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ABSTARCT 

 

Recent biochemical characterization of Arsenic resistance protein 2 (Ars2) had established Ars2 

as a central factor in determining the fate of nascent RNA polymerase II (RNA pol II) 

transcripts. Through interactions with the nuclear 5’-7-methylguanosine (7mG) cap binding 

complex (CBC), Ars2 promotes co-transcriptional processing coupled with nuclear export or 

degradation of several classes of RNA pol II transcripts, allowing gene expression programs to 

facilitate rapid and sustained proliferation of immortalized cells in culture. However, rapidly 

dividing cells in culture do not represent the physiological condition of the vast majority of cells 

in an adult mammal.  

To examine functions of Ars2 in a physiological setting, we generated inducible Ars2 knockout 

mice and found that deletion of Ars2 from adult mice resulted in defective hematopoiesis in bone 

marrow and thymus. Importantly, only some of this defect could be explained by the requirement 

of Ars2 for rapid proliferation, which we found to be cell-type specific in vivo. Rather Ars2 was 

required for survival of developing thymocytes and for limiting differentiation of bone marrow 

resident long-term hematopoietic stem cells (LT-HSCs). As a result, Ars2 knockout led to rapid 

thymic involution and loss of the ability of mice to regenerate peripheral blood following 

myeloablation. These in vivo data demonstrated that Ars2 expression is important at several steps 

of hematopoiesis, likely because Ars2 acts on gene expression programs underlying essential cell 

fate decisions such as the decision to die, to proliferate, or to differentiate.  

Maintaining gene expression fidelity during hyper-transcription state of embryogenesis is 

another physiological phenomenon that requires precise sorting of newly synthesized RNA. Ars2 
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as a sorter of nascent transcripts is highly expressed in embryonic stem cells (ESC) and is 

essential for early embryogenesis. Even though Ars2 is necessary for survival of mouse embryo, 

little is known about its influence on ESCs and early development. 

To identify roles of Ars2 in early stage mammalian development, we generated inducible Ars2 

knockout mouse ESC. Upon Ars2 deletion, early S phase cell-cycle progression slowed, 

frequency of pluripotent colonies (AP+) decreased, and expression of Oct4, Sox2, and Nanog 

was reduced and could not be fully rescued by culture under ground-state conditions (2i 

medium). To investigate effects of Ars2 on differentiation capacity of ESCs, embryoid bodies 

(EB), the 3D models for recapitulating early development, were formed. Ars2 KO EBs at the 

time of lineage commitment (day 4), drastically upregulated mesodermal genes.  GSEA analysis 

of RNA-seq data revealed increased epithelial-to-mesenchymal transition (EMT) gene 

expression in Ars2 KO EBs. EMT was also confirmed by examining the E- to N-cadherin 

switch. Furthermore, embryonic hematopoiesis genes were highly enriched in Ars2 KO EBs. 

Using RNAi to reduce Ars2 expression during differentiation of ESCs to hematopoietic stem 

cells (ESC-HSC) dramatically increased the number of ESC-HSCs with phenotype and gene 

expression pattern of the most potent HSCs found in vivo. These ESC-HSCs were capable of 

advanced differentiation and formed colonies in methylcellulose, indicating HSC function in 

vitro. Overall, data establish Ars2 as a suppressor of ESC differentiation toward mesoderm; a 

role that may be exploited to increase efficiency of in vitro generation of ESC derived HSC for 

purpose of regenerative medicine.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1.1. Overview on Arsenic resistance protein 2 (Ars2) 

Transcription of eukaryotic genomes is carried out by three classes of RNA polymerases (RNA 

pol): RNA pol I, RNA pol II and RNA pol III. While RNA pol I transcribes rRNA precursors 

and RNA pol III transcribes small non-coding tRNAs, RNA pol II, a 12-subunit enzyme, 

synthetizes various classes of RNAs including protein coding (pc) mRNAs, replication-

dependent histone RNAs, miroRNAs (miRNA), small nuclear RNA (snRNA), some small 

nucleolar RNA (snoRNA), and long noncoding RNA (lncRNA) [1-3]. Each class of RNA Pol II 

transcript has a unique maturation pathway, yet all of the transcripts commence their lives with 

the same process: addition of 7-methylguanosine (7mG) cap to nascent RNA and recruitment of 

cap binding complex (CBC) [4].  

Following transcription of first 20-50 nucleotides (nt), 7-methylguanosine (7mG) cap modifies 

the newly synthetized RNA to protect the nascent transcript from exonucleolytic degradation and 

signals the successful transcription initiation [5, 6]. Initial bridging between 7mG and 5’ 

triphosphate of the first nucleotide is a unique event for RNA pol II transcription and allows 

exclusive recruitment of processing factors to RNA pol II [7]. Addition of 7mG is catalyzed by 

three main enzymatic activities: Triphosphatase, guanylyltransferase and methyltransferase [8]. 

To cap the nascent RNA, the terminal phosphate of the transcript is cleaved by triphosphatase, 

subsequently guanylyltransferase catalyzes the addition of guanosine monophosphate followed 

by addition of methyl group by methyltransferase at the N-7 position of guanosine cap creating 
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the bridge between first nucleotide of RNA and 7mG. Subsequently, CBC with two subunits 

(CBP20 and CBP80) binds to 7mG. In this process 7mG positions itself between two conserved 

tyrosine residues (Tyr20, Tyr43) in RNA recognition motif (RRM) of cap binding protein 20 

(CBP20), subunit of CBC [9, 10] while synergically forming a heterodimer with CBP80. Bound 

CBC not only prevent 5’ to 3’ degradation[11], but also interacts with protein complexes 

responsible for the fate of the transcript [8]. The underlying mechanism by which CBC 

selectively recruits appropriate processing machineries is still under investigation. However, 

recent studies suggested that Arsenic resistance protein 2 (Ars2) plays a critical role as an 

adapter to link CBC and downstream RNA maturation processes including 3’ end formation, 

miRNA biogenesis, RNA transport and degradation [12-15].  

Ars2 is a highly conserved protein in mammals with more than 98% amino acid identity [16]. 

Initially, Ars2 was described as a protein conferring arsenic resistance to eukaryotic cells[17]; 

subsequent analysis showed that the ability of ARS2 to modulate arsenic sensitivity was due to 

dominant negative effects of the truncated cDNA used in the study and full length Ars2 did not 

have any impact on arsenic resistance [17]. Interestingly, gene coding for ARS2 has a single 

orthologue in almost all eukaryotic cells (except budding yeast)[16]. Ars2 orthologue in plants, 

known as SERRATE (SE), has been identified as a crucial factor for growth and leaf 

production[18]. SE is expressed throughout plant development including the embryonic phase 

and is necessary for organogenesis, such as flower production [19]. Mutation in SE impaired 

shoot activity, reduced leaf emergence rate and slowed the transition between juvenile vegetative 

to adult reproductive phases [20, 21]. Moreover, serrate-1 (se-1)   mutant plants displayed 

altered morphogenesis in their leaf and root expansion phases [19, 22]. In addition to plants, 
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Ars2 orthologs are important for development of fission yeasts, fruit flies, zebra fish and mice 

[16, 23-26].  

In adult mammals, Ars2 maintains bone marrow and thymus cellularity [12] and neural stem 

cells (NSC) pool through regulating NSC’s self-renewal capacity [27]. Moreover, dysregulation 

of Ars2 has been reported to be associated with poor prognostic value and survival in several 

oncological disorders including non-hematologic and hematologic malignancies: myeloid 

leukemia, acute lymphoblastic leukemia, cholangiocarcinomas,  hepatocellular carcinoma and 

glioblastoma [28-30]. Most of studies on Ars2 and oncological disorders introduced Ars2 as a 

possible biomarker for prediction of survival. Yet, it is difficult to link the level of Ars2 

expression with prognosis of oncological disorders because of its precise regulatory nature. High 

expression of Ars2 was associated with increased tumorigenicity and poor survival rate in 

glioblastoma and cholangiocarcinoma[30, 31]. In parallel, low levels of Ars2 was a predictive 

factor for poor prognosis and relapse of pediatric acute lymphoblastic leukemia [28] and region 

of human chromosome 7 containing SRRT (Ars2) is commonly deleted in acute myeloid 

leukemia [32].  

Overall, presence of Ars2 in diverse tissues and species and its prominent role in homeostasis 

suggest a basic cellular function for Ars2 that originates during early evolution of eukaryotic 

cells.  

 

1.1.2. Structure of Ars2 

X-ray crystallography of the Arabidopsis ortholog of Ars2, SERRATE, revealed a “walking-

man-like” structure [33]. In this structure, the N-terminal domain of unknown function 
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(DUF3546) forms the leading leg, the mid domain is the body and the C-terminal and zinc finger 

(ZnF) domains create the lagging leg [33]. Even though overall amino acid identity between 

Arabidopsis SERRATE and mouse ARS2 is low (28%), bioinformatics analysis revealed that 

DUF3546, Mid and ZnF domains are conserved between the two species [34]. Mammalian 

ARS2 protein consists of at least four main domains: i) Domain of unknown function 

(DUF3546), ii) mid domain, iii) zinc finger domain (ZnF) and iv) RNA recognition motif 

(RRM), which is absent in plants [35] (Fig. 1-1-1). In addition, mammalian Ars2 which 

predominantly is localized in nucleus,  contains a nuclear localization signal (NLS), nuclear 

export signal (NES), an arginine rich region, and multiple proline-rich motifs [35].  

RRM domain of Ars2 is highly conserved in all metazoans and is firmly held in place by 

hydrophobic and polar interactions with the core of Ars2, which buries the hydrophilic surface 

in humans[35]. Meanwhile, the α-helix surface of RRM and its four hydrophobic residues fit 

with the RRM domain of RBM7 subunit of nuclear exosome targeting (NEXT) complex. The 

RBM7 interacts with ZCCHC8, another component of NEXT. Therefore, it is possible that 

Ars2 also interacts with similar partner proteins through its α-helix surface of RRM domain.  

Immunoprecipitation and microarray analysis of protein and RNAs bound to Ars2 identified 

several interacting partners for Ars2 including complexes involved in histone RNA, snRNA 

and protein coding processing[13]. In addition, fluorescence polarization assays, point 

mutations and crystallization experiments revealed that the β-sheet part of the human Ars2 

RRM and neighboring basic and aromatic residues are critical for binding of Ars2 to single 

stranded RNAs (ssRNA). Even in high concentrations, ARS2 protein lacking RRM domain is 

unable to bind to RNA [35]. In addition, the C-terminal leg of Ars2 has been found to interact 

with the central 13 amino acids of FLASH, a key factor in histone mRNA processing [36].  
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Identification of Ars2 partner proteins through affinity purification/mass spectrometry (AP–

MS) by various EGFP tagged Ars2 constructs showed Ars2 enrichment in many RNA 

metabolism complexes such as RNA degradation complex (NEXT: 

RBM7/ZCCHC8/hMTR4), poly(A) tail exosome targeting (PAXT): 

PABPN1/ZFC3H1/hMTR4), exosomal proteins (EXOSC4, EXOSC8, EXOSC9 and 

EXOSC10), spliceosomes (THRAP3, TRA2A/B and snRNPs), 3′ end processing factors 

(CPSF1, 2, 3, 3L, 6, 7), hnRNP components, subunits of the TRanscription and EXport 

(TREX) complex (THOC1, 2, 3, 5 and 6), RNA export complexes (ALY, hnRNPC and 

PHAX) and CBC components including not only CBP80 (NCBP1) and CBP20 (NCBP2) but 

also NCBP3, a component important for mRNA export [35, 37]. 

