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EPIGRAPH 

 

 

The loss of mystery has led to the loss of majesty. 

The more we know, the less we believe. 

No wonder there is no wonder. 

We think we’ve figured it all out. 

Strange, don’t you think? 

Knowledge of the workings shouldn’t negate wonder. 

Knowledge should stir wonder. 

Who has more reason to worship than the astronomer who has seen the stars? 

Than the surgeon who has held a heart? 

Than the oceanographer who has pondered the depths? 

[Than a molecular biologist who has studied the language of life?] 

The more we know, the more we should be amazed. 

 

Ironically, the more we know, the less we worship. 

We are more impressed with our discovery of the light switch than with the one who 

invented electricity. 

Call it cricket-brained logic. 

Rather than worship the Creator, we worship the creation. 

No wonder there is no wonder. 

We’ve figured it all out. 

 

 

Max Lucado 

In the Grip of Grace 
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ABSTRACT OF THE DISSERTATION 

 

Alternative Polyadenylation in Hematopoiesis and Leukemia 

 

by 

 

Amanda Gabrielle Davis 

Doctor of Philosophy in Biology 

University of California San Diego, 2020 

 

Professor Dong-Er Zhang, Chair 

 

Post-transcriptional regulation by RNA-binding proteins (RBPs) is an important 

layer of gene regulation implicated in both healthy hematopoiesis and hematologic 

malignancy. Among post-transcriptional mechanisms, alternative polyadenylation (APA) 

regulates gene expression and function, mediating normal cellular differentiation and 

malignant transformation across cellular systems. In hematology, APA plays a critical 

role in lymphocyte maturation and dysregulation contributes to multiple myeloma and 

lymphocytic leukemia. Despite its documented importance in immune cells, it is 

unknown whether APA plays a critical role in myeloid malignancy or in healthy 
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hematopoietic stem cell (HSC) maintenance. Furthermore, RBPs that regulate APA in 

hematologic systems have not been identified. 

Here, we first addressed the prevalence and global function of APA in myeloid 

malignancy. We compared poly(A) site usage in acute myeloid leukemia (AML) blasts to 

usage in healthy hematopoietic stem and progenitor cells (HSPCs), uncovering global 

patterns and individual leukemia-promoting genes altered in malignancy. By targeting 

the RBP and APA regulator FIP1L1, we reversed the global trends in patients and 

observed cellular differentiation across diverse AML subtypes by disrupting 

leukemogenic signaling networks. In t(8;21) AML, we validated APA regulation of AML1-

ETO, showing for the first time that expression of a prominent oncofusion is sensitive to 

this mode of post-transcriptional regulation. Altogether, our work defines a critical role 

for APA in AML and illuminates a new pathway that may be exploited for differentiation 

therapy in patients. 

We also studied the role of APA in healthy HSC pool maintenance by focusing 

on APA regulation of the critical hematopoietic transcription factor RUNX1. 

Polyadenylation upstream of the most distal 3'UTR produces a C-terminally truncated 

protein that antagonizes the pro-differentiation function of full-length RUNX1 in HSCs. 

We modeled this relevant APA event using a dual fluorescent minigene reporter and 

used this reporter in a CRISPR screen targeting RBPs. We identified HNRNPA1 and 

KHDRBS1 as regulators of RUNX1 APA, assigning a new role to these RBPs in HSC 

fate. Overall, our work highlights the intersection between post-transcriptional regulation 

and transcription factor function in healthy hematopoiesis. 

 



 

1 

 

Chapter 1: Introduction 

1.1 Alternative Polyadenylation 

 

1.1.1 Cleavage and polyadenylation of mRNA 

 Polyadenylation is a post-transcriptional processing event that consists of 

endonucleolytic cleavage and the addition of an untemplated string of adenosine 

nucleotides to the 3’end of almost all eukaryotic mRNA transcripts (1). This string of 

adenosines is called the poly(A) tail and addition is necessary for mRNA stability, export 

from the nucleus, and translation in the cytoplasm (2). It has recently been shown that 

most eukaryotic transcripts can be cleaved and polyadenylated at multiple locations, a 

phenomenon termed alternative polyadenylation (APA) (3). APA diversifies the 

transcriptome, producing mRNA isoforms that differ in length of the 3’ untranslated 

region (3’UTR) or the coding sequence (CDS) of the transcript. Considering the 

prevalence of APA potential in the eukaryotic transcriptome, it is not surprising that 

poly(A) site usage differs based on cellular context (4, 5) and dysregulation is reported 

in malignancy (6-8). Consequently, ongoing research is focused on elucidating the 

functional impact and mechanism of APA in various cellular states. 

 

1.1.2 Polyadenylation cis-acting elements and core polyadenylation machinery 

 Cleavage and polyadenylation occur co-transcriptionally through RNA 

polymerase II recruitment of RNA-binding proteins (RBPs) to the appropriate cis-acting 

elements that define the 3’end of an mRNA transcript (9, 10). Among cis-acting 
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elements, the poly(A) signal (PAS) hexamer plays a central role in directing cleavage 

and polyadenylation and is located approximately 15-30 nucleotides upstream of the 

cleavage site (11). The canonical PAS sequence is AAUAAA (12), with variants seen 

less frequently throughout the genome and corresponding to weaker cleavage efficiency 

(13, 14). Notably, the canonical PAS is enriched at distal sites, whereas variants are 

more frequently seen at proximal sites, suggesting an overall trend in proximal sites 

being weaker than distal sites (3, 13). 

 In addition to the PAS hexamer, there are upstream and downstream cis-acting 

elements that contribute to the positioning of polyadenylation machinery and cleavage 

at a poly(A) site. U and G/U rich downstream elements (DSE) are located ~40 

nucleotides downstream of the cleavage site (15, 16). Additionally, upstream elements 

(USE) consisting primarily of UGUA motifs are located 40-100 nucleotides upstream of 

the PAS hexamer (17). While most transcripts have these additional cis-acting elements, 

some poly(A) sites lack one or the other (18), highlighting the need for further research 

on sequence variants or mechanisms of cleavage and polyadenylation in their absence.  

The three major cis-acting elements (PAS, DSE, and USE) uniquely recruit three 

protein complexes essential for effective cleavage and polyadenylation. Altogether, the 

core machinery consists of twenty protein including RBPs, enzymes, and scaffolding 

proteins. The first complex is the cleavage and polyadenylation specificity factor (CPSF) 

complex (19). This complex is responsible for PAS recognition (20) and is comprised of 

six proteins: CPSF160 (CPSF1), CPSF100 (CPSF2), CPSF73 (CPSF3), CPSF30 

(CPSF4), WDR33, and FIP1L1. While it was originally thought that CPSF160 directly 

bound the PAS hexamer (21, 22), recent work implicates WDR33 and CPSF30 in direct 
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PAS binding (23, 24). The CPSF73 subunit is the endonuclease that cleaves mRNA 

transcripts prior to poly(A) tail addition (25). FIP1L1 is also an RBP, binding to U-rich 

regions both upstream and downstream of the PAS hexamer (26-28), though its 

contribution to poly(A) site selection is still unclear.  

The second core complex is the cleavage stimulation factor (CSTF) complex, 

which binds the U and GU-rich DSE (29). This complex contains three proteins: 

CSTF50 (CSTF1), CSTF64 (CSTF2) and CSTF77 (CSTF3) (30), held together by 

homodimer interactions (31). CSTF64, or its paralogue CSTF64T, directly binds to the 

DSE (29), playing functionally redundant roles in poly(A) site selection (32).  

The third core complex, mammalian core factor I (CFIm), binds the UGUA USE 

(33). CFIm is a tetramer that consists of two RNA-binding CFIm25 (CPSF5) subunits 

and either two CFIm68 (CPSF6) or CFIm59 (CPSF7) subunits (34). Because CFIm25 

dimerizes, it can bind two UGUA motifs simultaneously and regulate poly(A) site 

selection via RNA looping (33, 34). 

Upon assembly of these three main protein complexes, additional proteins are 

recruited, contributing to proper cleavage and polyadenylation. Among these accessory 

proteins are CLP1 and PCF11, together classified as the mammalian core factor II 

(CFIIm) complex. The role of these proteins in cleavage and polyadenylation is still 

unclear (35). Symplexin functions as a scaffolding protein, physically linking the CPSF 

and CSTF complexes (36). Additionally, RBBP6 binds to the CSTF complex and 

regulates polyadenylation of transcripts containing AU-rich elements (37, 38). Finally, 

poly(A) polymerase (PAP) adds adenosine to a growing poly(A) tail and poly(A) binding 

proteins (PABPN and PABPC) stabilize the growing tail, regulating its final length (39).  
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1.1.3 Functional impact of alternative polyadenylation 

Considering the prevalence of multiple poly(A) sites in human transcripts (3), the 

functional impact of differential poly(A) site usage by APA has been a growing area of 

research. So far, the impact of APA on individual genes is conceptually divided into the 

two major APA categories: 3’UTR-APA and CDS-APA (40). For transcripts that belong 

to the former category, two or more poly(A) sites are in the most distal 3’UTR of a gene 

and changes in usage only affect 3’UTR length, not the CDS of the transcript. 

Conversely, transcripts regulated by CDS-APA contain poly(A) sites upstream of the 

most distal 3’UTR. Unlike 3’UTR-APA, usage of an upstream poly(A) site alters the CDS 

of a transcript. 

3’UTR-APA regulates transcripts by remarkably diverse mechanisms, despite 

having no impact on the protein produced from a regulated transcript. Since the 3’UTR 

contains numerous sequences that bind to miRNAs and RBPs, changes in 3’UTR 

length can alter mRNA stability, translation efficiency, localization, and even protein 

complex formation of the protein encoded by the transcript. Early work implicated 3’UTR 

length in mediating gene expression predominantly through presence or absence of 

sequences that bind miRNAs. Shorter transcripts are predicted to have better stability 

and protein output because they escape miRNA-mediated decay (6, 41). Since RNAs 

compete with one another for binding of miRNAs, loss of miRNA mediated repression of 

shortened transcripts promotes downregulation of competing-endogenous RNAs 

(ceRNAs) that still have the seed sequence for miRNA binding (42). However, this 

association between 3’UTR length and transcript expression is too simplistic since 

3’UTR length is not globally predictive of gene expression (43, 44). Indeed, even miRNA 
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interactions are not straightforward as functional miRNA target sites are enriched near 

3’UTR boundaries (45). Consequently, 3’UTR shortening can enhance miRNA targeting 

of seed sequences immediately upstream of a proximal poly(A) site (46), making a 

shorter 3’UTR less stable than a longer 3’UTR due to enhanced miRNA targeting.  

In addition to miRNA-based regulation, RBP interactions with the 3’UTR of 

transcripts can also impact expression (47) along with a host of additional interesting 

features. Regarding expression, RBP interactions have both positive and negative 

impacts on transcript stability and protein production. A study in triple negative breast 

cancer reveals upregulation of the NRAS and c-JUN oncogenes by 3’UTR shortening 

and removal of PUM binding sequences, an RBP that inhibits translation and enhances 

mRNA degradation (48). Conversely, the longer 3’UTR of BDNF is bound by HuD, an 

RBP that stabilizes this transcript in the brain (49). RBPs also regulate mRNA 

localization, which in turn concentrates protein production. This mechanism is 

particularly important in neurons where binding of distal 3’UTRs by MBNL1 and MBLN2 

mediates movement to the neurites, an essential event for neuronal differentiation (50). 

Furthermore, RBP-3’UTR interactions allow the 3’UTR to function as a scaffold, 

mediating protein-protein interactions of the newly translated protein. This specific 

function is implicated in 3’UTR-dependent CD47 localization to the plasma membrane 

(51) and 3’UTR-dependent formation of unique BIRC3 protein complexes (52). With the 

expansion of our understanding of RBP function, we anticipate uncovering additional 

mechanisms regulated by 3’UTR-APA. 

CDS-APA events have a more straightforward impact on affected transcripts. In 

some cases, CDS-APA diversifies the proteome, generating C-terminally truncated 
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protein isoforms that lack protein domains and thus have different functions or 

localization than full-length proteins. A classic example of this is the impact of CDS-APA 

on IgM heavy chain in activated B cells. A switch from distal poly(A) site usage to an 

upstream, intronic poly(A) site converts IgM heavy chain from a membrane-bound to a 

secreted form, a switch that is necessary for immune activation (53). However, CDS-

APA does not always produce functional protein isoforms. In some cases, the truncated 

protein product is non-functional and therefore CDS-APA also regulates overall gene 

expression (54). 

Altogether, our understanding of the functional impact of APA on target 

transcripts has been expanding, but there is still a lot more that needs to be elucidated. 

Considering the diverse impacts described here, the importance of this post-

transcriptional mechanism in various cellular systems is expected to also expand. 

  

1.1.4 Alternative polyadenylation in normal cellular differentiation and disease 

Global trends in poly(A) site usage have been observed in a variety of cellular 

contexts, suggesting a functional consequence of global transcript shortening or 

lengthening on cellular phenotypes.  

Firstly, poly(A) site usage is linked to normal cellular differentiation. During 

differentiation, a trend in transcript lengthening has been observed across species (55-

57). Furthermore, induction of pluripotency correlates with transcript shortening in 

somatic cells (58). In agreement with these trends, tissue-specific APA profiles have 

revealed transcriptomes characterized by proximal poly(A) site usage in embryonic 

stem cells and immature tissues such as the ovaries and testes (4, 5). Conversely, 
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tissues consisting mostly of differentiated cells, such as in the brain, have transcriptome 

profiles characterized by distal poly(A) site usage. Recent studies have added a layer of 

complexity to these observations as transcript length also correlates with cellular 

localization, with longer transcripts remaining in the neuron soma and shorter transcripts 

being transported to neurites (59). 

Global APA profiles are also correlated with cellular activation. Transcript 

shortening is observed upon immune cell activation, with a concurrent increase in 

cellular proliferation (41). Shortening is also seen upon neuronal cell activation (60, 61) 

and in response to extracellular stress (62), highlighting a likely role of APA in regulating 

changes to cellular states in response to external stimuli. 

Considering these trends, it is therefore not surprising that global shifts in 

poly(A) site usage have been documented in disease, particularly in cancer. A global 

shift from distal to proximal poly(A) site usage has been reported across cancer types 

(6, 8, 63-65), influencing cellular proliferation and maturation. While these trends are 

generally accepted in the field, there are notable exceptions in hematologic 

malignancies. In multiple myeloma (MM) cells, global loss of intronic poly(A) site usage 

contributes to transcript lengthening and to disease phenotypes (66). In chronic 

lymphocytic leukemia (CLL), CDS-lengthening is not observed (54), however global 

3’UTR lengthening is reported (52). Furthermore, even when global transcript 

shortening is observed in cancer cells, there are also many transcripts that behave 

opposite the global trend and represent dysregulated APA in disease (67). 

Overall, the observation of these patterns in healthy systems and in malignancy 

highlight a global role for APA regulation in defining cellular states. However, because 
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the impact of APA on individual transcripts is so variable and global trends do not 

represent the entire set of transcripts impacted by APA, more work is needed to 

understand how global patterns influence cellular biology. 

 

1.1.5 Mechanisms of alternative polyadenylation 

Considering these global shifts of poly(A) site usage in healthy and malignant 

systems, the identification of global APA regulators in different cellular contexts is also 

an area of active research. 

As expected, polyadenylation machinery members were first hypothesized to 

contribute to global shifts in APA. In line with this hypothesis, 3’UTR shortening in 

proliferating cells is partly mediated by upregulation of numerous polyadenylation 

machinery members, commonly regulated by E2F transcription factors (64). This 

observation supports a model whereby APA is predominantly regulated by the 

concentration of core machinery in the cell, with low levels correlating with reduced 

overall polyadenylation and enhanced distal poly(A) site usage. However, a careful 

study on the impact of each core machinery protein on overall poly(A) site usage 

reveals divergent roles on APA. While some members promote proximal poly(A) site 

usage (PCF11 and FIP1L1), others promote distal poly(A) site usage (CFIm25, CFIm68, 

PABPN1, and PABPC1) (68). Indeed, these ascribed roles have held true in other 

cellular contexts. PCF11 knockdown induces transcript lengthening and differentiation 

of neuroblastoma cells (69) and FIP1L1 knockdown similarly promotes transcript 

lengthening and differentiation of murine embryonic stem cells (28). Conversely, 

CFIm25 downregulation is most famously implicated in carcinogenesis. Downregulation 
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in glioblastoma (63), osteosarcoma (70), and lung cancer (71) promotes global 3’UTR 

shortening and contributes to proliferation of tumor cells. Additionally, PABPN1 

downregulation in an osteosarcoma cell line promotes global 3’UTR shortening, a 

phenotype also mediated by mutant PABPN1 in a mouse model of oculopharyngeal 

muscular dystrophy (OPMD) (7). Furthermore, members of the CSTF complex, CSTF2  

(8) and CSTF3 (48), have also been implicated in cancer development, though their 

upregulation contributes to 3’UTR shortening and disease. In a healthy context, CSTF2 

upregulation similarly increases proximal poly(A) site usage of the IgM heavy chain, 

mediating the switch from membrane-bound to its secreted isoform during B-cell 

differentiation into plasma cells (31). Overall, polyadenylation machinery plays some 

role in global APA regulation. 

In addition to core machinery members, splicing factors and additional RBPs are 

implicated in APA. Among the former category, the U1 snRNP plays a ubiquitous role in 

protecting transcripts from premature cleavage and polyadenylation near transcription 

start sites, a phenomenon called telescripting (72, 73). In the latter category, some 

RBPs modulate poly(A) site usage via competition with core APA machinery for cis-

acting element binding: TDP-43 (74) and ELAVL1/HuR (75). Others regulate APA due 

to position-specific binding near poly(A) sites: CPEB1 (76), MBNL (77), FUS (78), 

PTBP1 (79), PCBP (80), and HNRNPC (81). Considering the unique mode of regulation 

for each of these additional RBPs, our understanding of global APA regulation in normal 

cellular differentiation and disease is still limited. The discovery of additional RBPs 

linked to APA is expected. 
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1.1.6 Alternative polyadenylation in hematology 

The importance of APA in the field of hematology has long been appreciated. 

Some of the first examples of individual gene APA events occur in lympohocytes: (1) 

CDS-APA of IgM heavy chain in B cell differentiation to plasma cells (31, 53) and (2) 

CDS-APA of NF-ATc in the transition from naïve T to T effector cells (82). In agreement 

with these early individual gene studies, CDS-APA isoform regulation is prevalent in 

immune cells (66, 83) and global shifts in APA have also been reported in immune cell 

activation (41). Finally, APA profiles have been modestly studied in both lymphocytic 

leukemia (52, 54) and multiple myeloma (MM) (66).  

Despite the importance of APA in lymphocytes, studies have not been 

performed on the role of APA in myeloid leukemia or in hematopoietic differentiation 

outside of lymphocyte maturation. The following two studies were aimed at filling these 

knowledge gaps. In the first project, we profiled APA in acute myeloid leukemia (AML) 

and implicated global APA dysregulation in blocking differentiation of leukemia cells. We 

targeted the APA regulator FIP1L1 and saw a reversal in the APA trends of patients, 

followed by differentiation of leukemia cells. We also validated APA regulation of 

additional transcripts relevant to leukemogenesis, including the prominent oncofusion, 

AML1-ETO. In the second study, we focused on the gene-specific APA of RUNX1, an 

event that is regulated in normal hematopoietic differentiation and is specifically 

important for hematopoietic stem cell (HSC) self-renewal versus differentiation. We 

identified two RBPs, HNRNPA1 and KHDRBS1, that regulate this event and likely play 

a more general role in APA regulation and normal hematopoietic differentiation. 
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Chapter 2: Alternative polyadenylation dysregulation contributes to the 

differentiation block of acute myeloid leukemia 

 Post-transcriptional regulation has emerged as a driver for leukemia 

development and an avenue for therapeutic targeting. Among post-transcriptional 

processes, alternative polyadenylation (APA) is globally dysregulated across cancer 

types. However, limited studies have focused on the prevalence and role of APA in 

leukemia. Furthermore, it is poorly understood how altered poly(A) site usage of 

individual genes contributes to malignancy or whether targeting global APA patterns 

might alter oncogenic potential. By performing 3’RNA sequencing on acute myeloid 

leukemia (AML) patient samples and healthy hematopoietic stem and progenitor cells 

(HSPCs), we show that patient cells exhibit global 3’ untranslated region (UTR) 

shortening and coding sequence (CDS) lengthening due to differences in poly(A) site 

usage. Among APA regulators, FIP1L1 expression correlated with the degree of APA 

dysregulation and knockdown of this RNA-binding protein (RBP) reversed the global 

trends seen in patients. Importantly, FIP1L1 knockdown induced differentiation of t(8;21) 

cells by promoting 3’UTR lengthening and downregulation of fusion oncoprotein AML1-

ETO. In non-t(8;21) cells, knockdown also promoted differentiation by attenuating 

mTORC1 signaling and reducing MYC protein levels. Our study provides mechanistic 

insight into the role of APA in AML pathogenesis and indicates that targeting global APA 

patterns can overcome the differentiation block of AML patients. 
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2.1 Introduction 

 Post-transcriptional regulation is an emerging field of study in both normal and 

malignant hematopoiesis (84). Among post-transcriptional processes, splicing regulation 

has been the predominant focus, owing to the high instance of splice factor mutations 

across hematologic malignancies (85). Additionally, RNA-editing (86), methylation (87), 

and miRNA regulation (88) have been linked to the proper balance of hematopoietic 

stem cell (HSC) self-renewal versus differentiation. Despite the importance of post-

transcriptional regulation in hematopoietic systems, there has been comparatively little 

attention paid to the process of alternative polyadenylation (APA) and it is unknown 

whether regulators of polyadenylation contribute to healthy hematopoiesis or leukemia. 

