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Abstract

Unraveling the Mechanisms of IMP3 Binding Specificity in B-Cell Acute Lymphoblastic

Leukemia

Skylar Kensinger

Post-transcriptional regulation of gene expression is a complex process involving RNA

binding proteins (RBPs) that play a crucial role in mRNA metabolism. RBPs recognize and

bind to specific RNA sequences, influencing RNA fate and function. Dysregulation of RBPs

has been implicated in various cancers, including hematological malignancies such as B-cell

acute lymphoblastic leukemia (B-ALL). The insulin-like growth factor 2 mRNA binding protein

3 (IMP3/IGF2BP3) is an oncofetal RBP that is overexpressed in cancer and has been

associated with poor prognosis and resistance to treatment. Despite its significance in cancer,

the mechanisms driving IMP3 binding specificity remain poorly understood. In this study, we

employed enhanced crosslinking and immunoprecipitation (eCLIP) to investigate the binding

specificity of IMP3 in B-ALL cells. By comparing IMP3 targets and binding sites in multiple

B-ALL cell lines, we aimed to identify common binding patterns specific to B-ALL and validate

genuine leukemogenic IMP3 targets. Our findings shed light on the mechanisms underlying

IMP3 binding specificity in B-ALL and provide insights into its role in gene regulation during

leukemogenesis. Understanding IMP3-mediated gene regulation in leukemia has the

potential to uncover novel therapeutic targets and advance personalized treatment strategies

for B-ALL and other cancer types.
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1. Introduction

1.1 Post-Transcriptional Regulation

The process of gene expression regulation is governed by the central dogma of molecular

biology, which posits that genetic information flows from DNA to RNA to protein. To ensure

precise regulation of genetic information, complex molecular machinery and systematic

interactions tightly control each phase: transcription of DNA to RNA and translation of RNA to

proteins. Historically, the critical role of a third intermediate stage, post-transcriptional

regulation (the process between transcription and translation), was underappreciated due to a

lack of technology capable of accurately studying gene expression regulation at the RNA

level. However, recent technological advancements have expanded our understanding of the

importance of post-transcriptional processes underlying gene expression. One such

breakthrough is RNA sequencing, which has transformed gene expression analysis by

enabling researchers to map and study transcriptomes down to a single cell level [1].

Critically, RNA sequencing technology has revealed a vast network of protein-RNA

interactions involved in pre-mRNA processing and has provided insights into how these

interactions ultimately impact gene expression [2-6].

1.2 RNA Binding Proteins: Key Regulators of Gene Expression

Among the many molecular interactions that constitute mRNA processing, one of the most

notable discoveries was that the establishment of ribonucleoprotein (RNP) complexes formed

between RNA binding proteins (RBPs) and RNA significantly impacts RNA fate and function.

Consequently, RBPs are considered key regulators of post-transcriptional regulation and play

an essential role in gene expression. RBPs are proteins that recognize and bind to various

sequence and structural motifs on RNA via RNA binding domains (RBDs) such as RNA

recognition motifs (RRMs), hnRNP K homology domains (KHs), DEAD box helicase domains,

and many others that have been (and yet to be) discovered [7,8]. RBPs play a role in each

stage of RNA metabolism, including maturation, transport, stability, and degradation of RNA
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molecules [9,10]. Furthermore, many RBPs are multifunctional and can regulate different

steps in gene expression [11]. The effect that an RBP has on its target RNA depends on a

wide variety of factors, many of which have yet to be uncovered. Studies have shown that

RBPs preferentially bind to specific regions of RNA transcripts, suggesting that binding

location plays a vital role in determining the effect on RNA fate and function [12]. RNA binding

specificity depends, in part, on the specific RBDs within each protein [13, 14]. For example,

the KH domains of the IMP3 protein have been associated with binding to the DRACH motif

on specific RNA transcripts, while the RRMs are hypothesized to play a role in stabilizing

binding to the specific motif [15-18].

KH domains and RNA recognition motifs (RRMs) are critical components of RBPs that are

crucial for determining binding specificity. KH domains are structurally conserved domains

found in various RBPs, enabling them to recognize and bind to specific RNA sequences.

These domains form an RNA-binding pocket that interacts with the target RNA, facilitating

stable and specific interactions. Similarly, RRMs are another class of RNA binding domains

commonly found in RBPs. RRMs exhibit a modular structure and can recognize specific RNA

motifs through interactions with RNA bases and backbone. The combination of KH domains

and RRMs allows RBPs to recognize and bind to distinct RNA sequences, contributing to

their binding specificity. The precise arrangement and composition of these domains within

RBPs contribute to the diversity of RNA targets that can be recognized and regulated. The

intricate interplay between KH domains, RRMs, and other RNA binding domains empowers

RBPs to selectively interact with their target RNAs, ultimately influencing gene expression

and RNA fate. However, further study is required to understand the complete mechanism that

drives RBP binding specificity; and doing so will aid in elucidating the roles and mechanisms

of multifunctional RBPs in gene expression regulation.
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1.3 Hematological Cancers

RBP dysregulation has been observed among numerous cancer types, and aberrant

expression of RBPs in these cancers is often associated with poor prognosis and resistance

to treatment [19-21]. A fascinating example is the dysregulation of RBPs in the development

and progression of hematological cancers such as leukemia [23,24]. However, the roles and

mechanisms of many RBPs in tumor progression are challenging to understand due to their

versatility and tissue-specific functions [22]. Elucidating the mechanisms behind the roles of

RBPs in cancer will allow for their use as therapeutic targets in developing effective treatment

strategies and combating treatment resistance.