In parallel, mutagenesis studies discovered a specific binding pattern between each domain of 

Ars2 and particular RNA processing complexes. Hence, Ars2 was proposed as a bridge 

between CBC and downstream RNA processing complexes (bridging model) [34, 35]. The C-

terminal domain of Ars2 binds to CBP20 and form CBC-Ars2 which consequently stabilizes 

the CBCA protein complex and its interaction with appropriate downstream machineries. 

Mutation/deletion of the C-terminal domain not only abolished the interaction with CBC but 

also altered enrichment of PHAX, NEXT and PAXT components and ALY, THO and NCBP3 

important in mRNA export.  Therefore, the C-terminus of Ars2 is an important platform for 

many protein-protein interactions that are involved in various RNA processing complexes 

[35]. DUF and mid domains interact with DROSHA, a key component in miRNA biogenesis and 

their mutated forms caused disrupted miRNA biogenesis. ZnF domain is also required for 

microRNA processing [33, 38]. Even though mutation of ZnF hindered miRNA biogenesis, 

unlike other domains, the overexpression of the mutated forms did not have a dominant negative 
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effect on miRNAs, implicating an additional role for this region in life of miRNAs. Still, ZnF 

domain has been shown to strongly affect the histone pre-mRNA trimming. Identification of 

interaction sites between ZnF and RRM domains of Ars2 and FLASH, a fundamental protein in 

replication dependent histone (RDH) biogenesis, supported the role of Ars2 in histone processing 

and cell cycle progression [34, 39]. Overall, the bridging model suggests Ars2 as an essential 

mediator for RNA recognition and processing by protein and RNA interactions.  

 

 

Figure 1.1.1.  A) Schematic depicting formation of CBC-Ars2 complex at the 7mG capped 

newly synthesized RNA. B) Domain architecture of ARS2 protein and their interaction with 

various downstream RNA processing complexes. 
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1.1.3. Ars2 and miRNA biogenesis  

In mammals, microRNAs (miRNAs), a class of small non-coding RNAs, regulate gene 

expression at a post-transcriptional level through RNA induced silencing complex (RISC). 

miRNAs can be transcribed individually, as a cluster or within an intron of a protein coding 

gene[40]. The majority of miRNAs in canonical miRNA biogenesis pathway are transcribed by 

RNA Pol II and form stem-looped primary (pri)-miRNAs. Nuclear trimming of pri-miRNAs by 

microprocessor complex consisting of DROSHA and DGCR8 yields a hairpin precursor (pre-

mRNA) which eventually will leave the nucleus to cytoplasm by exportin-5 [41-43] and form 

mature miRNAs through RNase III endonuclease DICER processing. Pre-miRNA lies across the 

DICER and once it reaches the active site, located between the two RNase III domains, DICER 

cleaves the stem loop to generate double stranded RNA duplex (dsRNA). Immediately after 

cleavage, duplex RNA is unwound and one of its strands is loaded into argonaute/GW182-

containing RNA-induced silencing complex (RISC) [40]. Single strand mature miRNA guides 

the RISC to target mRNA and silence the targeted mRNA by either degradation of mRNA or 

inhibition of protein synthesis determined by complimentary degree between miRNA and target 

transcript [44, 45].  

For RISC to guide the mRNA toward degradation, a catalytically active argonaute and sufficient 

complementarity between miRNA and the target mRNA are required [44].  RNase activity of 

argonaute is based on addition of water molecule on phosphodiester backbone of the target 

mRNA. After hydrolysis, the two segmented mRNA is doomed to degradation by endonuclease 

activity. When the complementarity between the miRNA and mRNA is not sufficient, RISC can 

repress translation by two different mechanisms: 1) Blockade of protein-protein interaction 

between eukaryotic translation initiation factors (EIF4E,4G) and consequently inhibiting the 
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translation initiation by AGO2 . 2) Deadenylation of target mRNA by GW182 protein of AGO1 

or recruitment of the translational repressor and decapping activator DEAD box protein 6 

(DDX6) which eventually result in degradation of mRNA [44, 46, 47]. 

RNA interference (RNAi) has been identified as an ancient defensive mechanism against viral 

pathogens in plants and insects (e.g. drosophila) [48, 49].  In Drosophila antiviral small 

interfering RNAs (siRNA) mediated silencing; a mechanism similar to miRNAs in mammals, 

intervenes with viral genome to prevent its infectivity. Studies on known components of siRNA 

pathway such as DCR-2, AGO2 confirmed the crucial role of RNAi system in defense against 

positive stranded RNA viruses [50-52]. Screening for additional cellular factors important in 

Drosophila intrinsic antiviral defense found Ars2 to be one of the essential elements for 

protecting the drosophila cells from infectivity of RNA viruses through interaction with DCR-2 

[53].   

Ars2 (or its homolog SERRATE) was also emerged as one of the components of miRNA 

biogenesis. Studies on how Ars2 affect the miRNA production found a conserved interaction 

between Ars2 and nuclear microprocessor (e.g. DROSHA) within various species such as plants, 

flies and mammals [12, 53-55]. In mammals, Ars2 did not affect all the miRNA families but was 

required for biogenesis of miRNAs important in cellular transformation such as miR-21, let-7 

and miR-155[12]. The reason why Ars2 preferentially regulate some classes of miRNA has to 

yet be determined.  

In mammalian cell lines Ars2 was identified as a mitogen-inducible factor that maintained 

proliferation and cell cycle progression. Meanwhile, other components of CBC (CBP20/80) were 

not dependent on mitogenic factors. Investigation on roles of Ars2 as a more specialized 

component, narrowed down its contribution to promoting proper maturation of miRNAs 
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(e.g.miR-155) through linking CBC and microprocessors  and processing of replication 

dependent histone mRNAs (RDH-mRNA) as the main underlying causes for preserving cellular 

transformation and proliferation [12, 15].  

 

1.1.4. Ars2 and replication dependent histone (RDH) mRNA 

Cell cycle progression requires sufficient histone proteins during S phase to pack the newly 

synthesized DNA into nucleosomes which consist of core histones (H2A, H2B, H3 and H4) and 

the linker histone (H1) [56, 57]. These histones are synthesized from a distinct class of RNAs 

known as replication dependent histone (RDH)-mRNAs. RDH-mRNAs are encoded by a family 

of cell cycle regulated genes which are rapidly transcribed during S phase to facilitate cellular 

division and ensure the proper packaging of newly synthesized DNA [56]. Intron-less RDH-

mRNAs, unlike other metazoan mRNAs, are not poly-adenylated, but rather, have a conserved 

stem loop structure at 3’UTR region.  Several conserved sequences are also required for 3’ end 

processing including 5’ sequence to the stem of RDH-mRNAs, AC rich sequence after the stem-

loop (anchor to stem loop binding protein (SLBP)) and purine rich histone downstream element 

(HDE)[56-58].  

RDH-mRNAs unique cap-dependent maturation process involves binding of stem-loop binding 

protein (SLBP) and U7 snRNP to stem loop and histone downstream element, respectively. 

Conserved sequence at 5’ end of U7 snRNA is complementary to core of HDE. This binding is 

followed by recruitment LSM11 protein [59] . Assembly of FLICE-associated huge protein 

(FLASH) with U7 snRNP component LSM11 allows the RDH-mRNAs to be cleaved by the 

histone pre-mRNA cleavage complex (HCC) and form mature RDH-mRNA. After exportation 



  10 
 

into cytoplasm RDH-mRNAs produce sufficient histone proteins necessary for cell cycle 

progression. In contrast, replication independent histone mRNAs have introns and are processed 

similar to a typical mRNA transcript by splicing and 3’ cleavage/polyadenylation.  

Gene expression profiling of Ars2 depleted cells revealed defective 3’ end processing of RDH-

mRNAs [12, 15]. Lack of Ars2 resulted in generation of longer non-cleaved RDH transcripts due 

to defective 3’ end processing and decreased histone H2A, H2B, H3, and H4 protein levels. It 

has been shown that Ars2 interacts with FLASH through its ZnF domain and other supportive 

sites such as unstructured proline-rich C-terminus and its complementary interaction with 

CBC[34, 35]. Ars2 depleted cells exhibited a similar delayed cell cycle progression to FLASH 

knocked down cells [36], suggesting that Ars2 regulates cell cycle progression by mediating a 

proper 3’ end processing of RDH-mRNAs.  

 

1.1.5. Ars2 and RNA elongation 

Packing the newly synthesized DNA during cellular division is one of many vital events 

important for growth and development. Performing a synchronized gene expression to maintain a 

well-orchestrated transcriptional control is another important aspect. One mechanism that 

contributes to coordinated gene expression during development is regulation of RNA elongation.  

Genome-wide studies have revealed after transcription of first 20-120 nucleotides downstream of 

transcription start site (TSS), most of metazoan genes undergo a RNA elongation regulatory step, 

which allows the cluster of developmental genes to simultaneously transcribe in response to 

environmental cues[60]. Elongation of nascent RNA pol II transcript is controlled by both 
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positive and negative factors such as positive transcription elongation factor b (P-TEFb) and 

negative elongation factor (NELF)[61, 62].  

p-TEFb is comprised of kinase CDK9 and cyclin T1 or T2. CDK9 component of p-TEFb 

phosphorylates serine 2 residue of RNA pol II carboxy-terminal domain (CTD) and negative 

elongation factor (NELF) [60, 61, 63] to stimulate RNA pol II activity and transcription 

elongation. Moreover, CDK9 component of P-TEFb, is necessary for 3’ end processing of 

replication-dependent histone mRNAs [64, 65]. Interestingly, Ars2 did not directly interact with 

CDK9 but it bound to RNA 7SK, a negative regulator of CDK9 kinase activity. Since defective 

3’ end processing of RDH-mRNAs caused by CDK9 depletion is always a fraction of the defect 

caused by Ars2 depletion, it is probable that Ars2 acts as the main regulator of RDH-mRNA 3’ 

maturation[15]. 

Negative regulators of elongations or pause inducing factors such as NELF and DRB Sensitivity 

Inducing Factor (DSIF) hold the RNA pol II at 30-50 bp downstream of the transcription start 

site (TSS) while recruitment of (P-TEFb) releases the paused RNA pol II and triggers the 

elongation initiation.  

RNA pol II pausing is a wide spread phenomenon that affects 10-40% of genome with specific 

preference toward developmental regulatory genes, including transcription factors (e.g. Hox[66]) 

and components of signaling pathways [67].  Recent studies confirmed a fundamental role for 

RNA pausing in conducting synchronized gene expression changes during development and 

organogenesis [68].  For example, disruption of DRB Sensitivity Inducing Factor (DSIF), one of 

key component of RNA pol II pause resulted in defective embryonic neuronal development [69]. 

NELF-B, another important component in transcription pausing, was crucial for survival of inner 

cell mass of mouse embryo [70]. Interestingly, lineage commitment of hematopoietic stem cells, 



  12 
 

axis pattering and cell migration during embryonic gastrulation were some major events that 

require transcription pause to proceed [67, 68, 71]. 