APA is a widespread post-transcriptional mechanism, with the potential to 

regulate most human genes (3). Differences in usage of poly(A) sites in the most distal 

3’ untranslated region (3’UTR) can alter transcript stability (6, 41), localization (51), 

translation efficiency (48), and even protein complex formation (52). Poly(A) site usage 

upstream of the 3'most exon, mostly in introns, additionally diversifies the proteome by 

producing C-terminally truncated proteins with distinct functions (54, 66). Importantly, 

APA plays a critical role in normal cellular differentiation and cancer transformation. 

Global poly(A) site profiling reveals that gene expression signatures shift from more 

proximal to distal poly(A) site usage during normal cellular differentiation (55-57). The 

opposite shift is reported during cellular transformation, linking transcript shortening to 

proliferative cellular states (8, 41, 63-65). 

So far, the mechanistic link between APA alteration and oncogenic 

transformation is incomplete. One common explanation is that 3’UTR shortening 
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contributes to oncogene upregulation when affected transcripts evade normal miRNA-

mediated transcript degradation (6, 41). Additionally, global coding sequence (CDS) 

shortening by enhanced usage of intronic poly(A) sites is reported to inactivate tumor 

suppressor genes in cancer cells (54). While these explanations are true for some 

transcripts, oncogenes do not exclusively have shorter 3’UTRs, nor do tumor 

suppressors solely have shorter CDS due to APA. These examples have shaped our 

understanding of APA in cancer transformation, but they only explain a subset of the 

wide breadth of transcripts affected by APA, both with and against the reported global 

trends. Consequently, we still do not fully understand the collective function of 

widespread APA events or how global dysregulation contributes to transformation. 

Acute myeloid leukemia (AML) is a cancer characterized by a hallmark block in 

differentiation (89). As such, there has been a lot of clinical interest in developing 

therapies that specifically target this disease phenotype and promote differentiation of 

leukemia cells. Among reported differentiating agents, success has been limited to all-

trans retinoic acid (ATRA) (90) and arsenic trioxide (ATO) (91) in acute promyelocytic 

leukemia (APL) patients, and more recently isocitrate dehydrogenase (IDH) inhibitors in 

IDH mutant AML patients (92-94). Despite their promising efficacy, the percentage of 

patients that can benefit from these therapies is limited. Therefore, the identification of 

additional, targetable pathways that mediate the differentiation block of AML are 

needed.  

Here, we profiled poly(A) site usage in AML patient blasts compared to healthy 

hematopoietic stem and progenitor cells (HSPCs) and report global dysregulation of 

APA in myeloid leukemia, affecting genes that contribute to leukemic phenotypes. 
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Among the core cleavage and polyadenylation factors, we found that FIP1L1 mRNA 

expression was most correlated with 3’UTR shortening in our patient cohort, assigning a 

new role to the gene in AML. Furthermore, we disrupted global APA dysregulation by 

FIP1L1 knockdown and observed leukemia cell differentiation, supporting an 

underappreciated role of APA in blocking normal maturation of cancer cells. 

Additionally, we identified 3’UTR-APA regulation of AML1-ETO, a key AML oncofusion 

that contributes to this observed differentiation block. Finally, by disrupting global APA 

patterns, we detected downregulation of c-MYC and mTORC1 carcinogenic pathways 

across diverse mutational contexts in AML, highlighting a critical role of dysregulated 

APA in maintenance of leukemia cell phenotypes. Our findings underline the importance 

of post-transcriptional mechanisms in leukemia development and introduce APA as a 

putative therapeutic target for inducing differentiation in AML patients. 
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2.2 Results 

2.2.1 Alternative polyadenylation is dysregulated in acute myeloid leukemia (AML) 

patients, affecting oncogenic pathways.  

 To assess the prevalence of APA dysregulation in AML, we first performed 

3’RNA sequencing (3'READS) (95, 96) and standard RNA-sequencing on enriched AML 

patient blasts (CD34+) and healthy hematopoietic stem and progenitor cells (HSPCs) 

(Figures 2.1A and 2.1B). Since AML blasts are heterogeneous, we selected four 

patient samples that commonly carried the t(8;21) translocation generating the AML1-

ETO fusion oncoprotein, and four non-t(8;21) samples with variable mutations (Table 

2.1). Compared to healthy HSPCs, both groups of patients exhibited dysregulated APA 

of numerous genes, with an overall trend of 3’UTR shortening and CDS lengthening 

(Figure 2.2A). CDS lengthening was similarly seen in multiple myeloma samples (66), 

but both trends are opposite those in chronic lymphocytic leukemia (CLL) samples (52, 

54), highlighting the importance of disease-specific poly(A) profiling. Despite their 

mutational differences, many genes were similarly shortened or lengthened in t(8;21) 

and non-t(8;21) patients, suggesting similarity in the groups of genes that are most 

dynamically regulated by APA in AML (Figure 2.2B).  

To evaluate whether the observed changes in APA might contribute to 

pathogenesis, we performed pathway enrichment on the common genes that exhibited 

3'UTR shortening or CDS lengthening in our patient cohort. Significantly enriched 

pathways included those related to cell cycle, differentiation, and oncogenic signaling 

pathways, supporting a likely role of APA in leukemia (Tables 2.2 and 2.3). 
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Figure 2.1. Preparation of primary HSPC and AML patient samples for 3’READS 

and standard RNA-sequencing. 

(A) Representative FACS plots of pre- and post-CD34 bead enrichment from one AML 

patient sample used for 3'READS and RNA-sequencing. (B) Schematic of AML patient 

samples and healthy HSPCs utilized for 3’READS and/or RNA-sequencing. 
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Table 2.1. Primary HSPC and AML patient sample information. 

 

Sample ID Karyotype cKIT FLT3-ITD RNA-seq 3’READS 

nHSPC 1 Normal N/A N/A No Yes 

nHSPC 2 Normal N/A N/A No Yes 

nHSPC 3 Normal N/A N/A Yes No 

nHSPC 4 Normal N/A N/A Yes No 

nHSPC 5 Normal N/A N/A Yes No 

nHSPC 6 Normal N/A N/A Yes No 

nHSPC 7 Normal N/A N/A Yes No 

      AML Pt1 48, +2, +8, inv(16) (-) (-) Yes Yes 

AML Pt2 48, +13, +19, i(17q) (-) (-) Yes Yes 

AML Pt3 46, del(5q), gain(11q) (-) (-) Yes Yes 

AML Pt4 Normal (-) (+) Yes Yes 

t(8;21) Pt1 45, -Y, t(8;21)(q22;q22) (-) (-) Yes Yes 

t(8;21) Pt2 46, t(8;21)(q22;q22) D816V (-) Yes Yes 

t(8;21) Pt3 46, t(8;21)(q21.3;q22) (-) (-) Yes Yes 

t(8;21) Pt4 46, t(8;21)(q22;q22) (-) (+) Yes Yes 
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Figure 2.2. Global trends of altered poly(A) site usage in AML patient blasts 

compared to healthy HSPCs. 

(A) Scatter plots showing the change in expression of proximal poly(A) site isoform (x-

axis) and distal poly(A) site isoform (y-axis), per gene, in t(8;21) AML patient blasts (top) 

or non-t(8;21) patients (bottom) compared to healthy HSPCs. Significant APA events (p 

< 0.05, Fisher’s exact test) are classified and divided by type: tandem 3’UTR APA (left) 

and coding sequence APA (right). Each dot corresponds to a single gene. Blue dots 

indicate significantly more proximal poly(A) site (pPAS) usage. Red dots indicate 

significantly more distal poly(A) site (dPAS) usage. (B) Venn diagrams showing the 

overlap of genes with 3’UTR shortening and CDS lengthening in t(8;21) AML blasts and 

non-t(8;21) AML blasts compared to healthy HSPCs. 
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Table 2.2. Enriched pathways of genes with 3’UTR shortening in AML. 

 

Term Description -log10(p-value) 

R-HSA-8953854 Metabolism of RNA 7.38753 

GO:0031396 Regulation of protein ubiquitination 6.14594 

R-HSA-72187 mRNA 3'-end processing 5.86472 

GO:0032984 Protein-containing complex disassembly 5.30595 

hsa04141 Protein processing in endoplasmic reticulum 5.30554 

GO:0016241 Regulation of macroautophagy 5.19119 

GO:0032388 Positive regulation of intracellular transport 5.09806 

R-HSA-1640170 Cell Cycle 4.79591 

GO:0002757 Immune response-activating signal transduction 4.78658 

GO:0031647 Regulation of protein stability 4.64289 

R-HSA-5663202 Diseases of signal transduction 4.57846 

R-HSA-1257604 PIP3 activates AKT signaling 3.61271 

 
 
 
Table 2.3. Enriched pathways of genes with CDS lengthening in AML. 

 

Term Description -log10(p-value) 

GO:1901987 Regulation of cell cycle phase transition 5.58471 

R-HSA-5653656 Vesicle-mediated transport 4.76409 

GO:0030522 Intracellular receptor signaling pathway 4.19929 

GO:0043124 
Negative regulation of I-kappaB kinase/NF-kappaB 

signaling 4.05632 

GO:0043414 Macromolecule methylation 3.8212 

GO:0030851 Granulocyte differentiation 3.62986 

GO:0006369 Termination of RNA polymerase II transcription 3.52906 

GO:0097190 Apoptotic signaling pathway 2.82508 
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2.2.2 Leukemia-promoting genes are among those with dysregulated APA in AML 

patients. 

We next sought to identify specific genes with altered poly(A) site usage that 

might directly contribute to disease. 3’UTR-APA regulates gene expression by altering 

the presence of 3'UTR regions that bind miRNAs or RNA-binding proteins (RBPs), 

which in turn modulates transcript stability and/or translation efficiency (47, 55). In 

cancer, global 3’UTR shortening by APA is reported to induce oncogene upregulation 

by transcript evasion of miRNAs or suppressive RBPs (6, 41, 48, 97). Among genes 

that exhibited 3’UTR shortening in our dataset, we identified BAALC, a negative 

prognostic marker in AML (98, 99); MAPKAPK3, a MAP kinase signaling node that 

contributes to the differentiation block characteristic of t(8;21) AML (100); and NRAS, an 

oncogene commonly mutated in AML (101) (Figures 2.3A, 2.3B, and 2.3C). Since 

3’UTR length is not always predictive of protein output (43, 44), we next tested whether 

3'UTR length can contribute to expression of these leukemia-promoting genes. We 

subcloned the short and long 3’UTR variants downstream of renilla luciferase in a dual 

luciferase reporter and compared the effect on protein output (Figure 2.3D). For both 

genes, the shorter 3'UTR produced significantly more renilla protein than the longer 

3'UTR, confirming a direct role of APA on gene expression (Figure 2.3E).  

Like 3’UTR-APA, CDS-APA can also impact gene expression when premature 

cleavage and polyadenylation results in a truncated protein product that lacks crucial 

functional domains (54, 73). In cancer, global CDS shortening by intronic 

polyadenylation inactivates tumor suppressor genes (54). We observed the opposite 

overall trend of CDS lengthening in our AML patient 3'READS dataset and reasoned 
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that activation of oncogenes is also a possibility. Among genes with CDS lengthening in 

patient blasts compared to healthy HSPCs, we identified CUL4A, an oncogenic E3 

ubiquitin ligase that promotes proliferation and blocks differentiation in hematopoietic 

models (102, 103), and FOXP1, a transcription factor that suppresses cell cycle 

inhibitors in leukemia (104) (Figures 2.4A and 2.4B). Usage of the proximal, intronic 

poly(A) site in each case would result in a severely truncated protein that is expected to 

be dysfunctional (66). Altogether, we saw pronounced differences in poly(A) site usage 

between patient blasts and healthy controls and identified specific genes that could 

reasonably contribute to pathogenesis. 
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Figure 2.3. 3’UTR shortening contributes to the expression of leukemia-promoting 

genes. 

Genome browser tracks depicting sequencing reads in BAALC (A), MAPKAPK3 (B), 

and NRAS (C) obtained from 3’READS of HSPCs and AML patient blasts. The full 

genomic structure for each gene is shown (bottom) with the purple, boxed region 

expanded (above). (D) Schematic of the psiCHECK dual luciferase reporter vector with 

either the full length or shortened 3’UTR subcloned downstream of renilla luciferase. (E) 

Relative ratio of renilla to firefly luciferase in Kasumi-1 cells or SKNO-1 cells 

nucleofected with the indicated dual luciferase reporter. Red bars represent activity 

when the full 3’UTR of the indicated gene was subcloned downstream of renilla 

luciferase. Blue bars represent activity when the shortened 3’UTR was present. 
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Figure 2.4. CDS lengthening activates leukemic oncogenes. 

(A) Genome browser tracks depicting sequencing reads in the CUL4A gene obtained 

from 3’READS of HSPCs and AML patient blasts. The proximal, intronic poly(A) site is 

boxed. (B) Genome browser tracks depicting sequencing reads in the FOXP1 gene 

obtained from 3’READS of HSPCs and AML patient blasts. Two upstream, intronic 

poly(A) sites are boxed and numbered. Below each respective gene is a cartoon 

depicting the protein products from polyadenylation of CUL4A and FOXP1 mRNA at the 

distal 3'UTR poly(A) site or upstream, intronic poly(A) site. Major protein domains are 

marked. For FOXP1, the most upstream intronic poly(A) site (#1) terminates prior to the 

start codon and produces no protein product. The product from polyadenylation at the 

second upstream intronic poly(A) site (#2) is shown, an alternative terminal exon APA 

event. The blue region is common to the full length and truncated FOXP1 proteins; the 

pink region is unique to the truncated protein. 
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2.2.3 Targeting FIP1L1 reverses APA trends in t(8;21) AML. 

While altered post-transcriptional regulation of individual, crucial gene targets 

contributes to oncogenic transformation, the sum of small changes can also collectively 

promote pathogenesis. Therefore, we wanted to test whether targeting global patterns 

of polyadenylation might have anti-leukemic effects. To do this, we first selected a 

common APA regulator to target by utilizing our patient 3’READS and RNA-sequencing 

datasets. Since 3’UTR shortening is a common feature observed in cancer types (8, 

105) and is also seen in our dataset, we focused on the severity of shortening per 

patient of the overlapping 235 genes (Figure 2.5A). We observed noticeable 

differences in the extent of 3’UTR shortening across this set of genes, with the t(8;21) 

patients exhibiting shorter 3’UTRs on average compared to non-t(8;21) patients (Figure 

2.5B). We then correlated the degree of shortening to the expression level of all APA 

machinery members in each patient and identified FIP1L1 expression as being most 

predictive of 3’UTR shortening (Table 2.4). Specifically, high FIP1L1 expression 

corresponded to more severe 3’UTR shortening (Figure 2.5C).  

FIP1L1 knockdown has previously been shown to induce 3’UTR lengthening in 

murine systems (28, 68), therefore we tested whether FIP1L1 knockdown could also 

induce 3’UTR lengthening in a human context. Indeed, knockdown promoted 3’UTR 

lengthening of BAALC (Figure 2.6A), the negative prognostic marker gene that was 

commonly shortened in our AML patient cohort. Importantly, this lengthening 

corresponded to significant downregulation of BAALC mRNA (Figure 2.6B) and protein 

(Figure 2.6C), a change with potential clinical significance. We next tested whether 

FIP1L1 knockdown could globally alter the APA dysregulation we observed in patients. 
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We performed shRNA-mediated knockdown in t(8;21) positive Kasumi-1 cells (Figure 

2.7A) and observed global 3’UTR lengthening but CDS shortening, a reversal of the 

trends observed in AML patient blasts (Figure 2.7B). Importantly, 23% of the genes that 

had shorter 3’UTRs as detected by 3’READS in our patient samples were lengthened 

upon FIP1L1 knockdown and 27% of genes with longer CDS-APA isoforms in our 

patient samples were shortened upon FIP1L1 knockdown (Figure 2.7C). BAALC was 

seen among the former group, confirming our previous finding (Figure 2.6D). 

Altogether, these results demonstrate the feasibility of altering global APA profiles by 

targeting a strategically selected APA regulator. 
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Figure 2.5. FIP1L1 expression is correlated with degree of 3’UTR shortening in 

AML patients.  

(A) Heatmap displaying the distal poly(A) site (dPAS) usage of all 235 genes that 

exhibited significant 3'UTR shortening in both the t(8;21) patients and non-t(8;21) 

patients compared to healthy HSPCs. Z-scores were calculated per gene (row) from the 

percent dPAS usage determined by 3'READS. Less dPAS usage is indicative of a 

greater degree of 3'UTR shortening. The average Z-score was calculated per patient 

and is shown as a bar graph in (B). Each bar of the graph represents the average Z-

score of all 235 genes in the indicated patient or healthy control, a measure of the 

overall degree of shortening. Data are mean +/- SEM. (C) Negative correlation between 

FIP1L1 expression, calculated by RNA-sequencing, and the extent of 3'UTR shortening 

per patient. Among all APA regulators, FIP1L1 expression is most correlated to 3'UTR 

shortening. Correlation was determined by linear regression. 
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Table 2.4. APA regulator expression is correlated with 3’UTR shortening in patient 
samples. 
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Figure 2.6. FIP1L1 knockdown induces 3’UTR lengthening and downregulation of 

BAALC. 

(A) RT-qPCR analysis of BAALC 3'UTR length in Kasumi-1 cells transduced with 

shRNAs targeting FIP1L1 or a control shRNA. Usage of either the middle or distal 

poly(A) site was measured relative to total BAALC mRNA using primer pairs upstream 

of the middle poly(A) site (mPAS) and most proximal poly(A) site (pPAS), respectively. 

Data are mean +/- s.d. of three independent experiments. * p < 0.05, *** p < 0.001, one-

way ANOVA with a post-hoc Tukey test. (B) RT-qPCR analysis of total BAALC mRNA 

normalized to β-Actin mRNA in the same cell populations. Data are mean +/- s.d. of 

three independent experiments. *** p < 0.001, one-way ANOVA with a post-hoc Tukey 

test. (C) Western blot showing FIP1L1, BAALC, and actin (loading control) protein in the 

same cell populations. BAALC protein was quantified by normalizing BAALC signal 

intensity to actin signal intensity using LI-COR Image Studio software. Normalized 

protein quantifications are shown in the bar graph to the right. n = 5 for shControl and 

shFIP1L1 (2); n = 3 for shFIP1L1(1) and shFIP1L1 (3). *** p < 0.001, one-way ANOVA 

with a post-hoc Tukey test. (D) Genome browser tracks depicting sequencing reads in 

the BAALC gene obtained from 3’READS of Kasumi-1 cells transduced with a control 

shRNA or shRNAs targeting FIP1L1. The full BAALC genomic structure is shown 

(bottom) with the purple, boxed region expanded (above). 
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Figure 2.7. FIP1L1 knockdown reverses the APA trends seen in AML patients.  

(A) Western blot showing FIP1L1 and tubulin (loading control) protein in Kasumi-1 cells 
transduced with the indicated shRNA. RNA from these cell populations was utilized for 
3’READS and RNA-sequencing analyses. (B) Scatter plots showing the change in 
expression of proximal poly(A) isoform and distal poly(A) site isoform, per gene, in 
Kasumi-1 cells following FIP1L1 knockdown. Significant differences in PAS usage were 
calculated using a Fisher’s exact test, comparing poly(A) site usage in Kasumi-1 cells 
transduced with both shRNAs targeting FIP1L1 versus the control shRNA. APA events 
are classified and divided by type: tandem 3’UTR APA (left) and CDS-APA (right). Each 
dot corresponds to a single gene. Blue dots indicate significantly more proximal poly(A) 
site (pPAS) usage. Red dots indicate significantly more distal poly(A) site (dPAS) 
usage. (C) Venn diagrams showing: (left) the overlap of genes with 3’UTR shortening in 
t(8;21) AML blasts that were significantly lengthened upon FIP1L1 knockdown in 
Kasumi-1 cells and (right) the overlap of genes with CDS lengthening in t(8;21) AML 
blasts that were significantly shortened upon FIP1L1 knockdown in Kasumi-1 cells. 
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2.2.4 FIP1L1 knockdown promotes t(8;21) leukemic cell differentiation. 

We next set out to determine whether this perturbation of global APA patterns by 

FIP1L1 knockdown had a meaningful anti-leukemic effect. Therefore, we also 

performed RNA-sequencing of Kasumi-1 cells following shRNA-mediated FIP1L1 

knockdown (Figure 2.8A). Targeting this APA regulator profoundly changed global 

gene expression, highlighting the interplay between post-transcriptional gene regulation 

and transcriptome composition (Figure 2.8B). Gene set enrichment analysis (GSEA) 

revealed that genes which were upregulated upon FIP1L1 knockdown significantly 

matched those that are upregulated upon myeloid cell development. This included 

genes such as ITGAM (CD11b) (106) and LST1 (107), classical markers of more 

mature myeloid cells. Similarly, genes that were downregulated upon FIP1L1 

knockdown negatively correlated with those that are typically upregulated in HSCs. 