Recent advances in the methodology used to study leukemic cell lines have allowed for the

classification of leukemogenic types based on disease progression, cell type, and the

genomic patterns exhibited by each. The four main types of leukemia include chronic myeloid

leukemia (CML), acute myeloid leukemia (AML), chronic lymphoblastic leukemia (CLL), and

acute lymphoblastic leukemia (ALL) [25]. Myeloid leukemia occurs among the myeloid cells,

which mature in the bone marrow and give rise to certain types of white blood cells.

Lymphoblastic leukemia (aka lymphocytic) occurs among lymphocytes, a primary type of

white blood cell that matures outside the bone marrow and gives rise to all immunological

white blood cells. Chronic leukemia cases are characterized by slow progression and do not

require immediate treatment. In contrast, acute leukemia cases progress faster and more

aggressively than their chronic counterparts and typically require immediate treatment

strategies. Each type of leukemia can be further classified into specific subtypes based on its

origin. For instance, mixed lineage leukemia (MLL) involves a chromosomal rearrangement at

the 11q23 locus, which results in the formation of oncogenic fusions between the MLL gene

and genes that are not canonically related [26]. Consequently, a series of leukemogenic

signaling pathways specific to each fusion pair are triggered and typically involve the

dysregulation of post-transcriptional processes mediated by aberrant RBPs [27]. Such is the

case with AF4-MLL B-cell acute lymphoblastic leukemia (AF4-MLL B-ALL), where MLL fuses
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with the AF4 gene, a transcription factor involved in leukemogenesis, activating the IMP3

protein. [28].

1.4 IMP3, a Multidomain Oncofetal RBP

The insulin-like growth factor 2 mRNA binding protein 3 (aka IMP3/IGF2BP3) is a

multifunctional RBP initially identified in 1997 by Mueller-Pillasch et al. while screening for

genes differentially expressed in pancreatic cancer [30]. Since then, IMP3 has been defined

as an oncofetal RBP that maintains mRNA stability during embryogenesis and is

overexpressed among multiple cancer types [31-33]. Previous studies have demonstrated

that IMP3 plays a crucial role in regulating oncogenic gene expression, and its aberrant

overexpression is associated with poor prognosis and resistance to treatment, particularly in

mixed-lineage leukemia (MLL) [34]. Because IMP3 has a clear role in cancer, this RBP has

promising potential as a therapeutic target. However, a limited understanding of IMP3

mechanisms and target specificity hinders the road to clinical translation.

IMP3’s role and mechanism in oncogenic gene regulation depend on the context of its

binding partners and disease type [35]. It is hypothesized that IMP3 can regulate oncogenic

gene expression through mRNA localization, degradation, stability, and alternative splicing,

which are all contingent upon its interactions with the target transcript [36]. However, what

drives IMP3 binding specificity remains an important question. Evidence suggests that the

four KH domains on the IMP3 protein are responsible for recognizing and binding to specific

binding sites on target mRNA transcripts and that its two RRMs help guide the protein to

these sites and stabilize the interaction [18,38]. Furthermore, IMP3 binding specificity seems

to occur preferentially, specifically favoring the DRACH motif and the 3’ UTR of target

transcripts [34,37,38,39]. Each binding domain may be able to recognize, guide, and bind to

distinct sequence motifs depending on the genetic environment. Therefore, understanding the

role of individual binding domains under specific conditions is fundamental to elucidating the

mechanisms that drive RBP binding specificity.
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1.5 Mechanisms of IMP3 Activity in Oncogenesis

IMP3 has emerged as a significant player in many types of cancers, including pancreatic

cancer and leukemia [30, 34]. Studies have revealed that IMP3 plays a role in various

aspects of cancer progression, including tumor growth, invasion, and metastasis. In

pancreatic cancer, IMP3 has been implicated in promoting epithelial-mesenchymal transition

(EMT), a process that enhances cancer cell migration and invasion. IMP3 has also been

found to regulate key signaling pathways involved in pancreatic cancer, such as the

PI3K/AKT and Wnt/β-catenin pathways, further contributing to tumor development and

progression [46, 47]. Additionally, IMP3 has been explored as a potential biomarker for

pancreatic cancer diagnosis and a therapeutic target for novel treatment strategies [48].