In mammalian development, promoter proximal pausing of RNA pol II is mostly enriched in 

genes regulating metabolism, cell cycle, and signaling pathways. NELF depletion and 

consequent disruption in RNA pol II stall time was embryonically lethal and attenuated stem 

cells responsiveness to differentiation cues [70, 72, 73]. 

Ars2 has been shown to bind to non-coding RNA 7SK, a factor than inhibits the CDK9 

component of P-TEFb. CDK9 is a RNA pol II pause regulator which also controls the 3’ end 

processing of histone mRNAs [15]. Hence, Ars2 ultimately affect the regulation of transcription 

pause by negatively regulating CDK9.  

Biochemical, biophysical and structural analysis of binding pattern of Ars2 and NELF-E to CBC 

demonstrated that the complexes of CBC-Ars2 and CBC-NELF-E cannot co-exist due to their 

shared binding site between C-terminal of either Ars2 or NELF-E to the interface between 

CBP20 and CBP80 of CBC [37]. Further investigation is required to elucidate how mutually 

exclusive complexes of CBC-Ars2 and CBC-NELF-E regulate RNA pol II. Regardless, strong 

evidence supports the role of Ars2 in synthesis of RDH-mRNAs in proliferative cells  .   
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1.1.6. Ars2 and transcription termination 

Transcription termination prevents RNA chaos by inhibiting RNA pol II invasion to neighboring 

transcription units.  In mammalian cells, transcription termination is coupled with mechanisms 

that mature the RNA including cleavage of polyadenylated sites and histone downstream 

elements of non-polyadenylates sites of protein coding (pc) RNAs and RDH-mRNAs, 

respectively or processing snRNA transcripts.  

Processing of pc mRNAs is a complex event that requires involvement of cleavage and 

polyadenylation specificity factor (CPSF), cleavage stimulation factor (CstF), cleavage factor 

Im, IIm (CFIm, CFIIm) complexes and poly(A) polymerase. Termination process begins with 

transcription of poly-A signals which facilitate the transfer of CPSF and CstF from CTD of RNA 

pol II to the poly-A signals. These two factors recruit cleaving proteins (CFIm, CFII) and free the 

mRNA from transcription complex. The released mRNA if necessary will undergo 3’ 

polyadenylation and consequently further 3’ end maturation[74].  

One study suggested that Ars2 associated with CLP1 component of CFIIm and bridged the CBC 

to CPSF and CFIm to stabilize the pre-mRNA 3’ processing and promote efficient 3’ end 

cleavage [13]. Depletion of Ars2 induced 3’ read-through and produced more elongated 

transcripts, 600-800bp further than expected transcription end site (TES) [13, 14, 75].  

In parallel, Ars2 had stronger effect on promoter loading sites of RNA pol II, which could be a 

result of its relation with CBC. Additionally, reduction of ARS2 affect the RNA pol II stall time 

at transcription start site (TSS) of protein coding genes [75]. Collectively, studies  on  Ars2  

suggest  a  mechanism  that  limits  the  activity  of  CBC-Ars2  complex  to  promoter  proximal  
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sites. However, the underlying reasons on how and why this preference may lead to regulation of 

more efficient coupling to 3’end processing remains  to  be  determined. 

 

1.1.7. Ars2 and snRNA processing  

Small nuclear RNAs (snRNAs) own a simple gene structure with no TATA box, no introns and 

no polyadenylation signal. Mature snRNAs are components of spliceosomal ribonucleoproteins 

(snRNPs) [76]. snRNPs are  highly expressed during development and cell cycle [77] and are 

necessary for removal of pre-mRNA introns [78] and for ribosomal RNA biosynthesis [77].  

Biosynthesis of each class of snRNAs might differ based on type of transcribing polymerases. 

Yet, the complex biosynthesis pathways of majority of snRNAs follow similar main steps. Major 

spliceosomal snRNAs including U1, U2, U4 and U5 are synthesized as large precursor snRNA 

(pre-snRNA) by RNA pol II. The 3’ end of these pre-snRNAs are processed by the integrator 

complex and consequently assembled into an export complex containing 7mG-CBC, 

phosphorylated adaptor for RNA export (PHAX) and CRM1/RanGTP complex [79, 80]. After 

export into the cytoplasm, dephosphorylation of PHAX disassembles the export complex[81] and 

pre-snRNA form a core complex by binding to seven SM proteins [82]. Formation of core 

complex is accompanied by hypermethylation of the 7mG cap (TMG) and exonucleolytic 

removal of the 3′ trailer sequences. The newly formed snRNA complex is then re-imported into 

nucleus and transiently accumulates in Cajal bodies[83]. Mature U1, U2, U4 and U5 

spliceosomal snRNPs are stored in either Cajal bodies or splicing speckles close to active 

transcription sites.  
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U6, unlike other major spliceosome snRNAs, is transcribed by RNA pol III and its maturation is 

confined to nucleolus. After transcription, U6 visits Cajal bodies and form complexes with seven 

SM-like proteins (LSM2-8). Matured U6 will then reside in inter-chromatin spliceosome 

speckles[84].  

Even though assembly of snRNAs into snRNPs is vastly studied, less is known about their 

nuclear biogenesis, in particular maturation of snRNAs by 3’ end processing. Recent 

biochemical studies identified integrator complex as an important factor in processing of 3’ end 

of snRNAs [77, 85]. Integrator complex recognizes the 3’ box signal and endonulceotycally 

cleaves the 3’ end of snRNAs. Interestingly, integrator subunit 11 and 69 (INTS11 and INTS9) 

are homologues of cleavage and polyadenylation specificity factor subunit 73 and 100 (CPSP73 

and CDPSF100) which are involved in mRNA 3’ end processing.  

To efficiently execute its function, integrator complex interacts with NELF[86, 87], a factor 

capable of interacting with CBC in a mutually exclusive manner with Ars2. Hence, similar to 

RDH-mRNA processing, Ars2 might regulate snRNA processing through its competition with 

NELF [37]. Furthermore, Ars2 links CBC to PHAX and form CBC-Ars2-PHAX complex, 

thereby couples the maturation of snRNAs to their export[13]. 

Ars2 was also implicated in transcription termination at U2 and U4 snRNA genes and its 

depletion induces their transcriptional read through which can be measured by increased 

unprocessed extended form of snRNAs [13, 14]. In agreement, RNA pol II ChIP-seq studies 

revealed Ars2 depleted cell had an increased density of RNA pol II on downstream regions of 

transcription end sites (TES) of snRNA genes and confirmed the effects of Ars2 on termination 

and 3’ end processing of snRNAs [75].  
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The ultimate function of spliceosomal snRNAs, as catalytic core of spliceosome, is to precisely 

remove introns from primary transcripts and link the exons to form mature mRNAs[88]. 

Alternative splicing diversifies the transcripts synthesized from one gene and provides a platform 

essential for gene regulation during development and cellular differentiation[89]. The splicing 

process begins with formation of pre-spliceosome complex which is initiated by base pairing of 

U1 and U2 snRNPs to 5’ and 3’ end of ssRNA, respectively [90]. Following inter and intra base 

pairing by U2, U5 and U6 with pre-mRNA, (U2-U6) the complex act as a scaffold and hold the 

pre-mRNA in place. Interaction between U2 and U6 configures the active site. After series of 

RNA re-arrangements between snRNAs, pre-mRNA and protein complexes the assembled short-

live splicosomes are activated and catalyze the pre-mRNA introns[90].  

In Arabidopsis and drosophila, Ars2 or its orthologue (SE) contributes to alternative splicing, as 

the mutants showed defects in alternative splicing, mostly at 5’ splice sites [91-93]. In mammals, 

Ars2 protein extensively co-purified with many splicing factors and spliceosome components 

[14, 94, 95]. However, the role of Ars2 in splicing of mammalian mRNAs is not yet discovered. 

Therefore, further studies are required to address whether Ars2 has a function in alternative 

splicing of mammalian mRNA.   

 

1.1.8. Ars2 and RNA decay 

Constant transcription in eukaryotic cells produces not only stable RNAs, but also unwanted 

RNAs destined for immediate decay, primarily by the RNA exosome. The evolutionary 

conserved ribonucleolytic exosome complex consists of barrel-shaped core, cap and a ring and 

has 3′–5′ exonuclease activity through its active sites. The exosome complex removes the cryptic 
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RNAs [96-98] which are highly unstable short RNAs derived from bidirectional transcription of 

promoters including promoter upstream transcripts (PROMPTs) or  enhancers such as enhancer 

RNAs (eRNAs) [96, 99, 100]. In addition to cryptic RNAs, long non-coding RNAs (lncRNAs) 

and incorrectly processed mRNAs are also targeted by exosome[98]. Interestingly, exosome 

function is not limited to diminishing aberrant RNAs in order to improve the RNA quality and 

prevent harmful effects of RNA accumulation; in response to external signals, the exosome 

targets specific transcripts during development and assists the synchronized changes in gene 

expression programs [101, 102].  

Nuclear exosome-targeting (NEXT) complex and Trf4/5–Air1/2–Mtr4 polyadenylation complex 

(TRAMP) are two complexes that facilitate the decay of transcripts by the exosome. Co-

purification of Ars2, CBP20 and CBP80 with members of the NEXT complex and the zinc-

finger protein ZC3H18 identified CBC and Ars2 as contributing factors to human exosome 

function [103]. NEXT complex mostly mediates the degradation of PROMPTs and eRNAs. 

Interestingly, Ars2 interacts with NEXT while competing with ZC3H18 and participates in 

degradation of PROMPTs. Knockdown of either NEXT or Ars2 results in accumulation of 

PROMPTs, suggesting a specific affinity of CBC-Ars2-NEXT complex toward degradation of 

cryptic products [14, 104].  

ZC3H18 knockdown had little effect on accumulation of PROMPTs [14, 75, 104]. Recent 

studies confirmed presence of separate Ars2- ZC3H18 and CBC-Ars2- ZC3H18 complexes. 

Both Ars2 and ZC3H18 interact with region of the hepatitis B virus post-transcriptional element 

(PRE) containing RNAs that facilitate the export of RNA from nucleus via TREX complex.  

ZC3H18 directly guides the PRE-containing RNAs to TREX [103], a mechanism similar to 

export of mRNA. Meanwhile, CBC associates with ALY/REF components of TREX to facilitate 
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nuclear export. Since Ars2 interacts with both ZC3H18 and CBC and its knockdown increases 

the accumulation of both PRE-containing and polyadenylated RNAs indicate that Ars2 play a 

role in recruiting RNA for TREX mediated export.  

Overall, Ars2, through its interaction with NEXT and competition with ZC3H18, serves as a 

RNA quality control and minimize the deleterious effects of pervasive transcription while 

guiding the properly spliced mRNA for export. However, the underlying mechanism in which 

Ars2 and CBC selectively recruit NEXT to PROMPTs and not other transcripts has yet to be 

determined.  

 

1.1.9. Ars2 and RNA Nuclear Export  

Exportation of nuclear transcripts into cytoplasm requires an efficient mechanism in which the 

different transcripts are distinguished and transported. Nucleocytoplasmic transport receptors 

such as Importin β family form a network of nuclear pores throughout the nuclear membrane 

enabling the simple cargos to exit the nucleus. Initial signaling processes to mark RNAs for 

export is specific to the type of RNA and is followed by distinct pathways for each class of 

RNA.  

a) Export of snRNAs. 

