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Abstract 

Genetic heterogeneity makes clinical interventions challenging for patients with acute 

myeloid leukemia (AML). Identifying and targeting common microenvironment-driven 

pathways should allow the development of effective therapies across AML genetic 

subtypes. Our laboratory has previously shown that the AML microenvironment is rich in 

proinflammatory cytokine interleukin-1 (IL-1) and promotes the growth of AML 

progenitors. To elucidate the molecular underpinnings of IL-1-driven AML progression, 

transcriptome analysis was performed and identified that ASF1B (anti-silencing function-

1B) is one of the most differentially expressed genes in AML compared to healthy 

progenitors. This dissertation focuses on how ASF1B, and its regulator tousled-like kinase 

2 (TLK2) contribute to AML cell growth and IL-1-driven AML progression. First, we found 

ASF1B transcript and protein levels were upregulated at steady state and in response to 

IL-1 stimulation in major genetic subtypes of AML cells as compared to normal cells. 

Further, ASF1B activity is regulated by TLK1 and TLK2 kinases. Similar to ASF1B, protein 

levels for both TLKs were high in AML cells. Using an inducible shRNA system, depletion 

of ASF1B, its paralogous gene ASF1A, and both reduced leukemic cell growth both in 

vitro and in vivo. To understand how ASF1B contributes to IL-1-driven AML progression, 

I utilized an MLL-ENL AML murine model and showed that ASF1B overexpression mimics 

IL-1-mediated AML progression and deletion of ASF1B attenuated these effects. Further, 

I knocked down TLK1, TLK2, and both paralogous genes in AML cells and found that 

TLKs were also important for survival of the AML cells. Using an MLL-ENL AML model, 

genetic deletion of TLK2 prolonged AML survival and delayed IL-1-mediated AML 

progression. Additionally, the immunophenotyping data suggests that ASF1B or TLK2 is 
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dispensable for normal hematopoiesis. Further, I found the TLK-ASF1 pathway impairs 

leukemia cell growth by slowing cell cycle progression, and modulating DNA damage 

pathway. Collectively, we provide strong evidence that the TLK-ASF1 pathway plays a 

critical role in potentiating IL-1-dependent AML growth. Therefore, targeting the TLK-

ASF1 pathway may serve as a potential therapeutic strategy to suppress 

microenvironmental-driven AML progression.  
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Chapter 1: Background and Introduction 
 

1.1 Acute myeloid leukemia 
 
Leukemia is a type of blood cancer caused by proliferation of abnormal white blood cells, 

impairing normal blood cell production in the bone marrow and immune functions 

(Sabattini et al., 2010). Leukemia can be classified based on 1) cell types: lymphoid cells 

(B cells, T cells, and NK cells) and myeloid cells (granulocytes, monocytes, erythrocytes, 

and platelets). 2) disease progression time: chronic and acute. Broader classifications 

include: acute lymphocytic leukemia (ALL), acute myelogenous leukemia (AML) (Dohner 

et al., 2015), chronic lymphocytic leukemia (CLL), and chronic myelogenous leukemia 

(CML). Leukemia occurs in both children and adults. AML is the second most common 

form of childhood leukemia after ALL and one of the most common adult leukemias along 

with CLL. AML is the deadliest type and the American Cancer Society (cancer.org) 

estimates there will be about 60,650 new cases of all types of leukemia and among those 

20,050 new cases are AML in 2022. About 24,000 deaths result from all types of leukemia 

with 11,540 (almost 50%) of those deaths attributed to AML. AML is generally diagnosed 

in elderly people, with an average age of 68 and is slightly more common in males than 

in females. In addition to de novo AML, prior cancer treatment such as chemotherapy or 

ionizing radiation can also lead to therapy-related AML.  

French-American-British (FAB) classification (Bennett et al., 1976) and the newer World 

Health Organization (WHO) classification (Arber et al., 2016) are two main systems to 

determine the subtypes of AML. FAB classification divides AML into M0-M7 based on 

morphology. Subtypes M0-M5 starts with undifferentiated cells and increases with 

maturity. M6 represents immature red blood cells and M7 represents immature 
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megakaryocytes. To better classify AML subtypes and evaluate prognosis, the WHO 

system divides AML into several groups based on cytogenetic abnormalities and gene 

mutations.  

AML is a highly heterogenous and genetically complex disease (Li et al., 2016). The 

Cancer Genome Atlas (TGCA) sequenced 200 patients and showed almost 2,000 

somatic mutations (Cancer Genome Atlas Research et al., 2013). The most common 

mutations include FLT3-ITD, NPM1, and DNMT3A, which also frequently occurred in 

other blood disorders such as myelodysplastic syndromes and myeloproliferative 

neoplasms that transform into AML (Papaemmanuil et al., 2016). These recurrent somatic 

mutations can be divided into different categories based on protein functions. One 

common category includes mutations in receptor tyrosine kinase-RAS pathway genes 

such as FLT3, KIT, and KRAS/NRAS (Groschel et al., 2015). Through the activation of 

signaling pathways, these mutations promote growth and survival of the hematopoietic 

progenitors. Another category of mutations occurs in myeloid transcription factors such 

as RUNX1 and CEBPA (Cancer Genome Atlas Research et al., 2013). Mutations or 

translocations of these transcription factors block cell differentiation and lead to 

accumulation of immature hematopoietic progenitors. Other categories involve DNA 

methylation such as DNMT3A, TET2, and IDH as well as chromatin modifiers ASXL1. Of 

note, mutations in epigenetic modifiers such as DNMT3A, TET2, and ASXL1 have been 

observed in healthy individuals with age-related clonal hematopoiesis, which is 

associated with increased risk of hematological disorders and AML (Jaiswal et al., 2014). 

Studies have shown that there is sequential acquisition of mutations during 

leukemogenesis. Mutations in epigenetic modifiers pre-existed in hematopoietic stem 
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cells (HSCs) before acquiring receptor tyrosine kinase-RAS pathway genes and NPM1 

mutations (Papaemmanuil et al., 2016; Shlush et al., 2014) 

Based on various genetic abnormalities, patients with AML can be divided into favorable, 

intermediate, and adverse risk groups, which guide physicians for ideal treatment options. 

European Leukemia Net (ELN) recommendations are one of the most commonly used 

methods. Favorable risks include RUNX1-RUNX1T1, CBFB-MYH11, mutated NPM1 

without FLT3-ITD, and biallelic mutated CEBPA. Intermediate risks include mutated 

NPM1 and FLT3-ITD, and MLLT3-KMT2A. Adverse risks include mutated GATA2-

MECOM and DEK-NUP214. Additionally, FLT3 gene mutations along with TP53, RUNX1, 

and ASXL1 mutations tend to have worse prognosis while mutations in the NPM1 and 

CEBPA genes are linked to better outcome (Dohner et al., 2015). 

 

1.2 Treatment of AML and therapeutic resistance 
 
Patients with AML have an average 5-year survival rate of 25%. Conventional 

chemotherapies remained the standard-of-care treatment for decades and genetic 

heterogeneity within, and between, patients is an ongoing challenge in treating AML 

(Estey and Dohner, 2006). For younger patients (usually less than 60 years of age), the 

treatment of AML is conducted in two phases. The first phase is induction therapy, which 

consists of 7 days of cytarabine plus 3 days of anthracyclines, such as daunorubicin or 

idarubicin, to debulk leukemia cells. If there is no residual disease, the patients receive 

consolidation therapy consisting of multiple rounds of high dose cytarabine accompanied 

by a stem cell transplant. For older patients or patients who cannot tolerate intense 



 17 

chemotherapy, they are treated with low-intensity chemo with or without a targeted 

therapy or just a targeted therapy alone.  

A number of targeted therapies have been developed and gained great success in recent 

years. Extensive efforts have been invested in designing targeted therapy against 

mutated FLT3 kinase, which is one of the most commonly mutated genes in AML, 

harbored by one third of patients (Antar et al., 2020). Multiple generations of FLT3 

inhibitors have been developed. FLT3 mutations present in two forms: internal tandem 

duplications (FLT3-ITD) or a point mutation in tyrosine kinase domain (FLT3-TKD). First 

generation inhibitors such as sorafenib and midostaurin are less specific for FLT3 and 

extend their activity to other kinases, which can increase off-target toxicity and decrease 

efficacy in high FLT3 mutation burden. The next generations include quizartinib, 

crenolanib, and gilteritinib, which are more specific and potent. However, patients 

eventually acquire additional mutations and become resistant to the treatment within 

weeks to months. For example, patients developed secondary FLT3 mutations at D835 

following the treatment of quizartinib or sorafenib. Furthermore, activated RAS/MAPK 

signaling pathway confers resistance to gilteritinib (McMahon et al., 2019). Additionally, 

IDH inhibitors have been developed to target mutations in IDH1 or IDH2 (ivosidenib or 

enasidenib) and help leukemia cells differentiate into more normal cells (McMurry et al., 

2021). More recently, venetoclax, a BCL-2 inhibitor, was approved to use in combination 

with chemotherapy or alone to treat patients with AML (DiNardo et al., 2018; Konopleva 

et al., 2016). BCL-2 is an antiapoptotic protein, which neutralizes apoptotic activators and 

confers resistance to cell death (Letai, 2008). Although these strategies targeting cell 
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intrinsic changes have improved patient outcome slightly, new strategies are still needed 

to overcome the drug resistance in AML. 

Emerging evidence suggests that in addition to intrinsic factors, extrinsic factors also play 

a key role during AML progression and therapeutic resistance. Healthy or leukemic 

hematopoietic stem and progenitor cells (HSPCs) are surrounded by the bone marrow 

microenvironment where they gain proliferation, survival, and differentiation signals 

through secreted growth factors and cytokines. The bone marrow microenvironment 

consists of various cell types including stromal cells and immune cells. The presence of 

leukemic cells also alters the surrounding bone marrow microenvironment, which in turn 

provides a selective advantage for the malignant clones (Carter et al., 2019). Interaction 

of leukemic cells and other cells types in the bone marrow microenvironment become an 

active area of research. To overcome intrinsic heterogeneity and therapeutic resistance, 

targeting common pathways regulated by the bone marrow microenvironment may 

provide a promising therapeutic strategy and improve outcome for patients with AML.  

 

1.3 Inflammation as a key regulator of healthy and leukemic stem cells 
 
The hematopoietic system carries out the important functions such as blood cell 

production (Orkin and Zon, 2008). At the top of the hematopoietic hierarchy, 

hematopoietic stem cells (HSCs) have self-renewal and differentiation capacity. HSCs 

can differentiate into multipotent progenitors (MPPs) and further differentiate into lineage 

specific progenitor cells that eventually become mature blood cells. Most adult HSCs are 

quiescent under steady state but can exit quiescence in response to environmental cues 

(Pietras et al., 2011). Inflammation is a protective immune response usually caused by 
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infection and injury. Proinflammatory cytokines and chemokines are produced to instruct 

responses of HSC to restore the homeostasis (Wilson et al., 2008).  

However, chronic inflammatory state in patients with inflammatory diseases such as 

rheumatoid arthritis (RA) and with aging, impacts HSC fate and function. In a RA mouse 

model, systemic inflammation and myeloid overproduction were observed and blockade 

of IL-1 signaling pathway normalized the aberrant hematopoiesis (Hernandez et al., 2020). 

Accordingly, emerging studies have reported that there is an association of infectious or 

autoimmune diseases with increased risk for MDS/AML (Caiado et al., 2021; Kristinsson 

et al., 2011; Trowbridge and Starczynowski, 2021), as shown in Figure 1.1. 