Likewise, IMP3 has been implicated in the context of leukemia, particularly B-cell acute

lymphoblastic leukemia (B-ALL) [34]. In B-ALL, IMP3 dysregulation has been observed, with

increased expression levels detected in leukemic cells compared to normal cells. Studies

have suggested that IMP3 plays a role in the pathogenesis and progression of B-ALL. It has

been associated with abnormal cell proliferation, enhanced cell survival, and resistance to

chemotherapy [23]. Moreover, IMP3 has been implicated in regulating critical signaling

pathways involved in leukemogenesis, such as the Notch pathway. Studies by our lab in

collaboration with the Rao lab at UCLA have demonstrated through multiple binding assays

that IMP3’s binding pattern in B-ALL reflects a preference for the 3’UTR of its target mRNAs

[29]. Furthermore, IMP3 binding to the 3’UTR often overlaps with binding sites for micro

RNAs (miRNAs) that target the same transcript. This observation led to the hypothesis that

IMP3 may control the RNA-induced silencing complex (RISC) access to mRNA, amplifying

oncogenic gene expression. The dysregulation of IMP3 in B-ALL underscores its potential as

a therapeutic target and a prognostic marker. Further investigations into the precise

mechanisms by which IMP3 influences B-ALL development and its interaction with other
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molecular players will enhance our understanding of leukemogenesis and potentially lead to

the development of novel treatment approaches for this aggressive form of leukemia.

1.6 Methods for Analyzing Protein-RNA Interactions

The most commonly used strategies to study protein-RNA interactions are

immunoprecipitation-based assays such as RNA immunoprecipitation (RIP) assays or

crosslinking and immunoprecipitation (CLIP) assays [40]. Both approaches have improved

over the years as technology advanced, including the addition of high-throughput sequencing

(RIP-seq/CLIP-seq). While both approaches can isolate and identify protein-bound RNA

sequences, CLIP uses ultraviolet light to irreversibly covalently link RBPs to target RNAs,

stabilizing the bound complex before isolation by RNase treatment and immunoprecipitation.

Over time, CLIP has evolved to fit various applications. However, the two main CLIP methods

used to identify RBP binding sites are iCLIP (individual nucleotide resolution crosslinking and

immunoprecipitation) and eCLIP (enhanced crosslinking immunoprecipitation). While both

iCLIP and eCLIP can map protein-RNA interactions at a single nucleotide resolution, eCLIP

offers increased specificity by utilizing two single-strand adapter sequences before PCR

amplification and a size-matched input control, reducing duplication rates, amplification bias,

and non-specific background signal that is commonly observed with iCLIP [42].

In this study, we utilized eCLIP to investigate the binding specificity of IMP3 in B-cell acute

lymphoblastic leukemia (B-ALL) cells. To gain a comprehensive understanding, we compared

IMP3 targets and binding sites identified in SEM cells with the binding patterns observed in a

previous study conducted by our lab using REH and RS4;11 cells [34]. By examining IMP3

targets and binding sites across multiple B-ALL cell lines, we aimed to validate genuine

leukemogenic IMP3 targets and identify common IMP3 binding patterns specific to B-ALL.

This comparative approach sheds light on shared IMP3 binding patterns unique to B-ALL and

reveals potential targets and binding patterns specific to particular leukemogenic cell lines.

This information is crucial for developing innovative therapeutic strategies tailored to each
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subtype of B-ALL, thereby promoting a more personalized approach to leukemia treatment

and potentially extending to other cancer types.

By unraveling the similarities and differences in IMP3 binding patterns among various B-ALL

cell lines, we gain deeper insights into the underlying mechanisms of IMP3 binding specificity

in B-ALL and its role in regulating gene expression during leukemogenic progression. This

knowledge not only advances our understanding of IMP3's function in B-ALL but also paves

the way for leveraging IMP3 and other RBPs as therapeutic targets for the development of

novel treatment modalities in leukemia and other cancer types. Thus, unraveling the

mechanism behind IMP3-mediated gene regulation in leukemia holds great promise for

accelerating therapeutic advancements in the field.

2. Materials and Methods

2.1 Cell Preparation

SEM I3KO/NT suspension cells were cultured in 90% IMDM supplemented with Penicillin,

Streptomycin, and 10% FBS. A total of 7x10^7 cells were titrated to yield 100 ug RNA per

condition (NT and I3KO). Three replicates per condition were crosslinked via ultraviolet light

at 235 -nm wavelength and sent out to ECLIPSE Bio for eCLIP analysis.