The 7mG cap of spliceosomal U snRNAs, with less than 200nt length, binds to CBC and signals 

the export of snRNAs (with the exception of U6 and  U6atac) mediated by CRM1 [105]. Since, 

neither CBP20 nor CBP80 (components of CBC) contains CRM1 binding motif, it appears that 

the snRNA export involves other adapter proteins to facilitate their transport to cytoplasm [105]. 

Recent studies have shown CBC recruits Ars2 to form CBCA complex [13-15, 75]. Ars2 links 
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CBC and phosphorylated adapter for RNA export (PHAX) and forms CBC-Ars2-PHAX 

complex (CBCAP). Activation of PHAX by CK2 kinase recruits key regulators of transport 

directionality such as CRM1 and RanGTP [81, 104, 106]. Therefore, Ars2 guides the export of 

snRNPs bound to CBC by recruiting PHAX and connecting the CBCAP complex to nuclear 

transport receptor CRM1 [106]. Since PHAX and its interaction with cap are necessary for intra-

nuclear transport of snoRNAs, Ars2 might also play a role in transport of snoRNAs. 

Mutually exclusive formation of decay complex CBC-NEXT (CBCN) and export complex 

CBCAP is balanced by direct competition between PHAX and zinc finger protein ZC3H18 for 

CBCA [103, 104], indicating a dual role of Ars2 in regulating decay or export of snRNAs. 

However, the principal mechanism in which Ars2 control the fate of sorted RNA and regulates 

attachment and detachment of PHAX has yet to be determined.  

b) Export of mRNA. 

Major receptors for export of mRNA in mammalian cells are NXF1 and CRM1. The export of 

mRNA requires binding of mRNA to NXF1 receptor thorough adapters such as NXT1 and 

TREX-1. TREX complex is composed of THO proteins (THOC1, THOC2, THOC5, THOC6, 

THOC7, Tex1), CIP29, UAP56 and ALY/REF [107]. 

Following splicing of mRNA, exon junction complex (EJC), stimulates recruitment of TREX to 

properly processed 5’ capped mRNA bound to CBC [108]. Then CBP80 (component of CBC) 

interacts with ALY/REF and THO subunits of TREX-1 complex [107]. Activated THOC5 and 

ALY/REF subunits change the conformational structure of NXF1 to open form and allow the 

transport of mRNA through nuclear pore complexes. While ALY/REF directly interacts with 

CBC [108, 109] other TREX-1 subunits such as THOC2, UAP56 and CIP29 interact with Ars2 

and are essential for efficient mRNA export [109, 110].  
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Knockdown of Ars2 results in accumulation of mRNA in nucleus, suggestive of defective export 

mechanisms. Interestingly, knockdown of ZC3H18 displays a similar phenotype [111]. ZC3H18 

which interacts with Ars2 as a part of CBC-NEXT complex, also has an interaction with TREX 

complex[103, 111]. Therefore control of mRNA export relies on both Ars2 and ZC3H18. 

However, the details of such mechanism have to be further investigated.  

Combination of CBP20 and CBP80 is not the only known cap binding complex in mammals; 

NCBP3 as third component of CBC forms an alternative CBC formation that is involved in 

mRNA export [35, 111].  

Both NCBP3 and CBP20 associate with Ars2 and their double knockdown disrupts RNA export. 

Whether NCBP3 directly interacts with Ars2 or  whether it affects the Ars2 bound to CBC is still 

under investigation. However, the major difference between CBP20 and NCBP3 mediated export 

arises when class of RNA is considered. While CBP20 bind to mRNA and guides their export 

through PHAX, NCBP3 mostly binds to TREX, suggesting a more specialized role for each 

complex [112]. Overall, Ars2 plays a role in mRNA export either through interaction with 

ZC3H18 and CBP80 (TREX-mediated nuclear export) or alternative CBC. How Ars2 regulates 

the RNA export through formation of alternative CBCs is an exciting area of research which has 

yet to be determined.  

 

 

 

 

 



  21 
 

1.1.10. Physiological roles of Ars2 

Leaf production in plants, mammalian cellular proliferation, intrinsic antiviral defense in 

drosophila and regulation of self-renewal in neural stem cells of adult mouse brain are seemingly 

unrelated events. Surprisingly, studies have shown Ars2 as a central to all these events. 

Evolutionary conserved Ars2 sorts nascent transcripts into appropriate processing complexes 

while affecting the RNA elongation to improve the RNAs quality and coordinated gene 

expression [12, 13, 15, 34, 75, 113]. In summary, Ars2 increases the transcription fidelity, 

essential during proliferation, development and immune responses.  

Drosophila antiviral defense uses siRNA mediated silencing with Ars2 as a crucial factor to fight 

against the viral infections [15, 53]. Interestingly, investigations on roles of Ars2 in miRNA 

biogenesis and RDH-mRNA processing revealed Ars2 as an important factor in maintenance of 

proliferation and cell cycle progression of different cell lines under control of mitogenic factors 

[12, 34].   

Ars2 is ubiquitously expressed in both mouse and human tissues with highest levels of 

expression in hematopoietic tissues and reduced expression in parenchymal organs such as 

kidney and liver [12]. Furthermore, examination of Ars2 expression during early development 

demonstrated higher Ars2 expression in prenatal tissues in particular embryonic stem cell and 

trophoblasts compared to post-natal tissues [16]. Studies of Ars2 in mammals while limited, 

uncovered substantial effects of Ars2 in central nervous system, hematopoiesis and early 

development of blastocysts.  

Andreu-Agullo et al. study revealed Ars2 as a DNA binding protein capable of affecting self-

renewal of neural stem cells through Sox2 gene in adult mice brain. Knock out of Ars2 in neural 
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stem cells caused Sox2 mediated self-renewal defect. Unexpectedly depletion of Ars2 did not 

affect the proliferative immature neurons but amplified the differentiation of non-neural cells. 

This study indicated a prominent role for Ars2 in balancing self-renewal capacity of tissue 

specific stem cells[27].   

Gruber et al. study showed bone marrow hypoplasia and elevated thymocytes apoptosis in 

MxCre Ars2 knocked out mice while other parenchymal organs such as liver and heart were not 

histologically affected. However, causes of bone marrow involvement after Ars2 deletion was 

not further investigated and the question on how Ars2 affect the bone marrow remained to be 

elucidated [12]. 

Lastly, Willson et al. [16] investigated the effects of Ars2 in mouse embryo and revealed Ars2 as 

a survival factor within trophoblasts during implantation of blastocysts. Since trophoblast is the 

main player in invasion of blastocyst into endometrium and necessary for implantation, the Ars2 

null embryos failed to properly implanted and develop.  

All the in vivo studies of Ars2 directed our curiosity to a possible effect of Ars2 on self-renewal/ 

differentiation balance in stem cells and how this delicate balance might be controlled by RNA 

processing regulation.  
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1.2.1. Overview on Stem Cells 

Stem cells are operationally defined by their two remarkable characteristics: i) Potential for 

prolonged or indefinite self-renewal and ii) capability to differentiate, under certain physiological 

cues, and give rise to at least one type of mature, specialized cells [114]. Even though the 

concept of “stemness” is what defines the stem cells, it is necessary to consider different types of 

stem cells such as adult multipotent and embryonic pluripotent stem cells separately due to 

different underlying “stemness” mechanisms.  

 

1.2.2. Adult stem cells 

Adult multipotent stem cells (ASC), are rare, quiescent cells residing in organism’s tissue (also 

termed tissue-specific stem cells) and are capable of long term self-renewal to maintain their own 

population and give rise to specialized cells within the tissue/organ through asymmetric cellular 

divisions[115]. Isolation of adult stem cells from various organs led to the concept that 

compartments of stem cells responsible for replenishing the dead cells within organ, either due to 

physiological or pathological causes, are present in every tissue. 

One group of well-characterized ASCs is hematopoietic stem cells (HSC). More than 40 years of 

studies on HSCs have led to discovery of diverse hematopoietic stem/progenitor cell populations 

within bone marrow based on combination of surface markers [116]. Regulation of HSCs 

depends on both intrinsic and extrinsic factors. Microenvironment or niche is composed of 

stromal cells, extracellular matrix and signaling molecules which interact with stem cells and in 

combination with intrinsic cellular programs regulates the HSCs and its decision to either stay 
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quiescence or asymmetrically divide. However, the complicated regulatory mechanism that 

controls the HSCs fate is still under investigation.  

 

1.2.3. Embryonic stem cells  

Pluripotent embryonic stem cells (ESC) derived from inner cell mass of blastocysts during early 

stages of embryogenesis are capable of symmetric cellular divisions to expand their own 

population while generating all three germ layers and consequently all organs within the 

organism. Unlike majority of ASCs, ESCs could easily get characterized by CD9, CD24 surface 

marker, alkaline phosphatase activity and also by high expression of pluripotency genes such as 

Oct-4, Sox-2, Nanog, Rex-1 and SSEA-3,4. In addition, capacity of ESCs to generate any type of 

cell/tissue while being immortal in culture has made them great area of interest in regenerative 

medicine. Nowadays, ESC research largely focuses on three aspects of ESC biology: 1) How to 

maintain the high quality ESCs in long term culture and understand underlying mechanisms, 2) 

How to differentiate cells into efficient mature cells with therapeutic potential and 3) How to 

recapitulate early development to understand the initial processes involved in fate of embryo 

[117].   

All areas of interests in ESC research require an in depth understanding of regulatory 

mechanisms that maintain self-renewal/differentiation balance.  The coordination between self-

renewal and differentiation in stem cells is controlled by a complex regulatory system which 

includes transcription, epigenetic, metabolism and environmental factors. Poorly controlled self-

renewal can generate either a large population of undifferentiated stem cells prone to malignant 
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transformation or inadequate mature cells resulting in organ failure, degenerative diseases and 

aging[117, 118].  

In this thesis, I investigated the effects of Ars2 on two main stem cell populations: hematopoietic 

stem cells (HSC) as one of well-known ASCs and embryonic stem cells (ESC). I hypothesized 

that Ars2 maintains self-renewal capacity of HSCs and ESCs while limiting their differentiation. 

The goal of this study was to provide an insight into RNA biology aspect of self-

renewal/differentiation regulatory system important in both physiology and pathology of stem 

cells. 
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CHAPTER TWO 

EFFECTS OF ARS2 ON HEMATOPOIESIS 

 

In this chapter, I set out to identify additional physiological roles for Ars2 in adult mice, in 

particular within the bone marrow and residing multipotent hematopoietic stem cells. To do so, 

we generated inducible Ars2 knockout (Ars2 iKO) mice by crossing Ars2-floxed mice [12] with 

mice expressing the Cre-ERT2 transgene [119] and investigated effects of Ars2 depletion on 

thymus and bone marrow of whole body and chimera mice models.  

