCATAGGGAGCGAT 
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PML CAGGCCCTAGAGCTGTCTAAG ATACACTGGTACAGGGTGTGC 

CDK6 TCTCACAGAGTAGTGCATCGT CGAGGTAAGGGCCATCTGAAAA 

L32 AAGCGAAACTGGCGGAAAC TAACCGATGTTGGGCATCAG 

Hoxa10 GAAGAAACGCTGCCCTTACA GATTCGGTTTTCTCGGTTCA 

Hoxa7 ATGTGAACGCGCTTTTTAGC ATTGTATAAGCCCGGCACAG 

Meis1 CTCCCTTCAGTGCAGCAGTT CTGTCAATCACAGGCGAGGT 

 

Supplemental Table 2. Antibodies for flow cytometry 

Antibody Vendor/Catalog Number 

CD45.1 APC/Cy7 Biolegend, 110716 

CD45.2 APC Biolegend 109814 

CD11b PE/Cy7 Biolegend, 10216 

B220 PerCP/Cy5.5 Biolegend, 103236 

Annexin V BV421 BD Biosciences, B563873 

Ki67 PerCP/Cy5.5 Biolegend, 652423 

CD3e-Biotin Biolegend 100304 

CD4-Biotin eBioscience 13-0041-82 

CD8-Biotin Biolegend 100704 

B220-Biotin Biolegend 103204 

NK1.1-Biotin Biolegend 108703 

Ter119-Biotin Biolegend 116204 

TCR b Biolegend 118103 

TCR gd  Biolegend 109203 
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Conclusions 

MLL-rearranged leukemias are a subtype of leukemias associated with a poor prognosis 

and have unique biological features in which they are characterized by their MLL-fusion proteins 

(MLL-FPs) that drive leukemia through dysregulation of critical transcriptional networks and co-

regulatory mechanisms. While novel therapeutic strategies for MLL-rearranged leukemias have 

been primarily directed at epigenetic dysregulation and concurrent downstream activating 

mutations or kinases, post-transcriptional gene regulation mechanisms have recently emerged as 

important mediators in MLL-FP leukemogenesis and have the potential to be potent combinatorial 

therapeutic targets. Here, we build on prior work that has shown that the RNA binding protein, 

IGF2BP3, is an important regulator and amplifier of MLL-AF4 leukemogenesis and a promising 

therapeutic target and to explore a novel therapeutic strategy of combinatorial targeting of 

leukemia at the transcriptional and post-transcriptional level by investigating combined inhibition 

of menin-MLL and IGF2BP3 in models of MLL-AF4 driven leukemia.  

We found that IGF2BP3 depletion sensitized human MLL-AF4 leukemia cells and murine 

MLL-Af4 HSPCs to menin-MLL inhibition in vitro, with increased inhibition in cell growth and 

increased apoptosis. Mechanistically, we found that combined menin-MLL inhibition and 

IGF2BP3 knockdown led to increased differentiation of MLL-Af4 leukemia as seen in functional 

readouts. These findings were further supported by gene expression analyses showing an 

upregulation of differentiation genes with menin-MLL inhibition and IGF2BP3 knockdown both in 

vitro and in vivo. Ongoing analyses are being performed to explore potential mechanisms through 

which menin-MLL inhibition and IGF2BP3 knockdown lead to increased differentiation and their 

combined anti-leukemic effects, including curating differentially expressed genes (with MI-503 

treatment or IGF2BP3 knockdown) as known MLL-Af4 (or MLL-AF4) targets and/or known 

IGF2BP3 targets, using published and available MLL-Af4 (MLL-AF4) chromatin-
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immunoprecipitation sequencing (ChIP-seq) data [1-3] and our group’s IGF2BP3 crosslinking 

immunoprecipitation data [4, 5].  

Lastly, we studied the combined effects of menin-MLL inhibition with MI-503 treatment ex 

vivo and IGF2BP3 knockdown on the ability of treated cells to establish MLL-Af4 leukemia in mice 

and found decreased leukemic engraftment and burden in mice transplanted with MLL-Af4 I3KO 

cells, with a further decrease seen in mice transplanted with MI-503 treated MLL-Af4 I3KO cells. 

We also saw a survival benefit in mice transplanted with MLL-Af4 I3KO cells versus MI-503 

treated MLL-Af4 NT cells but did not observe an additional survival benefit to IGF2BP3 depletion 

with MI-503 treatment. The lack of a combined effect on survival in vivo may be a limitation of our 

study with regards to powering the study to detect a difference in survival based on the number 

of animals, leukemic burden in control mice, or length of follow-up. We currently addressing these 

limitations with repeat experiments, but these results also highlight the potent effect of targeting 

IGF2BP3 alone, especially in comparison to menin-MLL inhibition, a novel therapeutic strategy 

that is currently in early clinical trials. Altogether, our studies confirm a role for IGF2BP3 as an 

oncogenic amplifier of MLL-AF4 driven leukemia and suggest a promising and novel 

combinatorial approach to targeting leukemia at the transcriptional and post-transcriptional level. 