Among these genes are reported leukemic oncogenes BCAT1 (108, 109) and CBX5 

(110) (Figure 2.9A). Additionally, flow cytometric analysis of Kasumi-1 cells revealed 

that FIP1L1 knockdown reduced CD34 cell surface expression, indicative of a more 

differentiated cellular state (Figure 2.9B). This change correlated with a decrease in cell 

proliferation (Figure 2.10A). Overall, our results indicate that targeting APA promotes 

t(8;21) leukemia cell differentiation.  
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Figure 2.8. Global gene expression signatures are altered by targeting APA. 

(A) Western blot showing FIP1L1 and actin (loading control) protein in Kasumi-1 cells 

following transduction with control shRNAs or shRNAs targeting FIP1L1. (B) Volcano 

plot displaying fold-change and significance of all genes measured by RNA-sequencing 

in Kasumi-1 cells upon FIP1L1 knockdown using two independent shRNAs compared to 

a control shRNA (n = 4 for each condition). Significantly upregulated (red) and 

downregulated (blue) genes are highlighted (p < 0.01, FC > 1.5). 
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Figure 2.9. FIP1L1 knockdown promotes differentiation of t(8;21) AML cells. 

(A) Plots from gene-set enrichment analysis (GSEA) of the RNA-sequencing 

experiment shown in Figure 2.8. NES, normalized enrichment score; FDR, false 

discovery rate. Heatmaps display fifteen genes in the leading edge of each gene-set 

that are most differentially expressed upon FIP1L1 knockdown. (B) CD34 cell surface 

expression measured by flow cytometry of Kasumi-1 cells six days following 

transduction with shRNAs targeting FIP1L1 or a control shRNA. MFI, mean fluorescent 

intensity. Data are mean +/- s.d. of three independent experiments. *** p < 0.001, one-

way ANOVA with post-hoc Tukey test. Representative histograms (right) depict the 

CD34-APC fluorescence distribution in the indicated cell populations. 
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Figure 2.10. FIP1L1 knockdown reduces proliferation of t(8;21) AML cells.  

(A) Proliferation of Kasumi-1 cells following transduction with shRNAs targeting FIP1L1 

or a control shRNA. Cells were seeded (day '0') after two days of puromycin selection. 

The graph displays the mean and s.d. of three technical replicates in one representative 

experiment of two independent experiments. ** p < 0.01, *** p < 0.001, multiple t-tests 

using the Holm-Sidak method to determine statistical significance. 
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2.2.5 3’UTR APA regulates AML1-ETO expression. 

We next wondered whether there was a crucial APA event altered by targeting 

FIP1L1 that might explain the differentiation phenotype observed. Indeed, among the 

genes with significantly altered APA was the t(8;21) generated fusion oncoprotein 

AML1-ETO. FIP1L1 knockdown induced AML1-ETO 3’UTR lengthening (Figures 2.11A 

and 2.11B). Specifically, we observed a decrease in usage of the proximal poly(A) site 

at 1kb, a concurrent increase in usage of the 3.7kb site, and the emergence of usage at 

the most distal 5.2kb site. 3’UTR lengthening corresponded to downregulation of AML1-

ETO protein (Figure 2.12A), and the reversal of downstream target gene expression 

signatures (Figure 2.12B). Since AML1-ETO contributes to the differentiation block 

seen in AML patients (111, 112), this single gene could be a major driver of the overall 

differentiation phenotype seen upon FIP1L1 knockdown in t(8;21) cells. To confirm that 

3’UTR length of the AML1-ETO transcript can contribute to protein production, we again 

performed luciferase assays comparing renilla luciferase production when followed by 

the 1kb, 3.7kb, or 5.2kb ETO 3’UTR. Indeed, the shortest 1kb 3'UTR produced 7-8 

times more renilla protein than either the 3.7 or 5.2 kb 3’UTR (Figure 2.12C). This 

observation is supported by various reports of miRNAs that bind to the 3’UTR region 

downstream of the 1kb poly(A) site and downregulate AML1-ETO (113, 114). Finally, 

t(8;21) AML patient samples have significantly higher FIP1L1 expression than non-

t(8;21) patients in two large datasets (115, 116) (Figure 2.13A). In one of these 

datasets, FIP1L1 expression was significantly correlated with AML1-ETO mRNA 

expression, further supporting a role for this specific APA regulator in maintaining 

expression of AML1-ETO in patients (Figure 2.13B). Excitingly, our data reveals that a 
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fusion oncoprotein is susceptible to APA-mediated gene expression regulation and 

underlines the importance of miRNA regulation in t(8;21) AML. 
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Figure 2.11. The 3’UTR of AML1-ETO is lengthened upon FIP1L1 knockdown.  

(A) Genome browser tracks depicting sequencing reads in the RUNX1T1 gene (aka 

ETO) obtained from 3’READS of Kasumi-1 cells transduced with a control shRNA or 

shRNAs targeting FIP1L1. The full RUNX1T1 genomic structure is shown (top) with the 

purple, boxed region expanded (below). The percent usage of the polyadenylation 

signal (PAS) at 1 kb and 3.7 kb, as calculated by 3'READS, are shown in the bar graph 

to the right. n = 3, shControl and shFIP1L1 (2); n = 4 shFIP1L1 (1). (B) RT-qPCR 

analysis of AML1-ETO 3'UTR length in Kasumi-1 cells transduced with a third, unique 

shRNA targeting FIP1L1 or a control shRNA. Usage of the PAS at 3.7kb was measured 

relative to total AML1-ETO mRNA using primer pairs upstream of the 3.7kb PAS and 

1kb PAS, respectively. Data are mean +/- s.d. of three independent experiments. ** p < 

0.01, student’s t-test. 
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Figure 2.12. AML1-ETO 3’UTR length contributes to its expression.  

(A) Western blot showing FIP1L1, AML1-ETO, and tubulin (loading control) protein in 

Kasumi-1 cells following transduction with control shRNAs or shRNAs targeting FIP1L1. 

AML1-ETO protein was quantified by normalizing AML1-ETO signal intensity to tubulin 

signal intensity using LI-COR Image Studio software. Normalized protein quantifications 

from three independent experiments are shown in the bar graph below. ** p < 0.01, *** p 

< 0.001, one-way ANOVA with a post-hoc Tukey test. (B) Plots from gene-set 

enrichment analysis (GSEA) of the RNA-sequencing experiment shown in Figure 2.8. 

The top plot displays genes that are downregulated by AML1-ETO; the bottom plot 

those that are upregulated by AML1-ETO. NES, normalized enrichment score; FDR, 

false discovery rate. (C) Relative ratio of renilla to firefly luciferase in Kasumi-1 cells 

nucleofected with the indicated dual luciferase reporter construct containing variable 

RUNX1T1 3'UTRs. Data are mean +/- s.d. of four independent experiments. *** p < 

0.001, one-way ANOVA with a post-hoc Tukey test. 
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Figure 2.13. FIP1L1 expression contributes to AML1-ETO expression in AML 

patients.  

(A) Box and whisker plots depict normalized FIP1L1 expression in non-t(8;21) and 

t(8;21) patients from the TCGA dataset55 (left) and BEATAML dataset56 (right). In the 

TCGA patient cohort, there are 144 non-t(8;21) patients and 7 t(8;21) patients. In the 

BEATAML patient cohort, there are 472 non-t(8;21) patients and 11 t(8;21) patients. 

Statistical significance was determined by performing a welch two sample t-test. (B) Dot 

plot showing the correlation between FIP1L1 and RUNX1-RUNX1T1 mRNA expression 

in the TCGA patient cohort. Correlation was calculated by linear regression. 
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2.2.6 FIP1L1 expression correlates with stemness signatures across AML. 

Though t(8;21) AML patients tended to have higher FIP1L1 expression, there 

was also a cohort of non-t(8;21) patients with elevated FIP1L1 expression. As such, we 

hypothesized that targeting APA by FIP1L1 knockdown might apply more broadly to 

AML patients. To address this, we utilized the publicly available RNA-sequencing data 

of the TCGA patient cohort (115) and performed differential gene expression analysis of 

the highest and lowest FIP1L1 expressing patients (Figure 2.14A). Gene ontology (GO) 

analysis of pathways enriched in FIP1L1 low-expressing patients revealed a striking 

overlap with those that were enriched upon FIP1L1 knockdown in t(8;21)+ Kasumi-1 

cells. Importantly, overlapping enriched pathways support a gene expression signature 

of leukocyte differentiation (Figure 2.14B). GSEA analysis further revealed that FIP1L1 

high patients had gene expression profiles positively correlated with both immature 

HSCs and leukemic stem cells (Figure 2.14C). Furthermore, when stratified by FAB 

subtype, FIP1L1 expression was significantly higher in M0-M2 versus M3-M6 leukemia 

patients (Figures 2.15A and 2.15B). Collectively, these data support a role of FIP1L1 in 

regulating stemness gene signatures in patients and prompted us to evaluate the 

impact of FIP1L1 knockdown in a non-t(8;21) AML context.  

We turned to the HL-60 and NB4 cell lines, classically used to model myeloid 

cell differentiation. Indeed, FIP1L1 knockdown (Figures 2.16A and 2.17A) resulted in 

the robust emergence of CD11b+ cells (Figures 2.16B, 2.16C, 2.17B, and 2.17C) and 

the corresponding nuclear morphology of differentiated granulocytes (Figures 2.16D 

and 2.17D). These data were further confirmed in HL-60 cells transduced with Cas9 

and an sgRNA targeting FIP1L1 or a control non-targeting sgRNA. Again, knockdown 
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(Figure 2.18A) promoted a robust increase in CD11b+ cells (Figures 2.18B and 

2.18C). Importantly, this phenotype was induced without the addition of traditional 

differentiating agents, supporting a profound role of targeting APA and overcoming the 

hallmark differentiation block of AML. Finally, these Cas9/sgRNA-transduced HL-60 

cells were injected into mice via tail vein injection and survival was monitored. This 

murine xenograft experiment revealed that FIP1L1 knockdown by Cas9/sgRNA 

significantly extended survival, preliminarily suggesting clinical relevance of targeting 

this APA regulator (Figure 2.18D). 
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Figure 2.14. FIP1L1 expression correlates with cell maturity across AML patients.  

(A) Box and whisker plot depicting the FIP1L1 expression of all patients in the AML 

TCGA patient cohort. Differential gene expression analysis was performed comparing 

the highest (red) and lowest (blue) FIP1L1 expressing patients. (B) Heatmap depicting 

significantly enriched gene ontology (GO) terms of upregulated genes in FIP1L1 low-

expressing patients and in Kasumi-1 cells upon FIP1L1 knockdown. (C) Plots from 

gene-set enrichment analysis (GSEA) of the RNA-sequencing analysis described in (a). 

NES, normalized enrichment score; FDR, false discovery rate.  

. 
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Figure 2.15. FIP1L1 expression is higher in more immature FAB AML subtypes.  

(A) Box and whisker plots depict normalized FIP1L1 expression in patients of the 

indicated FAB subtype from the TCGA dataset. M0: n = 15; M1: n = 36; M2: n = 37; M3: 

n = 15; M4: n = 29; M5 n = 15; M6 n = 2; M7: n = 1; none assigned: n = 1. (B) The 

difference in FIP1L1 expression between the combined M0-M2 and M3-M7 patients was 

determined by performing a welch two sample t-test, *** p < 0.001.  
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Figure 2.16. FIP1L1 knockdown promotes HL-60 differentiation. 

(A) Western blot showing FIP1L1 and actin (loading control) protein in HL-60 cells 

following transduction with control shRNAs or shRNAs targeting FIP1L1. (B) 

Representative FACS plots of CD11b cell-surface expression in HL-60 cells, five days 

following transduction. (C) Percentage of CD11b+ HL-60 cells, measured by flow 

cytometry, from cells shown in (B). Data are mean +/- s.d. of three independent 

experiments. * p < 0.05, *** p < 0.001, one-way ANOVA with a post-hoc Tukey test. (D) 

Wright-giemsa staining of HL-60 cell cytospins, five days following transduction with 

shRNAs targeting FIP1L1 or a control shRNA (400x). Irregular-shaped nuclei observed 

in the shFIP1L1 image are indicative of granulocytic differentiation as compared to the 

spherical, smooth-edged nuclei observed in the shControl image. 
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Figure 2.17. FIP1L1 knockdown promotes NB4 differentiation. 

(A) Western blot showing FIP1L1 and actin (loading control) protein in NB4 cells 

following transduction with control shRNAs or shRNAs targeting FIP1L1. (B) 

Representative FACS plots of CD11b cell-surface expression in NB4 cells, four days 

following transduction. (C) Percentage of CD11b+ NB4 cells, measured by flow 

cytometry, from cells shown in (B). Data are mean +/- s.d. of three independent 

experiments. ** p < 0.01, *** p < 0.001, one-way ANOVA with a post-hoc Tukey test. (D) 

Wright-giemsa staining of NB4 cell cytospins, four days following transduction with 

shRNAs targeting FIP1L1 or a control shRNA (400x). Irregular-shaped nuclei observed 

in the shFIP1L1 image are indicative of granulocytic differentiation as compared to the 

spherical, smooth-edged nuclei observed in the shControl image. 
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Figure 2.18. CRISPR targeting of FIP1L1 reduces leukemogenic potential of non-

t(8;21) cells in vivo.  

(A) Western blot showing FIP1L1 and actin (loading control) protein in HL-60 cells 

following transduction with Cas9 plus control sgRNA or sgRNA targeting FIP1L1. (B) 

Representative FACS plots of CD11b cell-surface expression in HL-60 cells, five days 

following transduction with Cas9/sgRNA targeting FIP1L1, or a control sgRNA. (C) 

Percentage of CD11b+ HL-60 cells, measured by flow cytometry, from cells shown in 

(B). Data are mean +/- s.d. of three independent experiments. *** p < 0.001, two-tailed 

student’s t-test. (D) Kaplan-meier survival curve of murine cell line xenografts. Mice 

were transplanted with HL-60 cells transduced with Cas9/sgControl or sgFIP1L1 (n = 4 

for each group).  
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2.2.7 Targeting APA converges on MYC expression and mTORC1 signaling. 

Since non-t(8;21) cells also differentiated upon FIP1L1 knockdown, we 

reasoned that common leukemia-promoting pathways must be altered that do not 

exclusively rely on AML1-ETO protein expression. To identify such pathways, we 

returned to our RNA-sequencing data from FIP1L1 knockdown in Kasumi-1 cells. 

Pathway analysis of significantly downregulated genes revealed a striking reduction in 

biosynthetic processes, including ribosome biogenesis, lipid biosynthetic pathways, and 

mitochondrial translation (Figure 2.19A). GSEA clarified this general observation as an 

overall reduction in mTORC1 signaling, a pathway that is constitutively active in 

leukemia, contributing to initiation and progression (117-119). Specifically, genes 

downregulated upon FIP1L1 knockdown matched those that are downregulated upon 

rapamycin treatment, an mTORC1 inhibitor (Figure 2.19B). To test whether FIP1L1 

knockdown commonly attenuates mTORC1 signaling across AML, we performed 

shRNA-mediated knockdown in three mutationally diverse AML cell lines and observed 

a reduction in phosphorylated p70-S6 Kinase 1 (S6K1), the rapamycin-sensitive direct 

downstream target of mTOR kinase (120, 121) (Figure 2.19C).  

Attenuation of mTORC1 signaling regulates myeloid differentiation through 

translational control of the c-MYC transcription factor (122). Indeed, we also saw potent 

downregulation of MYC target genes in our FIP1L1 knockdown RNA-sequencing 

dataset (Figures 2.20A, 2.20B, and 2.20C). We confirmed that MYC protein is reduced 

not only in Kasumi-1 cells, but in six mutationally diverse AML cell lines, explaining the 

global differentiation phenotype we observed by targeting APA across AML subtypes. 

(Figure 2.20D).  
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Figure 2.19. Biosynthetic metabolic processes regulated by mTORC1 signaling 

are reduced by targeting APA. 

(A) Metascape analysis of significantly downregulated genes (p < 0.01, 1.5 FC) upon 

FIP1L1 knockdown in Kasumi-1 cells. (B) Plot from gene-set enrichment analysis 

(GSEA) of the RNA-sequencing experiment shown in Figure 2.8 showing genes 

downregulated upon rapamycin treatment. NES, normalized enrichment score; FDR, 

false discovery rate. (C) Western blot showing FIP1L1, phosphorylated p70-S6 Kinase 1 

(p-S6K1), S6K1, p-4E-BP1, 4E-BP1, and actin (loading control) protein in the indicated 

AML cell lines following transduction with control shRNAs or shRNAs targeting FIP1L1. 

One representative experiment is shown of two independent experiments for each cell 

line. (D) Plots from gene-set enrichment analysis (GSEA) of the RNA-sequencing 

experiment shown in Figure 2.8 showing genes downregulated upon amino acid 

deprivation. NES, normalized enrichment score; FDR, false discovery rate.  
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Figure 2.20. Targeting APA reduces MYC expression across AML cell lines.  

(A) Metascape analysis of significantly downregulated genes (p < 0.01, 1.5 FC) upon 

FIP1L1 knockdown in Kasumi-1 cells. (B) Plot from gene-set enrichment analysis 

(GSEA) of the RNA-sequencing experiment shown in Figure 2.8 showing genes 

upregulated by the oncogenic c-MYC transcription factor. NES, normalized enrichment 

score; FDR, false discovery rate. (C) Table summarizing GSEA results from the same 

RNA-sequencing experiment, indicating a reduction in MYC downstream targets upon 

FIP1L1 knockdown. (D) Western blot showing FIP1L1, c-MYC, and actin (loading 

control) protein in the indicated AML cell lines following transduction with control 

shRNAs or shRNAs targeting FIP1L1. One representative experiment is shown of two 

independent experiments for each cell line. 
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2.3 Discussion 

In summary, we have added to a growing field of knowledge regarding APA 

dysregulation in cancer. By profiling poly(A) site usage in AML patient blasts compared 

to healthy HSPCs, we showed that blasts exhibited global 3’UTR shortening, but CDS 

lengthening due to APA. These trends are opposite those seen in lymphocytic leukemia 

(52, 54), highlighting the complexity and context-specific nature of APA dysregulation in 

disease. Though global trends are traditionally reported, many genes exhibited 

significant differences in poly(A) site usage that counteract the trends, underlining our 

lack of knowledge regarding the importance of individual gene APA regulation and the 

global impact of APA in cancer. To address these unresolved questions, we targeted 

FIP1L1, the APA regulator most correlated with 3’UTR shortening in our AML patient 

cohort. We revealed a role of global APA dysregulation in blocking differentiation of 

leukemia cells, defined the direct and indirect impact of APA on the expression of 

crucial oncogenes, and introduced APA as a putative therapeutic target in AML. 

Our results most prominently highlight the contribution of APA in mediating the 

hallmark differentiation block of leukemia. Despite the importance of APA in modulating 

healthy cellular differentiation across species (55-57), the role of dysregulated APA in 

cancer has been predominantly attributed to its impact on cellular proliferation (8, 41, 

64, 65). Various studies report 3’UTR shortening and upregulation of cell-cycle and 

proliferation-related transcripts in cancer, such as CCND1 (6, 63, 123) and CDC6 (97). 

While not excluding the effects on differentiation, these studies merely imply that 

reduced differentiation is an indirect byproduct of enhanced proliferation in 

tumorigenesis. However, non-transformed cells with similar proliferative capacity as 
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transformed cells do not exhibit the same 3’UTR shortening, supporting an oncogenic 

role for APA that is proliferation-independent (6). Our study addresses this knowledge 

gap, emphasizing a direct role of APA in mediating the differentiation block of cancer 

cells. Targeting global APA dysregulation by FIP1L1 knockdown induced differentiation 

of mutationally diverse AML cell lines. In patients, FIP1L1 expression was correlated to 

leukemia cell maturation, supporting the clinical relevance of this phenotypic finding. 

Mechanistically, we identified 3’UTR-APA of the t(8;21) fusion protein AML1-ETO, 

reporting for the first time that 3’UTR length can impact expression of a prominent 

oncofusion. Importantly, AML1-ETO is implicated in the differentiation block, but not the 

proliferative capacity, of myeloid leukemia cells (111). We also experimentally confirmed 

3’UTR-APA mediated regulation of BAALC expression, a negative prognostic factor in 

leukemia that blocks differentiation in both AML (124) and congenital neutropenia (CN) 

(125).  

In addition to direct APA regulation of leukemic oncogenes, we also 

demonstrated the indirect effect of targeting APA on leukemogenic pathways that hinder 

differentiation. Specifically, targeting FIP1L1 prompted downregulation of c-MYC, an 

oncogenic transcription factor well-known for its role in blocking hematopoietic 

differentiation (126, 127). Though MYC protein was commonly downregulated across 

AML mutational contexts, MYC polyadenylation was unchanged (Figure 2.21A). 

Indirect MYC downregulation may be mediated by attenuated mTORC1 signaling, since 

activated mTOR promotes MYC translation (122, 128). Though we observed 

attenuation of activity, mTOR APA was also unchanged (Figure 2.21B). Furthermore, 

MYC indirectly regulates mTORC1 signaling by transcriptional control of cell membrane 
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transporters that supply amino acids required for mTORC1 activity (129-131). Our data 

supports this feedback loop as rapamycin signatures were linked specifically to those 

for amino acid deprivation (Figure 2.19D). While the details of this indirect APA 

mechanism are unclear, we show that targeting APA disrupts this oncogenic positive 

feedback loop and promotes leukemia cell differentiation (Figure 2.22A). Intriguingly, 

mTORC1 inhibition was recently reported to regulate APA, promoting transcript 

lengthening (132). This observation highlights a second positive feedback loop between 

mTORC1 activity and APA that may heighten the anti-leukemic effects of targeting APA. 