 

2.1.1. Introduction  

Arsenic resistance protein 2 (Ars2) is an essential, highly conserved protein with mammals 

sharing more than 98% amino acid identity [16]. Ars2 was initially described as a modulator of 

arsenic sensitivity in a cDNA screen [17]; subsequent analysis determined that the ability of Ars2 

to modulate arsenic sensitivity likely resulted from a dominant-negative effect of the partial 

cDNA sequence used in the screen [12]. Full length Ars2 did not impart arsenic resistance, but 

rather was found to be a component of the 5’-7-methylguanosine (7mG) cap binding complex 

(CBC) that coordinated RNA polymerase II (RNAPII) transcription with nuclear RNA 

processing and export [12, 14, 15, 37, 53, 104, 120]. Ars2 was required for rapid proliferation of 

cells in culture [12, 17] and, unlike other protein components of the CBC, Ars2 could be induced 

by mitogenic signals [12, 121]. The intimate relationship between Ars2 and cellular proliferation 

likely stems from its role in 3’ end processing of replication-dependent histone (RDH) mRNAs 

[13, 15, 34]. In addition to RDH mRNAs, Ars2 was shown to be involved in maturation and/or 
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nuclear export of microRNAs (miRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs 

(snoRNAs), and select mRNAs [34, 91, 121-123]. As a balance to its anabolic effects on 

RNAPII transcripts, Ars2 supports transcription termination-coupled degradation of superfluous 

transcripts such as promoter upstream transcripts (PROMPTs) and enhancer RNAs (eRNAs) [14, 

75, 124]. Overall, data indicate that the net effect of Ars2 is increased efficiency of productive 

RNAPII transcription. 

 In vivo characterization of Ars2 in mammals, while limited, demonstrated roles for Ars2 that do 

not stem from its requirement for rapid cellular proliferation. Wilson et al. demonstrated that 

embryos at the blastocyst stage rely on Ars2 to promote cell survival [16], while Gruber et al. 

found similar viability-promoting properties of Ars2 in adult peripheral immune organs [12]. 

Finally, Andreu-Agullo et al. demonstrated that Ars2 is essential for maintenance of neural stem 

cells in the absence of effects on their proliferation or viability [27]. Rather, Ars2 activated 

transcription of Sox2, a transcription factor that suppresses differentiation of neural stem cells. 

In the current study we set out to identify additional physiologic roles for Ars2 in adult 

mammals. To this end, we generated inducible whole-body Ars2 knockout (Ars2 iKO) mice by 

crossing Ars2-floxed mice [12] with mice expressing the Cre-ERT2 transgene [119]. Initial 

characterization of Ars2 iKO mice following induced whole-body Ars2 deletion confirmed that 

developing blood cells are sensitive to Ars2 deletion, as originally observed by Gruber et al. 

following MxCre-mediated Ars2 deletion [12]. Adult mammals continually regenerate blood 

cells in a well characterized, step-wise process termed hematopoiesis. Hematopoiesis begins in 

the bone marrow with multipotent long-term hematopoietic stem cells (LT-HSC) that are capable 

of indefinite self-renewal and differentiation to generate all blood cells throughout the life of an 

organism [116, 125]. In adult mammals, the majority of  LT-HSCs are quiescent to prevent 
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exhaustion and malignant transformation [16, 126]. Upon activation by peripheral signaling, LT-

HSCs enter cell cycle and undergo asymmetrical division to self-renew and differentiate into 

downstream lineage committed stem and progenitor cells that ultimately produce every mature 

blood cell [127-129].  

While many blood cells mature prior to leaving the bone marrow, most T-cells require 

additional, antigen-dependent maturation that takes place in the thymus. Bone marrow derived T-

cell progenitors enter the thymus and progress through a series of maturation and selection 

processes termed thymopoiesis that ultimately yields mature CD4
+
 helper T-cells and CD8

+
 

cytotoxic T-cells [130-132] .  Early thymic maturation during the CD4/CD8 double-negative 

(DN) stage of thymopoiesis is driven by recombination of T-cell receptor (TCR) genes to 

produce TCR diversity [133]. Following TCR recombination, thymopoiesis proceeds to the 

CD4/CD8 double-positive (DP) stage during which positive and negative selection eliminate 

non-MHC-restricted and autoreactive T-cell progenitors. The small fraction of T-cell progenitors 

that survive positive and negative selection down-regulate either CD4 or CD8 to become mature 

CD8
+
 or CD4

+
 T-cells, respectively [134].   

The current study extends cursory observations regarding roles for Ars2 in normal mammalian 

hematopoiesis made by Gruber et al [12]. Specifically, we show that thymopoiesis is critically 

dependent on expression of Ars2, both in developing thymocytes and in thymic stroma. 

Additionally we report that hematopoiesis within the bone marrow of Ars2 deficient mice is 

compromised as the result of defective proliferation of progenitor cells combined with loss of 

self-renewal capacity of LT-HSCs. Taken together, data indicate that Ars2 is essential for 

multiple processes involved in production of mature blood cells and that Ars2 influences these 
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processes through intrinsic effects on developing blood cells along with effects on stromal cells 

that support hematopoiesis. 

 

Results 

2.2.1. Deletion of Ars2 is lethal to adult mice. 

While growing evidence has established Ars2 as a vital factor for transcription regulation and 

nuclear RNA processing, little is known about the relevance of Ars2 to normal mammalian 

physiology. To begin to explore physiological relevance of Ars2 in mammals, we generated 

inducible Ars2 knockout (iKO) mice by cross breeding Ars2
fl/fl

 mice [12] with mice expressing 

the tamoxifen-inducible Cre recombinase Cre-ERT2 [119]. In these mice exons 2–20 of the Srrt 

gene, which codes for Ars2, are deleted by daily intraperitoneal injection of tamoxifen for five 

consecutive days (Fig. 2.1.1). Deletion of Srrt following tamoxifen injection was confirmed by 

endpoint PCR in multiple organs (Fig. 2.1.1) and changes in Ars2 mRNA expression was 

determined by quantitative real-time polymerase chain reaction (qRT-PCR). Consistent with 

previous observations [12, 16], Ars2 mRNA expression was high in hematopoietic tissues of 

control mice. Reduced expression of Ars2 mRNA was observed in most organs eight days 

following first tamoxifen injection of Ars2 iKO mice (Fig. 2.1.1). Several organs from Ars2 iKO 

mice failed to demonstrate reduction in Ars2 mRNA expression despite clear evidence of Srrt 

deletion (Fig. 2.1.1), suggesting extended half-life of Ars2 mRNA in these organs.  
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Figure 2.1.1. A) Schematic of whole-body inducible Ars2 knockout model. Littermate mice with 

either Ars2fl/fl (Control) or Cre-ERT2+, Ars2fl/fl (Ars2 iKO) genotype were injected 

intraperitoneally with tamoxifen (75 mg/kg) for five consecutive days and then monitored for up 

to 60 days. B) Confirmation of Ars2 knockout by end point PCR in multiple mouse organs. C) 

qRT-PCR was performed on RNA isolated from several organs removed from Ars2 iKO or 

control mice eight days following initial tamoxifen injection. Relative Ars2 expression was 

calculated using the ∆CT method with TBP as endogenous control. Bars represent mean ± SD of 

technical quadruplicates. **P ≤ 0.01, ****P ≤ 0.0001. 

 

  

Importantly, tamoxifen treatment of Ars2 iKO mice led to rapid weight loss and death within two 

weeks, with no differences observed between male and female mice (Fig. 2.2.1).  In contrast, 

Ars2
fl/fl 

mice injected with tamoxifen survived for the duration of each experiment (20 to 60 

days) and showed no signs of distress (Fig. 2.2.1). Ars2 iKO mice injected with vehicle control 

corn oil and Ars2
fl/WT 

mice injected with tamoxifen also demonstrated normal survival (data not 

shown). 
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Figure 2.2.1. Weight and survival in Ars2 iKO mice. A) Rapid weight loss of Ars2 iKO 

following Ars2 deletion. Lines represent change in weight of individual mice relative to initiation 

of tamoxifen injection. B) Survival of Ars2 iKO mice following tamoxifen injection (red line) 

was reduced relative to littermate controls (blue line). ****P ≤ 0.0001. C,D) Weight loss (left) 

and death rate (right) after Ars2 depletion were not different in males and female mice (N=2 per 

group). 

 

2.2.2. Ars2 is required for normal thymopoiesis. 

Necropsy of tamoxifen-treated Ars2 iKO mice revealed no obvious cause of death, but a marked 

reduction in the size of Ars2 deleted thymi when compared to littermate control mice (Fig. 2.2.2) 

Reduction in size was reflected in significant reduction in cellularity and mass of thymi from 

tamoxifen-treated Ars2 iKO mice when compared to littermate controls. In contrast, other 

parenchymal and immune organs such as kidney, liver and spleen appeared normal on gross 

examination (Fig. 2.2.2). 
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Figure 2.2.2. Changes in thymus and parenchymal organs. A) Gross anatomy of thymi showing 

smaller size following tamoxifen-induced Ars2 depletion.  B) (left) Cellularity and (right) mass 

of thymi from 6 to 8 weeks old Ars2 iKO (n=8) mice was reduced compared to littermate 

controls (n=8) seven to ten days following initial Tamoxifen injection (**p = 0.001 and  

*p=0.01, respectively). Dots represent individual mice with lines connecting littermates. C) 

Spleen, kidney and liver did not show any apparent differences in necropsy. 

 

To assess whether thymocyte populations were altered by Ars2 depletion, multicolor flow 

cytometry was performed [135]. Significant decrease in the percent of CD4/CD8 double positive 

(DP) thymocytes (p = 0.007) with concomitant increase in the percent of CD8 single positive 

(CD8SP, p = 0.04), CD4 single positive (CD4SP, p = 0.003), and CD4/CD8 double negative 

(DN, p = 0.002) thymocytes was observed in thymi of Ars2 iKO mice one week following initial 

tamoxifen injection. These changes likely reflect rapid loss of immature Ars2 knockout 

thymocytes, as the number of mature thymocytes remained relatively stable (Fig. 2.2.3).   
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Figure 2.2.3. Assessment of T cell subpopulations. A) Representative dot plots showing 

distribution of lineage-negative (B220-, CD11b-, Ly-6G-, NK1.1-) thymocytes between four 

major developmental stages based on CD4 and CD8 staining. Numbers represent mean ± 

standard error for each of four thymocyte populations, CD4/CD8 double-negative (DN, p = 

0.002), CD4/CD8 double-positive (DP, p = 0.007), CD4 single-positive (p = 0.003) and CD8 

single-positive (p = 0.04) comparing Ars2 iKO (n=8) versus control (n=8) mice 7 to 8 days 

following initial tamoxifen injection. B) Average number ± standard deviation of DN, immature 

single positive CD8 (CD8ISP, TCRβ- , CD24+), DP, semi-mature (TCRβ+ , CD24+) CD4 and 

CD8 single positive and mature (TCRβ+, CD24-) CD4 and CD8 single-positive thymocytes 

isolated from Ars2 iKO (n=8) versus control (n=8) mice 7 to 8 days following initial tamoxifen 

injection (NS: P > 0.05, *: P ≤ 0.05, **: P ≤ 0.01). 

 

To further explore effects of Ars2 deletion on thymic T-cell survival independent of stroma, we 

generated mixed chimeras in which Ars2 iKO thymocytes could be distinguished from Cre 

negative Ars2-floxed thymocytes by expression of fluorescent reporter proteins. In this model, 

1:1 ratio of bone marrow from Cre-ERT2-positive (Ars2 iKO) and Cre-ERT2-negative (control) 

Ars2
fl/fl 

mice with transgenic expression of the mT/mG Cre reporter, which expresses membrane-

targeted tandem dimer Tomato (mT) prior to Cre-mediated excision and membrane-targeted 

green fluorescent protein (mG) after excision [136], was transplanted into lethally irradiated 

C57BL/6J mice. Decreased expression of Ars2 in mG
+
 thymocytes was confirmed by qRT-PCR 

(data not shown). After two months of reconstitution, the gene coding Ars2 was deleted by five 

daily tamoxifen injections and apoptosis of thymocytes populations was analyzed by Annexin V 
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staining. High rates of apoptosis were found in mG
+
, Ars2 iKO thymocytes within the two most 

immature thymocytes populations analyzed, CD4/CD8 double negative (DN) and CD8 immature 

single positive (CD8 ISP) (Fig. 2.2.4, P = 0.01 and <0.0008, respectively). These data 

conclusively demonstrate a cell-intrinsic role for Ars2 in limiting apoptosis of immature 

thymocytes. 