2.2 Enhanced crosslinking-immunoprecipitation (eCLIP)

eCLIP-seq was performed according to the protocol by Eclipse BioInnovations on three

technical replicates and a size-matched input (smInput) control using Anti-IMP3

(Human/Mouse) pAb (Polyclonal Antibody) [43]. Peak data was analyzed via Eclipse

BioInnovation’s software pipeline.
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3. Results

3.1 Enhanced Crosslinking and Immunoprecipitation of IMP3

We employed eCLIP-seq to uncover the specific mRNA targets associated with IMP3 in SEM

cells (Figure 1A). The presence of IMP3 protein was confirmed through Western blot

analysis, which demonstrated its presence in 10% of the IMP3 immunoprecipitated (IP)

samples from SEM cells. As a control, 1% of input samples from HEPG2 cells were used

(Figure 1B). To assess the presence of RNA bound to the protein, nucleic acid staining of the

bound proteins was performed and quantified using Tapestation (Figure 1C, 1D). The

successful confirmation of IMP3 protein presence in the immunoprecipitated samples from

SEM cells, along with the control HEPG2 cells, validates the specificity of our experimental

approach. The nucleic acid staining further supports the binding of RNA to the IMP3 protein,

providing additional evidence for the RNA-binding capacity of IMP3 in SEM cells. Overall,

these experimental findings establish the foundation for the subsequent analysis of

IMP3-bound mRNA targets in SEM cells, providing confidence in the specificity and reliability

of our eCLIP-seq approach.

3.2 IMP3 Binds to Hundreds of mRNA Transcripts in SEM Cells.

In our analysis, a total of 772 direct targets of IMP3 were identified, out of which 640 targets

were not observed in RS4;11, and REH cells (Figure 2). The distribution of IMP3 binding sites

was further investigated, revealing that the majority of these sites were located in the 3'

untranslated region (3' UTR), comprising 52.4% of the sites, followed by the coding sequence

(CDS) region accounting for 45.6% of the sites. In contrast, only a small fraction of the peaks

(0.231%) were found in the 5' untranslated region (5' UTR) (Figure 3A). Metagene analysis of

the enhanced crosslinking and immunoprecipitation (eCLIP) data provided additional insights

into the distribution of the most enriched sequence elements. Notably, these elements were

predominantly found within the 3' UTR of the target genes (Figure 3B). The preference for

IMP3 binding within the 3' UTR is consistent with our previous findings in RS4;11 and REH
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cells, suggesting a conserved pattern of IMP3 binding in different cellular contexts. These

results highlight the localization of IMP3 binding sites within the 3' UTR and CDS regions of

target transcripts, emphasizing the potential regulatory role of IMP3 in post-transcriptional

processes. The enrichment of sequence elements within the 3' UTR further supports the

functional significance of IMP3-mediated regulation in this specific region. The consistent 3'

UTR binding pattern by IMP3 across different cell types strengthens the evidence for its

regulatory involvement in gene expression.

3.3 IMP3 Binding Site Preferences

To gain insights into the potential influence of IMP3 binding on gene regulation, we employed

HOMER analysis to identify the specific binding site sequences that were predominantly

targeted by IMP3. Previous studies have highlighted the tendency of IMP3 to bind to CA-rich

sequences, and our analysis corroborated these observations [38]. Our analysis determined

that the most enriched sequence motif targeted by IMP3 is "CUUCUGUA" (Figure 4). This

motif was found to be present in the genomic regions of approximately 35.81% of the target

genes identified during eCLIP analysis. The identification of the "CUUCUGUA" motif as the

primary binding site for IMP3 suggests its significance in the regulatory functions mediated by

this RNA-binding protein. Additionally, our analysis confirmed the previously reported

tendency of IMP3 to bind to CA-rich sequences. This finding further strengthens the existing

knowledge regarding the binding preferences of IMP3 and reinforces the consistency of our

HOMER analysis results with previous studies. The identification of the "CUUCUGUA" motif

as the most enriched target for IMP3 binding and the association of IMP3 with CA-rich

sequences underscore the potential role of IMP3 in the regulation of gene expression.

Understanding the functional implications of IMP3 binding to the "CUUCUGUA" motif and

CA-rich sequences will provide valuable insights into the mechanisms by which this

RNA-binding protein contributes to gene regulatory networks.
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3.4 Characterization of IMP3's Role in Leukemogenic Gene Expression

To gain a deeper understanding of IMP3's involvement in the regulation of leukemogenic

gene expression, we conducted a gene ontology (GO) analysis on IMP3 target transcripts

identified through eCLIP. The analysis aimed to uncover the functional categories and

pathways associated with these IMP3 target transcripts. Our GO analysis results highlighted

two predominant functional categories among the IMP3 target transcripts. Specifically, we

observed that a significant proportion of the target transcripts, 24 out of 346 genes, were

involved in protein processing (Figure 5). This finding suggests that IMP3 may play a crucial

role in the regulation of protein processing pathways within the context of leukemogenesis.

Additionally, we identified 23 out of 346 genes that were associated with transcriptional

misregulation in cancer. This observation further implicates IMP3 in the dysregulation of

transcriptional processes linked to leukemogenesis. These findings shed light on the potential

molecular mechanisms through which IMP3 contributes to the regulation of leukemogenic

gene expression. The identification of protein processing and transcriptional misregulation in

cancer as enriched functional categories among IMP3 target transcripts suggests that IMP3

may exert its influence on leukemogenic pathways by modulating these specific processes.