Further work is warranted to identify the precise, possibly context-specific, APA events 

that disrupt this leukemogenic signaling network. 

Altogether, our phenotypic and mechanistic data introduce APA as a putative 

target for differentiation therapy in AML. Historically, differentiation therapy by all-trans 

retinoic acid (ATRA) and arsenic trioxide (ATO) has been most effective in acute 

promyelocytic leukemia (APL) patients (133). Recently, interest in differentiation therapy 

has been reinvigorated by the efficacy of IDH inhibitors in AML patients with IDH1/2 

mutations (92-94). Our findings illuminate yet another possible target for differentiation 

therapy, that has the potential to expand the number of patients who can benefit from 

differentiation-based treatment. Consequently, the identification or synthesis of 

compounds that can target APA, specifically FIP1L1, are justified. 

The identification of FIP1L1 in leukemogenesis is also clinically intriguing since it 

is a member of two oncofusions found in chronic eosinophilic leukemia (CEL) and 

juvenile myelomonocytic leukemia / acute promyelocytic leukemia (JMML / APL): 

FIP1L1-PDGFRA (134) and FIP1L1-RARA (135, 136), respectively (Figures 2.23A and 
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2.23B). The reported contribution of FIP1L1 in FIP1L1-RARA is limited to receptor 

dimerization and activation, with no data regarding the impact on global polyadenylation 

(137). Similarly, reports regarding FIP1L1-PDGFRA describe FIP1L1 as dispensable, 

claiming that constitutive activation of the receptor is sufficient to induce leukemia in cell 

line and mouse models (138, 139). Despite this dismissal, not all signaling features 

dysregulated in CEL are recapitulated with only the C-terminal portion of PDGFRA 

(140). In both fusions, FIP1L1 retains the major protein-protein interaction Fip1 domain 

but lacks the C-terminal domain implicated in RNA-binding (26). While our experiments 

do not directly address the role of FIP1L1 RNA-binding in the observed phenotypes, our 

data support a likely consequence of FIP1L1 alteration in these fusions and overall 

contribution to pathogenesis. Consequently, our findings necessitate further study 

regarding the impact of these two oncofusions on polyadenylation dysregulation in 

patients. 

In conclusion, we have demonstrated the importance of APA dysregulation in 

contributing to the differentiation block characteristic of AML. Thus, targeting APA may 

prove to be an effective therapeutic strategy for leukemia patients.  
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Figure 2.21. Polyadenylation of MYC and MTOR are not altered.  

Genome browser tracks depicting sequencing reads in the c-MYC (A) and mTOR (B) 
genes obtained from 3’READS of HSPCs, AML patient blasts, and Kasumi-1 cells 
transduced with the indicated shRNA. The full MYC and mTOR genomic structures are 
shown (bottom) with the purple, boxed regions expanded (above). 
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Figure 2.22. Model describing how targeting APA disrupts oncogenic signaling 
networks.  

(A) Cartoon model showing the impact of targeting APA on positive oncogenic feedback 
loops. (Left) In cancer, mTORC1 and MYC positively regulate each other, blocking 
cellular differentiation. mTORC1 activity has recently been linked to transcript 
shortening in cancer, suggesting a second positive feedback loop between post-
transcriptional regulation and cellular metabolism. (Right) Targeting APA by FIP1L1 
knockdown reduced both mTORC1 signaling and MYC transcriptional networks, 
promoting leukemia cell differentiation. Further work will elucidate the precise post-
transcriptional targets responsible for disrupting this oncogenic signaling network. 
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Figure 2.23. FIP1L1 is a member of oncogenic fusions in hematologic malignancy. 

(A) Schematic of the full-length FIP1L1 protein. The conserved Fip domain and the 

arginine-rich RNA-binding domain are annotated. (B) Schematic of the two oncogenic 

fusions that consist of FIP1L1 fused to either PDGFRA or RARA. In both cases, the 

common breakpoints are represented with the corresponding amino acid contribution of 

each fusion partner. 
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2.4 Future Directions 

 While we have established FIP1L1 as a pertinent APA regulator in AML, 

contributing to the hallmark differentiation block in patients, many unanswered 

questions remain on the mechanism of FIP1L1 action and the feasibility of targeting 

APA regulators in AML. As previously discussed, our data also reinvigorates interest in 

understanding the role of FIP1L1 in oncogenic fusions seen in patients with CEL and 

JMML. Finally, we have not addressed the role of FIP1L1 on APA in healthy 

hematopoiesis.  

 Across AML cell lines of varying mutational contexts, we confidently established 

that FIP1L1 knockdown induces differentiation, a phenotype explained by common 

attenuation of mTOR signaling and downregulation of the c-MYC oncogenic 

transcription factor. Mechanistically, we only profiled APA changes in the t(8;21) cell line 

Kasumi-1. Consequently, we have a limited understanding regarding the breadth and 

overlap of regulated transcripts across AML. The most pressing future experiment is to 

perform 3'READS (95) and parallel RNA-sequencing in additional AML cell lines shown 

in this study. These data, when compared to our data in Kasumi-1 cells, would directly 

address this knowledge gap and allow us to establish a set of commonly regulated 

transcripts that may disrupt oncogenic mTOR and MYC pathways. These data will also 

illuminate context-specific APA events, such as APA regulation of AML1-ETO, that 

uniquely contribute to AML pathogenesis.  

 In addition to expanding our understanding of target transcripts, we do not 

understand why FIP1L1 knockdown induces lengthening of some transcripts and 
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shortening of others. Nor do we have data that explain why we saw global 3'UTR 

lengthening, but CDS shortening upon knockdown. FIP1L1 is an RNA-binding protein 

(RBP), that is implicated in binding to U-rich or AU-rich regions (26-28). There is some 

discrepancy in where binding occurs, with one group reporting binding between the PAS 

hexamer and cleavage site (27), another reporting upstream of the PAS hexamer (28), 

and a final group concluding binding of both regions (26). One of these reports suggests 

that FIP1L1 knockdown induces proximal to distal APA when sites are relatively far 

apart, and distal to proximal APA when sites are closer together (28). However, this was 

merely an observation from a study limited to murine embryonic stem cells. Additionally, 

our data demonstrating potent CDS-shortening upon FIP1L1 knockdown does not 

support this model since CDS APA sites are always quite far apart. From our 3’READS 

data, we performed motif enrichment in regions surrounding poly(A) sites with 

significantly different usage. Interestingly, we noticed sites that were more utilized upon 

FIP1L1 knockdown tended to consist of poly(A) or poly(U) rich regions downstream of 

the PAS hexamer (Figure 2.24A and 2.24B, blue highlights). By contrast, sites that 

were less utilized were enriched for poly(A) or poly(U) regions upstream of the PAS 

hexamer (yellow highlights). These preliminary data intriguingly suggest a location-

specific effect of FIP1L1 binding on poly(A) site usage: upstream binding promotes and 

downstream binding inhibits poly(A) site usage. Ultimately, this computational analysis 

of our 3’READS data only indirectly addresses FIP1L1 binding and impact on APA 

specificity. Therefore, we also propose to perform an eCLIP (141) experiment in at least 

three different AML cell lines to expand upon these preliminary results and directly 

address the mechanism of APA regulation by FIP1L1. This experiment will reveal a 
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consensus binding motif, likely consisting of poly(U) and poly(A) elements in agreement 

with previous studies. When paired with differentially regulated poly(A) sites deduced by 

3’READS of the same cell lines, we will observe patterns that help us model how 

FIP1L1 knockdown variably affects APA. 

 Our data also supports the therapeutic potential of targeting APA in AML 

patients. Since differentiation therapy is already an exciting avenue of treatment (94, 

133), targeting APA represents a new class of regulation that might have unique 

advantages compared to current therapies. To lay the foundation for this type of work, 

we would first test the effect of targeting FIP1L1 in AML mouse models. Our HL-60 cell 

line xenograft data supports the feasibility of this approach mitigating leukemia 

progression (Figure 2.18D), however it is not sufficiently rigorous to make this 

conclusion. We propose to design a morpholino antisense oligonucleotide (MAO) that 

targets FIP1L1 for degradation or disrupts its normal splicing patterns to ultimately 

render the transcript non-functional. We will use conventional AML murine models, 

AE9a (142) and BCR-ABL (143) retroviral transduction and transplantation, and inject 

the MAO as a treatment modality. By monitoring survival and leukemic burden via 

peripheral blood and bone marrow parameters, we will glean data that better supports 

the possibility of targeting APA as a therapeutic avenue. If these experiments are 

promising, then a small molecule screen for compounds that target FIP1L1 is warranted, 

followed by further testing of these compounds in cell lines and mouse models. 

 As previously mentioned, FIP1L1 is also a part of two oncogenic fusion proteins: 

FIP1L1-PDGFRA (134) and FIP1L1-RARA (135, 136). While previous studies dismiss 

the importance of FIP1L1 alteration in driving leukemic transformation (138, 139), not all 
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signaling features dysregulated in these patients are recapitulated with the C-terminal 

fusion partner alone (140). These observations, when combined with our data showing 

the critical role of FIP1L1 in mediating blood cell maturity, justify further investigation of 

the role of FIP1L1 alteration in these fusions on leukemia pathology. In both fusions, 

FIP1L1 is missing a small portion of the C-terminus, a region containing a putative RNA-

binding domain (26) (Figure 2.22A and 2.22B). Therefore, we would first test the ability 

of both FIP1L1 fusions to (1) bind poly(A) machinery members and (2) bind RNA. We 

would address protein-protein interactions by co-immunoprecipitation and expect that 

these fusions can still bind to the CPSF complex. We would use RIP-qPCR to 

determine RNA binding of a subset of targets established from the eCLIP experiments 

proposed above. Next, we would assess the impact of fusion generation on global APA 

patterns. FIP1L1-PDGRFA is generated by an interstitial chromosomal deletion, not a 

chromosomal translocation. A previous group reported how to generate this deletion 

using CRISPR/Cas9 technology to target the affected introns (139). We would mimic 

this strategy and generate the fusion in K562 cells followed by 3’READS and RNA-

sequencing to directly address whether fusion generation impacts APA and cell maturity. 

Overall, these experiments would produce exciting new data on the action of these 

fusions and contribution to malignancy.  

 Lastly, we would like to perform a study on the role of FIP1L1 in normal 

hematopoiesis. A study in murine embryonic stem cells supports a role of FIP1L1 in 

normal cellular differentiation (28). Indeed, transcript lengthening is a widespread trend 

upon differentiation of various cell contexts (55-57), a mechanism and phenotype that 

mimic what we saw upon FIP1L1 knockdown in AML cells. Interestingly, FIP1L1 
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expression does not consistently decrease during hematopoiesis (Figure 2.25A and 

2.25B), so we cannot confidently hypothesize that FIP1L1 will play a similar 

endogenous role in healthy hematopoiesis. To address this knowledge gap, we would 

knock down FIP1L1 in human CD34+ HSPCs, followed by colony formation assays, 

long term culture initiating cell (LTC-IC) assays, and murine xenografts to assess the 

impact of FIP1L1 expression on HSC self-renewal and lineage output. A mouse model 

of FIP1L1 has not been reported. Generating a transgenic mouse model and analyzing 

the impact of homozygous and heterozygous knockout on the hematopoietic system 

would also address the functional role of FIP1L1 in proper blood development. 

 Altogether, uncovering FIP1L1 as an important APA regulator in AML has 

opened a lot of additional, exciting avenues for further study. We expect that pursuing 

any of these would both enhance mechanistic understanding of APA and illuminate 

disease-causing mechanisms. 
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Figure 2.24. Enriched sequence motifs surrounding differentially utilized poly(A) 

sites upon FIP1L1 knockdown. 

(A) Enriched hexamer sequences in three regions (-100 to -40, -40 to PAS, and PAS to 

+100) flanking the proximal (pPAS) and distal (dPAS) poly(A) sites differentially utilized 

upon FIP1L1 knockdown. The top (red) represents sequence features among 

transcripts that were lengthened. The bottom (blue) represents those among transcripts 

that were shortened. Blue highlights significantly enriched motifs near more utilized 

sites. Yellow highlights those near less utilized sites. (B) Enriched hexamer sequences 

flanking intronic poly(A) (IPA) sites of CDS-APA events that were more (red – top) or 

less (blue – bottom) utilized upon FIP1L1 knockdown. Again, blue highlights enriched 

motifs in more utilized IPA sites and yellow those in less utilized sites. All numerical 

values indicate significance of enrichment (-log10(p-value)) using a Fisher’s exact test. 
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Figure 2.25. FIP1L1 expression in healthy hematopoiesis. 

FIP1L1 expression was downloaded from Bloodspot (bloodspot.eu) (144). Data shown 

are from Affymetrix probe 221007_s_at. (A) Normal hematopoiesis dataset 

(GSE42519). (B) HemaExplorer dataset (GSE17054, GSE19599, GSE11864, E-MEXP-

1242). HSC, hematopoietic stem cell; HPC, hematopoietic progenitor cells; MPP, 

multipotential progenitors; CMP, common myeloid progenitor cells; GMP, granulocyte 

monocyte progenitors; MEP, megakaryocyte-erythroid progenitor cells; PM, 

promyelocyte; MY, myelocyte; MM, metamyelocyte; BC, band cell; PMN 

polymorphonuclear cells; NK, natural killer cells; DC, dendritic cells. 
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2.5 Materials and Methods 

Primary patient samples and healthy HSPCs 

Patient samples were obtained from UC San Diego Health with written consent 

and in accordance with the university-approved Institutional Review Board (IRB) 

protocol. Bone marrow and peripheral blood patient samples were separated using 

Ficoll-Pacque (VWR, #17-1440-02) and frozen down until further use. Samples were 

thawed quickly at 37°C, then immediately diluted in 10 mL of 1x PBS supplemented with 

1 mg/mL DNase (Sigma, #11284932001). Cells were washed in 1x PBS supplemented 

with 2%FBS. Live, mononuclear cells were separated by density gradient centrifugation 

using Ficoll-Paque and washed again in 1x PBS 2%FBS. Magnetic bead CD34-

enrichment was performed using MACS Miltenyi Kit 130-046-702 according to the 

manufacturer's protocol. An aliquot of CD34-enriched leukemic blasts was analyzed by 

flow cytometry to confirm that cells were >95% CD34+. RNA was extracted from patient 

blasts using Trizol reagent (ThermoFisher Scientific, #15596026). 

CD34+ HSPCs from healthy donors were obtained from Fred Hutchinson 

Cooperative Center for Excellence in Hematology (CCEH) (Seattle, Washington). Cells 

were thawed quickly and serially diluted with 1x PBS supplemented with 2% FBS. Cells 

were resuspended in Trizol for RNA extraction. 

Lentiviral production and transduction 

For FIP1L1 shRNA knockdown experiments, lentivirus was produced by 

transfecting HEK293T cells with 3 μg of the respective pLKO-based lentiviral vector, 5 

μg of psPAX2, 2.5 μg of pMD2.G, and 42 μL of polyethylenimine (PEI) in 1 mL of Opti-
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MEM I Reduced Serum Medium (Gibco, #31985-070). 24 hours post-transfection, the 

HEK293T cell supernatant was replaced with 7 mL of RPMI supplemented with 10% 

FBS. 24 hours later, the cell supernatant containing lentiviral particles was passed 

through a 0.45 μm syringe filter, supplemented with polybrene (final concentration 4 

μg/mL), and added to the appropriate cell line at ~0.3-0.5 million cells per mL. Cells 

were transduced in 6-well plates by centrifugation (2,000 x g) for 3 hours at 32C in an 

Allegra X-12R centrifuge (Beckman Coulter; Brea, CA) on two consecutive days. 24 

hours following the second transduction, cells were resuspended in fresh RPMI media 

supplemented with 1 μg/mL puromycin. After 48 hours of puromycin selection, cells 

were diluted 1:2 and maintained at 0.5 μg/mL puromycin until flow cytometric analysis or 

RNA/protein isolation. FIP1L1 pLKO shRNA clones utilized were TRCN0000307316 

(shFIP1L1 #1), TRCN0000074418 (shFIP1L1 #2), and TRCN0000074420 (shFIP1L1 

#3). The pLKO control shRNA utilized was Addgene plasmid #1864. 

3’RNA sequencing 

RNA was isolated from healthy CD34+ HSPCs, patient samples, and FIP1L1 

knockdown Kasumi-1 cells using Trizol reagent per the manufacturer’s instructions. 

3’READS library preparation was performed as previously described (95, 96). Libraries 

were sequenced on an Illumina HiSeq4000 (San Diego, CA) and data were processed 

as previously described (95, 96). Transcript shortening or lengthening between two 

experimental groups was calculated by the relative expression difference (RED), 

defined as the difference in the ratio of dPAS isoform abundance to pPAS isoform 

abundance (62). Significant APA events were determined by a Fisher’s exact test. For 

differential APA analysis upon FIP1L1 knockdown in Kasumi-1 cells, three biological 
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replicates of shControl were compared to seven FIP1L1 knockdown replicates (four 

shFIP1L1 #1 and three shFIP1L1 #2). 

RNA-sequencing 

Library preparation of total RNA from healthy HSPCs and patient blasts was 

performed using the TruSeq Stranded mRNA kit (Illumina, 20020594) followed by 

sequencing on an Illumina HiSeq4000. Raw RNA-seq reads were aligned and mapped 

using HISAT2 (145), followed by featureCounts quantification, using the usegalaxy 

public supercomputing platform. Reads were normalized using the DESeq2 software 

(146) package. Further statistical analyses were performed using R software (v3.6). 

For FIP1L1 knockdown in Kasumi-1 cells, RNA from four biological replicates 

were prepared for shControl, shRNA #1 (TRCN0000307316), and shRNA #2 

(TRCN0000074418). For differential gene expression analysis, all eight knockdown 

replicates were compared to the four control replicates. Libraries were prepared and 

sequenced by Novogene (Sacramento, CA). Reads were aligned using STAR software 

(147) and differential expression was performed using DESeq2 (146).  

TCGA LAML raw RNA-Seq data were acquired from the Genomic Data 

Commons (GDC). Sailfish was used to process and align raw reads and quantify 

feature counts (148). To generate cohorts describing top and bottom 10% of FIP1L1 

expression, feature counts were first normalized using DESeq2. Cutoffs representing 

the 90th and 10th percentile of FIP1L1 expression were calculated. DESeq2 (146) was 

used to perform differential gene expression analysis between the top 10% and bottom 

10% cohorts. 
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Cell proliferation 

For Kasumi-1 proliferation curves, cells were transduced as described and 

seeded at 200,000 cells/mL following 48 hours of puromycin selection (‘day 0’). Cells 

were then counted using a BioRad TC20 Automated Cell Counter every two days until 

the conclusion of the experiment. 

Gene set enrichment analysis (GSEA) 

GSEA (149, 150) was performed using the desktop application and the 

‘GSEAPreranked’ function set to 1,000 permutations. For both the FIP1L1 knockdown 

experiment and TCGA dataset analysis, ranked input data was generated based on the 

log2(fold change) from differential gene expression analysis. 

Gene ontology (GO) and pathway analysis 

Gene ontology (GO) and pathway analysis was performed using the Metascape 

online tool (metascape.org) (151). For pathway enrichment of genes with differential 

poly(A) site usage, the described groups of genes were compared to the full list of 

human genes. Similarly, differentially expressed genes (FIP1L1 knockdown experiment 

or TCGA dataset analysis) were compared to the full list of human genes. 

Luciferase assays 

The psiCHECK-2 dual luciferase reporter vector (Promega) was utilized for all 

luciferase assays.  

For BAALC and MAPKAPK3, the 3'UTR that results from polyadenylation at the 

most distal polyadenylation sequence (PAS) and the most proximal PAS were each 
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individually subcloned downstream of renilla luciferase in the psiCHECK-2 vector. First, 

the full length 3’UTR for each was amplified from Kasumi-1 genomic DNA using the 

following primer pairs: MAPKAPK3 (5’– CTCATGGGGCCTTGGAGG –3’ / 5’– 

CCAAGAGAAAATGATGAAATGGTG –3’) and BAALC (5’– 

CAGAGAGTCCAAGCAGAAGG –3’ / 5’– CTGCCCATATATGTTTAAAATTAATGAC –

3’). All canonical PAS (AATAAA) were removed by overlap PCR to prevent premature 

cleavage and to ensure that the full length of the 3'UTR was present downstream of 

renilla in the resulting transcript. The short 3’UTRs were then subcloned using the 

aforementioned forward primers paired with the following reverse primers: MAPKAPK3 

(5’–GTGACAAATTAAAACACAACAAAATAATC –3’) and BAALC (5’– 

TGAACTGCACATTTGCAGAAC –3’). 

For AML1-ETO, the full-length 5.2kb ETO 3’UTR was amplified from KG-1a 

genomic DNA using the following primer pair: (5’– ACGTGAACTCAGAACTGTCGGAG 

–3’ / 5’– CATGATTAGGCAAACACAAC –3’). All canonical PAS (AATAAA) were 

removed by overlap PCR. The short 3’UTRs were then subcloned using the 

aforementioned forward primer paired with the following reverse primers: ETO 1kb (5’-

TTTTTAATTAAAAATCCAAAC-3’), ETO 1.3kb (5’-CTTGAGGACAACCAAAAAGAG-3’), 

ETO 3.7kb (5’-TTTTTTTCAACTTTACACAGTAAAG-3’). 