 

Using Cas9-expressing HSPCs transformed by retroviral introduction of oncogenes 

In addition to presenting the conclusions of our work and future directions, we would like 

to discuss the model system used in our studies, immortalized Cas9-expressing HSPCs following 

retroviral introduction of oncogenes. This has been a powerful tool for us to study MLL-Af4 

leukemogenesis and has the flexibility to be a tool to model and study other types of leukemia. 

Lin et al made a significant advance in developing a high-titer MLL-Af4 retrovirus that contained 

the N-terminal sequence of human MLL with the murine homolog of the human AF4 protein that 

allowed for the transformation of murine HSPCs and human CD34+ HSPCs isolated from cord 
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blood [1]. These MLL-Af4 transformed HSPCs were immortalized in in vitro cell culture and 

reliably engrafted in sub-lethally irradiated C57BL/6 mice and manifested a leukemia with 

myelomonocytic morphology [1]. Interestingly, human CD34+ MLL-Af4 transformed HSPCs 

initiated an acute lymphoblastic leukemia when transplanted into NSG mice. While there are some 

limitations in using an MLL-Af4 induced AML to study MLL-AF4 leukemogenesis, as this typically 

gives rise to an acute lymphoblastic leukemia, this model recapitulates the molecular aspects of 

MLL-AF4 leukemia with significant overlap in targets, with known human MLL-AF4 targets as 

identified by ChIP-seq, and gene expression signatures of MLL-AF4 leukemia cells. Therefore, 

this model of MLL-Af4 transformed HSPCs has provided us with a powerful tool to study MLL-Af4 

driven leukemia in vitro with functional readouts such as cell growth, proliferation, apoptosis, and 

colony formation and in vivo with leukemic engraftment in a syngeneic, immunocompetent mouse 

model, in addition to studying the changes in gene expression at the transcriptional, post-

transcriptional and protein levels. We can subsequently attempt to validate and extend the 

relevance of our findings from this model of MLL-Af4 leukemia into a human ALL model, using 

MLL-Af4 transformed human CD34+ cells. 

Furthermore, we have expanded on the utility of this system as a model by harvesting our 

HSPCs from Cas9 mice, which provides great flexibility to quickly knockdown genes of interest 

using CRISPR/Cas9 based strategies or more broadly perform CRISPR-based functional 

genomic screens to dissect loss-of and gain-of function phenotypes in vitro and in vivo [6]. We 

have also been able to generate other model systems of leukemia using retroviral vectors 

expression known oncogenes or fusion proteins, including MLL-AF9, AML1-ETO, MYC, 

NRAS
G12D

, NPM1c, and FLT3-ITD, highlighting the flexibility and applicability of this approach to 

generate novel tools.  
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Future Directions 

Role of IGF2BP3 in maintenance of leukemia 

While our work has highlighted the importance of IGF2BP3 in the initiation of MLL-Af4 

leukemia through knockout models in vitro and in vivo for IGF2BP3, ongoing and future studies 

have been aimed at assessing the role of IGF2BP3 in maintenance of leukemia. We have 

attempted to develop conditional knockout systems for IGF2BP3 in hematopoietic cells using the 

Cre-Lox recombination system, under the control of an interferon-inducible promoter (Mx1-Cre) 

and tamoxifen-inducible promoter (CreERT2). As previously reported, we engineered 

Igf2bp3flox/flox 
mice in collaboration with the University of California Irvine Transgenic Mouse 

Facility [4]. To generate an inducible knockout in hematopoietic cells, we bred Igf2bp3flox/flox 
mice 

to Mx1-Cre mice to generate Mx1-Cre; Igf2bp3 flox/flox
 mice and were successfully able to induce 

Igf2bp3 deletion upon polyinosinic:polycytidylic administration. To evaluate the requirement of 

Igf2bp3 in MLL-Af4 leukemia, we next looked to transform HSPCs from Mx1-Cre; Igf2bp3flox/flox
 

mice by overexpression of MLL-Af4 using retroviral transduction, but unfortunately, found 

spontaneous deletion of Igf2bp3 following transformation. This phenomenon is unfortunately a 

known issue for inducible Cre-Lox systems and has been reported in the setting of retroviral 

introduction of oncogenes, which is thought to induce an interferon response, the same signal for 

Mx1-Cre induction [7]. We unfortunately found similar background deletion upon MLL-Af4 

retroviral transduction in CreERT2; Igf2bp3flox/flox 
HSPCs, limiting our ability to use either model as 

a conditional knockout system to assess the role of IGF2BP3 in maintenance of leukemia.  