3.5 Specific IGF2BP3 mRNA Targets of Interest in SEM Cells

Previous studies have provided evidence that MYC and CDK6 are direct targets of IMP3 in

B-cell acute lymphoblastic leukemia (B-ALL) cell lines. To validate these findings in the

context of our study using SEM cells, we performed eCLIP analysis, which demonstrated

significant enrichment of IMP3 binding on MYC and CDK6 transcripts (Figures 6 & 7). This

reinforces their status as direct targets of IMP3 in B-ALL. Intriguingly, our analysis also

revealed PAICS as a potential target, which exhibited the most notable enrichment for IMP3

binding, as indicated by a p-value of 400. The peaks of IMP3 binding on PAICS were

exclusively observed in various regions of the 3' untranslated region (UTR) (Figure 8). This
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specific binding pattern suggests a potential regulatory role of IMP3 in the post-transcriptional

regulation of PAICS in B-ALL. Moreover, our previous microarray data provided additional

support for the significance of PAICS in B-ALL. These data demonstrated that PAICS is highly

expressed in B-ALL, ranking just 13 genes below IMP3 in terms of expression levels. This

correlation between the expression levels of PAICS and IMP3 suggests a potential functional

relationship, highlighting the possibility of IMP3-mediated regulation of PAICS expression in

B-ALL. Collectively, our findings confirm MYC and CDK6 as direct targets of IMP3 in B-ALL,

in line with previous studies. Additionally, our eCLIP analysis identifies PAICS as a novel

target with significant IMP3 binding enrichment, specifically within the 3' UTR. The high

expression of PAICS in B-ALL, coupled with its proximity to IMP3 expression levels, further

supports the potential involvement of IMP3 in the regulation of PAICS expression in this

leukemia subtype. These discoveries contribute to our understanding of the regulatory

network governed by IMP3 and its implications in B-ALL pathogenesis.

4. Discussion

4.1 Implications of IMP3 Binding Specificity in B-ALL

The identification of 772 direct IMP3 targets in SEM cells, with a significant number of targets

not observed in previous studies using RS4;11 and REH cells, highlights the

context-dependent nature of IMP3 binding specificity in B-ALL. These findings suggest that

IMP3's role in oncogenic gene regulation may vary across different B-ALL subtypes. The

enrichment of IMP3 binding on well-established targets such as MYC and CDK6 further

validates their status as direct IMP3 targets in B-ALL, reinforcing the importance of IMP3 in

B-ALL pathogenesis.

Among the identified targets, PAICS stands out as the gene showing the most significant

enrichment for IMP3 binding. The exclusive binding of IMP3 on various regions of the PAICS

3' UTR suggests a potential role for IMP3 in regulating PAICS expression in B-ALL. PAICS is

known to be highly expressed in B-ALL, and its overexpression in other cancer types, such as
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gastric cancer, has been associated with aggressive disease and poor prognosis [44].

Furthermore, previous studies have demonstrated that PAICS is a direct target of MYC, which

binds to the PAICS promoter, and interference with MYC’s binding to the PAICS promoter in

gastric cancer cells decreases oncogenic progression and function [45]. It is possible that

IMP3 competes for binding to PAICS in B-ALL and interferes with canonical binding factors,

thus altering PAICS function. Further investigations are required to determine the functional

consequences of the interplay between IMP3 and PAICS and may provide valuable insights

into the pathogenesis of B-ALL.

4.2 Binding Preference of IMP3 in B-ALL

Analysis of the peak data from eCLIP-seq revealed a clear preference for IMP3 binding to

target transcripts' 3' UTR and CDS regions, consistent with previous findings in RS4;11 and

REH cells. This preference for 3' UTR binding suggests that IMP3 may predominantly exert

its regulatory effects on mRNA stability, localization, and/or translation efficiency in B-ALL.

The enrichment of IMP3 binding in the CDS region further suggests a potential role of IMP3 in

modulating alternative splicing and mRNA processing. These findings emphasize the

multifaceted role of IMP3 in post-transcriptional gene regulation and highlight the need for

further investigations to dissect the specific mechanisms by which IMP3 influences mRNA

fate and function in B-ALL.

4.3 Therapeutic Targeting of IMP3 in B-ALL

Understanding the mechanisms of IMP3 binding specificity in B-ALL is crucial for developing

targeted therapies aimed at disrupting the dysregulated gene expression patterns mediated

by IMP3. Identifying direct IMP3 targets, such as MYC, CDK6, and PAICS, provides potential

avenues for therapeutic intervention. Targeting IMP3 or its downstream effectors could

potentially disrupt the oncogenic pathways activated in B-ALL, leading to improved treatment

outcomes and overcoming treatment resistance.
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Moreover, the comparative analysis of IMP3 targets and binding sites across multiple B-ALL

cell lines, as demonstrated in this study, offers insights into the shared and unique binding

patterns specific to B-ALL subtypes. This information contributes to our understanding of

B-ALL heterogeneity and opens up possibilities for developing personalized treatment

strategies. Tailoring therapeutic approaches based on the distinct IMP3 binding patterns

observed in different B-ALL subtypes could maximize treatment efficacy and minimize

adverse effects, ultimately improving patient outcomes.