 

Figure 2.2.4. Assessment of T cell apoptosis.  A) Schematics of mixed mT/mG chimera model. 

B) Percent apoptosis (Annexin V+) ± standard deviation of immature, semi-mature and mature 

thymocytes from mixed mT/mG chimeric mice (n=4, *P = 0.01, ***p <0.0008) 

 

2.3.1. Ars2 is required for maintenance of long-term hematopoietic stem cells (LT-HSCs).  

During characterization of mice in which Ars2 was deleted by Mx-Cre, Gruber et al. found 

decreased bone marrow cellularity and attributed this finding to the role of Ars2 in promoting 

cellular proliferation [12]. To begin to assess bone marrow function in our Ars2 iKO mice, we 

performed serial complete blood counts (CBCs) prior to and following tamoxifen injection.  Ars2 

iKO mice showed progressive reduction in peripheral white blood cells (WBC) and red blood 

cells (RBC) following tamoxifen injection, indicating underlying bone marrow dysfunction (Fig. 

2.3.1). Consistent with this observation, bone marrow cellularity was significantly reduced in 

tamoxifen-treated Ars2 iKO mice compared to littermate controls (Fig. 2.3.1, p = 0.002). 
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Figure 2.3.1. Involvement of bone marrow after depletion of Ars2. A) Serial counting of white 

blood cells (WBC) and red blood cells (RBC) from Ars2 iKO and control mice prior to and 

following five daily tamoxifen injections. Solid lines represent mean values. Dotted lines 

represent tamoxifen injections. Dots represent individual mice (***P ≤ 0.001). B) (left) Total 

number of bone marrow cells obtained from hind limbs of Ars2 iKO (39.01X10
6
±17.8X10

6
) or 

littermate control (56.09X10
6
±14.7X10

6
) mice 7-10 days following initial tamoxifen injection 

(**p = 0.002). Dots represent individual mice. (Right) H&E staining of paraffin-embedded 

femurs from control and Ars2 iKO mice 10 days following initial tamoxifen injection. 

 

 

To explore the underlying cause of bone marrow dysfunction in Ars2 iKO mice, cell cycle and 

apoptosis of mature bone marrow resident cells (lin
+
), immature bone marrow resident cells (lin

-

), and several lin
-
 sub-populations (Fig. 2.3.2) were measured by flow cytometry three, five and 
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eight days after initiation of tamoxifen injections. In contrast to thymocytes, Ars2 knockout bone 

marrow cells exhibited very little apoptosis (<10%) as assessed by flow cytometry (Fig. 2.3.2) 

and immunofluorescence staining for active caspase-3 (Fig. 2.3.2). Furthermore, when 

comparing Ars2 knockout to littermate control mice no significant changes in apoptosis were 

observed in bone marrow sub-populations examined (Fig. 2.3.2). These data indicate that 

reduced bone marrow cellularity in Ars2 iKO mice did not result from increased apoptosis of 

bone marrow resident cells following Ars2 deletion. 

 

 

Figure 2.3.2. Assessment of apoptosis in bone marrow stem and progenitor cells. A) 

Hematopoiesis hierarchy demonstrating various populations and their corresponding surface 

markers used in this study. B) Percent apoptosis (Annexin V+,DAPI+) mean ± standard 

deviation among bone marrow mature and immature populations in control and Ars2 iKO mice 
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during the time course post first tamoxifen injection (n=2). C) Immunohistochemistry staining 

for anti-caspase 3 marker on bone marrow of Ars2 iKO and control mice 8 days post first 

tamoxifen injection. D) bone marrow cellularity 3 and 5 days post tamoxifen injection (N=2). E) 

Representative plot for apoptosis (Annexin V and DAPI) in Ars2 iKO and control LT-HSCs. 

 

When cell cycle of bone marrow sub-populations was examined, no change in bulk lin
+
 or lin

-
 

populations was observed in tamoxifen-treated Ars2 iKO mice compared to littermate controls 

(Fig. 2.3.3). In contrast, hematopoietic progenitor sub-populations from tamoxifen-treated Ars2 

iKO mice, including Lin
-
, Sca

+
, c-Kit

+
 (LSK) [137], multipotetnt progenitors (MPP: lin

-
, Sca

+
, c-

Kit
+
, CD34

+
, Il7ra

-
, Flt3

+
) and short-term hematopoietic stem cells (ST-HSC: lin

-
, Sca

+
, c-Kit

+
, 

CD34
+
, Il7ra

-
, Flt3

-
) [138], exhibited decreased frequency of cells in S and G2/M phase of the 

cell cycle (Fig. 2.3.3). These cell types normally express high levels of Ars2 (Fig. 2.3.3) and like 

immortalized cell lines in culture [12] appear to rely on Ars2 to maintain continued proliferation.  
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Figure 2.3.3. Assessment of cell cycle within hematopoietic stem and progenitor cells after 

depletion of Ars2. A) Schematics of separating cell cycle phases by DAPI flow cytometry. B) 

Bone marrow cells were stained for surface markers and then fixed and processed according to 

DAPI staining protocol for cell cycle analysis. Representative cell cycle histograms are presented 

for each population from control (blue) and Ars2 iKO (red) mice one week following initial 

tamoxifen injection. C) Expression of Ars2 in early hematopoietic stem cells and progenitors 

obtained from public data presented in gene expression commons open platform 

(https://gexc.riken.jp) showing high and similar expression of Ars2 in mentioned populations. 

 

Despite observed reductions in proliferating cells within the LSK, MPP and ST-HSC bone 

marrow populations, the frequency of these cells within bone marrow of tamoxifen-treated Ars2 

iKO mice was similar to littermate controls one week after initiation of tamoxifen treatment (Fig. 

2.3.4). Frequencies of additional downstream bone marrow progenitor populations, including 

common lymphoid progenitors (CLPs: lin
-
, Sca

lo
, c-Kit

lo
, Il7ra

+
), common myeloid progenitors 

(CMPs: lin
-
, Sca

-
, c-Kit

+
, Il7ra

-
, CD34

+
, CD16/32

lo
), granulocyte-monocyte progenitors (GMPs: 

lin
-
, Sca

-
, c-Kit

+
, Il7ra

-
, CD34

+
, CD16/32

hi
), and megakaryocyte-erythrocyte progenitors (MEPs: 

lin
-
, Sca

-
, c-Kit

+
, Il7ra

-
, CD34

-
, CD16/32

-
) were also similar between tamoxifen-treated Ars2 

iKO mice and littermate controls (Fig. 2.3.4). Strikingly, only long-term hematopoietic stem 

cells (LT-HSCs: lin
-
, Sca

+
, c-Kit

+
, CD34

-
, CD48

-
, CD150

+
) [138] were significantly reduced in 

tamoxifen-treated Ars2 iKO mice when compared to littermate controls (Fig. 2.3.4, p = 0.008). 

This reduction was rapid, as 3 of 5 Ars2 iKO mice examined displayed reduced LT-HSC 
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frequency relative to littermate control mice five days following initiation of tamoxifen 

injections.  
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Figure 2.3.4. Quantification of hematopoietic stem/progenitor cells. A) Representative flow 

cytometry plots and gating strategy for lin- (CD3-, CD11b-, B220-, Ly6-G-, TER119-) Sca+, c-

Kit+ (LSK), long-term hematopoietic stem cell (LT-HSC), short-term hematopoietic stem cell 

(ST-HSC) and multipotent progenitor (MPPs) populations.  B) Frequency of LT-HSCs, ST-

HSCs and MPPs within the LSK population comparing Ars2 iKO (n=6) mice to littermate 

controls (n=6) 7-8 days following initial tamoxifen injection. Dots represent individual mice with 

lines connecting littermates. **p = 0.008, NS: p > 0.05.  C) Gating strategy for common myeloid 

progenitors (CMP), Granulocyte-Macrophage Progenitor (GMP) and Megakaryocyte Erythroid 

Progenitors (MEP). Quantification of CMP, GMP and MEPs showed no significant differences 

between Ars2 iKO and control mice. Each dot represents a mouse. D) Gating strategy for 

common lymphoid progenitors (CLP) and its corresponding quantification. Each dot represents a 

mouse. 

 

 

Addition of Flt3 to our multicolor flow cytometry panel [129]  had no effect on observed loss of 

LT-HSC from bone marrow of Ars2 deficient mice (Fig. 2.3.5), while elimination of CD34 as a 

marker of HSC [138] resulted in loss of the phenotype (Fig. 2.3.5).  Since CD34 staining was 

essential to discriminate the LT-HSC population sensitive to Ars2 deletion, we used a second 

CD34 antibody to stain Ars2 iKO and littermate control bone marrow and confirmed that lin
-
, 

Sca
+
, c-Kit

+
, CD34

-
, CD48

-
, CD150

+
 LT-HSCs were reduced from Ars2 iKO bone marrow (Fig. 

2.3.5).  
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Figure 2.3.5. A,B) Representative plot and quantification of HSCs defined as Lin- Sca+ cKit+ 

CD150+ CD48- CD34- Flt3-  showing significant reduction in Ars2 iKO HSCs compared to 

littermate controls (n=6 per group, p=0.006). Frequency of MPP1 (Lin- Sca+ cKit+ CD48+ 

CD150+ CD34+ Flt3-) and MPP2 (Lin- Sca+ cKit+ CD48- CD150- CD34+ Flt3+) populations 

was not significantly different between two groups. C) Frequency of HSCs (Lin- Sca+ cKit+ 

CD150+ CD48-) without additional CD34 gating was not significantly different between Ars2 

iKO and control mice. D) Histogram plots comparing CD34 RAM34 clone with HM34 clone 
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which was used throughout this study. E) Quantification of LT-HSCs using CD34 RAM34 clone 

showing reduced frequency of LT-HSCs in Ars2 iKO bone marrow compared to control.  

 

 

2.4.1. Effects of Ars2 deletion on bone marrow are stroma-independent. 

Bone marrow stroma has myriad effects on hematopoietic progenitor cells, including LT-HSCs 

[139]. To determine if Ars2 deletion from stromal cells was the cause of phenotypes observed in 

tamoxifen-treated Ars2 iKO mice, lethally irradiated wild-type C57BL/6 mice were reconstituted 

with bone marrow from either Ars2 iKO mice or Ars2
fl/fl 

mice as controls (Fig. 2.4.1). Similar to 

induced whole-body Ars2 deletion, thymic involution occurred rapidly (data not shown) and 

examination of Ars2-deleted bone marrow from chimeric animals a week to ten days after initial 

tamoxifen injection (a similar timeframe as whole-body knockouts) revealed significant 

reduction in bone marrow cellularity (Fig. 2.4.1, p = 0.01) and the LT-HSC population (Fig. 