We are currently developing a targeted protein degradation system for the inducible 

deletion of IGF2BP3 upon administration of small molecule degraders based on the dTAG system 

[8, 9] in order to address the question of IGF2BP3’s requirement in the maintenance of MLL-Af4 

leukemia. We would plan to knock-in FKBP12
F36V

 at the endogenous Igf2bp3 locus in MLL-Af4 

transformed HSPCs and first validate the ability to degrade IGF2BP3 rapidly upon dTAG-13 
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administration in vitro and confirm the inhibitory effect of IGF2BP3 degradation on leukemic cell 

growth in vitro. We would then transplant these cells into busulfan-conditioned CD45.1+ recipients 

following our established protocols and would expect engraftment of MLL-Af4 leukemia around 4 

weeks based on our prior experience with this transplant model. Following leukemic engraftment, 

as confirmed by peripheral blood analysis for CD45.2+ cells, we would then treat with dTAG-13 

in vivo to degrade IGF2BP3 quickly and assess its impact on leukemia maintenance. Leukemic 

burden will be monitored by serial peripheral bleeds with flow cytometric analysis for CD45.2+ 

and then at the time of necropsy, in peripheral blood, bone marrow, and spleen by counts, flow 

cytometry, and histopathology.  

 

Role of IGF2BP3 in leukemic stem cells and leukemia relapse 

Our work has implicated IGF2BP3 in supporting leukemic stem cell function (LSC) through 

functional readouts of the effects of Igf2bp3 deletion in vitro, showing decreased colony formation 

in endpoint colony formation assays, and in vivo with decreased leukemic engraftment in bone 

marrow transplantation assays and in serial, secondary bone marrow transplants [5, Chapter 2]. 

Future experiments are aimed at identifying and better characterizing these LSCs within our 

model systems for MLL-Af4 leukemia with a priori defined markers, using a combination of 

immunophenotyping with flow cytometry analysis [10-12], enrichment using reactive-oxygen 

species based sorting [13-15], and single cell RNA sequencing [16-18]. Furthermore, given the 

difficulty of identifying such a priori markers in LSCs, single-cell RNA sequencing would give us 

the opportunity to better dissect and characterize the different stem/progenitor populations that 

are supported by IGF2BP3 and insight into the critical gene expression programs underlying 

leukemogenesis.  

Identification of such markers or expression profile specific to LSCs would also allow us 

to further study the role of IGF2BP3 in the setting of relapse or drug resistance, two major clinical 
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scenarios in which LSCs have been implicated [19-22]. To study the role of IGF2BP3 in the 

relapse setting, we will utilize a leukemia relapse model in which mice with MLL-Af4 leukemia are 

treated with cytarabine, which causes an initial leukemic remission followed by subsequent 

relapse [23]. IGF2BP3 degradation would then be induced using the dTAG system described 

above to determine the effect of IGF2BP3 on leukemic progression in the relapse setting and on 

the number of leukemic stem cells. We could design similar studies in drug resistant models, in 

which we deplete IGF2BP3 from drug-resistant leukemic cells that have grown out in vitro or in 

vivo and see if loss of IGF2BP3 restores sensitivity to drug treatment and assess if there is a 

correlation with the number of LSCs.  

 

Molecular mechanisms of IGF2BP3 

Our work here has highlighted IGF2BP3 as an oncogenic amplifier of MLL-Af4 mediated 

leukemogenesis, but much remains to be answered with regards to the molecular mechanisms 

of its function as an RNA binding protein. In Chapter I, we briefly summarized work done by our 

group and others, implicating IGF2BP3’s function in alternative pre-mRNA splicing [5] and RNA 

stability based on its probable association with the RNA-induced silencing complex (RISC) and 

microRNAs at the 3’UTR of oncogenic transcripts [4, 24] and interactions with m
6
A-modified RNAs 

[25]. We have postulated potential models for how IGF2BP3 is a multifunctional RNA binding 

protein that acts as an oncogenic m
6
A reader, interacts with RISC to protect oncogenic transcripts 

from microRNA-mediated decay, and mediates alternative splicing events at the 3’ splice site, to 

regulate and amplify the aberrant gene expression program underlying leukemogenesis.  

We will plan to investigate how alternative splicing of known oncogenic IGF2BP3 targets 

(such as Hoxa7, Hoxa9, Cdk6, and Bcl2) affects leukemogenesis through (1) complementation 

experiments with spliced isoforms in MLL-Af4/I3KO Lin- cells and (2) enforced isoform-specific 

expression through deletion of splice sites using CRISPR/Cas9 homology-directed repair in MLL-
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Af4 Lin- cells. Functional readouts will include in vitro cell growth and colony formation assays 

and in vivo transplantation assays for leukemic initiation, as previously used by our group [5, 26] 

and within this thesis in Chapter 2 and discussion of the MLL-Af4 Lin- system in this chapter.  