4.4 Future Directions

The diverse set of IMP3 target genes, including critical oncogenes such as MYC and CDK6

and metabolic genes like PAICS, suggests a multifaceted role for IMP3 in driving B-ALL

pathogenesis. While this study provides valuable insights into the mechanisms of IMP3

binding specificity in B-ALL, several questions and avenues for future research remain. First,

investigating the functional consequences of IMP3 binding to specific target transcripts,

particularly in relation to mRNA stability, localization, and translation efficiency, will enhance

our understanding of the impact of IMP3-mediated gene regulation in B-ALL. Further studies

exploring the downstream effects of disrupting IMP3 binding or expression on B-ALL cell

growth, survival, and differentiation are also warranted and will provide a deeper

understanding of the functional consequences of aberrant IMP3-mediated gene regulation on

downstream processes.

13



14



15



16



17



18



Bibliography:

1. Jovic, D., Liang, X., Zeng, H., Lin, L., Xu, F., Luo, Y. (2022). Single‐cell RNA sequencing

technologies and applications: A brief overview. Clinical and Translational Medicine, 12(3).

https://doi.org/10.1002/ctm2.694

2. Cozzolino, F., Iacobucci, I., Monaco, V., Monti, M. (2021). Protein–DNA/RNA interactions:

An overview of investigation methods in the -omics era. Journal of Proteome Research,

20(6), 3018–3030. https://doi.org/10.1021/acs.jproteome.1c00074

3. Masuda, A., Kawachi, T., Ohno, K. (2021). Rapidly growing protein-centric technologies to

extensively identify protein–RNA interactions: Application to the analysis of co-transcriptional

RNA processing. International Journal of Molecular Sciences, 22(10), 5312.

https://doi.org/10.3390/ijms22105312

4. Wang, Z., Gerstein, M., Snyder, M. (2009). RNA-seq: A revolutionary tool for

transcriptomics. Nature Reviews Genetics, 10(1), 57–63. https://doi.org/10.1038/nrg2484

5. Bartel, D. P. (2004). MicroRNAs. Cell, 116(2), 281–297.

6. Engreitz, J. M., Haines, J. E., Perez, E. M., Munson, G., Chen, J., Kane, M., McDonel, P.

E., Guttman, M., Lander, E. S. (2016). Local regulation of gene expression by lncrna

promoters, transcription and splicing. Nature, 539(7629), 452–455.

https://doi.org/10.1038/nature20149

7.Gerstberger, S., Hafner, M., Tuschl, T. (2014). A census of human RNA-binding proteins.

Nature Reviews Genetics, 15(12), 829–845. https://doi.org/10.1038/nrg3813

8. Castello, A., Fischer, B., Hentze, M. W., Preiss, T. (2013). RNA-binding proteins in

mendelian disease. Trends in Genetics, 29(5), 318–327.

https://doi.org/10.1016/j.tig.2013.01.004

9. Glisovic, T., Bachorik, J. L., Yong, J., Dreyfuss, G. (2008). RNA-binding proteins and

post-transcriptional gene regulation. FEBS Letters, 582(14), 1977–1986.

https://doi.org/10.1016/j.febslet.2008.03.004

19



10. Kishore, S., Luber, S., Zavolan, M. (2010). Deciphering the role of RNA-binding proteins

in the post-transcriptional control of gene expression. Briefings in Functional Genomics,

9(5-6), 391–404. https://doi.org/10.1093/bfgp/elq028

11. Schneider-Lunitz, V., Ruiz-Orera, J., Hubner, N., van Heesch, S. (2021). Multifunctional

RNA-binding proteins influence mrna abundance and translational efficiency of distinct sets of

target genes. https://doi.org/10.1101/2021.04.13.439465

12. Dreyfuss, G., Kim, V. N., Kataoka, N. (2002). Messenger-RNA-binding proteins and the

messages they carry. Nature Reviews Molecular Cell Biology, 3(3), 195–205.

https://doi.org/10.1038/nrm760

13. Tsai, Y. S., Gomez, S. M., Wang, Z. (2014). Prevalent RNA recognition motif duplication

in the human genome. RNA, 20(5), 702–712. https://doi.org/10.1261/rna.044081.113

14. Jia, M., Gut, H., Chao, J. A. (2018). Structural basis of IMP3 RRM12 recognition of RNA.

RNA, 24(12), 1659–1666. https://doi.org/10.1261/rna.065649.118

15. Sun, C.-Y., Cao, D., Du, B.-B., Chen, C.-W., Liu, D. (2022). The role of insulin-like growth

factor 2 mrna-binding proteins (igf2bps) as m6a readers in cancer. International Journal of

Biological Sciences, 18(7), 2744–2758. https://doi.org/10.7150/ijbs.70458

16. Korn, S. M., Ulshöfer, C. J., Schneider, T., Schlundt, A. (2021). Structures and target

RNA preferences of the&nbsp;RNA-binding protein family of igf2bps:&nbsp;An overview.