The cytokine network is deregulated in AML and levels of TNF, IL-6, and IL-10 in plasma 

were found higher in patients with AML compared to healthy donors (Binder et al., 2018; 

Sanchez-Correa et al., 2013). A study has shown that TNF enhanced the survival of 

leukemic cells through the activation of the JNK-AP1 pathway in parallel to NF-B and 

blockade of the TNF-JNK-AP1 pathway sensitized cells to the NF-B inhibitor (Volk et al., 

2014). Another study reported that a subset of leukemic cells expressing both TNF and 

IL-1 and dual inhibition of TNF and IL-1 synergized with the NF-B inhibitor, 

eliminating leukemic cells both ex vivo and in vivo (Li et al., 2017). Elevated levels of IL-

6 interfered with red blood cell differentiation and its blockade improved anemia and 

prolonged survival using a mouse model of AML (Zhang et al., 2020). Using ex vivo cell 

viability screen, cytokines such as IL-1, IL-1, GM-CSF, IL-3, and TNF were found to 

promote AML cell growth (Carey et al., 2017). Several studies have shown aberrant IL-1 

signaling in preleukemic and leukemic cells, which will be discussed in the following 

section.  
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Figure 1.1. Role of inflammation in hematopoietic stem cell (HSC) and leukemic 
stem cell (LSC). Chronic inflammation skews lineage output and impairs self-renewal 
capacity of HSC. Chronic inflammation may drive the transformation of HSC to LSC. 
Adapted from Blood (Pietras, 2017). 
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1.4 Interlelukin-1 pathway and its role in acute myeloid leukemia 
 
Interleukin 1 (IL-1) was the first interleukin discovered in the IL-1 family and has two 

different forms: IL-1 and IL-1, which signal through IL-1 receptor type 1 (IL-1R1) 

(Figure 1.2). Regulation of IL-1 and IL-1 is different but their biological activities are 

similar (Sims and Smith, 2010). IL-1 functions as a membrane-bound cytokine while IL-

1 only actives as a secreted form. Prior to the secretion of active IL-1, pro-IL-1 is 

converted by caspase-1. Upon binding of IL-1, IL-1R1 forms dimerization with IL-1 

receptor accessory protein (IL-1RAcP), which recruit myeloid differentiation primary 

response gene 88 (MyD88) and activate Interleukin-1 receptor-associated kinase 4 

(IRAK4). Phosphorylation of IRAK4 subsequently phosphorylates IRAK1 and IRAK2, 

which is followed by the recruitment and oligomerization of TNF receptor associated 

factor 6 (TRAF6). TRAF6 further activates transcription factor such as nuclear factor 

kappa B (NFB), c-Jun N-terminal kinase (JNK), and p38 MAPK pathways. NFB induces 

transcription of IL-1 responsive genes such as IL-6, IL-8, MCP1, and COX2, as shown in 

Figure 1.2. IL-1 serves as a key emergency signal and is activated in response to 

infection and injury to produce myeloid cells. IL-1 also stimulates the release of other 

cytokines and plays a crucial role in innate and adaptive immune responses.  

IL-1 modulated HSC functions. A study showed that acute administration of IL-1 

accelerated myeloid differentiation of HSCs and myeloid regeneration after bone marrow 

injury in vivo. However, chronic IL-1 exposure impaired self-renewal capacity of HSCs 

and this effect was reversible upon IL-1 withdrawal (Pietras et al., 2016).  

Prior studies from our laboratory and others identified that the bone marrow 

microenvironment in AML is inflammation-rich and exerts inflammatory stress on healthy 
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and leukemic HSPCs. Through an ex vivo screening of 94 cytokines, our lab identified 

that IL-1 has the most profound effect on AML cell growth while suppressing the growth 

of normal progenitors. Higher levels of IL-1 and IL-1R1 were observed in patients with 

AML and patients are dependent on IL-1 signaling irrespective of their genetic subtypes. 

Treatment with p38MAPK inhibitor successfully suppressed IL-1-mediated AML growth 

and recovered normal progenitors (Carey et al., 2017). Moreover, IL-1 downstream 

effectors are overexpressed or hyperactivated in primary AML cells. IL-1RAcP was found 

overexpressed in HSPCs of primary AML cells. Depletion of IL-1RAcP in AML cell lines 

decreased clonogenicity and increased apoptosis (Barreyro et al., 2012). Our previous 

study showed that genetic knockdown of IRAK1 in AML cells reduced their viability and 

leukemia burden in a mouse xenograft model. This study used pacritinib, a multi-kinase 

inhibitor that targets FLT3, JAK2, and IRAK1. Pacritinib reduced phosphorylation of 

IRAK1 in AML cells across different genetic subtypes which is not limited to FLT3 and 

JAK2 (Hosseini et al., 2018). Further, MLL fusion proteins are responsible for causing 

leukemia. A study showed that IL-1 pathway regulated the stability of wild-type MLL 

proteins, which displaced MLL fusion proteins in AML cells. Using a murine model of AML, 

pharmacologically inhibiting IRAK1/4 delayed AML progression and prolonged survival 

(Liang et al., 2017). Additionally, another study found a subset of AML cells primarily 

expressed an IRAK4 long form IRAK4-L result in maximal activation of downstream 

signaling and associated with poorer prognosis. This study also revealed a genetic link to 

U2AF1, a common splice mutation AML, which mediated expression of IRAK4-L (Smith 

et al., 2019). In addition to AML, IL-1 signaling is also deregulated in other hematological 

disorders such as MDS. TRAF6 was found overexpressed in HSPCs which accounted 
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for impaired hematopoiesis. This study identified hnRNPA1, a ubiquitination substrate of 

TRAF6, altered RNA splicing and caused HSC defects in MDS (Fang et al., 2017). IL-1 

regulated AML cells in both autocrine and paracrine manners. IL-1 was secreted by AML 

progenitors, monocytes, and stromal cells (Carey et al., 2017; De Boer et al., 2021). IL-

1 activated COX-2/PGE2 axis in stromal cells, which in turn altered -Catenin/ARC 

signaling in AML cells and augmented their chemoresistance (Carter et al., 2019). 

Together, these studies demonstrated that IL-1 signaling is activated in AML cells and 

may be an important axis for therapeutic targeting in patients with AML. 

Currently, there are several FDA-approved IL-1 blocking reagents (Arranz et al., 2017). 

Anakinra is the recombinant form of the naturally existing IL-1 receptor antagonist (IL-

1RA), which reduces the activity of both IL-1 and IL-1 and has been approved for 

treatment of rheumatoid arthritis and other diseases (Dinarello et al., 2012). Another IL-1 

blockade is canakinumab, a monoclonal antibody that specifically binds and neutralizes 

human IL-1 result in blocking the interaction with IL-1R1. Canakinumab is being 

evaluated in multiple clinical trials including in patients with rheumatoid arthritis (Gram, 

2016). While it does not block IL-1 signaling, canakinumab has a longer half-life 

compared to anakinra, which is an advantage given longer and lasting effects of 

inflammation.  
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Figure 1.2. IL-1 signaling is dysregulated in AML cells. Secreted IL-1 binds 
to IL-1R1 and triggers a signaling cascade involving MyD88, IRAK1/4, TRAF6, 

p38MAPK, and NF-B activation (Binder et al., 2018). 
 

 



 25 

1.5 TLK-ASF1 pathway 

1.5.1 Structure and function of ASF1  

ASF1 is a histone chaperone, which escorts histones to form nucleosome cores that 

consist of histone H2A, H2B, H3 and H4 wrapped by 147 bp of DNA (Kornberg, 1974) 

during DNA replication and DNA damage repair (Groth et al., 2007; Park and Luger, 2008). 

ASF1 consists of an N-terminal 155-residue immunoglobulin-like domain (ASF1-NT) and 

an unstructured C-terminal tail, which is highly enriched in acidic residues. N-terminal of 

ASF1 binds to histone H3-H4 dimers in a manner preventing heterotetramer formation 

(English et al., 2006). 

Histone chaperones are classified based on their selectivity for H2A-H2B or H3-H4. H3 

variants have been discovered and may exert different functions. Replicative H3 variants 

are H3.1 and H3.2 while non-replicative H3 variant H3.3 is cell-cycle independent (Martire 

and Banaszynski, 2020). H3.3 can be substituted for canonical histones H3.1 and H3.2 

when their deposition is impaired. The deposition of H3.1 and H3.2 is mediated by 

chromatin assembly complex 1 (CAF-1) during DNA replication. The deposition of H3.3 

is independent of DNA replication and is medicated by histone regulator A (HIRA) and 

death domain associated protein 6 (DAXX) in association with the chromatin remodeler 

alpha thalassemia/mental retardation, X-linked syndrome (ATRX). ASF1 is a H3-H4 

histone chaperone that delivers histones to both CAF-1 and HIRA. Additionally, ASF1 

cooperates with the replicative helicase MCM2-7 to regulate histone recycling onto newly 

synthesized DNA.  

ASF1 includes two paralogus genes, ASF1A and ASF1B, which are conserved from yeast 

to human cells (Abascal et al., 2013). ASF1A and ASF1B share the same histone 
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chaperone domain and are distinguishable by their C-terminal tails (Figure 1.3). ASF1A 

and ASF1B also exert different functions. For example, ASF1A but not ASF1B, 

cooperates with acetyltransferase CBP/p300 to acetylate histone H3 at lysine 56 

(H3K56Ac), which is an important histone mark for chromatin disassembly and active 

transcription (Battu et al., 2011; Das et al., 2009). It has been shown that in breast cancer 

cells, ASF1B expression peaks at the S phase while ASF1A is expressed in both 

quiescence cells and throughout the cell cycle (Corpet et al., 2011). Both ASF1A and 

ASF1B are substrates of Tousled-like kinases (TLKs) and can be phosphorylated at their 

C-terminus. TLKs phosphorylate ASF1A during DNA replication on its C-terminal tail 

residues S166, S175, S192 and S199. TLKs phosphorylate ASF1B on residues S169 and 

S198 (Klimovskaia et al., 2014). ASF1A can also be phosphorylated by DNA-dependent 

protein kinase (DNA-PK) at S192 (Huang et al., 2020) and by CHK1 at S166  (Lee and 

Dutta, 2021).  

ASF1s play important roles in double-strand break (DSB) repair. In mammalian cells, 

there are two major DSB repair pathways, non-homologous end-joining (NHEJ) and 

homologous recombination (HR) based on the phases of the cell cycle and the nature of 

the DNA end restriction. NHEJ participates in all phases of the cell cycle while HR mainly 

occurs in S/G2 phases (Delacote and Lopez, 2008). DSB repair pathway choice is also 

controlled by the NHEJ-promoting protein, 53BP1, and HR-promoting protein, BRCA1 

(Panier and Boulton, 2014). Recent studies showed that ASF1A plays a role in both NHEJ 

and HR mediated pathways independent of its histone chaperone activity (Abascal et al., 

2013; Corpet et al., 2011; Lee and Dutta, 2021; Lee et al., 2017; O'Sullivan et al., 2014). 

CHK1-mediated phosphorylation of ASF1A at S166 facilitates its interaction with mediator 
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of DNA damage checkpoint protein 1 (MDC1) at DSBs and the subsequent signaling 

cascade. Briefly, phosphorylation of ASF1A promoted ataxia telangiectasia mutated 

(ATM) phosphorylation of MDC1, which triggered the ubiquitination of phosphorylation of 

H2AX and recruitment of 53BP1 at DSBs in G1 phase (Lee and Dutta, 2021). Moreover, 

both ASF1A and ASF1B were recently implicated in promoting non-homologous end 

joining (NHEJ) through interactions with replication timing regulatory factor 1 (RIF1) (Feng 

et al., 2022; Tang et al., 2022). ASF1 forms a histone chaperone complex with RIF1, 

which suppress the resection of DSBs by breast cancer gene 1 (BRCA1)-dependent DNA 

end restriction, a prerequisite for homology directed repair (HDR). In additional to NHEJ, 

ASF1 also play crucial roles in HDR. One key DDR signaling pathway is the ataxia 

telangiectasia and Rad3-related protein (ATR)- checkpoint kinase 1 (CHK1) pathway. 

ATR is activated by replication protein A (RPA) that binds to single-stranded DNA (ssDNA) 

and subsequently phosphorylates CHK1, causing cell cycle arrest and initiation of a 

signaling cascade that includes Rad51. Huang et al found that ASF1 was phosphorylated 

by DNA-PK at S192, which promoted the recruitment of Rad51 loader TONSL-MMS22L 

to DSBs and facilitated Rad51 assembly onto ssDNA during HR (Huang et al., 2020). 

Additionally, ASF1A is crucial for post-repair H3K56Ac restoration, which in turn is needed 

for the dephosphorylation of -H2AX and cellular recovery from check point arrest (Battu 

et al., 2011). In summary, ASF1 plays multiple functions in DSB repair in a histone 

chaperone dependent or independent manners and its role in DSB repair remains to be 

determined in different cancer cell types. 
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Figure 1.3. Structure of ASF1. Human ASF1A and ASF1B include a histone chaperone 
domain and a C-terminal tail, where the phospho-sites are identified. Adapted and used 
with permission from Cellular and Molecular Life Science (Segura-Bayona and Stracker, 
2019).  
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1.5.2 Structure and function of Tousled-like kinases (TLKs)  

TLKs are nuclear serine and threonine kinases and homologues of a Tousled (TSL) gene. 