Kasumi-1 cells were then nucleofected with 0.5-1 μg of psiCHECK-2 vector 

containing the longer 3'UTR or an equimolar amount of the shorter 3'UTR vector. The 

appropriate amount of DNA was mixed with 1.5 million Kasumi-1 cells in 100 μL of 

nucleofection buffer (140 mM Na2HPO4/NaH2PO4 (pH 7.2), 5 mM KCl, 15 mM MgCl2). 

Cells were then nucleofected using program P-019 of the AMAXA II Nucleofector 
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(Lonza; Basel, Switzerland) and carefully transferred to pre-warmed RPMI 

supplemented with 20% FBS and no penicillin/streptomycin. Cells were cultured at 37°C 

and 5% CO2 for 48 hours prior to performing luciferase assays. The Dual-Luciferase 

Reporter Assay System (Promega, E1980) was utilized per manufacturer's instructions. 

Firefly and renilla luciferase fluorescence were measured using the Monolight 3010 

luminometer (BD Pharmingen; Franklin Lakes, NJ).   

Cell lines 

Kasumi-1 and HL-60 cell lines were purchased from ATCC and maintained as 

low-passage stocks. The NB4 cell line was obtained from Daniel Tenen (Harvard 

University, Boston). The OCI-AML3 cell line was kindly provided by Suming Huang 

(University of Florida, Gainesville, FL). The MV4-11 cell line was generously provided 

by Tannishtha Reya (UC San Diego, La Jolla, CA). AML cell lines were cultured in 

RPMI supplemented with 10% FBS and 100U/mL penicillin/streptomycin. HEK293T 

cells were purchased from ATCC and cultured in DMEM supplemented with 10% BCS 

and 100U/mL penicillin/streptomycin. All cells were cultured at 37°C and 5% CO2. 

Western blotting 

Cells were lysed on ice for 10 minutes in cold RIPA buffer (50 mM Tris, 1 M 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease 

inhibitors (Roche, # 11873580001) and phosphatase inhibitors (Roche, #4906837001). 

Lysates were cleared by centrifugation (10,000 x g) at 4C, mixed with loading buffer, 

and denatured at 95C. Lysates were run using conventional SDS-PAGE techniques. 
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Primary western antibodies used for this study included: FIP1L1 (C-10) (Santa Cruz 

Biotechnology, sc-398392), β-Actin (Sigma, A1978), BAALC (Proteintech, #24997-1-

AP), RUNX1-ETO (generated by Covance) (142), α-Tubulin (Developmental Studies 

Hybridoma Bank, #12G10), c-MYC (Abcam, ab32072), Phospho-p70 S6 Kinase 

(Thr389) (Cell Signaling, #9234), p70 S6 Kinase (Cell Signaling, #2708), Phospho-4E-

BP1 (Thr37/46) (Cell Signaling, #2855), and 4E-BP1 (Cell Signaling, #9452). Secondary 

western antibodies included: IRDye 800CW goat anti-rabbit IgG (LI-COR, #926-32211), 

IRDye 800CW goat anti-mouse IgG (LI-COR, # 926-32210), and IRDye 680RD goat 

anti-mouse IgG (LI-COR, #926-68070). Dilutions of all antibodies conformed to the 

manufacturer’s recommendations. Membranes were scanned using a LI-COR Odyssey 

Classic Infrared Imaging System (Lincoln, Nebraska). Image analysis and densitometry 

were performed using the LI-COR Application Software Version 3.0. 

RT-qPCR 

RNA was isolated from transduced Kasumi-1 cells four days following puromycin 

selection using Trizol Reagent per the manufacturer’s instructions. cDNA was prepared 

from 0.5 – 1 μg of RNA using the Quanta 5x qScript cDNA Supermix (Quanta, #95048) 

per the manufacturer’s instructions. Quantitative PCR (qPCR) was performed using 

KAPA SYBR FAST qPCR Master Mix (2X) Universal (KAPA Biosystems, #KK4618) on 

a BioRad CFX Connect machine (Hercules, CA). Reactions were performed in technical 

duplicate or triplicate. Data were analyzed using the conventional delta-delta Ct method 

and normalized as described in the figure legends. 
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Primers used: 

BAALC  

pPAS: 5’– TCTTCAGTGTCCTTCACGGCA –3’ / 5’– CAGTCTTGCCAGGGACTCAG –3’ 

BAALC mPAS:  

5’– AGCACCTGGTTGATGTGTATTC –3’ / 5’– TTCCCAATCCCAGGCATGTT –3’ 

BAALC CDS:  

5’– GCCCTCTGACCCAGAAACAG –3’ / 5’– CTTTTGCAGGCATTCTCTTAGCA –3’ 

β-Actin:  

5’– TCCCTGGAGAAGAGCTACGA –3’ / 5’– AGCACTGTGTTGGCGTACAG –3’ 

AML1-ETO 1kB PAS:  

5’– ATCAGCCAGCTGCCCTAAAT –3’ / 5’– GGCTGGAGCTGAAGCCACCAT –3’ 

AML1-ETO 3.7kB PAS:  

5’– GGCATCATGCTTTTGTCAGCA –3’ / 5’– AGATTCACAGGTTGACAGACCA –3’ 

Wright-Giemsa staining 

To examine HL-60 and NB4 cell morphology, cytospins (Cytopro 7620 

Cytocentrifuge, Wescor) were prepared on shRNA transduced cells three days following 

puromycin selection. 24 hours post-cytospin, cells were fixed with methanol. Slides 

were then stained in Wright solution (Sigma, WS16) followed by a PBS wash. Excess 
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stain was rinsed with water, then slides were stained in Giemsa stain (Sigma, GS500) 

diluted 1:10 in sodium phosophate buffer (pH 6.4) containing 10% Triton-X. Excess 

stain was again rinsed, and slides were dried overnight prior to mounting. Microscope 

images were taken using an Olympus BX51 microscope equipped with a DP71 digital 

camera using the DP-BSW acquisition software (Olympus Corporation; Shinjuku, 

Tokyo, Japan). 

Flow cytometry 

Flow cytometric analyses were performed on a BD FACSCanto flow cytometer 

using the BD FACSDiva acquisition software. Appropriate single-stained and 

fluorescence-minus-one (FMO) controls were used to determine compensation and 

define gates. FlowJo software (FlowJo, LLC) was used for post-acquisition data 

analysis. CD34-APC (BD Pharmingen, #560940) and CD11b-APC (ThermoFisher 

Scientific, CD11b05) antibody concentrations were determined by titration and the same 

number of cells per sample were stained for each experiment. Propidium iodide (PI) 

was used to stain and exclude dead cells. 

AML cell line xenograft 

 HL-60 cells were transduced with lentivirus expressing Cas9 plus the control 

sgRNA or sgRNA targeting FIP1 L1 and then cultured in puromycin using the previously 

described protocol. Approximately 6 hours prior to transplantation of HL-60 cells, 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (‘NSG’) mice were sub-lethally irradiated with 2.5 Gy. 

HL-60 cells were collected, washed in cold PBS, and resuspended at 0.5 x 107 cells / 

mL in PBS. 1.0 x 106 cells (200 μL) were transplanted per mouse via tail vein injection 
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(n = 4 for each group). Mice were monitored regularly and euthanized when they 

showed symptoms of AML burden: lethargy, hunched posture, or hind-leg paralysis. 

Confirmation of AML development was performed by flow cytometric analysis of CD45 

expression on cells in the bone marrow or spleen of euthanized mice. All murine 

experiments were approved by the UCSD Institutional Animal Care and Use Committee 

(IACUC). NSG mice were obtained from Jackson Lab (#005557). 

Statistical analyses 

All statistical analyses were performed using GraphPad Prism Software (Version 

8.3.1). All tests utilized are documented in the respective figure legend. P values are 

denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001. 

Data availability 

3'RNA sequencing and standard RNA-sequencing data of patient samples and 

healthy HSPC controls were deposited to the Gene Expression Omnibus (GEO), 

accession GSE146657. FIP1L1 knockdown and control Kasumi-1 cell RNA-sequencing 

and 3'RNA sequencing were also deposited to GEO, accession GSE146475. All DNA 

constructs generated from this study will be made available by email request or will be 

submitted to Addgene for purchase. 
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Chapter 3: A CRISPR RNA-binding protein screen reveals regulators of RUNX1 

isoform generation 

The proper balance of hematopoietic stem cell (HSC) self-renewal and 

differentiation is critical for normal hematopoiesis and disrupted in hematologic 

malignancy. Among regulators of HSC fate, transcription factors have a well-defined, 

central role and mutations promote malignant transformation. More recently, studies 

have illuminated the importance of post-transcriptional regulation by RNA-binding 

proteins (RBPs) in hematopoiesis and leukemia development. However, the RBPs 

involved and breadth of regulation are only beginning to be elucidated. Furthermore, the 

intersection between post-transcriptional regulation and hematopoietic transcription 

factor function is poorly understood. Here, we studied the post-transcriptional regulation 

of RUNX1, a key hematopoietic transcription factor.  Alternative polyadenylation (APA) 

of RUNX1 produces functionally antagonistic protein isoforms (RUNX1a versus 

RUNX1b/c) that mediate HSC self-renewal versus differentiation, an RNA-processing 

event that is dysregulated in malignancy. Consequently, RBPs that regulate this event 

directly contribute to healthy and aberrant hematopoiesis. We modeled RUNX1 APA 

using a split GFP minigene reporter and confirmed the sensitivity of our model to 

detecting changes in RNA-processing. We utilized this reporter in a CRISPR screen 

consisting of single guide-RNAs exclusively targeting RBPs and uncovered HNRNPA1 

and KHDRBS1 as antagonistic regulators of RUNX1a isoform generation. Overall, our 

study provides mechanistic insight into the post-transcriptional regulation of a key 

hematopoietic transcription factor and identifies RBPs which may have a widespread, 

important function in hematopoiesis.  
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3.1 Introduction 

Hematopoiesis is dependent on the proper balance between hematopoietic stem 

cell (HSC) self-renewal and differentiation. Perturbation in either direction is the basis of 

various hematologic malignancies. Among molecular mechanisms governing HSC fate, 

there is growing interest in the role of post-transcriptional regulation by RNA-binding 

proteins (RBPs), ignited by the identification of common splice factor mutations in 

leukemia and myelodysplastic syndrome (MDS) (152-155). In addition to splicing 

factors, RBPs that regulate RNA methylation (87), editing (156), and translation (157) 

have been described to directly impact HSC self-renewal and differentiation. However, 

only a small subset of all RBPs have been implicated in hematopoietic regulation and 

leukemia development. As such, the mechanistic impact and breadth of RBP 

involvement in hematopoiesis is only beginning to be understood. 

By contrast, transcription factors have well-defined roles in regulating proper 

hematopoiesis and mutations are common in hematologic malignancies. Interestingly, 

post-transcriptional regulation of various hematopoietic transcription factors (GATA1 

(158), IKZF1 (159), RUNX1 (160), SCL (161), and TEL/ETV6 (162)) produces 

functionally distinct isoforms, highlighting the intersection between these two regulatory 

processes. Consequently, elucidating the post-transcriptional mechanism of a key 

hematopoietic transcription factor will illuminate additional RBPs with a critical role in 

hematopoiesis.  

RUNX1 is a hematopoietic transcription factor that plays a direct role in 

regulating HSC fate through the antagonistic action of its three major protein isoforms 
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(163, 164). The long RUNX1b/c isoforms use alternative promoters and differ by 27 

amino acids at their N-terminus (163, 165). They both contain the runt homology 

domain (RHD) for DNA-binding and heterodimerization with CBFβ and the downstream 

transcriptional regulatory domain (TRD) which recruits essential co-factors (166). 

RUNX1a is a C-terminally truncated RUNX1 isoform, generated by alternative 

polyadenylation (APA) (163, 167), that retains the RHD but lacks the TRD (164). This 

structural difference confers enhanced DNA binding (164, 168) and divergent effects on 

target gene transcription when compared to RUNX1b/c (164, 169, 170). RUNX1a 

overexpression expands functional HSCs in vitro and in vivo (170-172), retards 

hematopoietic differentiation (164, 171), and enhances engraftment potential of murine 

bone marrow (BM) cells following transplantation (160, 170, 171). Conversely, 

RUNX1b/c induce HSC quiescence (173), promote differentiation (164, 174), and 

abrogate engraftment of transplanted murine BM cells (160). 

In a healthy hematopoietic system, RUNX1b/c are the dominantly expressed 

isoforms, whereas RUNX1a represents a minor fraction of the total isoform pool (160, 

163). RUNX1a expression is further restricted to immature hematopoietic stem and 

progenitor cells (HSPC) (160), suggesting that RUNX1 APA is dynamically regulated 

during hematopoietic differentiation. Despite this restricted expression, short isoforms of 

RUNX1 are conserved across species (175-177), playing an important role in healthy 

HSC pool maintenance (178). Because RUNX1a mediates HSC expansion, 

overexpression can be leukemogenic (169). Indeed, RUNX1a is overexpressed in some 

patients with acute myeloid leukemia (AML) (164, 169), acute lymphoblastic leukemia 

(ALL) (169), and MDS (179). Importantly, overexpression is achieved by a change in the 
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relative ratio of RUNX1a to total RUNX1 transcript, linking post-transcriptional 

mechanisms to aberrant transcription factor function (164, 179). 

Collectively, these observations support the hypothesis that post-transcriptional 

regulators of RUNX1 isoform generation contribute to HSC biology and protect against 

leukemia development. So far, the RBPs responsible for this regulation and the cis-

acting elements to which they bind are unknown. Here, we devised a fluorescent 

minigene model which accurately recapitulates RUNX1 isoform generation. We 

confirmed the sensitivity of our construct that monitors RUNX1a formation and utilized 

this minigene to perform a CRISPR RBP screen. In doing so, we learned that RUNX1 

proximal poly(A) site usage, and therefore RUNX1a formation, is suppressed primarily 

due to splicing factor RBPs, and not core APA machinery. We identified HNRNPA1 as a 

potent suppressor of RUNX1a formation throughout hematopoiesis, by direct binding to 

alternative, terminal exon 7a. Conversely, KHDRBS1 is an enhancer of RUNX1a 

production in HSPCs, exhibiting declining expression throughout normal hematopoietic 

differentiation. Overall, our study highlights the intersection between post-transcriptional 

regulation and transcription factor function, while uncovering RBPs that play an 

essential and previously underappreciated role in normal and aberrant hematopoiesis. 
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3.2 Results 

3.2.1 RUNX1 poly(A) site strength minimally contributes to suppression of the 

RUNX1a isoform. 

RNA-processing events are regulated by both core machinery and unique RBPs 

which confer cellular context specificity. Therefore, we first assessed the likelihood that 

RUNX1 APA is regulated solely by core polyadenylation machinery. Previous studies 

regarding global poly(A) site usage reveal that genes tend to terminate at distal sites 

because proximal poly(A) sites generally contain weaker cis-acting elements than their 

distal counterparts and less efficiently recruit core machinery (3, 13). In these cases, 

usage of a weaker site is mostly dependent upon the cellular concentration of core 

polyadenylation machinery (31). Since RUNX1a isoform generation is due to 

polyadenylation at a proximal poly(A) site, we examined whether minimal endogenous 

RUNX1a formation can be attributed to a weak poly(A) site. To this end, we profiled 

endogenous RUNX1 poly(A) site usage by performing 3’READS (95) of sorted, common 

myeloid progenitors (CMP) (CD34+/CD38+/CD123+/CD45RA-) from three healthy 

human leukapheresis products (Figure 3.1A). Among four previously annotated major 

poly(A) sites (163), we observed that poly(A) site #1, which results in RUNX1a 

formation, was the second most utilized poly(A) site behind only distal poly(A) site #4 

(Figures 3.1B and 3.1C). Next, we compared the sequences of core polyadenylation 

cis elements for poly(A) sites #1 and #4 (Figure 3.2A). Interestingly, both poly(A) sites 

have the canonical AAUAAA poly(A) hexamer, predictive of a strong poly(A) site (12, 

13, 21). Both also have an upstream UGUA motif which enhances core machinery 

recruitment (180), and downstream G/U rich elements containing UU dinucleotides that 
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enhance cleavage efficiency (29, 181) (Figure 3.2B). Taken together, RUNX1 poly(A) 

site #1 does not have weak cis elements. Finally, we tested the cleavage efficiency of 

RUNX1 poly(A) sites using a tandem poly(A) reporter system and RNase protection 

assays (182) (Figure 3.3A). Though poly(A) site #4 had stronger cleavage than poly(A) 

site #1 (Figures 3.3B and 3.3C), the difference was less than 2-fold, supporting the 

conclusion that RUNX1a formation is not limited primarily due to weak polyadenylation 

cis elements and poor cleavage efficiency. While core machinery may play some role, 

we hypothesize that there are context specific RBPs that regulate isoform expression of 

this crucial hematopoietic transcription factor. 
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Figure 3.1. RUNX1 PAS usage in primary CMPs via 3’RNA sequencing. 

(A) Fluorescence activated cell sorting (FACS) plots depicting how common myeloid 

progenitors (CMPs) were identified and sorted from healthy leukapheresis products 

following CD34 bead enrichment. (B) Genome browser tracks depicting sequencing 

reads in the full RUNX1 gene obtained from 3’READS of sorted CMPs. The red, boxed 

region is expanded. The locations of the four major poly(A) sites are marked with red 

arrows. (C) Usage of the four major RUNX1 poly(A) sites, calculated from 3’READS 

analysis of sorted CMPs.  
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Figure 3.2. Sequence comparison of major RUNX1 poly(A) sites. 

(A) mRNA sequences containing the four major RUNX1 poly(A) sites. The location of 

each site within the RUNX1 genomic structure is marked with a red arrow (top). The 

three major cis-acting elements for polyadenylation are color-coded and underlined. A 

vertical line indicates the predicted cleavage site. The core polyadenylation complexes 

that bind to each cis element are depicted in the cartoon. (B) Table summarizing the 

sequence features of the four major RUNX1 poly(A) sites. A checkmark indicates 

presence, whereas an ‘X’ represents absence of the indicated cis element. 
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Figure 3.3. RUNX1 poly(A) sites differ in cleavage efficiency. 

(A) Schematic of the RNase protection assay (RPA). The RUNX1 poly(A) site 

sequences cloned between luciferase and the SV40 poly(A) site are shown in Figure 

3.2A. (B) Representative blots showing the protected fragments generated from all four 

RUNX1 poly(A) sites relative to a common synthetic poly(A) site using RPA. For each 

blot, lane 1 is the experimental lane. Lane 2 is a positive control for effective RNase 

digestion and a negative control for non-specific binding of the probe. Lane 3 is a 

control of full-length probe integrity. Yeast RNA is mixed with probe for control lanes (2-

3). RUNX1 poly(A) site and synthetic poly(A) site signal intensities were normalized to 

each other based on the number of uracil nucleotides present in each protected 

fragment. Example quantifications are listed below the experimental lanes. (C) 

Quantification of RUNX1 PAS usage relative to the common synthetic PAS. Data are 

mean +/- s.d. of three independent experiments. *** p < 0.001, one-way ANOVA with a 

post-hoc Tukey test. 
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3.2.2 A split GFP minigene model recapitulates RUNX1 isoform generation. 

Next, we modeled RUNX1a formation by including more of its genomic context, 

capturing regions that bind accessory RBPs that mediate context specific isoform 

generation. RUNX1 APA is a unique type of coding sequence APA where proximal 

poly(A) site usage is coupled with splicing of an alternative, terminal exon (40). For 

RUNX1a formation, exon 6 of the RUNX1 gene splices exon 7a and terminates at 

poly(A) site #1 (Figure 3.1B). RUNX1b/c are formed by skipping exon 7a, splicing exon 

7b, and terminating at one of three poly(A) sites in exon 8 (163). Therefore, we devised 

a minigene model that accounts for both splicing and polyadenylation of RUNX1 

alternative, terminal exon 7a. We cloned exon 7a with ~500bp of flanking intron 

between the two exons of a split GFP reporter (183, 184) (Figure 3.4A - left). Because 

RUNX1a is globally suppressed in hematopoiesis, we expect that exon 7a will be 

skipped and GFP will be detected in cells expressing the transgene. We also generated 

an analogous construct containing constitutive exon 7b, which is spliced instead of exon 

7a to produce the major RUNX1b/c isoforms (Figure 3.4A - right). Unlike the exon 7a 

minigene construct, we expect that exon 7b will be spliced between the two GFP exons, 

and GFP will not be produced. Indeed, the exon 7a minigene produced a robust GFP 

signal in cells expressing the transgene, whereas the exon 7b construct produced no 

detectable GFP (Figure 3.4B). We confirmed that GFP fluorescence reflected the 

expected splice products by performing RT-PCR (Figure 3.4C - top). Additionally, we 

observed low levels of exon 7a spliced and polyadenylated product from cells 

expressing the exon 7a minigene, effectively modeling low endogenous RUNX1a 

isoform generation (Figure 3.4C - bottom). The opposite processing of these 
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minigenes recapitulates endogenous RUNX1 post-transcriptional regulation. 

Consequently, these constructs are suitable for further study of cis-acting elements and 

RBPs which differentiate these RNA-processing events.  
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Figure 3.4. A split GFP minigene model recapitulates RUNX1 post-transcriptional 

RNA processing. 