Structure, 29(8), 787–803. https://doi.org/10.1016/j.str.2021.05.001

17. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA

N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation. Nature

Cell Biology. 2018;20(3):285–95. doi: 10.1038/s41556-018-0045-z

18. Ramesh-Kumar, D., Guil, S. (2022). The IGF2BP family of RNA binding proteins links

epitranscriptomics to cancer. Seminars in Cancer Biology, 86, 18–31.

https://doi.org/10.1016/j.semcancer.2022.05.009

19. Keene, J. D. (2007). RNA regulons: coordination of post-transcriptional events. Nature

Reviews Genetics, 8(7), 533-543. doi: 10.1038/nrg2111

20



20. Kang, D., Lee, Y., Lee, J.-S. (2020). RNA-binding proteins in cancer: Functional and

therapeutic perspectives. Cancers, 12(9), 2699. https://doi.org/10.3390/cancers12092699

21. Mehta, M., Raguraman, R., Ramesh, R., Munshi, A. (2022). RNA binding proteins (rbps)

and their role in DNA damage and radiation response in cancer. Advanced Drug Delivery

Reviews, 191, 114569. https://doi.org/10.1016/j.addr.2022.114569

22. Qin, H., Ni, H., Liu, Y., Yuan, Y., Xi, T., Li, X., Zheng, L. (2020). RNA-binding proteins in

tumor progression. Journal of Hematology Oncology, 13(1).

https://doi.org/10.1186/s13045-020-00927-w

23. Tran, T. M., Rao, D. S. (2022). RNA binding proteins in MLL-rearranged leukemia.

Experimental Hematology Oncology, 11(1). https://doi.org/10.1186/s40164-022-00343-5

24. Hodson, D. J., Screen, M., & Turner, M. (2019). RNA-binding proteins in hematopoiesis

and hematological malignancy. Blood, 133(22), 2365–2373.

https://doi.org/10.1182/blood-2018-10-839985

25. Taylor, J., Xiao, W., Abdel-Wahab, O. (2017). Diagnosis and classification of hematologic

malignancies on the basis of genetics. Blood, 130(4), 410–423.

https://doi.org/10.1182/blood-2017-02-734541

26. Slany RK. The molecular biology of Mixed Lineage Leukemia. Haematologica.

2009;94(7):984–93. doi: 10.3324/haematol.2008.002436

27. Winters, A. C., Bernt, K. M. (2017). MLL-rearranged leukemias—an update on science

and clinical approaches. Frontiers in Pediatrics, 5. https://doi.org/10.3389/fped.2017.00004

28. Lin, S., Luo, R. T., Shrestha, M., Thirman, M. J., Mulloy, J. C. (2017). The full

transforming capacity of MLL-AF4 is interlinked with lymphoid lineage commitment. Blood,

130(7), 903–907. https://doi.org/10.1182/blood-2017-04-777185

29. Tran TM, Philipp J, Bassi JS, et al. The RNA-binding protein IGF2BP3 is critical for

MLL-AF4-mediated leukemogenesis. Leukemia. 2021;36(1):68-79.

doi:10.1038/s41375-021-01346-7

21



30. Müeller-Pillasch, F., Lacher, U., Wallrapp, C., Micha, A., Zimmerhackl, F., Hameister, H.,

Varga, G., Friess, H., Büchler, M., Beger, H. G., Vila, M. R., Adler, G., Gress, T. M. (1997).

Cloning of a gene highly overexpressed in cancer coding for a novel kh-domain containing

protein. Oncogene, 14(22), 2729–2733. https://doi.org/10.1038/sj.onc.1201110

31. Du Q-Y, Zhu Z-M, Pei D-S. The biological function of IGF2BPs and their role in

tumorigenesis. Investigational New Drugs. 2021;39(6):1682–93. doi:

10.1007/s10637-021-01148-9

32. Degrauwe N, Suvà M-L, Janiszewska M, Riggi N, Stamenkovic I. IMPs: An RNA-binding

protein family that provides a link between stem cell maintenance in normal development and

cancer. Genes Development. 2016;30(22):2459–74. doi: 10.1101/gad.287540.116

33. Mancarella C, Scotlandi K. IGF2BP3 from physiology to cancer: Novel discoveries,

Unsolved Issues, and future perspectives. Frontiers in Cell and Developmental Biology.

2020;7. doi: 10.3389/fcell.2019.00363

34. Palanichamy JK, Tran TM, Howard JM, et al. RNA-binding protein IGF2BP3 targeting of

oncogenic transcripts promotes hematopoietic progenitor proliferation. J Clin Invest.