TSL was first identified in plant Arabidopsis thaliana and its mutant caused a delay in 

flower development (Roe et al., 1993). TLKs have two paralogs, TLK1 and TLK2, which 

are 84% identical at the protein level (Sillje et al., 1999). The structures of TLKs include 

a large N-terminal regulatory domain and a C-terminal protein kinase catalytic domain 

(Figure 1.4). Coiled coil domains at the regulatory domain are required for oligomerization 

and activation of TLK kinase activity (Segura-Bayona and Stracker, 2019). Biochemical 

studies demonstrated that TLK2 is activated through autophosphorylation and cannot be 

activated without dimerization and oligomerization. In addition to dimerizing with itself, 

TLK2 can also heterodimerize with TLK1 at the first coiled coil domain. TLK1 and TLK2 

have 96% identity in the kinase domain. A recent study shows that the TLK2 N-terminal 

region acts as a docking site for the kinase domain to facilitate phosphorylation of the C-

terminal tail of ASF1 (Simon et al., 2022).  

Phosphorylation of ASF1 by TLK1 or TLK2 increases its binding affinity for the histone 

H3-H4 dimer and promotes interactions with downstream histone chaperones CAF1 and 

HIRA (Klimovskaia et al., 2014; Pilyugin et al., 2009). Depletion of TLK impaired de novo 

deposition of both H3.1 and H3.3 (Lee et al., 2018). In addition to ASF1s, TLK1 has been 

shown to phosphorylate other substrates such as RAD9, part of the PCNA-like clamp 

loader complex RAD9-RAD1-HUS1 (9-1-1) during the DNA damage response (Awate 

and De Benedetti, 2016; Kelly and Davey, 2013).  

TLK2 protein levels are regulated by cryptochrome circadian regulator 2 (CRY2) (Correia 

et al., 2019), an E3-ubiquitin ligase and MYBL2 was previously identified as a proximal 
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interactor of TLK2, although the functional relevance of this interaction remains unclear 

(Pavinato et al., 2022). 

Several studies have shown TLKs play important roles in cell cycle progression and DNA 

damage responses. In response to ionizing radiation induced DSBs, CHK1 is activated 

by ATM and inhibited TLK1 activity via phosphorylation of its C-terminal S695 residue to 

prevent cell cycle progression (Groth et al., 2003). Concomitantly, phosphorylation of 

RAD9 at T355 mediated by TLK1 was also reduced (Kelly and Davey, 2013). It has been 

shown that in response to DNA damage, TLK2/ASF1A axis was required for G2/M 

recovery via regulation of the pro-mitotic genes (Bruinsma et al., 2016). 
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Figure 1.4. Structure of TLK. Human TLK1 and TLK2 have a regulatory domain and a 
kinase domain. The regulatory domain includes a nuclear localization signal and coiled 
coil domains, which are important for dimerization and oligomerization. The kinase 
domain includes ATP binding sites, a catalytic loop, and a C-terminal tail. Adapted and 
used with permission from Cellular and Molecular Life Science (Segura-Bayona and 
Stracker, 2019).  
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1.6 Role of the TLK-ASF1 pathway in cancer 
 
Notably, elevated expression of both ASF1 and TLK has been described in a variety of 

cancers and is associated with poor prognosis (Corpet et al., 2011; Kim et al., 2016; Lee 

et al., 2018). How ASF1 or TLK protein abundance contributes to different cancer types 

is not fully understood. A recent study reported that a deubiquitinase USP52 removed 

ubiquitins from poly-ubiquitinated ASF1A and increased its protein stability and level. Both 

USP52 and ASF1A are overexpressed in breast cancer and knockdown of USP52 

destabilized ASF1A, impairing cell cycle progression and chromatin assembly. Disruption 

of USP52-ASF1A axis also sensitizes breast cancer cells to genotoxic reagents, 

suggesting that ASF1A may confer higher DNA damage tolerance (Yang et al., 2018). 

Using an in vivo CRISPR screen, a study has shown that loss of ASF1A sensitized tumors 

to anti-PD-1 immunotherapy in a KrasG12D/Trp53-/- lung adenocarcinoma mouse model. 

Their data revealed that Asf1A deficiency upregulated GM-CSF expression and promoted 

immunogenic macrophage differentiation and T-cell activation (Li et al., 2020). This study 

demonstrated that ASF1A inhibition may modulate the immune microenvironment and 

augment immunotherapy. In liver and prostate cancer cells, ASF1A knockdown increased 

p53 and p21cip1 levels, growth arrest, and DNA damage thereby triggering a cellular 

senescence pathway (Wu et al., 2019). In breast cancer cells, ASF1B expression peaks 

at the S phase while ASF1A was expressed in both quiescence cells and throughout the 

cell cycle. ASF1B depletion, but not ASF1A depletion, significantly reduced proliferation 

and ASF1B overexpression correlated with disease outcome. This study suggested that 

breast cancer cells may depend more on ASF1B, which may also serve as a biomarker 

for breast cancer prognosis (Corpet et al., 2011). SET domain containing 2 (SETD2) is a 
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histone H3 lysine 36 trimethyltransferase (H3K36me3) that is mutated in clear cell renal 

cell carcinoma. A study found that loss of SETD2-mediated H3K36me3 increased 

chromatin association of ASF1 and H3K56ac levels, promoting accessibility of chromatin 

and transcription. ASF1 inhibition increased apoptosis in SETD2-muted cells, suggesting 

a therapeutic vulnerability in this subtype of kidney cancer (Xie et al., 2022).   

Amplification of TLK2 was found in ~ 10% of luminal estrogen receptor-positive (ER+) 

breast cancer and overexpression of TLK2 correlated with worse outcome despite 

endocrine therapy. TLK2 overexpression in breast cancer cell lines promoted metastasis 

through the activation of the EGFR/SRC/FAK signaling and increased cell invasion and 

migration. Additionally, TLK2 inhibition alone or in combination with tamoxifen, a common 

endocrine therapy in a xenograft model prolonged survival in vivo (Kim et al., 2016). 

Multivariate analysis using the TCGA database shows that elevated TLK1 or TLK2 

expression correlated with poor prognosis in several cancer types including uveal 

melanoma and cervical cancer (Lee et al., 2018). Depletion of TLK2, but not TLK1, in a 

breast cancer cell line reduced replication-coupled chromatin assembly, increased DNA 

damage, and sensitized cells to checkpoint inhibitors PARP1 and CHK1 (Lee et al., 2018). 

Mechanistically, activation of TLK2 may reduce replication stress in proliferating cancer 

cells and targeting TLK2 with checkpoint inhibitors promoted synthetic lethality in cancer 

cells.  

 

1.7 Targeting the TLK-ASF1 pathway in cancer 
 
Recently, a new peptide inhibitor was developed to interfere with the binding of ASF1 to 

histones (Bakail et al., 2019). The peptide inhibitor is designed based on residues on H3 

and H4, which can bind to ASF1 directly. ASF1 inhibition impaired cell proliferation, cell 
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cycle progression, and cell migration in vitro. Application of this inhibitor also reduced 

tumor size in vivo. This study suggested that the ASF1 peptide inhibitor has great 

therapeutic potential and should be further tested in other cancer models.  

Kim et al screened two PKC inhibitors Go6983 and GF109203X that exhibited relative 

specificity for TLK2 kinase activity. Both Go6983 and GF109203X inhibited kinase activity 

and reduced breast cancer cell viability at a high concentration (Kim et al., 2016). The 

crystal structure of the TLK2 kinase domain has been described and several inhibitors, 

such as Cdk-1 inhibitor and GSK3-inhibitor, showed effective TLK2 inhibition. This study 

further analyzed the docking of these inhibitors with TLK2 which can provide valuable 

information for designing more potent and specific TLK2 inhibitors (Mortuza et al., 2018).  

An anti-psychotics compound belonging to the phenothiazine family, thioridazine (THD) 

was identified (Ronald et al., 2013). The THD inhibitor reduced TLK1 activity and blocked 

TLK-mediated phosphorylation of Rad9 at S328, which resulted in impaired DSB repair 

and recovery. Recently, a phenothiazine analog, J54, was synthesized and evaluated in 

prostate cancer (Singh et al., 2020). After androgen deprivation therapy, increased 

expression of TLK1B was observed in prostate cancer cells and activation of the NEK1-

ATR axis which is a key pathway for DDR (Singh et al., 2019a; Singh et al., 2019b). J54 

also increased efficacy of ADT in inducing apoptosis both in vitro and in vivo suggesting 

a promising therapeutic angle of TLK1 in prostate cancer. 
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1.8 Hypothesis/Thesis Aims 
 

Previously, we have shown that IL-1 promotes AML progression while suppressing 

normal hematopoiesis. In order to understand how IL-1 drives AML progression, we 

applied transcriptomic analysis and revealed that ASF1B (Anti-Silencing Function 1B) is 

one of the most up-regulated genes in AML progenitors upon IL-1 stimulation. ASF1B is 

regulated by TLK 1 and TLK2 kinases. Therefore, I hypothesize that IL-1 promotes AML 

progression through upregulation of the TLK-ASF1 pathway. The first aim is to 

understand how IL-1 regulates the TLK-ASF1 pathway, identify the role of ASF1 in AML, 

and define how ASF1 contributes to AML progression. The second aim is to identify the 

role of TLKs in AML and understand how these TLKs contribute to AML progression.  
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Chapter 2: Role of ASF1 in AML progression 
2.1 Results 
 
2.1.1 Gene expression profiling identifies ASF1B upregulation in AML progenitors upon 

IL-1 stimulation.  

We previously found that aberrant IL-1 signaling promotes the growth of AML 

progenitors and suppresses healthy progenitors simultaneously (Carey et al., 2017). To 

reveal the cell-intrinsic differences between AML and healthy progenitors downstream of 

IL-1 signaling, our laboratory has performed RNA-sequencing (RNA-seq) analysis of 

AML and healthy bone marrow CD34+ progenitors treated with and without IL-1 from 

three independent patient samples (Fig.2.1A, B). This study identified 66 differentially 

expressed genes in AML progenitors and healthy progenitors upon IL-1 exposure (FDR 

< 0.05, Padj < 0.05).  

 

Gene ontology analysis using STRINGdb (string-db.org) revealed that upregulated genes 

in AML progenitors upon IL-1 stimulation belong to biological processes including 

response to cytokines (ICAM1, BIRC3, CD40) as well as cell cycle and chromatin 

organization (ASF1B, MAD2L1, CCNA2, HIST1H1B, and HIST1H2AJ) (Fig. 2.1C) 

(Szklarczyk et al., 2021). To further validate our findings from RNA-Seq analysis, we 

analyzed an additional set of AML patient samples harboring diverse genetic mutations 

such as FLT3-ITD and NPM1, using the TaqMan Low Density Array (TLDA), a 

quantitative PCR analysis, to assess expression of top differentially expressed genes, 

along with additional genes associated with the IL-1 signaling and related pathways 

(Table 1). Consistent with our RNA-seq data, TLDA revealed that ASF1B has larger fold 
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changes in AML versus healthy progenitors (Fig. 2.1D). Higher ASF1 expression was 

associated with poor prognosis in solid tumors, such as breast and cervical cancer 

(Corpet et al., 2011; Liu et al., 2020; Ma et al., 2021). However, to the best of our 

knowledge, its role has not been described previously in hematopoiesis and leukemia. 

Therefore, we focused on understanding the role of ASF1B in AML progression at steady 

state and under inflammatory stress. 
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Figure 2.1. Transcriptomic analysis identifies ASF1B upregulation in AML progenitors 

upon IL-1β stimulation. (A) Overview of experimental design to evaluate differentially expressed 

genes in AML versus healthy progenitors with and without IL-1β stimulation. (B) RNA-sequencing 
analysis was performed on purified CD34+ cells derived from the bone marrow of patients with 

AML (n = 3) and healthy individuals (n = 3). Cells were cultured with 10 ng/ml IL-1β or vehicle 

control for 2 days. The heatmap indicates the fold difference of gene expression in IL-1β-treated 
over untreated control in AML and healthy CD34+ bone marrow cells. Scale bar indicates counts 

per million. (C) Network analysis of genes upregulated by IL-1 in AML cells using STING 

database. (D) TaqMan low density array (TLDA) analysis was performed on AML (n = 4) and 

healthy CD34+ bone marrow cells (n = 4) treated with or without 10 ng/ml IL-1β for 2 days. The 

expression of the listed genes is shown as a fold difference upon IL-1β stimulation compared to 
respective vehicle controls in AML and healthy CD34+ bone marrow cells.  
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2.1.2 Expression of ASF1 and TLK is upregulated in AML across genetic subtypes 

ASF1B, and its paralogous gene ASF1A, are regulated by TLK1 and TLK2 kinases (Fig. 