2.4.1, p = 0.04) relative to control chimeras.  However, unlike whole-body Ars2 knockout, 

induced deletion of Ars2 from bone marrow (and bone marrow derived cells) did not result in 

death and weight loss of mice (Fig. 2.4.1).  
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Figure 2.4.1. Effects of Ars2 on bone marrow is stroma-independent. A) Schematic depicting 

experiments performed using bone marrow chimera mice. Donor bone marrow obtained from 

either Ars2fl/fl  (control) or Cre-ERT2-Ars2fl/fl (Ars2 iKO) mice was transplanted into lethally 

irradiated wild-type C57BL/6J mice. After 2 months of bone marrow reconstitution, mice were 

injected with five daily doses of tamoxifen (75 mg/kg IP) and sacrificed 8 days after first 

tamoxifen injection or monitored for survival. B) Bone marrow cellularity was significantly 

reduced in Ars2 iKO bone marrow chimeras (18.54 X10
6
 ± 4.98 X10

6
) compared to control 

chimeras (28.47 X10
6
 ± 6.02 X10

6
, **p =  0.01). C) LT-HSC frequency of LSK was 

significantly reduced in Ars2 iKO chimeras (0.05 ± 0.02) compared to littermate control 

chimeras (0.88 ± 0.36, *p= 0.04).  Dots represent individual mice with lines connecting 

littermates. D)  Bone marrow chimeras were able to survive after Ars2 depletion with no 

significant changes in weight (Ars2fl/fl donor into wildtype host, N=3, Cre-ERT2-Ars2fl/fl 

donor into wildtype host, N=4). 

 

 

2.4.2. Ars2 is required for hematopoiesis within bone marrow following myeloablation.  

Maintenance of LT-HSC population within the bone marrow relies on a balance between 

differentiation, self-renewal, and cell death, all of which can be affected by signals from bone 

marrow stroma cells [128]. Since data indicate that deletion of Ars2 does not alter viability of 

LT-HSCs and that wild-type stroma cannot rescue reduced numbers of Ars2 knockout LT-HSCs 

(Fig. 2.4.2), we examined the self-renewal capacity of Ars2 deficient LT-HSCs by performing 

stressed hematopoiesis experiments.  
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We generated mT/mG chimeric mice by transplanting bone marrow from Cre-ERT2-positive 

(Ars2 iKO) or Cre-ERT2-negative (control) Ars2
fl/fl 

mice expressing mT/mG Cre reporter into 

lethally irradiated C57BL/6J mice. After a two month reconstitution period, mT/mG chimeras 

were injected with tamoxifen to induce Ars2 deletion from bone marrow and bone marrow-

derived cells, followed by weekly injections of a sub-lethal dose of 5-fluorouricil (5-FU, 120 

mg/kg IP, Fig. 2.4.2). Depletion of Ars2 from mG
+
 cells was confirmed by qRT-PCR in bone 

marrow and peripheral immune organs (Fig. 2.4.2). Tamoxifen-treated Ars2 iKO chimeric mice 

lacked the ability to reconstitute peripheral white and red blood cells (WBC, RBC) following 

initial 5-FU injection (Fig. 2.4.2). Additionally, rapid weight loss (Fig. 2.4.2) and death (Fig. 

2.4.2) of tamoxifen-treated Ars2 iKO chimeric mice occurred following a second (n = 7) or third 

(n = 3) weekly 5-FU injections.  In contrast, control chimeras demonstrated more robust 

reconstitution of peripheral WBC following each of three weekly 5-FU injections (Fig. 2.4.2), 

stabilized their weight over the course of the experiment (Fig. 2.4.2), and did not die until after 

third (n=1) or fourth (n=5) weekly 5-FU injections (Fig. 2.4.2).   

Upon necropsy, tamoxifen-treated Ars2 iKO chimeras had significantly reduced bone marrow 

cellularity relative to control chimeras (Fig. 2.4.2, p= 0.03). Flow cytometry revealed that 

repeated exposure of control chimeras to 5-FU (four weekly doses) resulted in approximately 

70% reduction in mT
+
, Ars2-expressing LT-HSCs relative to control chimeras that never 

received 5-FU. Strikingly, mG
+
, Ars2 knockout LT-HSCs were reduced to an undetectable level 

in all mice examined following 2 to 3 weekly doses of 5-FU (Fig. 2.4.2, p= 0.003).  
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Figure 2.4.2. Stressed hematopoiesis. A) Schematic of stress hematopoiesis experiments 

performed using Cre-reporter (mT/mG) bone marrow chimeric mice. B,C) Ars2 expression 

assessed by qRT-PCR in sorted mT+ versus mG+ cells obtained from bone marrow, spleen and 

thymus of mT/mG Cre-ERT2 Ars2fl/fl (Ars2 iKO) or mT/mG Ars2fl/fl (control) mice 8 days 

after first tamoxifen injection.  *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. TBP was used as internal 
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control. D) Change in WBCs and RBCs monitored by serial complete blood counts from control 

(n=6, red line) and Ars2 iKO (n=10, green line) bone marrow chimera mice following Ars2 

deletion and subsequent weekly 5-FU injections (120 mg/kg IP). E) Change in weight of control 

(n=6, red line) and Ars2 iKO (n=10, green line) bone marrow chimera mice following Ars2 

deletion and subsequent weekly 5-FU injections (120 mg/kg IP). Solid lines represent mean 

values. Each dot represents a mouse. F) Survival of control (n=6, red line) and Ars2 iKO (n=10, 

green line) bone marrow chimera mice prior to and following Ars2 deletion and subsequent 

weekly 5-FU injections (120 mg/kg IP). **p= 0.001. G) Total number of bone marrow cells 

obtained from hind limbs of control (7.95 X10
6
 ± 0.83 X10

6
, red bar) and Ars2 iKO (2.94X10

6
 ± 

0.438X10
6
, green bar) chimeras following repeated 5-FU exposure. *p = 0.03.  H) Change in 

frequency of LT-HSCs obtained from bone marrow of control (red bar) and Ars2 iKO (green 

bar) chimeras following repeated 5-FU exposure. ** p=0.003. 

 

 

Self-renewal of LT-HSCs is accomplished by asymmetric division to produce one daughter cell 

identical to its parent and one daughter cell that can expand and differentiate into all blood 

lineage cells [128]. Complete lack of identifiable LT-HSCs in tamoxifen-treated Ars2 iKO 

chimeras following multiple doses of 5-FU precluded analysis of their proliferation and/or 

differentiation in response to hematopoietic stress. Additionally, severe defects in peripheral 

blood reconstitution in 5-FU treated Ars2 knockout chimeras could multiply hematopoietic stress 

signals, potentially exacerbating depletion of LT-HSCs.  To mitigate these possibilities we 

generated mixed chimeras by transplanting a 1:1 mix of bone marrow cells from mT/mG-

expressing Ars2 iKO and control mice into lethally irradiated C57BL/6J mice. Following 

reconstitution, mixed mT/mG chimeras were given five daily injections of tamoxifen (75 mg/kg 

IP) followed by a single dose of 5-FU (150, mg/kg IP) (Fig. 2.4.3). 

 As expected 5-FU treatment strongly induced proliferation of wild-type, mT
+
 LSK cells 

measured by Ki-67 staining (57.7% ± 6.1% Ki-67
+
). In contrast, proliferation was only 

moderately induced in Ars2 knockout mG
+
 LSK cells (23.3% ± 7.7% Ki-67

+
, Fig. 2.4.3, p= 
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0.02). Delineation of LSK sub-populations using CD34, a marker whose expression is 

unchanged by 5-FU treatment [140], revealed that the proliferation defect observed in Ars2 

knockout mG
+
 cells was limited to CD34

+
 cells (Fig. 2.4.3 , p = 0.02), while CD34

-
, mT

+
 wild-

type and  CD34
-
,mG

+
 Ars2 knockout LSK cells demonstrated similar Ki-67 positivity (Fig. 2.4.3, 

p = 0.3). When CD34
-
 LSK cells were further subdivided using markers of LT-HSC (CD48

-
, 

CD150
+
), the vast majority of wild-type mT

+
 LT-HSCs were found to be Ki-67

+
 whereas Ars2 

knockout mG
+
 LT-HSCs were not detected in Ki-67 stained bone marrow (p= 0.02, Fig. 2.4.3). 

In fact, mG
+
 Ars2 knockout LT-HSCs were detected in only 2 of 7 mixed chimeras exposed to a 

single dose of 5-FU while Ars2 wild-type mT
+
 LT-HSCs were observed in 6 of 7 (Table-2.4.1). 

Table-2.4.1. Mixed mT/mG chimera bone marrow analysis, single dose of 5-FU (150mg/kg, IP). 

Frequency of LSK 

Mouse  LT-HSC  ST-HSC  MPP 

  mT+ mG+  mT+ mG+  mT+ mG+ 

1  0.082 0  0.71 0.066  5.9 3.75 

2  0.48 0.11  0.032 0  8.6 3.82 

3  0.063 0.021  0.079 0.021  6.6 3.1 

4  0.096 0  N/A N/A  N/A N/A 

5  0.56 0  N/A N/A  N/A N/A 

6  0.79 0  N/A N/A  N/A N/A 

7  0 0  N/A N/A  N/A N/A 

Average  0.29 0.018  0.27 0.029  7.03 3.55 
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Figure 2.4.3. Assessment of proliferation/self-renewal of hematopoietic stem/progenitor cells 

after myeloablation. A) Schematic depicting generation and use of mixed chimera mice. B) 

Proliferation of mT+ LSK cells overlaid with mG+ LSK cells and subdivided by CD34 and Ki67 

markers from mixed chimera mice six days following injection of 5-FU (150 mg/kg IP).  

Proliferating (Ki67+) CD34- LSK cells were further examined for expression of LT-HSC 

markers (CD48-, CD150+). Quiescent (Ki67-) CD34- LSK cells showed a similar lack of mG+, 

CD48-, CD150+ LT-HSCs (data not shown). C) (Top) Percent of Ki67+ cells among mG+ 

CD34+ LSK cells was significantly reduced (*p= 0.02) compared to mT+ CD34+ LSK cells 

while (bottom) Ki67 positivity was unaffected in CD34- compartment of LSK cells (n =4). D)  

Ars2 knockout, mG+ LT-HSC frequency was significantly reduced compared to wild-type, mT+ 

LT-HSC frequency in bone marrow from mixed chimeras exposed to single dose of 5-FU (n=7, 

*p=0.03). (See Table 1). (C,D) Each dot represents a mouse. 
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2.4.4. Self-renewal defect in Ars2 knockout LT-HSCs is cell-intrinsic.  

Near complete loss of Ars2-deficient LT-HSCs, but not Ars2-expressing LT-HSCs, from 5-FU 

treated mixed chimeras strongly suggests that Ars2 is necessary for self-renewal of LT-HSCs 

following in vivo stress. Alternatively, rapid loss of LT-HSCs following 5-FU exposure could 

have resulted from increased sensitivity of Ars2 knockout LT-HSCs to death induced by 5-FU. 

Examination of tamoxifen-treated mixed chimera mice in the absence of 5-FU treatment (Fig. 

2.4.4) revealed a profound decrease in mG
+
, Ars2 knockout LT-HSCs relative to mT

+
, wild-type 

LT-HSCs one week following initiation of tamoxifen treatment (p= 0.002, Fig. 2.4.4). 