2016;126(4):1495-1511. doi:10.1172/JCI80046

35. Ramesh-Kumar D, Guil S. The IGF2BP family of RNA binding proteins links

epitranscriptomics to cancer. Seminars in Cancer Biology. 2022;86:18–31. doi:

10.1016/j.semcancer.2022.05.009

36. Berabez, N., Durand, S., Gabut, M. (2019). Post-transcriptional regulations of cancer

stem cell homeostasis. Current Opinion in Oncology, 31(2), 100–107.

https://doi.org/10.1097/cco.0000000000000503

37. Huang H, Weng H, Sun W, et al. Recognition of RNA N6-methyladenosine by IGF2BP

proteins enhances mRNA stability and translation. Nature Cell Biology. 2018;20:285-295.

doi:10.1038/s41556-018-0045-z

38. Schneider, T., Hung, L.-H., Aziz, M., Wilmen, A., Thaum, S., Wagner, J., Janowski, R.,

Müller, S., Hüttelmaier, S., Niessing, D., Sattler, M., Schlundt, A., Bindereif, A. (2018).

22



Combinatorial recognition of clustered RNA elements by a multidomain RNA-binding protein,

IMP3. https://doi.org/10.1101/398008

39. Biswas, J., Patel, V. L., Bhaskar, V., Chao, J. A., Singer, R. H., Eliscovich, C. (2019). The

structural basis for RNA selectivity by the IMP family of RNA binding proteins.

https://doi.org/10.1101/618587

40. Hafner, M., Katsantoni, M., Köster, T., Marks, J., Mukherjee, J., Staiger, D., Ule, J.,

Zavolan, M. (2021). CLIP and complementary methods. Nature Reviews Methods Primers,

1(1). https://doi.org/10.1038/s43586-021-00018-1

41. Ascano, M., Hafner, M., Cekan, P., Gerstberger, S., Tuschl, T. (2011). Identification of

RNA-protein interaction networks using par-clip. Wiley Interdisciplinary Reviews: RNA, 3(2),

159–177. https://doi.org/10.1002/wrna.1103

42. Van Nostrand, E. L., Pratt, G. A., Shishkin, A. A., Gelboin-Burkhart, C., Fang, M. Y.,

Sundararaman, B., Blue, S. M., Nguyen, T. B., Surka, C., Elkins, K., Stanton, R., Rigo, F.,

Guttman, M., Yeo, G. W. (2016). Robust transcriptome-wide discovery of RNA-binding

protein binding sites with enhanced clip (eclip). Nature Methods, 13(6), 508–514.

https://doi.org/10.1038/nmeth.3810

43. RBP-ECLIP User Guide - Eclipse Bioinnovations. (n.d.).

https://eclipsebio.com/wp-content/uploads/2022/08/RBP-eCLIP-Protocol.pdf

44. Huang, N., Xu, C., Deng, L., Li, X., Bian, Z., Zhang, Y., Long, S., Chen, Y., Zhen, N., Li,

G., Sun, F. (2020). PAICS contributes to gastric carcinogenesis and participates in DNA

damage response by interacting with histone deacetylase 1/2. Cell Death Disease, 11(7).

https://doi.org/10.1038/s41419-020-2708-5

45. Chakravarthi, B. V., Goswami, M. T., Pathi, S. S., Dodson, M., Chandrashekar, D. S.,

Agarwal, S., Nepal, S., Hodigere Balasubramanya, S. A., Siddiqui, J., Lonigro, R. J.,

Chinnaiyan, A. M., Kunju, L. P., Palanisamy, N., Varambally, S. (2016). Expression and role

of PAICS, a de novo purine biosynthetic gene in prostate cancer. The Prostate, 77(1), 10–21.

https://doi.org/10.1002/pros.23243

23



46. Pasiliao, C. C., Chang, C.-W. A., Sutherland, B. W., Valdez, S. M., Schaeffer, D., Yapp, D.

T., Ng, S. S. (2015). The involvement of insulin-like growth factor 2 binding protein 3 (IMP3) in

pancreatic cancer cell migration, invasion, and adhesion. BMC Cancer, 15(1).

https://doi.org/10.1186/s12885-015-1251-8

47. Xu, X., Yu, Y., Zong, K., Lv, P., &amp; Gu, Y. (2019). Up-regulation of IGF2BP2 by

multiple mechanisms in pancreatic cancer promotes cancer proliferation by activating the

PI3K/akt signaling pathway. Journal of Experimental; Clinical Cancer Research, 38(1).

https://doi.org/10.1186/s13046-019-1470-y

48. Yantiss, R. K., Cosar, E., &amp; Fischer, A. H. (2008). Use of IMP3 in identification of

carcinoma in fine needle aspiration biopsies of pancreas. Acta Cytologica, 52(2), 133–138.

https://doi.org/10.1159/000325470

24