2.2A), which are amplified in several types of solid tumors (Kim et al., 2016; Lee et al., 

2018). Therefore, we first determined the baseline levels of TLK and ASF1 isoforms in 

healthy mononuclear or CD34+ progenitor cells, as compared to AML cells derived from 

patients with common genetic subtypes including FLT3-ITD, NPM1, MLL-ENL (Fig. 2.2B). 

We found that TLK2 and ASF1B expression were upregulated 1.5- and 2.6-fold, 

respectively, in AML compared to healthy progenitors. On the other hand, the expression 

of TLK1 and ASF1A was only 1- and 1.3-fold higher in AML versus healthy progenitors 

(Fig. 2.2B). TLK1, TLK2, ASF1A, and ASF1B were highly expressed and comparable 

across various AML cell lines (Fig. 2.3A). The Cancer Cell Line Encyclopedia (CCLE) 

database also shows higher expression of ASF1B across cancer types (Fig. 2.3B) 

(Barretina et al., 2012). Accordingly, the DepMap CRISPR data show most of these AML 

cell lines are highly dependent on ASF1B, ASF1A, and TLK2, and less dependent on 

TLK1 (Fig. 2.3C) (http://depmap.org/portal/). Further, similar to IL-1 and IL1RAP studies, 

we did not find any significant correlation of ASF1B expression levels with any particular 

genetic subtype of AML using Beat AML (Tyner et al., 2018) and TCGA data sets (data 

not shown) (Gao et al., 2013), suggesting a broader role of TLKs and ASF1B across 

various genetic AML subtypes. 
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Figure 2.2. Expression of ASF1 and TLK is upregulated in AML across genetic 

subtypes and upon IL-1 stimulation. (A) Schematic representation of the TLK/ASF1 
pathway. (B) Immunoblot of TLK and ASF1 in CD34+ bone marrow cells from healthy 
donors (n=3) and AML patient samples (n=8) with indicated mutations. Densitometric 
analysis of the immunoblot is shown.  
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Figure 2.3. Expression of ASF1 and TLK and their dependency in AML cell lines. (A) 
Immunoblot of TLK/ASF1 levels in AML cell lines. (B) CCLE dataset reveals high 
expressions of ASF1B across various cancer types. (C) Gene essentiality of TLK and 
ASF1 in AML cell lines using Genome-wide CRISPR screen from DepMap dataset.  
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2.1.3 Crosstalk between IL-1 signaling with the TLK-ASF1 pathway drives leukemia 
progression 

Since we have shown that IL-1 promotes AML progression and observed that IL-1 

stimulation upregulates ASF1B transcript levels in AML progenitors (Fig. 2.1B), we 

wanted to understand whether IL-1 stimulation would also impact the protein levels of 

ASF1B or ASF1A in AML. We found that IL-1 stimulation led to increased ASF1B levels, 

but not ASF1A. Although there was no increase in the expression of TLK1 and TLK2 

transcripts upon IL-1 stimulation, protein levels were upregulated (Fig. 2.4A, B).  

We next sought to assess how IL-1 regulates the TLK-ASF1 pathway. Our previous 

study showed that IL-1 promoted AML cell growth through the activation of the 

downstream p38MAPK; inhibition of p38MAPK reverses IL-1-medicated growth (Carey et 

al., 2017). To determine whether p38MAPK regulated the TLK-ASF1 pathway in response 

to IL-1, we applied small-molecule p38MAPK inhibitors (Doramapimod and Ralimetinib) 

to IL-1-treated AML cells. Blockade of p38MAPK abolished IL-1-induced ASF1B 

expression at mRNA and protein levels, as compared to vehicle treated AML patient 

samples (Fig. 2.4). These results suggested that ASF1B is upregulated by IL-1 

downstream of p38MAPK. Enrichr analysis (https://maayanlab.cloud/Enrichr/) for the 

ChEA dataset using genes that are upregulated by IL-1 in AML progenitors suggested 

that ASF1B may be regulated by several transcription factors (TFs) including E2F4, 

FOXM1, and MYBL2 (Fig. 2.5A). Among these, a E2F family member (E2F1) is a known 

regulator of ASF1B expression (Hayashi et al., 2007) and TCGA analysis indicated that 

the expression of both E2F1 and MYBL2 strongly correlated with ASF1B. Similar to what 

we observed with ASF1 and TLK genes, many AML cell lines showed a high dependency 
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on E2F1 and MYBL2 expression (Fig. 2.5B, C) (http://depmap.org/portal/). Accordingly, 

we found that E2F1 and MYBL2 were also upregulated upon IL-1 stimulation in AML 

progenitors using qPCR analysis (Fig. 2.5D). Inhibition of p38MAPK reduces IL-1-

induced expression of ASF1B as well as expression of E2F1 and MYBL2 expression (Fig. 

2.5D). Together, these data suggest that IL-1 may upregulate ASF1B through MYBL2 

and E2F1 in a p38MAPK dependent manner. Interestingly, IL-1 did not influence the 

expression of TLK1 and slightly increased TLK2 expression at the mRNA level, but both 

proteins were upregulated at the protein level, suggesting that their translation or stability 

is influenced by IL-1 through indirect signaling cascades or post-translational regulation. 
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Figure 2.4. TLK and ASF1B expression upon IL-1β stimulation. (A) ASF1B, TLK1, 
and TLK2 relative mRNA levels by TLDA analysis of healthy (top) and AML (bottom) 
primary cells upon IL-1β stimulation with and without p38 MAPK inhibitor Ralimetinib 
(Rali). (B) Immunoblot of AML primary cells treated with or without 10 ng/ml IL-1β in the 
presence or absence of 500 nM p38 MAPK inhibitor doramapimob (Dora) for 2 days.  
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Figure 2.5. IL-1β-mediated transcriptional regulation of ASF1B. (A) Transcription 
factor (TF) analysis using Erichr ChEA 2016 database showing enrichment of TFs 
regulating differential expressed genes that are upregulated in AML cells upon IL-1β 
stimulation compared to IL1-β treated healthy cells (B) Dependency of candidate 
transcription factors E2F1 and MYBL2 in AML cell lines. (C) E2F1 and MYBL2 expression 
in ASF1B high and ASF1B low patients with AML using TCGA database. (D) E2F1 and 
MYBL2 relative mRNA levels by quantitative PCR of AML primary cells upon IL-1β 
stimulation with and without p38 MAPK inhibitor (Ralimetinib). 
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2.1.4 Absence of ASF1 suppresses the growth and leukemia burden in AML 

To determine the role of ASF1 in AML, we depleted ASF1A, ASF1B, or both, using 

doxycycline (dox) inducible, small hairpin RNAs (shRNAs) in MOLM-14 cells, which 

harbor a FLT3-ITD mutation, one of the most common mutations in AML (Fig. 2.6A, B). 

We observed second smaller size ASF1A bands upon ASF1B knockdown, suggesting 

phosphorylation of ASF1A and its stability may be affected by ASF1B level. Depletion of 

ASF1A or ASF1B impaired MOLM-14 cell growth (Fig. 2.6D), while non-targeting hairpins 

did not (Fig. 2.8A, B). The effect of combined knockdown of both ASF1A and ASF1B was 

similar to knockdown of ASF1B alone, suggesting that ASF1B may compensate for loss 

of ASF1A in ASF1A-depleted cells (Fig. 2.6D). Cell cycle analysis demonstrated that a 

proportion of cells accumulated at G0/G1 phase, accompanied by decreased S and G2/M 

phase populations upon ASF1A or ASF1B knockdown, suggesting impaired progression 

from G0/G1 to S phase or cell cycle exit (Fig. 2.6E). Consistent with proliferative defects 

of cell cycle arrest, the depletion of ASF1A, ASF1B, or both, resulted in a 52%, 84%, and 

82% reduction in colony formation assay compared to controls (Fig. 2.6F). To examine 

the effect of ASF1 depletion in vivo, our laboratory has xenografted MOLM-14 cells 

expressing shASF1A (RFP+), shASF1B (GFP+), and shASF1A+B (GFP+RFP+) into NOD-

SCID IL2R-/-(NSG) mice and assessed their leukemic burden (Fig. 2.7A). Using 

RFP/GFP+ and cell surface markers CD13+CD33+ and CD15+, we found that ASF1 

knockdown reduced the leukemic burden by 82% for ASF1A, 95% for ASF1B, and 82% 

for ASF1A+B in the bone marrow compared with controls (Fig. 2.7B, C). Spleen weight 

of the doxycycline-treated group was reduced 69% for ASF1A, 66% for ASF1B, and 59% 

for ASF1A+B groups compared with controls (Fig. 2.7D). MOLM-14 cells expressing non-
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targeting shRNA (shNT16 or shNT17) were xenografted into NSG mice and we observed 

no significant differences in leukemic burden in doxycycline-treated and untreated groups 

(Fig. 2.8 C, D). Collectively, these results indicated that both ASF1A or ASF1B can 

potentiate AML cell growth and that targeting either ASF1A or ASF1B was sufficient to 

impair AML growth.  
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Figure 2.6. Reduced expression of ASF1 suppresses in vitro AML growth. (A) 
schematic representation of doxycycline inducible shRNA model targeting ASF1A, 
ASF1B, or both ASF1A+ASF1B in MOLM-14 cells. (B) MOLM-14 cells were treated with 

1 g/ml doxycycline to induce knockdown for 6 days. The effect of knockdown was 
measured by immunoblotting analysis. shRNA expressing cells were kept in doxycycline 
containing media throughout and the effect of knocking down ASF1A, ASF1B, or both 
ASF1A+ASF1B on (C) cell viability was measured by colorimetric (MTS) assays following 
doxycycline-induced knockdown for 6 days, (D) cell growth overtime was indicated by cell 
counts. shRNA expressing cells were kept in doxycycline containing media throughout, 
(E) cell cycle analysis using propidium iodide and flow cytometry, and (F) colony formation 
by plating cells in methylcellulose-based medium. 
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Figure 2.7. Reduced expression of ASF1 suppresses in vivo AML growth and 
leukemia burden using human cells. (A) MOLM-14 cells expressing shASF1A, 
shASF1B or both were xenografted into sublethally irradiated NSG mice, which were 
randomly divided in two groups with or without 625 mg/kg doxycycline chow. All the mice 
were sacrificed 18 days post treatment (n =4-5/group). (B, C) Leukemic burden was 
determined by GFP and/or RFP positivity, human CD13/CD33, and CD15 levels using 
flow cytometry. (D) Spleen weight and representative spleens were shown from each 
group. Data are expressed as means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 2.8. The effect of non-targeting shRNA controls in vitro and in vivo on the 
viability of AML cells and leukemia burden using human cells in xenograft model. 
(A) Immunoblot of MOLM-14 cells expressing non-targeting shRNAs NT16 (RFP 
expressing) and NT17 (GFP expressing). (B) Cell viability by colorimetric (MTS) assays 
following doxycycline-induced knockdown on day 6 (C, D) MOLM-14 cells expressing 
shNT16 or shNT17 were xenografted into sublethally irradiated NSG mice, which were 
randomly divided in two groups with or without doxycycline chow. All the mice were 
sacrificed 18 days post treatment. Leukemic burden was determined by GFP or RFP 
positivity, human CD13/CD33, and CD15 levels using flow cytometry. Data are expressed 
as means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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2.1.5 ASF1B is a mediator of IL-1-driven AML progression 

To test the hypothesis that IL-1 promotes AML progression by regulating the expression 

of ASF1B, we used a murine bone marrow transplantation model of AML driven by an 

oncogenic fusion protein, MLL-ENL (Zuber et al., 2009). MLL-ENL is one of the most 

common AML subtypes. We transduced wild-type bone marrow cells with retrovirus 

expressing MLL-ENL and GFP, along with retrovirus expression of ASF1B and mCherry, 

or mCherry alone as an empty vector control. Sorted double positive cells were 

subsequently transplanted into lethally irradiated recipient mice. IL-1 level is elevated in 

the blood and bone marrow of patients with AML (Carey et al., 2017). To model how 

inflammation drives AML progression, we treated recipient mice with IL-1 or vehicle daily 

via intraperitoneal injection 2 weeks post-transplantation. Differential blood counts and 

GFP/RFP expression were analyzed every week in peripheral blood to determine the 

degree of engraftment (Fig. 2.9A). We found that mice treated with IL-1 succumbed to 

the disease rapidly (median survival = 64 days, range = 31-80 days), compared to the 

mice treated with vehicle (median survival = 85 days, range = 63-112 days, P = 0.028). 