(A) Schematic of the split GFP minigene constructs containing RUNX1 exon 7a (top – 

left) and RUNX1 exon 7b (top – right). Poly(A) sites are marked with an ‘A’. (B) FITC 

mean fluorescent intensity (MFI) measured by flow cytometric analysis of KG-1a cells 

nucleofected with the RUNX1 exon 7a or exon 7b minigene construct. FITC MFI is 

normalized to non-nucleofected KG-1a cells. Data are mean +/- s.d. of four independent 

experiments. *** p < 0.001, one-way ANOVA with post-hoc Tukey test. (C) RT-PCR 

analysis of RNA extracted from KG-1a cells nucleofected with the RUNX1 minigene 

constructs, a GFP vector positive control, or mock-nucleofected negative control. Primer 

sets used for analysis are shown above the corresponding agarose gel image. 
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3.2.3 Chimeric minigene constructs reveal locations of critical cis-acting elements 

regulating RUNX1 exon 7a and 7b inclusion. 

To assess whether the disparity in RUNX1 exon usage is generally defined by 

exons or flanking intronic regions, we subcloned two series of chimeric minigene 

constructs. We first modified the split GFP reporter that contained exon 7a by replacing 

the upstream (bAa), downstream (aAb), or both (bAb) flanking introns with the 

analogous introns that typically surround exon 7b (Figure 3.5A). Cells nucleofected with 

all four exon 7a minigene constructs still produced GFP, as shown by flow cytometry 

(Figure 3.5B) and RT-PCR (Figure 3.5C - top). This observation suggests that major 

suppressive cis-acting elements are located within exon 7a. Interestingly, we noticed 

consistent differences in the GFP MFI of cells expressing each of the four constructs. 

To test whether these differences meaningfully predict changes in inclusion of exon 7a, 

we performed RT-qPCR to quantify the relative amount of polyadenylated exon 7a 

product generated by each minigene construct (Figure 3.5D). Indeed, decreased GFP 

MFI (bAa) correlated with increased exon 7a inclusion, whereas increased GFP MFI 

(aAb and bAb) correlated with exon 7a exclusion. The former observation (bAa) 

indicates a minor suppressive cis element in the upstream intron of exon 7a. The latter 

(aAb and bAb) results from ablation of exon 7a polyadenylation by removal of the G/U-

rich downstream element (Figure 3.5C - bottom). Overall, GFP MFI precisely detected 

changes in exon 7a inclusion of the minigene reporter. 

We next generated a set of minigene constructs that contained constitutive exon 

7b. We replaced the upstream (aBb), downstream (bBa), or both (aBa) flanking introns 

with the analogous introns that typically flank exon 7a (Figure 3.6A). When 
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nucleofected into cells, the wild type construct did not produce GFP and replacing only 

the downstream intron (bBa) had no effect on GFP production. However, replacing the 

upstream intron (aBb) produced a slight increase in GFP+ cells and replacing both 

introns (aBa) produced a dramatic increase in GFP+ cells (Figure 3.6B). RT-PCR 

analysis revealed a striking reversal from complete inclusion of exon 7b in the wild type 

context to nearly complete exclusion when both introns were replaced (Figure 3.6C). 

Therefore, the constitutive nature of exon 7b is dictated by its intronic context, unlike 

exon 7a which was modestly affected by alterations to its flanking introns.  
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Figure 3.5. Suppressive elements within RUNX1 exon 7a mediate inclusion. 

(A) Schematic of the RUNX1 exon 7a chimeric split GFP minigene constructs. Changes 

to the intronic context are indicated by label and color: introns normally flanking exon 7a 

are blue and labeled ‘a’; introns normally flanking exon 7b are yellow and labeled ‘b’. (B) 

FITC mean fluorescent intensity (MFI) measured by flow cytometric analysis of KG-1a 

cells nucleofected with the indicated RUNX1 exon 7a chimeric minigene constructs. 

FITC MFI is normalized to KG-1a cells nucleofected with the exon 7a WT minigene 

construct. Data are mean +/- s.d. of four independent experiments. ** p < 0.01, one-way 

ANOVA with post-hoc Tukey test. (C) RT-PCR analysis of RNA extracted from KG-1a 

cells nucleofected with the RUNX1 exon 7a chimeric minigene constructs. Primer sets 

used for analysis are shown above the corresponding agarose gel image. (D) RT-qPCR 

analysis of exon7a product mRNA normalized to GAPDH mRNA from KG-1a cells 

nucleofected with the respective constructs. mRNA levels were normalized to that of the 

RUNX1 exon 7a WT control. Data are mean +/- s.d. of three independent experiments. 

** p < 0.01, *** p < 0.001, one-way ANOVA with post-hoc Tukey test. 
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Figure 3.6. Flanking intronic regions direct RUNX1 exon 7b inclusion. 

(A) Schematic of the RUNX1 exon 7b chimeric split GFP minigene constructs. Changes 

to the intronic context are indicated by label and color: introns normally flanking exon 7a 

are blue and labeled ‘a’; introns normally flanking exon 7b are yellow and labeled ‘b’. (B) 

Percentage of GFP+ cells as measured by flow cytometry of KG-1a cells nucleofected 

with the indicated RUNX1 exon 7b chimeric minigene constructs. Data are mean +/- s.d. 

of four independent experiments. *** p < 0.001, one-way ANOVA with post-hoc Tukey 

test. (C) RT-PCR analysis of RNA extracted from KG-1a cells nucleofected with the 

indicated RUNX1 exon 7b chimeric minigene constructs. The asterisk (*) represents the 

presence of a cryptic splice that results in a higher molecular weight product. 
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3.2.4 A CRISPR RNA-binding protein (RBP) screen uncovers putative regulators 

of RUNX1a production.  

Motivated by the unique regulation of exon 7a, we next wanted to identify 

specific RBPs that regulate exon 7a inclusion, and therefore RUNX1a formation. We 

performed a CRISPR/Cas9 screen using a library composed of single guide-RNAs 

(sgRNAs) exclusively targeting RBPs (185). Since the exon 7a split GFP minigene 

reporter was sensitive enough to detect bi-directional changes in exon inclusion (Figure 

3.5B), we modified this reporter for screening. To account for RBPs that may affect 

transcription, mRNA stability, export, localization, and translation of the reporter 

independent of changes in inclusion of exon 7a, we added mCherry and a P2A peptide 

directly upstream of the split GFP (Figure 3.8A). We selected MDS-L cells as a diploid, 

RUNX1a intermediate-expressing cell line (Figures 3.7A and 3.7B) and generated a 

stable, clonal line expressing the bicistronic, dual fluorescent minigene reporter. As 

expected, these cells displayed a tight correlation of mCherry and GFP fluorescence 

(Figure 3.8B).  

We infected this reporter cell line with the lentiviral sgRNA library and selected 

for infected cells with puromycin (Figure 3.8C). We collected a population of cells three 

days post-transduction to confirm representation of the sgRNA library (day 0) (Figure 

3.9A) and after three weeks (day 21) to ensure complete knockout. Importantly day 0 

and day 21 replicates were significantly correlated with each other (Figure 3.9B). At the 

day 21 endpoint, positive control sgRNAs and those targeting essential RBPs were 

significantly depleted from the pool (Figure 3.9C) and there was a clear difference in 

overall sgRNA representation (Figure 3.9D). We also sorted GFP low and GFP high 
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cells relative to mCherry (Figure 3.8B) to identify sgRNAs targeting putative RUNX1a 

suppressors and enhancers, respectively. We used MaGeCK (186) to calculate beta 

scores describing the level of enrichment of sgRNAs in these subpopulations. 

Altogether, we identified 47 putative suppressor RBPs and 55 putative enhancer RBPs 

from the 1078 RBPs screened (Figure 3.10A). Among the ten most significant putative 

RBP suppressors, eight carry the “RNA splicing” GO annotation (GO:0008380) and 

none are annotated for “mRNA 3’-end processing” (GO:0031124) (Table 3.1). This 

observation suggests potent splicing regulation of alternative, terminal exon 7a and 

supports our previous conclusion that APA core machinery plays a minor role in 

repressing proximal poly(A) site usage (Figures 3.1-3.3). 
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Figure 3.7. Relative RUNX1a and total RUNX1 mRNA in various leukemia cell 

lines. 

(A) RT-qPCR analysis of RUNX1a mRNA normalized to total RUNX1 in the indicated 

leukemia cell lines. mRNA levels were normalized to K562 cells, which had the lowest 

relative RUNX1a transcript. Blue bars represent ‘RUNX1a low,’ yellow bars represent 

‘RUNX1a intermediate,’ and red bars represent ‘RUNX1a high’ cell lines. Data are mean 

+/- s.d. of three independent batches of RNA. (B) RT-qPCR analysis of RUNX1 mRNA 

normalized to total GAPDH mRNA in the indicated leukemia cell lines. mRNA levels 

were normalized to K562 cells. Data are mean +/- s.d. of three independent batches of 

RNA. 
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Figure 3.8. A CRISPR RNA-binding protein screen reveals post-transcriptional 

regulators of RUNX1. 

(A) Schematic of the bicistronic, dual fluorescent minigene reporter designed for the 

CRISPR screen. The RUNX1 exon 7a minigene reporter was modified by subcloning 

mCherry and a P2A peptide upstream of the first GFP exon. Poly(A) sites are marked 

with an ‘A’. (B) Representative flow cytometry plot of the stable, clonal MDS-L cell line 

containing the dual fluorescent reporter from (A). Boxed regions represent the gating of 

GFP high and low cell populations that were sorted at the endpoint of the CRISPR 

screen. The positive control for each sorted population is noted. (C) Schematic of the 

CRISPR screen. MDS-L cells stably expressing the dual fluorescent RUNX1 exon 7a 

minigene construct were infected with lentiviral particles containing the RBP sgRNA 

library. Bulk cell populations were collected at ‘Day 0’ and ‘Day 21.’ GFP high and low 

cells were sorted as depicted in (B) on ‘Day 21.’ 
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Figure 3.9. CRISPR screen quality control metrics. 

(A) Dot plot showing the correlation between normalized sgRNA read counts in the 

plasmid library used for lentiviral production and counts in transduced cells on ‘day 0.’ 

(B) Dot plots showing the correlation between normalized sgRNA read counts in ‘day 0’ 

replicates (top) and ‘day 21’ replicates (bottom). (C) Dot plot showing the change in 

normalized sgRNA read counts from ‘day 0’ to ‘day 21’ of the screen. Negative control 

sgRNAs (blue) exert no selection pressure. Positive control sgRNAs (yellow) are 

expected to drop out over time. sgRNAs targeting RBPs are in gray; essential RBPs are 

expected to drop out over time. (D) Cumulative distribution frequency (CDF) plot 

depicting sgRNA representation in the indicated cell populations and the plasmid library 

used for lentiviral production. All populations were compared to ‘Day 0.’ Kolmogorov-

Smirnov test.  
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Figure 3.10. RNA-binding proteins identified in the CRISPR screen. 

(A) Plot depicting the β-scores of sgRNA enrichment in GFP high versus low 

populations. The insets show all significantly enriched RBPs for both cell populations (p 

< 0.05). 'RNA splicing' (GO: 0008380) RBPs among the ten most significant RBPs are 

labeled. Positive controls (mCherry and EGFP) are also labeled. 
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Table 3.1. Composition of significantly enriched RNA-binding proteins in GFP low 

and high populations. 

The most significantly enriched (p < 0.01) RBPs in the GFP low (left) and GFP high 

(right) populations are listed. EGFP and mCherry targeting sgRNAs, the positive control 

for each sorted population, were most significantly enriched. ‘RNA splicing’ (GO: 

0008380) and ‘mRNA 3’end processing’ (GO:0031124) annotations are indicated for 

each RBP. 
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3.2.5 HNRNPA1 is a potent suppressor of RUNX1a formation. 

To validate putative RUNX1a suppressors, we performed a secondary siRNA 

screen. We knocked down the eight "RNA splicing" RBPs and measured endogenous 

RUNX1a mRNA relative to total RUNX1 transcript by RT-qPCR (Figure 3.11A). From 

this secondary screen, we confidently identified HNRNPA1 as a suppressor of RUNX1a 

isoform generation. To better measure the extent of this suppression, we knocked down 

HNRNPA1 using stably expressed shRNAs (Figures 3.12A and 3.12B). In both K562 

and MDS-L leukemia cell lines, HNRNPA1 knockdown led to a robust increase in 

relative RUNX1a to total RUNX1 mRNA (Figures 3.12C) with a concurrent decrease in 

RUNX1b/c transcript (Figures 3.12D). In MDS-L cells, HNRNPA1 knockdown also led 

to the clear detection of RUNX1a protein which was difficult to detect in the parental cell 

line (Figures 3.12E). 

Because HNRNPA1 is abundantly expressed in hematopoietic cells, we also 

generated HNRNPA1 knockout MDS-L cells via CRISPR/Cas9. We validated four 

unique HNRNPA1 knockout clones and two heterozygous clones by western blot 

(Figures 3.13A and 3.13B) and sequencing of individual alleles (Figures 3.13C). 

HNRNPA1 protein reduction conferred a dose-dependent increase in relative RUNX1a 

mRNA (Figures 3.14A) and RUNX1a protein (Figures 3.14B), further implicating 

HNRNPA1 as a potent suppressor of RUNX1a isoform formation. 

  



 

108 

 

 

 

Figure 3.11. A secondary siRNA screen reveals suppressors of RUNX1a. 

(A) RT-qPCR analysis of RUNX1a mRNA normalized to total RUNX1 in MDS-L cells 

nucleofected with the indicated siRNAs. mRNA levels were normalized to siControl 

nucleofected cells. The teal bar marks the suppressor RBP that had significantly 

increased RUNX1a mRNA upon knockdown. Data are mean +/- s.d. of three biological 

replicates. * p < 0.05, *** p < 0.001, one-way ANOVA with post-hoc Tukey test. 
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Figure 3.12. HNRNPA1 knockdown enhances RUNX1a isoform production. 

(A) RT-qPCR analysis of HNRNPA1 mRNA normalized to GAPDH mRNA upon 

knockdown in K562 and MDS-L cells. mRNA levels were normalized to the respective 

control for each cell line. Data are mean +/- s.d. of four independent experiments. *** p 

< 0.001, two-tailed student’s t-tests. (B) Western blot showing HNRNPA1 and tubulin 

(loading control) protein in K562 and MDS-L cells six days following transduction with 

control shRNAs or shRNAs targeting HNRNPA1. (C) RT-qPCR analysis of RUNX1a 

mRNA normalized to total RUNX1 mRNA upon HNRNPA1 knockdown in K562 and 

MDS-L cells. mRNA levels were normalized to the respective control for each cell line. 

Data are mean +/- s.d. of four independent experiments. * p < 0.05, ** p < 0.01, *** p < 

0.001, two-tailed student’s t-tests. (D) RT-qPCR analysis of RUNX1b/c mRNA 

normalized to total RUNX1 mRNA upon HNRNPA1 knockdown in K562 and MDS-L 

cells. mRNA levels were normalized to the respective control for each cell line. Data are 

mean +/- s.d. of four independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, 

two-tailed student’s t-tests. (E) Western blot showing RUNX1a and tubulin (loading 

control) protein. The first three lanes contain protein from 293T cells transfected with 

empty vector, vector containing untagged RUNX1a cDNA, or vector containing 

untagged RUNX1b/c cDNA. Lane 2 is a positive control for RUNX1a protein (marked 

with the blue arrow). The last two lanes contain protein from MDS-L cells six days 

following transduction with shControl lentivirus or shHNRNPA1 (2) lentivirus. 
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Figure 3.13. Generation of HNRNPA1 knockout MDS-L cells. 

(A) Western blot showing HNRNPA1 and tubulin (loading control) protein in the parental 

MDS-L cell line, a clonal MDS-L cell line containing empty lenti-v2 Cas9 vector, and 

individual HNRNPA1 sgRNA-targeted MDS-L clonal cell lines. (B) Protein from (A) was 

quantified by normalizing HNRNPA1 signal intensity to tubulin signal intensity using LI-

COR Image Studio software. Clonal cell line HNRNPA1 protein levels were normalized 

to the parental MDS-L cell line. Data are mean +/- s.d. of three protein lysates from 

each clonal line. (C) Table showing the sequence of each HNRNPA1 allele in the clonal 

MDS-L cell lines. Mutations are shown in red. Blue nucleotides are in exon 1. Gray 

nucleotides are in the intron downstream of exon 1. KO, knockout; Het, heterozygous. 
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Figure 3.14. HNRNPA1 knockout MDS-L cells have enhanced RUNX1a transcript 

and protein. 

(A) RT-qPCR analysis of RUNX1a mRNA normalized to total RUNX1 mRNA in clonal 

MDS-L cell lines with normal HNRNPA1 protein levels (WT: n = 4), approximately 50% 

HNRNPA1 protein (Het: n = 2), and undetectable HNRNPA1 protein (KO: n = 4). Data 

are mean +/- s.d. ** p < 0.01, two-tailed student’s t-tests. (B) Western blot showing 

RUNX1a and tubulin (loading control) protein. The first two lanes contain protein lysates 

from 293T cells that have been transfected with vector containing untagged RUNX1a 

cDNA or empty vector. Lane one is a positive control for RUNX1a protein (marked with 

the blue arrow). The remaining lanes contain protein from the clonal MDS-L cell lines. 

RUNX1a protein was quantified by normalizing RUNX1a signal intensity to tubulin signal 

intensity using LI-COR Image Studio software. Normalized protein quantifications are 

shown below the respective lane. 
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3.2.6 HNRNPA1 suppresses RUNX1 exon 7a usage via direct binding. 

We next addressed whether HNRNPA1 suppresses RUNX1a production 

through direct binding to exon 7a or its adjacent introns. A consensus binding motif for 

HNRNPA1 was previously deduced using SELEX (systematic evolution of ligands by 

exponential enrichment) (187), HITS-CLIP (high-throughput sequencing of RNA isolated 

by crosslinking and immunoprecipitation) (188), and iCLIP (individual nucleotide 

resolution CLIP) techniques (189). We expanded upon these previous studies and 

utilized the newest enhanced CLIP (eCLIP) technology (141) in MDS-L cells to deduce 

a consensus HNRNPA1 binding motif (Figure 3.15A). In accordance with previous 

studies, we uncovered the core ‘UAG’ motif within the most significantly enriched 

hexamer: ‘UAG(A/G)GG’ (Figure 3.15B). Most binding sites were in intronic regions, 

followed by untranslated regions (UTRs) (Figure 3.15C). Based on our cis-acting 

element studies, we hypothesized that suppressive elements are located within exon 7a 

(Figures 3.5A, 3.5B, 3.5C, and 3.5D). Indeed, we identified a putative HNRNPA1 

binding motif (UAGAGC) in the 3’UTR region of exon 7a. To disrupt HNRNPA1 binding, 

we mutated the essential ‘AG’ dinucleotide to cytosines (UAGAGC  UCCAGC) in the 

dual fluorescent minigene (190, 191) (Figure 3.16A). We observed a significantly lower 

GFP to mCherry MFI ratio in cells expressing the mutated construct compared to cells 

expressing the wild type construct (Figures 3.16B and 3.16C). The construct containing 

the mutated HNRNPA1 binding site produced significantly more exon 7a polyadenylated 

product, confirming that this change in fluorescence resulted from enhanced splicing 

and polyadenylation of exon 7a (Figure 3.16D). We therefore concluded that HNRNPA1 

binds directly to RUNX1 exon 7a to suppress splicing and polyadenylation. 
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Figure 3.15. eCLIP of HNRNPA1 confirms previously deduced binding motif. 

(A) Western blot confirming the success of HNRNPA1 immunoprecipitation in MDS-L 

cells prior to library preparation of bound RNAs. (B) Consensus HNRNPA1 binding 

motif, generated by Homer (192), as deduced by eCLIP in MDS-L cells. (C) Distribution 

of significant eCLIP peaks, indicative of HNRNPA1 binding locations. Disintron, distal 

intron; proxintron, proximal intron; CDS, coding sequence; UTR, untranslated region; ss, 

splice site; NC, non-coding.  
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Figure 3.16. HNRNPA1 suppresses RUNX1a formation by direct binding to exon 

7a. 

(A) Schematic of the dual fluorescent RUNX1 exon 7a wild type and HNRNPA1 site 

mutant constructs. The underlined ‘AG’ nucleotides in the wild type construct were 

mutated to ‘CC.’ (B) CDF plots showing the log2 ratio of GFP to mCherry in individual 

K562 (top) or KG-1a cells (bottom) nucleofected with the exon 7a wild type construct or 

HNRNPA1 site mutant construct. Data are from one representative experiment of three 

independent experiments. *** p < 0.001, Kolmogorov-Smirnov test. (C) Ratio of GFP 

mean fluorescent intensity (MFI) to mCherry MFI as measured by bulk flow cytometric 

analysis of K562 and KG-1a cells nucleofected with the constructs depicted in (A). Data 

are mean +/- s.d. of three independent experiments. *** p < 0.001, two-tailed student’s t-

test. (D) RT-qPCR analysis of exon 7a product mRNA normalized to mCherry mRNA 

from KG-1a cells nucleofected with the respective HNRNPA1 site mutant constructs. 

mRNA levels were normalized to that of the RUNX1 exon 7a WT control. Data are mean 

+/- s.d. of three independent experiments. * p < 0.05, two-tailed student’s t-test. 
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3.2.7 Additional regulators contribute to the proper balance of RUNX1 isoforms.  