We are also planning to investigate, in collaboration with our colleagues in the Sanford 

group at UCSC, how IGF2BP3 targets and stabilizes m
6
A modified mRNAs and potentially 

modulates the interaction between RISC and its target transcripts, which are possibly enriched 

for m
6
A modifications. We would first look globally for the presence of m

6
A modified transcripts in 

our MLL-Af4 I3KO and NT Lin- cells using m
6
A CLIP and then overlap these with our existing 

RNA-Seq data from MLL-Af4 I3KO and NT Lin- cells identifying transcripts that are differentially 

expressed with IGF2BP3 knockdown and IGF2BP3 CLIP data identifying direct targets of 

IGF2BP3. This global analysis would allow us to identify m
6
A-modified RNAs that are likely to be 

regulated by IGF2BP3 and test the premise of whether IGF2BP3 acts as an oncogenic m
6
A reader 

within our MLL-Af4 leukemia model. Subsequent validation would be performed using RNA 

immunoprecipitation with m
6
A, followed by RT-qPCR to quantify RNA bound.  We can further 

validate the specificity of IGF2BP3 binding to these m
6
A modified targets of interest and explore 

whether IGF2BP3 stabilizes m
6
A modified RNAs by protecting them from RISC-mediated 

degradation by assessing the impact of m
6
A loss on binding to IGF2BP3 and the RISC-associated 

protein AGO2, by inhibiting METTL3 and METTL14, enzymes that catalyze the N
6
-adenosine 

methylation, and performing subsequent RNA immunoprecipitations with IGF2BP3 and AGO2, 

followed by RT-qPCR to quantify RNA bound.  

To further understand how IGF2BP3 modulates mRNA-RISC interactions, we would 

perform a global analysis of transcripts whose association with the RISC protein AGO2 may be 

regulated by IGF2BP3. We would generate MLL-Af4 I3KO and NT Lin- cells from Halo-Ago2 mice 

that express the endogenous Halo-Ago2 allele to facilitate AGO2 immunoprecipitation 

experiments [27]. AGO2-mRNA complexes would be immunoprecipitated from MLL-Af4 I3KO and 
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NT Lin- cells and then sequenced to assess for global changes in AGO2 binding and delineate 

transcripts of interest whose binding to AGO2 correlates with changes in IGF2BP3 expression. 

Based on our model, we would anticipate that oncogenic transcripts that are known IGF2BP3 

targets, such as Hoxa9, might be found to be more susceptible to AGO2 binding upon IGF2BP3 

knockdown and could be validated in subsequent RNA immunoprecipitations with AGO2. 

 

Development of small molecule inhibitors against IGF2BP3 

Studies, including our own work implicating IGF2BP3 in the pathogenesis of MLL-Af4 

mediated leukemogenesis, have highlighted IGF2BP3 as a potential therapeutic target in multiple 

cancers. RNA binding proteins have emerged as a novel class of therapeutics for which small 

molecule inhibitors are being developed. Ongoing and future work in our group is aimed at 

targeting IGF2BP3 therapeutically by developing small molecule inhibitors using strategies 

adapted from prior large-scale screens based on inhibiting the RNA-protein interaction [28, 29]. 

Development of a small molecule inhibitor against IGF2BP3 is an exciting next step into 

developing IGF2BP3 as a therapeutic target and will also allow us to address several of the 

limitations of our current tools for study, using deletion of IGF2BP3 with CRISPR/Cas9-mediated 

knockdown, genetic knockouts, and small-interfering or short hairpin RNAs against IGF2BP3.  

 

Use of menin-MLL inhibitors for the treatment of patients with leukemia 

Two menin-MLL inhibitors, SNDX-5613 and KO-539, are currently in clinical trials for 

patients with relapsed/refractory acute myeloid leukemia with MLL-rearrangement or NPM1c 

mutation, with the latter drug trial currently being active at our institution. Given our interest in 

developing therapies for patients with MLL-rearranged leukemia and our work in studying how 

targeting IGF2BP3 can enhance the anti-leukemic effects of menin-MLL inhibitors, we have an 

excellent opportunity to further understand how patients respond to menin-MLL inhibition by 
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obtaining patient samples at the time of diagnosis, response, progression, or relapse. Bulk and 

single-cell RNA sequencing of leukemic blasts from patient bone marrow or peripheral blood may 

help identify biomarkers of response, one of which may be IGF2BP3 expression, and mechanisms 

of relapse to menin-MLL inhibition. Understanding how these leukemias respond and relapse to 

treatment will help us design future combination therapeutic strategies with menin-MLL inhibition 

and clarify how IGF2BP3 may be a useful therapeutic target.  
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“Focused CRISPR-Cas9 genetic screening reveals USO1 as a vulnerability in B-cell acute 
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