Notably, ectopic ASF1B expression shortened survival (median survival = 62 days, range 

= 36-84 days, P = 0.019), mimicking IL-1-mediated AML progression. Additionally, 

ASF1B overexpression with IL-1 treatment also accelerated disease progression 

(median survival = 57 days, range = 41-72 days, P = 0.005) (Fig. 2.9B). At 5-7 weeks 

post-transplant, we observed higher leukemic cells in the peripheral blood of IL-1-treated 

ASF1B-overexpressing recipients (Fig. 2.9C). At the terminal-stage, spleen and liver 

weights were comparable between each group (Fig. 2.9D) and all the mice showed 

myeloid expansion of leukemic cells in the bone marrow (Fig. 2.9E). Taken together, 
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these results suggest that IL-1 treatment or ASF1B overexpression promoted myeloid 

expansion and leukemia progression.   
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Figure 2.9. ASF1B potentiates IL-1-driven AML progression in a murine model of 
leukemia. (A) A schematic representation of ASF1B overexpression in a murine AML 
bone marrow transduction/transplantation model. Lineage depleted wild-type bone 
marrow cells were transduced with MSCV-IRES-mCherry or MSCV-IRES-ASF1B-
mCherry and MSCV-IRES-MLL-ENL-GFP constructs. 10,000 sorted mCherry+GFP+ cells 
were injected into lethally irradiated C57BL/6 recipients. Mice were monitored daily and 
euthanized when they appeared moribund or showed signs of sickness. (B) Kaplan Meier 

survival curve of mice following treatment with 0.25 g IL-1β (C) Percentage of leukemic 
cells in peripheral blood overtime by flow cytometry. (D) Spleen and liver weights at 
endpoint from ASF1B-MLL-ENL overexpression bone marrow transplantation model 
(BMT). (E) Immunophenotyping at endpoint from ASF1B-MLL-ENL overexpression BMT.  
or vehicle. Log rank test is used for statistical analysis. * P < 0.05, ** P < 0.01, *** P < 
0.001.  
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To further evaluate whether ASF1B plays a role in IL-1-mediated AML progression, we 

performed complementary studies using Asf1b-/- mice. To determine whether Asf1b 

deletion suppresses leukemogenesis and IL-1-mediated progression in vivo, we 

transplanted Asf1b+/+, Asf1b+/-, and Asf1b-/- cells expressing MLL-ENL and GFP into 

lethally irradiated recipients (Fig. 2.10 A). Heterozygous and homozygous Asf1b deletion 

(median survival = 68 days and 67 days, range = 58-84 days and 60-84 days, respectively) 

extended survival of leukemic mice compared to wild-type mice (median survival = 62 

days, range = 47-68 days, respectively) (Fig. 2.10 C). Delayed progression were also 

observed in the peripheral blood of Asf1b+/-, and Asf1b-/- recipients at 8 weeks post-

transplantation (Fig. 2.10 E). Notably, deletion of Asf1b also attenuated IL-1-mediated 

leukemia progression in the Asf1b-/- recipients versus the Asf1b+/+ recipients (Fig. 2.10 C) 

(median survival = 63 days versus 47 days, range = 53-67 days and 40-61 days, 

respectively). Slight reduction of spleen weight and liver weight was observed in Asf1b-/- 

recipients and smaller liver size in Asf1b+/- recipients (Fig. 2.10 F). All groups exhibited 

myeloid expansion of leukemia cells at terminal stage (Fig. 2.10 G) and reduced disease 

burden was observed in Asf1b-/- recipients with and without IL-1 treatment. Additionally, 

we assessed the impact of ASF1B depletion in normal hematopoiesis. Interestingly, we 

observed no significant difference in differential blood counts of Asf1b+/+, Asf1b+/-, and 

Asf1b-/- mice (Fig. 2.11A). Accordingly, flow cytometry analysis of bone marrow cells 

showed no significant difference in cell lineage markers or stem and progenitor cell 

populations (Fig. 2.11B), suggesting that there are no major hematopoietic defects in 

ASF1B-deficient cells. Overall, these data suggest that ASF1B is one of the mediators for 

IL-1-driven AML progression and the suppression of ASF1B delayed the leukemia 



 55 

progression at steady state and under inflammatory stress while healthy hematopoiesis 

is not impacted by ASF1B deletion. 
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Figure 2.10. Absence of ASF1B attenuates the leukemia progression. (A) A 
schematic representation of a murine AML bone marrow transduction/transplantation 
model to study effect of ASF1B deletion on leukemia progression. Lineage depleted 
Asf1b+/+, Asf1b+/-, Asf1b-/- bone marrow cells were transduced with MSCV-IRES-MLL-
ENL-GFP retrovirus. After 48 hrs of transduction 25,000 sorted GFP+ cells were injected 
into lethally irradiated recipient mice. (B, C) Kaplan Meier survival curve of mice following 

treatment with 0.25 g IL-1β or vehicle. Log rank test is used for statistical analysis. * P 
< 0.05, ** P < 0.01, *** P < 0.001. (D) Combined survival curves from B and C. (E) 
Percentage of leukemic cells in peripheral blood overtime from Asf1b deletion BMT. (F) 
Spleen and liver weights and (G) immunophenotyping at endpoint from Asf1b deletion 
BMT. 
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Figure 2.11. Deletion of ASF1B is dispensable for normal hematopoiesis. (A) 
Complete blood counts in Asf1b+/+, Asf1b+/-, and Asf1b-/- mice before transplantation. 
WBC, white blood cells; RBC, red blood cells; PLT, platelets. (B) The distribution of stem 
and progenitor cells in the bone marrow of Asf1b+/+, Asf1b+/-, and Asf1b-/- mice was 
measured by flow cytometry.   
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Chapter 3: Role of TLK in AML progression 
 

3.1 Results 

3.1.1 Genetic targeting of TLK1 and TLK2 suppresses AML growth and leukemic 
burden  

ASF1A and ASF1B are known substrates of TLKs, which are promising targets for various 

cancer types (Klimovskaia et al., 2014; Segura-Bayona and Stracker, 2019). To examine 

whether TLK1 and TLK2 are also required for AML cell growth and survival, we used two 

independent shRNA hairpins to knock down TLK1, TLK2, or both genes, in MOLM-14 

cells. We confirmed the knockdown efficiency by western blotting of protein levels and 

also observed reduced phosphorylation of ASF1A upon knockdown of either TLK1, TLK2 

or both. There was no significant change in total ASF1A and ASF1B levels (Fig. 3.1A, B). 

Similar to ASF1 knockdown and consistent with their role in regulating ASF1 function, 

depletion of TLK1, TLK2, or both, resulted in a significant reduction of AML cell viability, 

cell expansion, colony formation ability (Fig. 3.1C, D, F).  TLK1 or TLK2 depletion alone 

modestly altered cell cycle and depletion of both TLKs arrested cell cycle at G0/G1 (Fig. 

3.1E).  
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Figure 3.1. Reduced expression of TLKs suppresses in vitro and in vivo AML 
growth and leukemia burden using human cells. (A) A schematic representation of 
shRNA model targeting TLK1, TLK2, or both TLK1+TLK2 in MOLM-14 cells. (B) MOLM-

14 cells were treated with 1 g/ml doxycycline to induce knockdown for 6 days. The effect 
of knockdown was measured by immunoblotting analysis. The effect of knocking down 
TLK1, TLK2, or both TLK1+TLK2 on (C) Cell viability by colorimetric (MTS) assay 
following doxycycline-induced knockdown for 6 days, (D) cell growth overtime was 
indicated by cell counts, (E) cell cycle analysis using propidium iodide and flow cytometry, 
and (F) colony formation ability by plating cells in methylcellulose-based medium. Data 
are expressed as means ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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3.1.2 DNA damage pathway is altered upon TLK and ASF1 knockdown  

Since the TLK-ASF1 pathway is involved in diverse cellular processes, such as cell cycle 

progression and the DNA damage response, we next examined signaling mediators of 

these pathways. Upon both ASF1A and ASF1B depletion, we observed an increase in 

H2AX phosphorylation at S139 (γ-H2AX), a marker of DSBs, compared to individual 

depletion of ASF1A or ASF1B or non-targeting control cells (Fig. 3.2). Further, compared 

to non-targeting control cells, other DNA damage and replication stress markers p-p53 

(Ser 15), pRPAS4/S8, and pChk2 (Thr 68) were elevated in ASF1A, ASF1B, and 

ASF1A+B KD cells, which had greater responses than single ASF1A or ASF1B 

knockdown. Both p53 and p21 protein levels were elevated in ASF1 KD cells, indicating 

that the G1/S cell cycle checkpoint was activated to block S-phase entry. In TLK-depleted 

cells, we found depletion of both TLK1 and TLK2 increased γ-H2AX levels. Further, the 

combined depletion of TLK1 and TLK2 slightly increased on phosphorylation of p53, 

RPAS4/S8, and CHK2, compared to depletion of TLK1 or TLK2 alone and non-targeting 

control (Fig. 3.2). Total p21 and p53 levels were also increased upon TLK1+2 knock down 

as compared to nontargeting controls, suggesting TLK and ASF1-depleted cells may 

have many overlapping downstream signaling changes.  
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Figure 3.2. DNA damage pathway is altered upon TLK and ASF1 knockdown. 
Immunoblotting of proteins involved in cell cycle and replication stress in MOLM-14 cells 
upon TLK and ASF1 knockdown.   
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3.1.3 TLK2 kinases as mediators of IL-1-driven AML progression 

We showed primary AML samples have higher protein levels of TLK1 and TLK2, with 

TLK2 levels more dramatically changed than TLK1 in AML compared to healthy cells (Fig. 

2.2B). Additionally, combined knockdown of TLK1 and TLK2 did not confer much stronger 

growth defects compared to TLK2 knockdown alone (Fig. 3.1C, D). Depmap analysis 

showed more dependency on TLK2 compared to TLK1 for the fitness of AML cells (Fig. 

2.3C). Therefore, we asked whether TLK2 loss would impair AML progression. Since 

complete deletion of Tlk2 is embryonically lethal, we crossed Tlk2f/f mice (Segura-Bayona 

et al., 2017) with Vav-Cre mice to conditionally delete Tlk2 in hematopoietic cells. 

Depletion of Tlk2 was confirmed by qRT-PCR (Transnetyx). Immunopheotyping of Tlk2+/+, 

Tlk2+/-, and Tlk2-/- mice showed that Tlk2 deletion mice had slightly lower B-cell numbers 

but, other cell types were comparable, including stem and progenitor cell populations (Fig. 

3.3).  
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Figure 3.3. Immunophenotyping of TLK2 mice (A) Complete blood counts in Tlk2+/+, 
Tlk2+/-, and Tlk2-/- mice. (B) Immunophenotyping of Tlk2+/+, Tlk2+/-, and Tlk2-/- mice in bone 
marrow and the distribution of stem and progenitor cells. 
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Using the MLL-ENL murine model of AML (Fig. 3.4A), heterozygous and homozygous 

deletion of Tlk2 (median survival = 138 days and 187 days) significantly extended the 

survival compared to wild type recipients (median survival = 84 days). These data suggest 

that TLK2 is haploinsufficient for AML progression and even a 50% reduction in 

expression or activity might improve the survival of the patients (Fig. 3.4B), Further, Tlk2 

depletion significantly extended the survival of IL-1-treated mice compared to IL-1-

treated WT mice (median survival = 110 days versus 75 days, ranges = 87-229 days and 

61-87 days, respectively, P = 0.0327) (Fig. 3.4B). The percentage of GFP+ cells from 

Tlk2+/+ and KO were comparable at 3 weeks post-transplant and their homing efficiency 

to the bone marrow were similar (Fig. 3.4C, D), indicating that TLK2 deletion does not 

impair the engraftment ability. At the endpoint, flow cytometry analyses of bone marrow 

cells showed that GFP+ leukemic cells are mostly myeloid cells and were comparable 

between each group (Fig. 3.4E, F).  
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Figure 3.4. Absence of TLK2 attenuates leukemia burden and IL-1-driven AML 

progression in a murine model of leukemia. (A) A schematic representation of a 

murine AML bone marrow transduction/transplantation model to study effect of TLK2 

deletion on leukemia progression. Lineage depleted Tlk2+/+, Tlk2+/-, Tlk2-/- bone marrow 

cells were transduced with MSCV-IRES-MLL-ENL-GFP retrovirus. After 48 hrs of 

transduction 15,000 sorted GFP+ cells and 250,000 supporting cells were injected into 

lethally irradiated recipient mice. (B) Survival curve of mice following treatment with 0.25 

g IL-1 or vehicle is shown. Log rank test is used for statistical analysis. (C) Percentage 

of leukemic cells in peripheral blood overtime by flow cytometry. (D) The percent of 

transplanted CFSE+ cells that homed to the bone marrow. (E) Percentage of leukemic 

cells and immunophenotyping at endpoint in the bone marrow from Tlk2 deletion BMT. 