HNRNPA1 is abundantly expressed throughout hematopoiesis, playing a pivotal 

role in repressing RUNX1a isoform production. However, its absence does not confer 

dominance of the RUNX1a isoform over RUNX1b/c. There must be additional RBPs 

that contribute to this repression and others that enhance exon 7a inclusion, maintaining 

low levels of RUNX1a necessary for HSC pool maintenance.  

In our CRIPSR RBP screen, we also sorted GFP high cells which contained 

sgRNAs targeting putative RUNX1a enhancers (Figures 3.8B and 3.8C). Among the 

ten most significantly enriched RBPs, four carry the “RNA splicing” GO annotation 

(GO:0008380) (Table 3.1). We knocked down each of these RBPs with siRNAs 

followed by RT-qPCR for endogenous RUNX1a relative to total RUNX1 mRNA. From 

this secondary screen, we identified HNRNPC and KHDRBS1 (SAM68) as putative 

enhancers of RUNX1a formation (Figures 3.17A, 3.18A, and 3.18B). Of these two 

RBPs, overexpression of KHDRBS1 in K562 cells led to a significant increase in relative 

RUNX1a to total RUNX1 mRNA (Figures 3.18C and 3.18D). Interestingly, the 

combination of KHDRBS1 overexpression with HNRNPA1 knockdown further enhanced 

RUNX1a transcript production (Figures 3.19A and 3.19B). These results highlight the 

combinatorial role of multiple RBPs in maintaining isoform pools of critical transcription 

factors such as RUNX1. 
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Figure 3.17. A secondary siRNA screen reveals enhancers of RUNX1a. 

(A) RT-qPCR analysis of RUNX1a mRNA normalized to total RUNX1 in MDS-L cells 

nucleofected with the indicated siRNAs. mRNA levels were normalized to siControl 

nucleofected cells. The teal bars mark enhancer RBPs that had significantly decreased 

RUNX1a mRNA upon knockdown. Data are mean +/- s.d. of three biological replicates. 

* p < 0.05, one-way ANOVA with post-hoc Tukey test. 
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Figure 3.18. KHDRBS1 is an enhancer of RUNX1a isoform formation. 

(A) RT-qPCR analysis of KHDRBS1 mRNA normalized to GAPDH mRNA upon siRNA 

knockdown of KHDRBS1 in MDS-L cells. mRNA levels were normalized to cells treated 

with control siRNAs. Data are mean +/- s.d. of three independent experiments. * p < 

0.05, two-tailed student’s t-test. (B) RT-qPCR analysis of RUNX1a mRNA normalized to 

total RUNX1 mRNA upon siRNA knockdown of KHDRBS1 in MDS-L cells. mRNA levels 

were normalized to cells treated with control siRNAs. Data are mean +/- s.d. of three 

independent experiments. * p < 0.05, two-tailed student’s t-test. (C) Western blot 

showing overexpressed KHDRBS1 protein in K562 cells following transduction with 

retrovirus expressing KHDRBS1 cDNA. Actin protein is the loading control. (D) RT-

qPCR analysis of RUNX1a mRNA normalized to total RUNX1 in K562 cells following 

transduction with retrovirus expressing KHDRBS1 cDNA. mRNA levels were normalized 

to cells transduced with an empty vector. Data are mean +/- s.d. of four independent 

experiments. * p < 0.05, two-tailed student’s t-test. 
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Figure 3.19. Combination of HNRNPA1 knockdown and KHDRBS1 overexpression 

has an additive effect on RUNX1a generation. 

(A) Western blot showing HNRNPA1, KHDRBS1, and actin (loading control) proteins in 

K562 cells with the indicated combinations of shRNA-mediated HNRNPA1 knockdown 

and KHDRBS1 cDNA retroviral overexpression. (B) RT-qPCR analysis of RUNX1a 

mRNA normalized to total RUNX1 in K562 cells with the indicated combinations of 

shRNA-mediated HNRNPA1 knockdown and KHDRBS1 cDNA retroviral 

overexpression. mRNA levels were normalized to cells transduced with control shRNAs 

and empty vector. Data are mean +/- s.e.m. of five independent experiments. * p < 0.05, 

paired two-tailed student’s t-test. 
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3.3 Discussion 

Since transcription factors have well-defined roles in healthy hematopoiesis and 

leukemogenesis, studying the post-transcriptional processing of a critical hematopoietic 

transcription factor is a suitable strategy for identifying functionally important RBPs in 

hematology. Here we studied APA of RUNX1, a post-transcriptional event that produces 

antagonistic isoforms mediating HSC dynamics, that is also dysregulated in hematologic 

malignancy. By studying this specific event, we uncovered two RBPs, HNRNPA1 and 

KHDRBS1, with previously unappreciated roles in proper and aberrant hematopoiesis. 

Additionally, our dual fluorescent model and screening approach can be adapted and 

utilized to probe RBP regulation of other critical post-transcriptional events. Finally, our 

study represents one of few reports on the role of APA in normal hematopoiesis and 

assigns a role of splicing regulators to alternative, terminal exon APA. 

To study RBP-RNA interactions that impact RUNX1 isoform generation, we 

modeled RUNX1 post-transcriptional processing using a split GFP minigene (183, 184). 

This fluorescent reporter effectively recapitulated the disparity in expression of RUNX1a 

(alternative terminal exon 7a) and RUNX1b/c (constitutive exon 7b) in hematopoiesis, 

and therefore accurately depicted endogenous post-transcriptional processing of 

RUNX1 (160). Importantly, this model was sensitive to detect small changes in exon 

inclusion. When converted to a dual fluorescent, bicistronic model and paired with a 

CRISPR sgRNA library targeting only RBPs, we demonstrated that this strategy 

accurately identified RBP regulators of a critical post-transcriptional event. Notably, our 

strategy can be readily adapted to probe regulation of RNA-processing events beyond 

this current study. 
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Using this fluorescent model and screening strategy, we identified RBPs that 

regulate RUNX1 function, expanding the growing list of post-transcriptional regulators 

that govern healthy hematopoiesis. First, we identified HNRNPA1 as a potent 

suppressor of RUNX1a formation by direct binding to the 3'UTR of alternative, terminal 

exon 7a. Considering the global repression of RUNX1a in hematopoiesis, the discovery 

of HNRNPA1 as a major player in exon 7a suppression is not surprising. HNRNPA1 has 

a broadly documented repressive role on exon usage and is one of the most abundantly 

expressed proteins in the nucleus (193). Indeed, HNRNPA1 is highly expressed 

throughout hematopoiesis, maintaining a RUNX1 isoform pool that favors RUNX1b/c 

(Figure 3.20A) (144). Expression remains high in HSPCs and therefore cannot fully 

explain RUNX1a upregulation in these cells. Expression is lower in differentiated 

myeloid cells, in agreement with a previous report (194), suggesting the presence of 

additional suppressors. Our data supports this conclusion because RUNX1a is still not 

the dominant isoform in HNRNPA1 knockout cells. 

HNRNPA1 is overexpressed in AML (194) and BCR-ABL positive CML patients 

(195), where it contributes to leukemic phenotypes (196). Furthermore, this suppressive 

RBP is generally reported to be oncogenic (197). Consequently, decreased HNRNPA1 

expression is not a pervasive mechanism for RUNX1a upregulation in leukemia. An 

intriguing alternative possibility is that post-translational modification of HNRNPA1, 

independent of changes in expression, can impact target gene splicing. In an MDS 

model of TRAF6 overexpression, ubiquitination of HNRNPA1 alters splicing of Arhgap1 

(198). While our data implicates HNRNPA1 as a directly binding RBP regulator of 



 

122 

 

RUNX1 exon 7a, we cannot exclude the importance of post-translational modifications 

on regulation of this event. 

We also identified the RUNX1a enhancer KHDRBS1 (aka SAM68), belonging to 

the STAR (signal transduction and activation of RNA metabolism) family of RBPs that 

link signal transduction pathways to post-transcriptional regulation (199). KHDRBS1 and 

HNRNPA1 play cooperative and antagonistic roles on RNA-processing events (200-

202). Our data support an antagonistic interaction on RUNX1 isoform generation.  

Importantly, KHDRBS1 expression during healthy hematopoiesis and in 

leukemia support a role for this RBP in fine-tuning the RUNX1 isoform ratio. During 

normal hematopoiesis, KHDRBS1 is most highly expressed in HSPCs with decreased 

expression upon differentiation into lymphoid and myeloid cells (Figure 3.20B). 

Therefore, KHDRBS1 expression contributes to enhanced expression of RUNX1a in 

HSPCs, and perhaps positively regulates HSC self-renewal. In line with this hypothesis, 

KHDRBS1 promotes neural progenitor cell (NPC) self-renewal and knockdown induces 

differentiation, a system analogous to regulation of HSC fate (203). Mechanistically, 

KHDRBS1 affected NPC fate by regulating coding sequence APA of a glycolytic 

enzyme, supporting our finding that KHDRBS1 regulates alternative, terminal exon 

polyadenylation. Furthermore, KHDRBS1 plays a pervasive oncogenic role in various 

cancer types (204, 205), including leukemia. KHDRBS1 expression is essential for MLL-

fusion mediated leukemic transformation (206) and is overexpressed in T-ALL (207) and 

AML (208). In these studies, the oncogenic role of KHDRBS1 is attributed to protein-

protein interactions, not its RNA-binding ability. However, the post-transcriptional impact 

of KHDRBS1 in other cancer types is well-documented, affecting pertinent genes such 
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as CD44, CCND1, BCL2L1, and mTOR (204, 205). Our data demonstrates for the first 

time that KHDRBS1 regulates APA of a key hematopoietic transcription factor. This 

RBP is an attractive candidate for normal HSC regulation and dysregulation in 

leukemia. 

Finally, our study highlights the importance of APA in normal hematopoietic 

differentiation, a field of post-transcriptional regulation that is relatively understudied in 

hematology. Global APA trends across species and cellular contexts reveal a shift from 

proximal to distal poly(A) site usage during differentiation (55-57, 209) and distal to 

proximal poly(A) site usage during oncogenic transformation (6, 8, 67). In these 

respects, RUNX1 APA fits global trends: (1) usage of proximal poly(A) site #1 

(RUNX1a) is highest in immature HSCs and decreases upon differentiation (160) and 

(2) usage of proximal poly(A) site #1 is elevated in hematologic malignancy (164, 169, 

179). However, a closer analysis reveals unconventional APA regulation. While 

proximal poly(A) sites tend to be less utilized than their distal counterparts due to 

inherently weak polyadenylation cis elements (3, 13), this is not the case for RUNX1. 

We saw that proximal poly(A) site #1 has higher endogenous usage than two of three 

distal sites, canonical cis-acting elements, and relatively strong cleavage. These 

observations support an evolutionarily conserved role for short RUNX1 isoforms in 

healthy hematopoiesis (175, 176, 178). Additionally, we implicated splicing RBPs, not 

APA machinery, in regulation of alternative, terminal exon polyadenylation events. 

KHDRBS1 has recently been reported to regulate this unique class of APA events (203, 

210, 211). Considering its expression in normal hematopoiesis and upregulation in 
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leukemia, our finding warrants further study on the interaction between KHDRBS1 and 

APA in these contexts.  

In conclusion, we uncovered the RBPs involved in post-transcriptional regulation 

of RUNX1, a mechanism with implications for both normal hematopoiesis and 

malignancy. Because of their newly assigned role in regulating RUNX1a formation, 

further studies on the global function of HNRNPA1 and KHDRBS1 in hematology are 

necessary. 
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Figure 3.20. HNRNPA1 and KHDRBS1 expression during normal hematopoiesis. 

(A) HNRNPA1 mRNA expression in healthy hematopoietic populations. Data are from 

the HemaExplorer cohort (GSE17054, GSE19599, GSE11864, E-MEXP-1242) obtained 

from the Bloodspot database. Affymetrix probe 214280_x_at. The blue color labels 

hematopoietic stem and progenitor populations. Teal indicates myeloid populations. 

Yellow are lymphoid populations. (B) KHDRBS1 mRNA expression in the same dataset 

as in (A). Affymetrix probe 200040_at. HSC, hematopoietic stem cells; HPC, 

hematopoietic progenitor cells; CMP, common myeloid progenitors; GMP, granulocyte 

monocyte progenitors; MEP, megakaryocyte-erythroid progenitors; PM, promyelocyte; 

MY, myelocyte; PMN polymorphonuclear cells; NK, natural killer cells; DC, dendritic 

cells; BM, bone marrow; PB, peripheral blood. 
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3.4 Future Directions 

By studying post-transcriptional processing of RUNX1, we have identified two 

RBPs, HNRNPA1 and KHDRBS1, with previously unappreciated roles in normal 

hematopoiesis. Future studies include phenotypic characterization of these RBPs in 

healthy hematopoiesis and mechanistic studies on global post-transcriptional regulation, 

with an emphasis on APA. Finally, our screening strategy paired with our RUNX1 exon 

7b construct will elucidate additional RBP regulators that regulate RUNX1b/c formation 

and can be added to our initial screen findings.  

The role of HNRNPA1 in healthy hematopoiesis has been minimally studied, 

with conflicting functions assigned to normal myelopoiesis. One group reported that 

HNRNPA1 protein expression decreased over the course of myeloid differentiation and 

overexpression in primary HSPCs impeded differentiation in vitro (194). By contrast, 

overexpression of a dominant negative, shuttling deficient HNRNPA1 mutant in the 

murine 32Dcl3 myeloid precursor cell line induced apoptosis, slowed differentiation, and 

reduced colony formation (195). In the same system, overexpression induced 

differentiation. These contradictory results highlight the need for more careful studies on 

the phenotypic impact of HNRNPA1 in hematopoietic differentiation. Overexpression of 

a ubiquitously expressed protein is not ideal and reducing HNRNPA1 function through 

overexpression of a dominant negative mutant does not accurately inhibit the diverse 

activities of this RBP. Furthermore, there has not been a study on the role of HNRNPA1 

in HSPC self-renewal or stem cell function. As such, we propose to perform the 

classical experiments of HNRNPA1 function in primary, human CD34+ HSPCs. Using 

the shRNAs that showed good knockdown in our study, we will reduce HNRNPA1 
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protein in CD34+ HSPCs followed by liquid culture differentiation experiments, colony 

formation assays, long-term culture initiating cell (LTC-IC) assays, and murine 

xenografts. This set of experiments will clarify the general role of HNRNPA1 in normal 

myelopoiesis. Furthermore, mechanistic studies of HNRNPA1 function in hematopoietic 

systems have been limited to its shuttling activity (195, 196) and regulatory role in 

translation (212, 213), with minimal focus on post-transcriptional targets (198). 

Therefore, we also propose to perform RNA-sequencing and 3’READS on RNA from 

our HNRNPA1 MDS-L knockout clonal lines and wild type controls. Paired with our 

eCLIP data in MDS-L cells, we will characterize direct HNRNPA1 targets and the 

consequence of HNRNPA1 occupancy on splicing and polyadenylation. 

Our screen also revealed KHDRBS1 as an important RBP regulating RUNX1 

isoform generation. KHDRBS1 expression decreases during hematopoietic 

differentiation and overexpression has been reported in leukemia (207, 208). With these 

expression profiles, it is likely that KHDRBS1 plays a pivotal role in enhancing RUNX1a 

formation in primitive HSPCs and upregulating RUNX1a in leukemia. The functional role 

of KHDRBS1 in normal hematopoiesis has not been studied, however knockdown 

studies in murine neural progenitor cells reveal a negative role of this RBP on cellular 

differentiation (203). Collectively, these data suggest that KHDRBS1 plays a positive 

regulatory role on HSPC expansion and that knockdown will likely promote 

differentiation in the hematopoietic system. We intend to test this hypothesis by 

performing the same set of experiments in CD34+ HSPCs as described above for 

HNRNPA1, using shRNAs targeting KHDRBS1.  
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Like HNRNPA1, the effect of KHDRBS1 on post-transcriptional processing in 

normal hematopoiesis and leukemia has not been thoroughly examined. The 

mechanistic contribution of KHDRBS1 to leukemogenesis has been attributed to its 

scaffolding role mediated by protein-protein interactions (206). Consequently, we also 

plan to perform knockdown in MDS-L cells followed by RNA-sequencing and 3’READS 

to directly address this knowledge gap and elucidate mechanisms by which KHDRBS1 

contributes to leukemogenesis. Ideally, we would also perform sequencing on RNA from 

primary HSPCs upon KHDRBS1 knockdown. From these datasets, we would like to 

focus on KHDRBS1 regulation of alternative, terminal exon APA events, as recent 

studies indicate that KHDRBS1 may play a broad role in regulating this specific class of 

APA events (203, 210, 211). Furthermore, we previously tried an eCLIP of KHDRBS1 in 

MDS-L cells that was unsuccessful because of the antibody selected for the study. We 

would like to repeat this experiment using a different antibody to uncover direct RNA 

targets of KHDRBS1 binding. We will focus on binding sites in transcripts with altered 

processing upon KHDRBS1 knockdown, with an emphasis on transcripts that exhibited 

APA. These datasets will illuminate post-transcriptional processing events that directly 

contribute to the phenotypes uncovered from our knockdown studies in primary HSPCs. 

Finally, in addition to the two RBPs identified in this study, our data supports 

another possible mechanism of RUNX1 isoform regulation. Though we mainly focused 

our studies on the exon 7a minigene model of RUNX1a isoform formation, we also 

generated an analogous construct containing constitutive exon 7b and modeling 

RUNX1b/c formation. When we replaced the adjacent introns of exon 7b in the 

minigene with the introns typically flanking exon 7a, exon 7b usage dramatically 
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switched from complete inclusion to almost complete exclusion. There are two possible 

explanations for this observation: (1) the introns flanking exon 7a contain suppressive 

cis-acting elements or (2) the introns flanking exon 7b contain enhancer cis elements 

required for exon 7b inclusion. If the second explanation is true, then a strong enhancer 

of exon 7b could function as a repressor of exon 7a and therefore RUNX1a formation. 

Our minigene model does not account for competition between exons, which can be 

affected by RBPs bound to either exon. An analogous CRISPR RBP screen using the 

exon 7b minigene reporter would likely uncover exon 7b enhancers that could also 

function as RUNX1a suppressors. These RBPs could also play a critical role in normal 

hematopoiesis and warrant further study. 

Altogether, our study has expanded the list of RBPs that could have a critical 

regulatory function in normal and aberrant hematopoiesis. Further studies clarifying the 

importance of these RBPs will enhance our understanding of the role of RBPs and post-

transcriptional regulation in hematology. 

  



 

131 

 

3.5 Materials and Methods 

Primary cell sorting and 3'RNA sequencing 

Primary GM-CSF mobilized leukapheresis products were obtained from UC San 

Diego Health Stem Cell Processing Lab (La Jolla, CA) in accordance with a university-

approved Institutional Review Board (IRB) protocol. Products were thawed and diluted 

in 1x PBS supplemented with 1mg/mL DNase I (Sigma, #11284932001). Ficoll-Paque 

(VWR, #17-1440-02) was utilized for isolation of live, mononuclear cells by density 

gradient centrifugation. Cells were then resuspended in 1x PBS supplemented with 

2%FBS, passed through a cell strainer, and washed again. Magnetic bead CD34-

enrichment was performed using MACS Miltenyi Kit 130-046-702 per the 

manufacturer’s protocol. Enriched cells were stained with CD34-APC (BD Biosciences, 

#555824), CD38-PECy7 (Biolegend, #303516), CD123-PE (Biolegend, #306005), and 

CD45RA-FITC (Biolegend, #304106) per the manufacturer’s instructions. Dead cells 

were excluded using propidium iodide. Common myeloid progenitors 

(CD34+/CD38+/CD123+/CD45RA-) were sorted on a FACS Aria II (BD Biosciences, 

San Diego, CA) using appropriate single stain and fluorescence minus one (FMO) 

controls. RNA was extracted from sorted cells using Trizol reagent (ThermoFisher 

Scientific, #15596026) per the manufacturer’s protocol. 3’READS libraries were 

prepared as previously described (95) and sequenced on an Illumina HiSeq4000 (San 

Diego, CA). Read normalization and mapping were also performed as previously 

described (95). RUNX1 poly(A) site usage was determined through analysis of bigwig 

files (.bw) generated via the standard 3’READS pipeline. Using multiBigwigSummary 

from DeepTools2.0 (214), a count matrix of read coverage at each base pair was 
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produced for the 3’ region of RUNX1. Each peak (a defined region of 200 bp) was 

quantified using R software (R version 3.4.4) and calculated as a percentage of all four 

peaks. 

Tandem poly(A) reporters and RNase protection assays 

The pGL3 basic empty vector backbone (Promega, E1751) was used to clone 

the tandem poly(A) reporters for cleavage efficiency assays. First, the synthetic poly(A) 

site upstream of the luciferase region was removed using the QuikChange II XL Site 

Mutagenesis Kit (Agilent, #200517) and inserted downstream of luciferase by 

BamHI/SalI restriction digestion, adding an EcoRI restriction site. The pCMV promoter 

was inserted upstream of luciferase by XhoI/HindIII restriction enzyme digestion. 