(F) Spleen and liver weights at disease endpoint from Tlk2 deletion BMT. *P < 0.05, ** P 

< 0.01, *** P < 0.001.  
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Figure 3.5. Schematic showing role of TLK/ASF1 in IL-1 mediated AML 

progression. ASF1B is upregulated in AML progenitors upon IL-1-mediated 
inflammatory stress. TLK or ASF1 deletion mitigates AML cell growth while sparing 

healthy hematopoiesis. Targeting ASF1B or TLK2 suppresses IL-1-driven AML 
progression by impacting cell cycle and DNA damage responses. 
 
 

 
 
   

IL-1β 

PCNA 

ASF1 H3 H4 

CAF-1 

TLK 

IL-1β 

AML 
progenitors 

IL-1RAcP 

IL-1R1 

v.s. 

Gene expression 
profiling 

Normal 
progenitors 



 67 

Chapter 4: Discussion and Future Directions 
 

Despite recent improvements of targeted inhibitors and combination therapies, the 5-year 

survival rate for patients with AML remains low (~25%). In part, this is due to the rapid 

emergence of drug resistant mutations in leukemic cells (McMahon et al., 2019; 

Nechiporuk et al., 2019). Additionally, the bone marrow microenvironment exerts 

inflammatory stress and becomes growth-permissive to malignant clones over healthy 

cells. This demands an improved understanding of disease biology and the identification 

of novel therapeutic targets that are active across AML genetic subtypes. In this study, 

we showed that aberrant IL-1 signaling drives AML progression through the upregulation 

of the TLK-ASF1 histone chaperone pathway. Knockdown of either ASF1 or TLK family 

members impaired cell growth and survival in both in vitro and in vivo models of AML, 

representing multiple genetic subtypes of AML. Further, we found that depletion of ASF1B 

or TLK2 impaired IL-1-driven AML progression in a murine model, suggesting that the 

TLK-ASF1 pathway represents a novel therapeutic target for AML. Previously it was 

shown that different isoforms of TLKs (TLK1 and TLK2) and ASF1s (ASF1A and ASF1B) 

may contribute to cancer initiation, development, and progression in a variety of cancer 

types through distinct mechanisms (Kim et al., 2016; Li et al., 2020; Yang et al., 2018). 

Additionally, high ASF1B or TLK2 expression is associated with poor patient outcome in 

subsets of patients with breast cancer (Corpet et al., 2011; Lee et al., 2018).  

Despite numerous studies implicating the ASF-TLK pathway in cancer, its role in leukemia 

and hematopoiesis has not been previously examined in detail. Our results indicate that 

heterozygous or complete deletion of either ASF1B or its regulator, TLK2, delay AML 

progression at steady state and under IL1-mediated inflammatory stress. Previous work 



 68 

showed that, overexpression of CHAF1B, a subunit of the CAF-1 histone chaperone 

complex that interacts with ASF1B, promoted AML progression in a murine model of MLL-

AF9 positive AML (Volk et al., 2018). As CAF1 is predominantly involved in replication-

dependent histone deposition, these results are consistent with an enhanced 

dependence of AML on the TLK-ASF1 pathway. Previous work in breast cancer that 

reported ASF1A expression in both proliferating and quiescent breast cancer cells, while 

ASF1B was only expressed in proliferating cells and its knockdown impacted colony 

formation (Corpet et al., 2011). However, in our in vivo leukemia model, ASF1B deletion 

was unable to completely eliminate the disease, suggesting that ASF1A, or other 

molecular targets including CAF1, may contribute to AML progression in the absence of 

ASF1B. This is consistent with ASF1A depletion having a significant impact on AML 

growth in vitro (Fig. 2.6), and with previous observations that ASF1A depletion caused 

growth arrest in hepatocellular carcinoma (HCC) and prostate cancer cells (Wu et al., 

2019).  Despite the similar outcomes observed with ASF1B and CAF1 in leukemia, recent 

work suggested that loss of these pathways may play a pro-metastatic role in some 

cancers. For example, signaling through TGF or ERK pathways reduced levels of histone 

H3 and CAF-1, resulting in increased chromatin accessibility that promoted genes 

associated with the epithelial-mesenchymal transition and aggressive traits (Gomes et al., 

2019). Thus, the dependency and therapeutic potential of CAF1 and ASF1 may be cancer 

type specific or stage dependent. 

Elevated ASF1B or TLK2 in breast cancer was proposed to provide a growth advantage 

for cancer cells via enhanced cell cycle progression and tolerance of replication stress 

and DNA damage (Kim et al., 2016; Yang et al., 2018) and elevated TLK1 or TLK2 
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expression correlated with poor prognosis in several other cancer types using multivariate 

analyses (Lee et al., 2018). In contrast to previous work in osteosarcoma cells that 

observed pronounced replication stress and DNA damage following TLK1/2, but not 

ASF1A/B depletion (Lee et al., 2018), we observed a stronger DNA damage response 

following ASF1 depletion than TLK depletion in AML (Fig. 3.2). This may indicate that 

additional targets of TLK activity, such as the DNA repair factor RAD9 or the kinase NEK1, 

may play a role in the phenotypes (Kelly and Davey, 2013; Singh et al., 2020). It could 

also reflect specific functions of ASF1 that are not dependent on TLK activity, such as the 

role of ASF1A in NHEJ-mediated repair (Lee and Dutta, 2021; Lee et al., 2017). This is 

in contrast to a recent study that showed significantly increased levels of γ-H2AX and 

pRPA-S4/S8 while siASF1(a+b) did not induce strong replication stress (RPA pS33) and 

DNA damage responses (Lee et al., 2018). ASF1A/B knockdown reduced expression of 

p53/p21, suggesting that they may function differently than TLK-depleted cells (Fig. 3.2). 

In HCC and prostate cancer cells (Wu et al., 2019), p53/p21cip1 expression was 

increased upon ASF1A depletion. 

TLK depletion enhanced chromatin accessibility and provoked cGAS-STING-dependent 

sterile inflammatory responses in multiple cancer cell types in vitro (Segura-Bayona et al., 

2020). In addition, ASF1A depletion sensitized non-small cell lung cancer cells to PD-1 

immunotherapy by upregulating inflammatory genes associated with T-cell activation, 

including TNF (Li et al., 2020). However, to our knowledge, prior studies have not 

examined the role of the TLK-ASF1 pathway in inflammatory stress mediated AML 

progression. Mechanistically, our data show that ASF1B is regulated by IL-1 in a 

p38MAPK dependent manner (Fig 2.5). We observed that the transcription factors 
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MYBL2 and E2F1 were upregulated upon IL-1 stimulation, suggesting that they might 

be responsible for transcriptional upregulation of ASF1B. IL-1 did not transcriptionally 

upregulate TLK2, although its protein levels were increased. TLK2 protein levels are 

regulated by CRY2 (Correia et al., 2019), an E3-ubiquitin ligase that functions in the 

circadian cycle and MYBL2 was previously identified as a proximal interactor of TLK2, 

although the functional relevance of this interaction remains unclear (Pavinato et al., 

2022). Therefore, the IL-1 pathway may have additional indirect effects on both TLK2 

and ASF1B that remain to be discovered. 

We observed that ASF1B or TLK2 deletion is dispensable for normal hematopoiesis (Fig 

2.11 and Fig 3.3). Different from recent work on the roles of CHAF1B and HIRA in normal 

hematopoiesis. CHAF1B is part of CAF-1 interacts with ASF1 for chromatin assembly 

(Dong et al., 2001). Mx1-Cre/Chaf1bf/f mice died with pancytopenia within 2 weeks 

following plpC induced deletion and Vav-Cre+Chaf1bf/f pups were never observed. 

Chaf1b heterozygous mice exhibited modest reduction of bone marrow cells compared 

to wild-types. These results suggested that one allele of Chaf1b is sufficient for normal 

hematopoiesis (Volk et al., 2018). However, CHAF1B loss results in depletion of HSPCs 

in CHAF1B-/- mice and decrease LSK in CHAF1B+/- mice. HIRA is essential in mice and 

total knockout of HIRA leads to early embryonic death. Knockout of HIRA using Vav-Cre+ 

cause anemia, thrombocytopenia, and lymphocytopenia. Interestingly, HIRA-KO mice 

demonstrated reduction in B cell and T cell deficiency. HIRA deletion caused reduction in 

LKS in BM and impeded their progression to progenitors. (Chen et al., 2020). These 

results suggest that targeting TLK2 or ASF1B might an effective strategy to target 

leukemic cells while sparing healthy cells. 
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Together, we showed that chronic inflammation alters the intrinsic transcriptional 

landscape of AML and healthy progenitors, which further drives disease progression. 

Through the modulation of the TLK-ASF1 pathway, we demonstrated that it prevents 

inflammatory stress-mediated AML progression without affecting healthy cells.  

 

Future direction 1: Targeting of TLK-ASF1 pathway 
 
Our data show that targeting the TLK-ASF1 pathway reduced leukemia burden and 

progression in vivo, thus targeting this pathway represents a novel strategy for AML 

treatment. Previous work demonstrated the feasibility of targeting ASF1 binding to 

histones using a peptide inhibitor that binds to the histone binding pocket and reduced 

tumor size in vivo (Bakail et al., 2019). Several non-specific small-molecule inhibitors 

targeting TLK1 and TLK2 were tested in breast cancer (Kim et al., 2016) (Mortuza et al., 

2018). Recent work reported improved versions of phenothiazine and bisindole 

derivatives that appear to have more potent effects on TLK1 and TLK2 inhibition (Lee et 

al., 2022; Singh et al., 2020), although their specificity and overall suitability for in vivo 

use remain unclear. Improved structure guided studies will be needed to optimize TLK 

inhibitors and future work is required to assess whether they will improve treatment 

efficacy alone or in combination with common AML targeted therapies. In the future, it will 

be interesting to test whether targeting ASF1 or TLK in combination with standard-of-care 

therapy will result in better patient outcomes in AML. 
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Future direction 2: Role of ASF1A and TLK1 in vivo 

We have shown that deletion of ASF1B and TLK2 prolonged survival in an MLL-ENL AML 

model. However, ASF1B knockout mice and some of TLK2 mice eventually succumbed 

to the disease. It is possible that IL-1 upregulated other proteins or ASF1A compensated 

for ASF1B. We generated Vav-Cre+Asf1aF/F, Vav-Cre+Asf1aF/+, Vav-Cre+Asf1aF/+Asf1b-/-, 

Vav-Cre+Asf1aF/F Asf1b+/- mice. In the future, additional bone marrow transplantation 

studies will provide insight as to whether knockdown of both ASF1s will further extend 

survival as compared to ASF1A or ASF1B alone. We will also assess whether ASF1A 

deletion alone or deletion of both ASF1s affects normal hematopoiesis. We also 

generated Vav-Cre+Tlk1F/F, Vav-Cre+Tlk1F/+, Vav-Cre+Tlk1F/+Tlk2-/-, Vav-

Cre+Tlk1F/FTlk2+/- mice and additional studies using these mice will identify the role of both 

TLKs in hematopoiesis in vivo. 
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Chapter 5: Materials and Methods 
 

5.1 Primary samples 
 
Peripheral blood or bone marrow of primary AML samples were obtained from patients 

evaluated at Oregon Health & Science University, University of Utah, University of Texas 

Southwestern Medical Center, University of Colorado, and Stanford University. All 

samples represented unique patients with AML and the clinical, genetic, and demographic 

information of AML patient samples is summarized in Table S1. Bone marrow 

mononuclear cells (MNCs) and purified CD34+ cells from normal donors were purchased 

commercially (Lonza Inc). MNCs from AML patient samples were isolated by Ficoll 

gradient centrifugation and red blood cells were lysed using an aqueous solution of 0.15 

M NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA. CD34+ cells were enriched using an 

immunomagnetic column (Miltenyi Biotech, San Diego, CA) and purity was evaluated 

using FACSAria IIIu flow cytometer (BD Biosciences, San Jose, CA). Primary cells were 

were cultured for the indicated time in cytokine-free media with IMDM supplemented with 

10-4 M -mercaptoethanol and 20% BIT (bovine insulin transferrin, Stem Cells 

Technologies). Studies using human cells were approved by the institutional review 

boards (IRBs). 

 

5.2 Cell lines 
 
All cell lines were tested negative for mycoplasma using MycoAlert mycoplasma detection 

kit (Lonza). 293T17 cells were used for retrovirus generation. 293T17 cells were cultured 

in Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 10% FBS and 

1% Pen/Strep.  AML cell lines MOLM-14 and THP-1 (sourced from ATCC) were cultured 
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in RPMI-1640 (Gibco) supplemented with 2 mM L-glutamine, 1% Pen/Strep and 10% and 

15% FBS, respectively. All cell lines were cultured at 37C in 5% CO2. 

 

5.3 shRNA and Generation of lentivirus 
 
Two independent and inducible small hairpin RNA (shRNA) libraries targeting TLK1, 

TLK2, ASF1A, ASF1B and two non-specific controls (NT16, NT17) were obtained from 

Cellecta Inc. shRNA #1 targets coding regions and shRNA #2 targets 3’UTR regions, 

respectively. Lentivirus was generated by transfecting 293FT cells using VSV-G envelope 

plasmid, psPAX2 helper plasmid, and FuGENE-6 reagent. Lentivirus particles were 

concentrated by ultracentrifuging the viral supernatant at 28,000 rpm for 2 h. MOLM-14 

cells were infected with concentrated lentivirus in the presence of 5 g/mL polybrene and 

1 mM HEPES and centrifuged at 2,500 rpm for 90 min.  

To obtain stable shRNA expression, this process was repeated at 48h and cells were 

GFP-, RFP- or GFP/RFP-sorted after 48 h of infection and maintained in 0.5 g/mL 

puromycin. To induce shRNA expression, cells were treated with 1 g/mL doxycycline 

and the effect of gene knockdown was assessed by immunoblotting, MTS cell viability, 

cell growth, cell cycle, and colony formation assays.  

 

5.4 Cell viability, cell growth, cell cycle, and colony formation assays 
 
For cell viability assay, 5 replicates of MOLM-14 cells (1200 cells/well) were plated in 384-

well plates. After 3 or 6 days of culture, MTS reagent (CellTiter96 Aqueous One; Promega) 

was added and the optical density was measured at 490 nm. Raw absorbance values 

were adjusted to a reference blank value, normalized to untreated controls and presented 

as fold difference to determine cell viability. For cell growth assay, MOLM-14 cells were 



 75 

plated at 0.2 e6 cells/well and kept at 0.5-1 e6/ml in triplicate. Cell count were measured 

by Guava easyCyte cell counter (Luminex) every other day. For cell cycle assay, MOLM-

14 cells were fixed in cold 70% ethanol for 30 min on ice, washed with PBS, and treated 

with RNase. Cells were incubated with Propidium Iodide (50 g/ml) for 30 min and 

analyzed using a FACSAria III flow cytometer (BD Bioscience). For colony formation 

assays, MOLM-14 cells (500 cells/well) were plated in triplicate in cytokine-free MethoCult 

H4230 (Stem Cell Technologies) and colonies were scored on Day 14. 

 

5.5 Xenograft studies 

MOLM-14 cells expressing doxycycline-inducible shASF1A, shASF1B, and shASF1A+B 

(2 x 105 cells per mouse) were injected into the tail veins of 4-week-old NOD-scid IL2Rgnull 

(NSG) mice purchased from Jackson Laboratories. After confirmation of equal 

engraftment in peripheral blood (>1%) by flow cytometry 5 days post injection, 

doxycycline chow (625 mg/kg; Envigo) was given to the mice to induce knockdown in vivo. 

Mice were monitored by complete blood counts using Heska Vet ABC blood analyzer 

(Scil Animal Care Company) and by GFP+, RFP+ or GFP/RFP+ percentage in peripheral 

blood using flow cytometry. For disease burden analysis, animals were sacrificed on day 

18 post treatment, and weights of spleen and liver were measured. Cells from spleen, 

bone marrow, and peripheral blood were stained for fixable aqua dye, incubated at 37C 

for 30 min, and stained for human cell surface markers: CD13 (PE-Cy7), CD33 (PE-Cy7), 

and CD15 (V450) as well as mouse pan hematopoietic cell surface marker CD45 (APC-

Cy7) for 1 hour incubation at room temperature. The expressions of cell surface markers 

were measured by flow cytometry and analyzed using FlowJo software 
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5.6 Mice 
 
All animal studies were approved by the Institutional Animal Care and Use Committee at 

OHSU (TR03_IP00000047) and conducted in accordance with the NIH guidelines for 

animal welfare. Animals were housed at semi-conventional facility and cared for 

according to standard guidelines at OHSU. Asf1bem1(IMPC)J, Vav-iCre and C57BL/6 

mice were purchased from Jackson Laboratory. Tlk2F/F mice were generously provided 

by Dr. Travis Stracker (IRB Barcelona) (Segura-Bayona et al., 2017). Tlk2F/F mice were 

crossed with Vav-iCre mice in order to generate Vav-Cre+Tlk2F/+ and Vav-Cre+Tlk2F/F 

hematopoietic specific conditional knockout mice. For genotyping, tail-tips were collected 

at weaning and analyzed by quantitative real time PCR (Transnetyx).  

 

5.7 Generation of retrovirus 
 

MLL-ENL-GFP retrovirus were generated by transfecting 293T17 cells with  5 g of pEco-

Pac helper plasmid and 30 g of MLL-ENL-GFP vector (gifted by Dr. Scott Lowe, Dana 

Farber Cancer Institute) (Zuber et al., 2009) using Fugene 6 (Roche) as described 

previously (Agarwal et al., 2014). The virus particles were collected 48-72 hours post 

transfection. Human ASF1B was cloned into the pMSCV-IRES-mCherry FP vector using 

Gateway system (Invitrogen). ASF1B-mCherry and Empty-mCherry retrovirus were 

generated as described above. 

 

5.8 Bone marrow transplantation and treatment 

  
Bone marrow cells were isolated from femurs, tibias, and hipbones of 6 to 8-week-old 

Asf1b+/+, Asf1b+/-, Asf1b-/-, Vav-Cre-Tlk2F/F, Vav-Cre+Tlk2F/+, and Vav-Cre+Tlk2F/F donor 
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mice. Lineage negative cells were enriched using a Direct Lineage Cell Depletion Kit 

(Miltenyi Biotech) and pre-stimulated at 37C overnight in DMEM supplemented with 1% 

Pen/Strep, 1X L-glutamine, 15% FBS, 15% WEHI-3B, 7 ng/mL murine IL-3, 12 ng/mL IL-

6, and 56 ng/mL SCF. For ASF1B overexpression bone marrow transplantation, Lin- cells 

were infected with Empty-mCherry or ASF1B-mCherry retrovirus together with MLL-ENL-

GFP retrovirus on fibronectin-coated plates through spinoculation (2 x 90 min, 2.500 rpm, 

32ºC). 48 hours post-transduction, Lin-GFP+/RFP+ cells were sorted using a FACS Aria 

III flow cytometer (BD Biosciences). Sorted Lin-GFP+/RFP+ cells and supporting cells 

were retro-orbitally injected into lethally irradiated (500 + 450 cGy) 6-week old C57BL/6J 

recipient mice. For ASF1B and TLK2 deletion bone marrow transplantation, Lin- cells 

were infected with MLL-ENL-GFP retrovirus and Lin-GFP+ cells were sorted for injections. 

Mice were put on a soft food diet and antibiotic water for 2 weeks and were carefully 

monitored daily for signs of disease. Disease progression was monitored weekly by 

complete blood count using Heska Vet ABC blood analyzer (Scil Animal Care Company) 

and by GFP+/RFP+ or GFP+ percentage using FACS Aria III or CytoFlex S flow 

cytometer (BD Bioscience). Mouse IL-1 or vehicle was administered daily at 250 

ng/mouse via intraperitoneal injection starting 14 days post-bone marrow transplant and 

throughout the studies. Morbid mice or mice that lost 20% weight were euthanized for 

further analysis. Bone marrow and spleen cells were stained with CD11b-APC, CD19-

APC eFlour780, CD3-PE-Cy7, CD45-PE, Ter119-eFlour450, Ly6g/Ly6c-BV605, CD34-

Alexa 700, cKit-APC-eFlour 780, Sca1-Pac Blue BV605-FcGamma and FVS510-viability.  
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5.9 Immunophenotyping of mouse cells 
 
Peripheral blood was collected from Asf1b+/+, Asf1b+/-, Asf1b-/-, Vav-Cre-Tlk2F/+ and Vav-

Cre+Tlk2F/F mice and analyzed by complete blood count. Bone marrow and spleen cells 

were immunophenotyped using APC-conjugated CD3, CD4, CD8, B220, Gr-1, Ter-119, 

CD19, IgM, and CD127 for lineage positive cells. Stem and progenitor cell populations 

were analyzed using fluorochrome-conjugated antibodies against mouse CD135-PercP-

eFluor710, Sca-1-Pacific Blue, FC-BV605, CD48-BV711, CD150-PE-Cy7, CD34-

Alexa700, and c-Kit-APC-eFluor780, and FVS510-viability dye. Both panels were 

analyzed using a LSRFortessa flow cytometer (BD Bioscience) to assess differentiation 

status. Various sub-populations are defined as follows: LKS (Lin-cKit+Sca-1+), LT-HSC 

(Lin-cKit+Sca-1+CD135-CD150+CD48-), ST-HSC (Lin-cKit+Sca-1+CD135-CD150-

CD48-), multipotent progenitors including MPP2 (Lin-cKit+Sca-1+CD135-

CD150+CD48+), MPP3 (Lin-cKit+Sca-1+CD135-CD150-CD48+), and MPP4 (Lin-

cKit+Sca-1+CD135-CD150-). LK (Lin-cKit+Sca-1+) including common myeloid progenitor 

(CMP; Lin-cKit+Sca-1+ FC-CD34+), granulocyte/monocyte progenitor (GMP; Lin-

cKit+Sca-1+ FC+CD34+), megakaryocyte/erythrocyte progenitor (MEP; Lin-cKit+Sca-1+ 

FC-CD34-). 
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Figure 4.1 Gating strategies for immunophenotyping (myeloid and lymphoid cells) 
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Figure 4.2 Gating strategies for immunophenotyping (stem and progenitor cells) 
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5.10 In vivo homing assay 
 
Freshly harvested Lin- cells were stained with 100 nM carboxyfluorescein succinimidyl 

ester (CFSE) for 15 min at 37ºC. Further uptake of the dye was stopped by addition of an 

equal volume of sterile ice-cold FBS. Staining efficiency was confirmed by flow cytometry 

(LSRFortessa; BD Bioscience). 0.5 × 106 CFSE+ cells were retro-orbitally injected into 6-

week old C57BL/6 WT mice. Mice were put on a soft food diet and antibiotic water and 

sacked 16 hours post-transplant. The percent of transplanted CFSE+ cells that homed to 

the bone marrow was calculated as follows: % Homing = (AxB/C)*100, where A is the 

percentage of CFSE+ cells determined by flow cytometry, B is the total organ cellularity, 

and C the number of cells transplanted (S.J. Szilvassy et al., 2001). 

 

5.11 RNA-Seq analyses 
 

mRNA was extracted from primary samples using RNeasy minikit following 

manufacturer’s protocol. RNA-Seq libraries were generated using True-seq RNA exome 

kit (illumina) on a Sciclone platform (Perkin Elmer). mRNA underwent fragmentation, 

cDNA synthesis, and next-generation library synthesis via exome capture and PCR 

amplification. Libraries were sequenced on a Next-Seq instrument (illumina) using a 

paired-end protocol. Paired-end RNASeq samples (75 bp/read) were matched to the 

human (hg19) genomes and aligned with STAR. We used subread (Liao et al., 2019) to 

align to the human genome (hg19) and featureCounts (Liao et al., 2014) to quantify exon 

counts. We next summarized on a gene level by aggregating all exons per gene and 

summing the counts. We normalized the data using bioconductor's edgeR package 

(Robinson et al., 2010). We normalized using the Trimmed Mean of M Values (TMM) 
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method and calculated the Counts Per Million (CPM) for each gene. To identify samples 

that cluster together, we clustered based on CPM values. 

 

5.12 Quantitative PCR 
 
Primary cell pellets were stored at -80C. RNA extractions were performed using RNeasy 

mini kit (Qiagen) per manufacturer’s instructions. RNA yield was quantified by nanodrop 

1000 spectrophotometer. RNA was converted into cDNA using the High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative PCR was performed 

using Platinum SYBR Green qPCR SuperMix (Thermo Fisher Scientific). PCR cycles 

were run using the QuantStudio 7 Flex System (Thermo Fisher Scientific) with standard 

cycle parameters.  