RUNX1 poly(A) sites 1-4 were individually subcloned between the coding region of 

luciferase and the synthetic poly(A) site by XbaI/EcoRI restriction digestion. RUNX1 

poly(A) fragments were amplified from KG-1a genomic DNA using the following primer 

sets: 

Poly(A) site #1:  

5’- CCTGCAGAAATCACTTGATGCAC -3’ / 5’- AATAAGGAGACACCGGGGGAA -3’ 

Poly(A) site #2:  

5’- GAGGTGTCCGAGGCGAC -3’ / 5’- CCACCCAAATGCAAATACGC -3’ 

Poly(A) site #3:  

5’- ACAGCTAATAGCATGGTTCCAA -3’ / 5’- GAAGCCCACGCACGAATTTT -3’ 
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Poly(A) site #4:  

5’- CTCTCCTGGGAGCATTCGTC -3’ / 5’- GCCTTCAGAAGCCAGAGTGT-3’ 

Plasmids for in vitro transcription of antisense biotinylated probes were 

individually cloned for each RUNX1 poly(A) site using primers 

5’- GCCTGAATGGCGAATGGGA -3’ / 5’- TCAGAGAGATCCTCATAAAGGC -3’ 

to amplify a fragment from each of the tandem poly(A) reporter constructs. Amplified 

fragments were ligated into the pGEM t-easy vector digested with SacII/SalI. These 

constructs were linearized by SalI restriction enzyme digestion, purified by gel 

extraction, and used as a substrate for T7 in vitro transcription using the MEGAscript T7 

Transcription Kit (Ambion, AM1334) per the manufacturer’s instructions. Reactions were 

supplemented with biotin-UTP. Probes were purified using the MEGAclear Transcription 

Clean-up Kit (Ambion, AM1908) following the manufacturer’s instructions. Full length 

probes were further purified by gel extraction (5% polyacrylamide/urea gel). 

For RNase protection assays, 293T cells were transfected with the respective 

tandem poly(A) reporter construct. 1 ug of the appropriate construct was mixed with 4 

uL of polyethylenimine (PEI) in 100 uL of Opti-MEM I Reduced Serum Medium (Gibco, 

#31985-070). 24 hours following transfection, RNA was extracted using Trizol reagent 

(ThermoFisher Scientific, #15596026). 1 ug of 293T total RNA or 10 ug of control yeast 

RNA was mixed with excess T7 antisense biotinylated probe and RNase protection was 

performed as described using the RPA III Ribonuclease Protection Assay Kit (Ambion, 

AM1414). Protected fragments were run on a polyacrylamide/urea gel and transferred 

to Hybond-N+ nylon membrane (GE ). RNA was crosslinked to the membrane using the 
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Spectrolinker XL-1000 UV Crosslinker set to 120 mJ/cm2 (Spectronics Corporation; New 

York, New York). The blot was probed with IRDye 680RD Streptavidin (LI-COR, 926-

68079) and visualized on a LI-COR Odyssey Classic Infrared Imaging System (Lincoln, 

Nebraska). Densitometry was performed using the LI-COR Application Software 

Version 3.0 and band intensities were normalized based on the number of biotinylated 

uracil nucleotides in each protected fragment.  

Plasmids and minigene reporter cloning 

The split GFP vector was kindly provided by Dr. Zefeng Wang (UNC Chapel Hill) 

(183, 184). RUNX1 exon 7a and 7b wildtype reporters were made by amplifying 

genomic DNA from KG-1a cells and inserting the resulting fragment into the split GFP 

reporter by HindIII/KpnI digestion. 

Exon 7a: 5’- GTTTTCACGTGACCCAGCAC -3’ / 5’- GGGACCTAGCATCTCCCTGA -3’ 

Exon 7b: 5’- CTTGGGAGAGAATTCGCCTTA -3’ / 5’- TGGAACCAGTCCTCCATGGA -3’ 

Chimeric minigene constructs were generated by amplifying individual intronic / 

exonic regions from the wild type constructs by PCR, joining fragments by overlap PCR, 

and inserting the product into the split GFP vector by HindIII/KpnI digestion. For exon 7a 

chimeric constructs, the 3’ splice site was maintained so that splicing can occur 

normally with the first GFP exon. For exon 7b chimeric constructs, the 3’ and 5’ splice 

sites were both maintained so that splicing can occur normally with both flanking GFP 

exons.  
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The mCherry-P2A-split GFP RUNX1 exon 7a minigene (dual fluorescent 

reporter) was generated by cloning mCherry and a P2A peptide directly upstream of 

GFP. mCherry was amplified from MSCV-IRES-mCherry, using primers to add the P2A 

peptide. Exon 1 of the split GFP minigene was also amplified and added to the 

mCherry-P2A fragment by overlap PCR such that translation of the dual fluorescent 

reporter was in-frame. The combined fragment was reintroduced into the split GFP 

minigene vector by NheI/SacI restriction enzyme digestion. 

The HNRNPA1 binding site mutant construct was made with the QuikChange II 

XL Site Mutagenesis Kit (Agilent, #200517) per the manufacturer’s protocol, using 

primers:  

5’- CCCTCTCCCCAGCCAGGATCCAGCTATCTTTTCCA -3’ / 

5’- TGGAAAAGATAGCTGGATCCTGGCTGGGGAGAGGG -3’ 

The pEGFP-C1 plasmid was obtained from Clontech (#6084-1). 

Cell Culture 

HEK293T cells were purchased from ATCC and cultured in DMEM 

supplemented with 10% BCS and 100U/mL penicillin/streptomycin. HL-60, K562, KG-

1a, THP-1, and U937 leukemia cell lines were all purchased from ATCC and maintained 

as low-passage stocks. MDS-L cells were kindly provided by Dr. Daniel Starczynowski 

(Cincinnati Children’s Hospital, Ohio). ME-1 cells were obtained from Dr. Paul Liu (NIH, 

Maryland). KT-1 cells were generously provided by Dr. Ikuya Sakai (Ehime University 

School of Medicine, Japan). K562, THP-1, KT-1, HL-60, U937, and MDS-L cells were 
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cultured in RPMI supplemented with 10% FBS and 100U/mL penicillin/streptomycin. 

MDS-L cells were also supplemented with 10 ng/mL recombinant human IL-3 

(Peprotech, #200-03). KG-1a and ME-1 cells were cultured in RPMI supplemented with 

20% FBS and 100U/mL penicillin/streptomycin. All cells were cultured at 37°C and 5% 

CO2. 

Nucleofection of minigene constructs and siRNAs 

For all minigene assays, minigene DNA was introduced into KG-1a cells by 

nucleofection using program V-001 of the AMAXA II Nucleofector (Lonza; Basel, 

Switzerland). For nucleofection, 3 ug of the indicated minigene DNA was mixed with 1 

million KG-1a cells in 100 uL of nucleofection buffer (140 mM Na2HPO4/NaH2PO4 (pH 

7.2), 5 mM KCl, 15 mM MgCl2, 48 mM NaCl2). Following nucleofection, cells were 

carefully transferred to a 12-well plate containing pre-warmed RPMI supplemented with 

20% FBS and no penicillin/streptomycin. Nucleofected cells were analyzed 24 hours 

post-nucleofection by flow cytometry, RT-PCR, or RT-qPCR. 

For the siRNA knockdown secondary validation screen, MDS-L cells were 

nucleofected with 200 pmol of ON-TARGETplus Human SMARTpool siRNA 

(Dharmacon) targeting the indicated RBP. 1.5 million MDS-L cells were mixed with 

siRNA in 100 uL of nucleofection buffer (140 mM Na2HPO4/NaH2PO4 (pH 7.2), 5 mM 

KCl, 15 mM MgCl2) and nucleofected using program V-001 of the AMAXA II 

Nucleofector. Cells were carefully transferred to a 12-well plate containing pre-warmed 

RPMI supplemented with 20% FBS and 10 ng/mL IL-3. Cells were collected 48 hours 

post-nucleofection for RNA extraction and RT-qPCR analysis. The ON-TARGETplus 
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Human SMARTpool siRNAs purchased from Dharmacon are as follows: siControl (Non-

targeting siRNA, D-001810-01-05), siGAPDH (D-001830-10-05), siDHX15 (L-011250-

01), siHNRNPA1 (L-008221-00), siLUC7L3 (L-015383-00), siSF3A2 (L-018282-02), 

siRBM7 (L-017936-02), siDBR1 (L-008290-00), siHNRNPK (L-011692-00), siRBMX2 

(L-020763-02), siDDX41 (L-010394-00), siHNRNPC (L-011869-03), siTHOC5 (L-

015317-01), siKHDRBS1 (L-020019-00). Lyophilized siRNAs were resuspended in 

siRNA buffer (B-002000-UB-100) diluted to 1x with RNase-free water and stored in 

aliquots at -20°C. 

Retroviral and lentiviral production and transduction 

For HNRNPA1 shRNA knockdown experiments, MDS-L and K562 cells were 

infected with lentivirus produced in HEK293T cells. HEK293T cells were transfected 

with 3 ug of pLKO-based lentiviral vector, 5 ug of psPAX2, 2.5 ug of pMD2.G, and 42 uL 

of polyethylenimine (PEI) in 1 mL of Opti-MEM I Reduced Serum Medium. 24 hours 

post-transfection, the cell supernatant was aspirated and replaced with fresh RPMI 

supplemented with 10% FBS. 24 hours following the media replacement, the 293T cell 

supernatant containing lentiviral particles was collected and passed through a 0.45 um 

syringe filter. Virus was added to MDS-L or K562 cells seeded at 0.3-0.5 million cells 

per mL and supplemented with 4 ug/mL polybrene. Cells were transduced on two 

consecutive days in 6-well tissue culture plates by centrifugation (2,000 x g) for 3 hours 

at 32°C in an Allegra X-12R centrifuge (Beckman Coulter; Brea, CA). 24 hours following 

the second transduction, cells were resuspended in fresh RPMI media with 1 ug/mL 

puromycin. After 48 hours of puromycin selection, cells were diluted 1:2 and maintained 

at 0.5 ug/mL puromycin until RNA or protein was collected on day 6 post-transduction. 
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The HNRNPA1 pLKO shRNA clones utilized in this study were: TRCN0000235097 

(shRNA #1) and TRCN0000235098 (shRNA #2). The pLKO control shRNA was 

Addgene plasmid #1864. 

For KHDRBS1 overexpression experiments, retrovirus was produced in 

HEK293T cells. 293T cells were transfected with 5 ug of MSCV-IRES-PURO (MIP) 

empty vector or MIP vector expressing KHDRBS1 cDNA, 5 ug of pCL-10A1, and 40 uL 

of PEI in 1 mL of Opti-MEM I. Virus was collected and K562 cells were transduced as 

described above. Puromycin selection of transduced cells was also performed as 

previously described. The KHDRBS1 cDNA was obtained from transOMIC 

Technologies (BC019109) and subcloned into the MIP vector.  

For HNRNPA1 knockdown and KHDRBS1 overexpression dual treated K562 

cells, the same protocol for viral production and transduction was followed as above. 

Instead of MSCV-IRES-PURO overexpression vectors, MSCV-IRES-NEO plasmids 

were used. Consequently, double transduced cells were selected with 1 ug/mL 

puromycin and 1 mg/mL G418. RNA and protein were collected 6 days post-

transduction. 

CRISPR screening and analysis 

The clonal MDS-L dual fluorescent reporter cell line used for the CRISPR screen 

was generated by nucleofection of MDS-L cells as described with linearized mCherry-

P2A-spilt GFP RUNX1 exon 7a minigene construct. Following two weeks of G418 

selection, single mCherry+/GFP+ cells were sorted into 96-well plates using a BD 

FACSAria II (BD Biosciences, San Diego, CA).  
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For sgRNA CRISPR library lentiviral production, HEK293T cells were seeded in 

15 cm plates. One hour prior to transfection, media was replaced with 8 mL of pre-

warmed Opti-MEM. Cells were then transfected with a mixture consisting of 62.5 uL 

Lipofectamine 2000, 125 uL Plus reagent, 12.5 ug lentiCRISPR plasmid library, 6.25 ug 

of pMD2.G, and 9.375 ug psPAX2. 6 hours following transfection, the media was 

changed to DMEM supplemented with 10% FBS. Supernatant was collected 48 hours 

later and filtered through a 0.45 um low protein binding membrane. Virus was 

ultracentrifuged (24,000 rpm) for 2 hours at 4°C and resuspended in PBS overnight. 

Virus aliquots were stored in -80°C. For infection of the MDS-L dual reporter line, the 

volume of virus to achieve a multiplicity of infection ~0.3 was titrated prior to the screen.  

For the CRISPR screen, virus was added to 6-well dishes containing 13 million 

MDS-L reporter cells seeded in duplicate at a density of 0.3-0.5 million cells per mL and 

supplemented with 4 ug/mL polybrene. Cells were transduced by centrifugation (2,000 x 

g) on two consecutive days for 3 hours at 32°C in an Allegra X-12R centrifuge 

(Beckman Coulter; Brea, CA). Cells were resuspended in puromycin 24 hours following 

the second transduction and cultured in the presence of puromycin for 72 hours, at 

which time 4 million cells were collected as ‘day 0.’ Following 3 weeks of culture, 4 

million cells were collected as a ‘day 21’ endpoint. At this time, GFP low and GFP high 

cells relative to mCherry were sorted using a FACSAria II. Genomic DNA was extracted 

from each cell population using the DNeasy Blood and Tissue Kit (Qiagen, #69504). 

Integrated sgRNA sequences were amplified by PCR using Herculase II Fusion DNA 

Polymerase (Agilent Technologies, #600679) and the following primers: 
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Forward (equimolar mixture of the following 4 primers) – the underlined portion anneals 

to the integrated sgRNA region; the bolded portion is the Illumina compatible overhang 

for index addition: 

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTAGTGGAAAGGACGAAACACCG -3’  

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCTAGTGGAAAGGACGAAACACCG -3’ 

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCCAGTGGAAAGGACGAAACACCG -3’ 

5’- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGTCCGTGGAAAGGACGAAACACCG -3’ 

Reverse:  

5’- TGGAAAAGATAGCTGGATCCTGGCTGGGGAGAGGG -3’. 

PCR products were agarose gel-purified, then Nextera XT Indexes (Illumina, 

#15032353) were added to the amplicons using NEB Taq DNA Polymerase (M0273L). 

Libraries were pooled and sequenced on the Illumina HiSeq4000 (San Diego, CA).  

Adapters were trimmed from the raw sequencing reads using Cutadapt (215). 

Beta scores representing sgRNA enrichment in GFP high and low populations were 

calculated using the MAGeCK-VISPR pipeline (186).  

HNRNPA1 CRISPR knockout cell line generation 

The HNRNPA1 sgRNA that was most dramatically enriched in the GFP low 

population (5’-GCCGTCATGTCTAAGTCAG -3’) was subcloned into the lentiCRISPR v2 

vector (Addgene, #52961). HNRNPA1 CRISPR knockout MDS-L clonal cell lines were 

generated by transducing cells as described with the Cas9/sgRNA vector followed by 
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puromycin selection. On-target cleavage in the bulk cell population was confirmed by 

performing the T7 endonuclease assay on DNA amplified from transduced cells by a 

primer pair that spans the target site (5’- ACGACCGAAGGAATGACGTT -3’ / 5’- 

TTACCACACAGTCCGTGAGC -3’). Single cells were sorted into 96-well plates using a 

FACSAria II. Clonal lines were screened for HNRNPA1 protein by western blotting and 

alleles of selected lines were TA-cloned into the pGEM t-easy vector (Promega, A1360) 

followed by Sanger sequencing.  

Flow cytometry 

GFP mean fluorescent intensity (MFI) was measured in minigene nucleofected 

KG-1a cells using a BD FACSCanto flow cytometer (San Diego, CA) and BD FACSDiva 

Acquisition software. Propidium iodide was used to exclude dead cells. 

GFP and mCherry fluorescence were measured in dual fluorescent minigene 

nucleofected KG-1a cells using a BD LSRFortessa and BD FACSDiva Acquisition 

software. Sytox Blue Dead Cell Stain (ThermoFisher Scientific, #S34857) was used to 

exclude dead cells. Post-acquisition data analysis was performed using FlowJo 

software (FlowJo, LLC). 

RT-PCR analysis and imaging 

RNA was extracted from KG-1a cells nucleofected with the indicated minigene 

construct using Trizol reagent. cDNA was prepared from 0.5-1ug of RNA by reverse 

transcription using the First Strand cDNA Synthesis Kit (Molecular Cloning Laboratories, 

FSCS-200) following the manufacturer’s instructions. PCR of the cDNA was performed 
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with KOD Hot Start DNA polymerase (EMD Millipore, 71086-3) using the following 

primer sets: 

GFP: 5’- AGTGCTTCAGCCGCTACCC -3’ / 5’- GTTGTACTCCAGCTTGTGCC -3’ 

Exon 7a spliced and polyadenylated product: 5’- AGTGCTTCAGCCGCTACCC -3’ / 5’- 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAATAGTG -3’ 

RT-PCR products were run on 2% agarose gels and imaged with a Biorad Gel 

Doc XR+ (Hercules, CA) using the Biorad Quantity One 1-D Analysis Software. 

RT-qPCR 

RNA isolation and cDNA preparation were performed as described above. 

Quantitative PCR (qPCR) reactions were performed in duplicate or triplicate on a 

BioRad CFX Connect (Hercules, CA) using KAPA SYBR FAST qPCR Master Mix (2X) 

Universal (KAPA Biosystems, #KK4618). Data were analyzed using the delta delta Ct 

method and normalized as described in the figure legends. The following primer pairs 

were used: 

RUNX1 exon 7a minigene product:  

5’- AGTGCTTCAGCCGCTACCC -3’ / 5’- GAAAGTGTACCGGGATCCATG -3’ 

GAPDH:  

5’- TCGCTCAGACACCATGGGGAAG -3’ / 5’- GCCTTGACGGTGCCATGGAATTTG -3’ 
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RUNX1a:  

5’- CTCCCTGAACCACTCCACTG -3’ / 5’- TTAACATCTCCAGGGTGCTGTGTCTTC -3’ 

RUNX1b/c:  

5’- CTCCCTGAACCACTCCACTG -3’ / 5’- CAGAGAGGGTTGTCATGCCG -3’ 

RUNX1 (Total):  

5’- CCTCAGGTTTGTCGGTCGAA -3’ / 5’- CTGCCGATGTCTTCGAGGTT -3’ 

HNRNPA1:  

5’- AAGGTAGGCTGGCAGATACG -3’ / 5’- CGGGCTCTTTAGGAGACTCTG -3’ 

mCherry:  

5’- CACGAGTTCGAGATCGAGGG -3’ / 5’- CAAGTAGTCGGGGATGTCGG -3’ 

KHDRBS1:  

5’- GAAATTTCTAGTACCGGATATGATG -3’ / 5’- TGGTGTACCACGTACCAAAG -3’ 

Western blotting 

Transduced K562 and MDS-L cells, transfected 293T cells, and MDS-L CRISPR 

clonal lines were lysed on ice in RIPA buffer (50 mM Tris, 1 M NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS)  supplemented with protease inhibitors ((Roche, # 

11873580001). Lysates were cleared by centrifugation (10,000 x g), mixed with loading 

buffer, and denatured at 95°C. Conventional SDS-PAGE and western blotting 

techniques were used to analyze the lysates. The following primary antibodies were 
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used in this study, following the manufacturer-recommended dilutions: HNRNPA1 

(Santa Cruz, sc-32301), KHDRBS1 (Bethyl Laboratories, A302-110A), RUNX1 

(generated by Covance) (142), β-Actin (Sigma, A1978), and α-Tubulin (Developmental 

Studies Hybridoma Bank, #12G10). The following secondary western antibodies were 

used in this study: IRDye 800CW goat anti-rabbit IgG (LI-COR, #926-32211), IRDye 

800CW goat anti-mouse IgG (LI-COR, # 926-32210), and IRDye 680RD goat anti-

mouse IgG (LI-COR, #926-68070). Membranes were scanned on the LI-COR Odyssey 

Classic Infrared Imaging System and densitometry was performed using the LI-COR 

Application Software Version 3.0.  

eCLIP 

Enhanced UV crosslinking and immunoprecipitation (eCLIP) was carried out as 

previously described  (141) on cell lysate from two pools of 20 million MDS-L cells 

using the HNRNPA1 antibody (Santa Cruz, sc-32301). Size-matched input RNA was 

prepared as the background control. Libraries were sequence on an Illumina HiSeq4000 

(San Diego, CA) and analysis was performed using the established eCLIP 

bioinformatics pipeline (141). 

Expression of HNRNPA1 and KHDRBS1 throughout hematopoiesis 

HNRNPA1 and KHDRBS1 mRNA expression data in various hematopoietic 

populations were obtained from the BloodSpot server (bloodspot.eu) (144). The 

HemaExplorer dataset (GSE17054, GSE19599, GSE11864, E-MEXP-1242) is shown 

for each RBP with the following Affymetrix probe IDs: HNRNPA1 (214280_x_at) and 

KHDRBS1 (200040_at). 
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Statistical analyses 

All statistical analyses were performed using the GraphPad Prism Software 

(Version 8.3.1). All statistical tests are described in the respective figure legends. P-

values are consistently annotated throughout: * p < 0.05, ** p < 0.01, *** p < 0.001. 

Data availability 

3’RNA sequencing data from healthy common myeloid progenitors (CMP) and 

results from the CRISPR RBP screen were deposited to the Gene Expression Omnibus 

(GEO), accession GSE145968. All DNA constructs cloned for this study will either be 

deposited to Addgene for purchase, or available by email request to the corresponding 

author. 
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