 

5.13 TaqMan Gene Expression Array 
 
A custom TaqMan low-density array (TLDA) was designed based on top hit candidate 

genes from RNA-Seq and biological relevance. RNA concentrations were measured with 

nanodrop and 150-2000 ng of RNA was reverse transcribed to complementary DNA using 

High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems) and pre-amplified 

with a custom pool of primers and a PreAmp Master Mix. qPCR reactions were performed 

with the TaqMan Universal Master Mix II reagent in Custom TaqMan Array Cards (384-

well plate preloaded with 96 specific primers of interest) on a PCR System. TLDA 

quantification was performed based on the manufacturer’s protocol. All cards were run 

on the 12K Flex Real-Time PCR System (Applied Biosystems). Four treatment conditions 

for each sample were loaded on one card. The gene expression levels were determined 

and relatively quantified by using the comparative cycle threshold (Ct) method. Each plate 
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was adjusted by a normalization factor as the difference between the global median Ct 

value and the plate median Ct value. We calculated the expression of mRNAs with deltaCt, 

in which the maximal Ct value for an mRNA was subtracted from the specific value for 

this mRNA. The average of the replicate expression values of the mRNAs was used in 

the analysis. Each TLDA card has built-in controls including 18S, GUSB, and GAPDH. 

Genes and Assay IDs are provided in Table S4. 

 

5.14 Western blot analysis 
 
Whole-cell extracts were prepared by lysing cells for 20 min on ice in lysis buffer (Cell 

Signaling Technology) supplemented with a complete mini protease inhibitor cocktail 

tablet (Roche), phosphatase inhibitor (Sigma-Aldrich), and PMSF. Protein concentrations 

were quantified and normalized by a BCA assay (ThermoFisher Scientific). Lysates were 

separated through SDS polyacrylamide gels (4-12%) and transferred to nitrocellulose 

membrane (Bio-Rad). Membranes were blocked with 5% BSA in 0.1% Tween20 in 1x 

PBS (PBS-T) for 1 hr at room temperature followed by incubation with primary antibodies 

diluted in 5% BSA in PBST overnight at 4C. The membrane was washed 3x in TBST 

before incubation with appropriate HRP-conjugated secondary antibodies for 1 h. Protein 

levels were visualized using ECL substrate (Bio-Rad) on a ChemiDoc MP Imaging 

System (Bio-Rad) with the Image Lab Software. Immunoblots were quantified using 

ImageJ software.  

 

5.15 Analysis of Depmap, BeatAML, and TCGA databases 
 
The dependency data used in this study was derived from the 20Q2 dataset. Dependency 

of TLK1, TLK2, ASF1A, ASF1B, E2F1, and MYBL2 from 20 AML cell lines were analyzed. 
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Expression data of TLK1, TLK2, ASF1A and ASF1B in various cancer types from the 

Cancer Cell Line Encyclopedia (CCLE) were also used. These data are available online: 

http://depmap.org/portal/download/all/. Expression of E2F1 and MYBL2 in ASF1B high 

(top 25%) and low (bottom 25%) patients from the TCGA database were analyzed via 

cBioportal. Characteristics of AML primary samples were obtained from the BeatAML 

database (Tyner et al., 2018). 
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Table 1. Genes for TLDA validation 

ADAMTS14 Hs00365506_m1 

APOL4 Hs00540930_m1 

ARHGAP24 Hs01097578_m1 

ASF1B Hs00216780_m1 

BIRC3 Hs00985031_g1 

C1QB Hs00608019_m1 

CCDC170 Hs00228128_m1 

CCL2 Hs00234140_m1 

CCNA2 Hs00996788_m1 

CD207 Hs00210453_m1 

CD40 Hs01002913_g1 

CDC6 Hs00154374_m1 

CHAF1B Hs01123297_m1 

CLSPN Hs00898637_m1 

CSF2 Hs00929873_m1 

E2F2 Hs00231667_m1 

GGT5 Hs00269779_m1 

GIMAP8 Hs00411000_m1 

GNAO1 Hs00221365_m1 

GNAZ Hs00157731_m1 

HBD Hs00426283_m1 

HIST1H1B Hs00271207_s1 

HIST1H2AJ Hs04191486_s1 

HTRA1 Hs01016151_m1 

IL8 Hs00174103_m1 

ICAM1 Hs00164932_m1 

IKBKB Hs00233287_m1 

LCNL1 Hs01115021_m1 

MAD2L1 Hs01554513_g1 

MARCKS Hs00158993_m1 

MCM5 Hs01052148_m1 

NMT1 Hs00221506_m1 

NUF2 Hs00230097_m1 

PIK3R1 Hs00933163_m1 

RRM2 Hs00357247_g1 

SIRT1 Hs01009006_m1 

TNFRSF9 Hs00155512_m1 
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VCAN Hs00171642_m1 

IL1A Hs00174092_m1 

IL1B Hs00174097_m1 

IL1R1 Hs00991010_m1 

IL1RAP Hs00895050_m1 

IRAK1 Hs00155570_m1 

IRAK4 Hs00211610_m1 

JUN Hs01103582_s1 

TLK1 Hs00895309_m1 

TLK2 Hs00851784_g1 
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Table 2. AML patient characteristics 
  

Sample ID Gender 
Age at 

Diagnosis 
Specific Diagnosis Specimen Type 

 
Use 

AML-1 Male 68 AML with myelodysplasia-related changes Leukapheresis  WB  

AML-2 Female 53 AML with maturation Bone Marrow Aspirate  WB  

AML-3 Female 63 AML with mutated NPM1 Peripheral Blood  WB  

AML-4 Male 70 AML with mutated NPM1 Peripheral Blood  WB  

AML-5 Female 61 AML with mutated NPM1 Peripheral Blood  WB  

AML-6 Female 67 Therapy-related myeloid neoplasms Peripheral Blood  WB  

AML-7 Male 55 Acute myeloid leukaemia, NOS Bone Marrow Aspirate  WB  

AML-8 Male 50 Therapy-related myeloid neoplasms Bone Marrow Aspirate  WB  

AML-9 Male 80 Acute myeloid leukaemia, NOS Bone Marrow Aspirate  RNA-Seq 

AML-10 Male 75 Acute myeloid leukaemia, NOS Bone Marrow Aspirate  RNA-Seq 

AML-11 Male 61 Acute myeloid leukaemia, NOS Bone Marrow Aspirate  RNA-Seq 

AML-12 Male 44 
AML with inv(16)(p13.1q22) or 
t(16;16)(p13.1;q22); CBFB-MYH11 

Peripheral Blood 
 

TLDA 

AML-13 Male 66 
Acute monoblastic and monocytic 
leukaemia  

Leukapheresis 
 

TLDA 

AML-14 Male 51 Unknown Bone Marrow Aspirate  TLDA 

AML-15 Male 61 AML with minimal differentiation Bone Marrow Aspirate  TLDA 
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Table 3. Reagents and resources 
 

Antibodies 

Rabbit polyclonal anti-ASF1A Cell Signaling Technology Cat#: 2990 

Rabbit polyclonal anti-ASF1B Cell Signaling Technology Cat#: 2902 

Rabbit polyclonal anti-TLK1 Cell Signaling Technology Cat#: 4125 

Rabbit polyclonal anti-TLK2 Bethyl Laboratories Cat#: A301-257A 

Rabbit polyclonal anti-phospho ASF1A 
(Ser166) 

Groth Laboratory (Klimovskaia et al., 
2014) 

Rabbit polyclonal anti-phospho p53 
(Ser15) 

Cell Signaling Technology Cat#: 9284 

Rabbit monoclonal anti-phospho H2AX 
(Ser139) 

Cell Signaling Technology Cat#: 9718 

Rabbit polyclonal anti-phospho Chk2 
(Thr68) 

Cell Signaling Technology Cat#: 2661 

Rabbit polyclonal anti-phospho RPA32 
(Ser4/Ser8) 

Bethyl Laboratories Cat#: A300-245A 

Mouse anti-p53 Cell Signaling Technology Cat#: 2524 

Mouse anti-p21 BD Biosciences Cat#:556430 

Actin (clone C4) EMD Millipore Cat#: MAB1501 

GAPDH (6C5) Thermofisher Cat#: AM4300 

CD11b (APC, Rat) eBioscience Cat#: 50-112-9622 
 

CD19 (1D3, APC-eFluor 780) eBioscience Cat#: 47-0193-82 

CD3 (PE-Cy7, Hamster) BD Biosciences Cat#: 552774 

CD45 (PE) eBioscience Cat#: 12-0451-82 

Ter-119 (Pacific Blue) Biolegend Cat#: 116232 

Viability Dye (FVS510) BD Biosciences Cat#: 564406 

CD135 (PercP-eFluor710) eBioscience Cat#: 46-1351-82 

CD34 (Alexa700) eBioscience Cat#: 56-0341-82 

CD117 (APC-eFluor780) eBioscience Cat#: 47-1171-82 

CD150 (PE-Cy7) Biolegend Cat#: 115914 

Sca-1 (Pacific Blue) Biolegend Cat#: 108120 

CD48 (BV711) BD BioSciences Cat#: 740687 

CD3 (APC) eBioscience Cat#: 50-148-41 

CD4 (APC) eBioscience Cat#: 50-148-54 

CD8 (APC) eBioscience Cat#: 17-0081-82 

B220/CD45R (APC) eBioscience Cat#: 17-0452-82 

Gr-1 (APC) BioLegend Cat#: 108412 

Ter-119 (APC) eBioscience Cat#: 17-5921-82 

CD-19 (APC) eBioscience Cat#: 50-149-09 

IgM (APC) eBioscience Cat#: 17-5790-82 

CD127 (APC) eBioscience Cat#: 17-1271-82 

Anti-human CD33 (PE-Cy7) eBioscience Cat#: 25-0338-42 

Anti-human CD13 (PE-Cy7) BD Bioscience Cat#: 561599 

Anti-human CD45 (BV650) Biolegend Cat#: 304044 

Anti-human CD15 (V450) BD Bioscience Cat#: 642922 

Anti-mouse CD45 (APC-Cy7) BD Bioscience Cat#: 557659 
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Fixable aqua dye Thermo Fisher Scientifc Cat#: L34957 

Bacterial and Virus Strains  

Bacteria: TOP10 Chemically Competent E. 
coli 

Thermo Fisher Scientific Cat#:C404003 

Lentivirus: shASF1A   

Lentivirus: shASF1B   

Lentivirus: shTLK1   

Lentivirus: shTLK2   

Lentivirus: shNT16   

Lentivirus: shNT17   

   

Biological Samples   

Primary AML cells This study Table S1 

Healthy bone marrow Lonza  

Chemicals, Peptides, and Recombinant Proteins 

Methocult M3234 STEMCELL Technologies Cat#: 03234 

Methocult H4230 STEMCELL Technologies Cat#: 04234 

Murine IL-1 PeproTech Cat#: 211-11B-
100UG 

Murine IL-3 PeproTech  Cat#: 213-13-2UG 

Murine IL-6 PeproTech Cat#: 216-16-2UG 

Murine SCF PeproTech Cat#: 250-03-10UG 

Puromycin Gibco Cat#: A1113803 

Doxycycline chow Envigo Cat#: D11072801 

Doxycycline hyclate Sigma-Aldrich Cat#: D9891 

Doramapimod Selleck Cat#: S1574 

Critical Commercial Assays 

Direct Lineage Cell Depletion Kit (Mouse) Miltenyi Biotec Cat#: 130-110-470 

CD34 MicroBead Kit (Human) Miltenyi Biotec Cat#: 130-046-702 

High-Capacity cDNA Reverse 
Transcription Kit 

Thermo Fisher Scientific Cat#: 4368814 

RNeasy mini kit Qiagen Cat#: 217004 

Gateway LR Clonase Enzyme Mix Thermo Fisher Scientific  Cat#: 11791-100 

Platinum SYBR Green qPCR SuperMix Thermo Fisher Scientific Cat#: 11733-046 

Deposited Data 

Raw and processed data (RNA-Seq in 
bone marrow from healthy and primary 
AML cells) 

This study GSE 

   

Experimental Models: Cell Lines 

MOLM-14 ATCC  

   

Experimental Models: Organisms/Strains 

C56BL/6J Jackson Labs 000664  
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NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-
IL3,CSF2,KITLG)1Eav/MloySzJ 
 (NSGS) 

Jackson Labs 013062 

NSG   

B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J 
 (Vav-iCre) 

Jackson Labs 008610 

C57BL/6NJ-Asf1bem1(IMPC)J/Mmjax 
 

Jackson Labs 042325 

Vav-Cre TLK2 This study  

Recombinant DNA 

pMSCV-IRES-mCherry FP Addgene #52114 

mCherry-ASF1B This study  

EcoPac   

   

Software and Algorithms 

FlowJo   

Prism 9 Graphpad https://www.graphpad
.com/ 

Adobe IIlustrator Adobe  

Image Lab BioRad  

RNA-Seq analysis   
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