Importantly, mixed chimera mice displayed no signs of bone marrow failure and had normal 

bone marrow cellularity upon necropsy (86.6X10
6 

± 15.2X10
6
 bone marrow cells). Consistent 

with lack of self-renewal potential of Ars2 knockout LT-HSCs, singly sorted LT-HSCs from 

Ars2 knockout chimeras failed to produce large, differentiated colonies in single cell colony 

formation assays (Fig. 2.4.4) [141]. As expected control LT-HSCs formed large colonies 

consisting mainly of morphologically mature blood cells. In contrast, LT-HSCs from tamoxifen-

treated Ars2 iKO chimeras produced few small colonies consisting of uniform, morphologically 

undifferentiated cells (p = 0.007, Fig. 2.4.4).  

 



  51 
 

 

Figure 2.4.4. Defect in Ars2 knockout LT-HSCs is cell-intrinsic. A) Schematic of mixed mT/mG 

chimera generation. Two months after reconstitution with 1:1 bone marrow cells from both Cre+ 

mT/mG and Cre- mT/mG mice, mice were injected with daily tamoxifen and bone marrow was 

analyzed at day 8. B) Representative density plots with mT+, wild-type (red) and mG+, Ars2 

knockout (green) cells isolated from a single mixed chimera overlaid to demonstrate gating 

strategy and intrinsic differences between cell populations. C) Frequency of Ars2 knockout, 

mG+ LT-HSCs (green bar) was reduced compared to wild-type, mT+ LT-HSCs (red bar)  in 

mixed chimeras eight days following initial tamoxifen injection. n=6, **p=0.002. D) Schematic 

of single cell colony formation assay. Single LT-HSCs from tamoxifen-treated control or Ars2 

iKO chimeras were FACS sorted into 96 well plates and cultured for 14 days in cytokine 

supplemented media. E) Size of colonies formed from Ars2 iKO LT-HSCs was significantly less 

than size of colonies formed from control LT-HSCs (**p =  0.007). Each dot represents a colony. 

F) Comparison of representative colony size (left) and differentiation (right) obtained from a 

singly sorted LT-HSC from a tamoxifen-treated control chimera (top) versus a tamoxifen-treated 

Ars2 iKO chimera (bottom). 
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2.5.1. Discussion 

Several recent studies have established Ars2 as a critical mediator of transcription and co-

transcriptional RNA processing [12, 13, 15, 34]. However, little is known about physiological 

roles for Ars2 in mammals, as its germline deletion led to early embryonic lethality [16]. Here 

we describe generation and characterization of whole-body inducible Ars2 knockout mice. Using 

these mice we provide mechanistic insight into the requirement for Ars2 in hematopoiesis, both 

in the bone marrow and during thymic T-cell maturation.  

Our data indicate that the in vivo ability of long-term hematopoietic stem cells (LT-HSCs) to 

self-renew is critically dependent on expression of Ars2. Additionally, proliferation of several 

bone marrow progenitor populations decreased upon Ars2 deletion.  These data likely explain 

reduced bone marrow cellularity initially observed when Ars2 was inducibly deleted from bone 

marrow cells using MxCre [12] and again when inducibly deleted from the whole body or from 

bone marrow chimeras using Cre-ERT2. In addition to confirming and extending the bone 

marrow phenotype of Ars2 knockout mice reported by Gruber et al. [12], we found that Ars2 

supports T-cell development in the thymus . Interestingly, reported phenotypes required deletion 

of both alleles of Ars2, as heterozygous mice or cells from heterozygous mice displayed no 

phenotype (data not shown). 

Self-renewal of stem cells is accomplished through cell division in the absence of differentiation 

of one daughter cell [116, 126]. Determining whether Ars2 influences self-renewal of LT-HSCs 

through effects on proliferation versus differentiation has proven difficult, although data point to 

a role for Ars2 in limiting LT-HSC differentiation. Depletion of the Ars2
fl/fl 

Cre-reporter (mG
+
) 

LT-HSC pool from mixed chimera mice within one week of tamoxifen injection provides the 

best evidence for spontaneous differentiation of LT-HSCs following Ars2 knockout. In these 
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mice downstream bone marrow and peripheral blood populations were maintained by wild-type 

progenitors co-occupying the bone marrow, thus limiting signals that activate LT-HSCs to enter 

cell cycle.  Moreover, LT-HSCs from tamoxifen-treated Ars2 iKO mice displayed a cell cycle 

profile containing predominantly 1N, non-proliferating cells suggesting that Ars2 knockout alone 

is insufficient to stimulate LT-HSCs to proliferate.  Rather, data point to a scenario in which LT-

HSC differentiation is suppressed by a gene expression program that relies on continued 

expression of Ars2.  Mechanistic studies similar to those performed by Andreu-Agullo et al. in 

neural stem cells [27] are required to conclusively establish that Ars2 suppresses differentiation 

of LT-HSCs. However, these studies are beyond the scope of the current manuscript. 

Previous studies focusing on cellular context and consequences of Ars2 expression have 

demonstrated that high levels are necessary for cells to rapidly proliferate in culture [12, 121]. In 

contrast, Ars2 has been found to maintain viability [12, 16] or cell identity [27] when examined 

in the context of normal mammalian physiology. Studies of Ars2 expression in blood cancers 

further suggest that Ars2 may be less important for in vivo proliferation, as low expression of 

Ars2 was found to correlate with aggressive pediatric acute lymphocytic leukemia [28] and the 

region of human chromosome 7 containing SRRT is commonly deleted in acute myeloid 

leukemia [32]. Our whole-body inducible Ars2 knockout mice reveal that in vivo effects of Ars2 

are context-dependent, with thymocytes relying on Ars2 for survival [12], bone marrow 

progenitor cells relying on Ars2 for cell cycle progression, and long-term hematopoietic stem 

cells relying on Ars2 to limit differentiation. These findings are not surprising in light of the 

molecular role of Ars2 in coordinating transcriptional and co-transcriptional events underlying 

gene expression programs. Whether context-dependent effects of Ars2 reflect cell type-specific 

molecular functions of Ars2 (transcriptional regulation of Sox2 to maintain neural stem cells[27] 



  54 
 

vs. 3’ end processing during replication-dependent histone mRNA biogenesis to support 

proliferation of cultured cells [15, 34]) or universal molecular functions of Ars2 resulting in 

distinct phenotypic outcomes due to underlying context-dependent gene expression programs 

remains an open question.  

A striking consequence of whole-body Ars2 deletion was rapid demise of 100% of Ars2 

deficient animals accompanied by clear signs of bone marrow failure (rapid weight loss, 

decreased peripheral blood and bone marrow cellularity). Surprisingly, deletion of Ars2 from 

bone marrow derived cells using two distinct models (inducible knockout in chimeras in this 

study and MxCre driven knockout in the Gruber et al. study[15]) did not kill mice even though 

reduced bone marrow cellularity was observed. This raises several possibilities, 1) Ars2 deletion 

from LT-HSCs was incomplete, 2) Ars2 expressed in bone marrow stroma cells is needed to 

support hematopoiesis downstream of LT-HSCs, or 3) death following Ars2 deletion did not 

result from bone marrow failure. An organ site whose failure following Ars2 deletion could 

explain rapid weight loss and death is the intestine. Microscopic examination of intestines from 

Ars2 knockout mice showed marked reduction in crypt depth and organization (data not shown). 

Similar to bone marrow, cells of the intestine are continuously replenished through 

differentiation of tissue-specific stem cells[142]. If, as data presented here and in Andreu-Agullo 

et al. study [27] suggest, Ars2 is broadly required for maintenance of stem cell populations, its 

deletion from intestinal stem cells could lead to rapid loss of intestinal epithelium and result in 

malabsorption, weight loss and death of Ars2 knockout animals. 

Although further efforts are required to fully appreciate the importance of Ars2 in normal 

mammalian physiology, this study provides insight into roles for Ars2 in hematopoiesis. Data 

demonstrate that Ars2 is required for adult mice to maintain a pool of undifferentiated 
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hematopoietic stem cells, likely by suppressing their differentiation, and that Ars2 is essential for 

survival of thymocytes during T cell maturation. While molecular studies will provide 

mechanistic details of how Ars2 affects LT-HSCs and thymocytes, the current study identifies a 

second type of stem cell that requires Ars2 to maintain its population in vivo,  suggesting that 

Ars2 may play an especially important role in the biology of stem cells. 
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2.6.1. Material and methods: 

Mice: Mice were maintained in Laboratory Animal Shared Resource (LASR) at Roswell Park 

Cancer Institute and all procedures were approved by the institutional animal care (IACUC). 

Four different strains of mice were used in this study: C57BL/6J (B6), Stock No: 000664,  

B6.Cg-Tg(UBC-cre/ERT2)1Ejb/1J (Cre-ERT2), Stock No: 007001 and 

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (mT/mG), Stock No:007576 were 

purchased from Jackson Laboratory. Ars2 floxed (Ars2 
fl/fl

) mice were obtained from Thompson 

Lab[12]. Cre-ERT2 Ars2 
fl/fl 

, mT/mG Ars2 
fl/fl

 and mT/mG Cre-ERT2-Ars2 
fl/fl

  were generated 

by crossbreeding of Cre-ERT2 and mT/mG with Ars2 
fl/fl

 mice. To delete Ars2 gene from its 

floxed sites, Cre-ERT2 was activated by intra-peritoneal injection of 75μgr Tamoxifen 

(Sigma,10540-29-1) per gram of 6-8 weeks old mouse for 5 days.  Chimera mice were generated 

by tail vein injection of 2.5-5 million bone marrow  cells from Ars2 
fl/fl

 or Cre-ERT2 Ars2 
fl/fl

  or 

mT/mG Ars2 
fl/fl

 or mT/mG Cre-ERT2-Ars2 
fl/fl

  into lethally irradiated (600 Rad) B6 mice. 

Mixed chimeras were generated by tail vein injection of 1:1 ratio of bone marrow cells from both 

Ars2 
fl/fl

 and Cre-ERT2-Ars2 
fl/fl

 or mT/mG Ars2 
fl/fl

 and mT/mG Cre-ERT2-Ars2 
fl/fl

 into lethally 

irradiated C57BL/6J mice.  

Flow cytometry: To identify the stem/progenitor cell populations, bone marrow was harvested 

by flushing the hind limb bones using FACS buffer (1% bovine serum albumin (BSA) and 0.5% 

sodium azide in 1X PBS) and filtered through 40μM cell strainer. Red blood cells were lysed 

using ACK lysing buffer (Thermofisher scientific). Cells were stained in a two-step manner with 

CD34 as the first step and the rest of the antibodies as the second step. Data was collected and 

analyzed by BD LSR II A flow cytometer and flowjo V10 software, respectively. For cell cycle 
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analysis, cells were stained with surface markers, fixed, permeabilized (Intrasure Kit) and DAPI 

stained. To analyze T cells, harvested thymus was meshed through a 40µM cell strainer and 

stained for flow cytometry. Markers used in this study are listed in supplementary Table-1.  

Immunohistochemistry: Femur bones were formalin fixed, decalcified and 10μm sectioned by 

pathology core facility of Roswell Park Cancer Institute. Sections were deparaffinized by xylene 

and ethanol method [143], antigen retrieved (heat induced antigen retrieval using Reveal 

Decloaker, Biocare), permeabilized by Triton 0.5% and blocked by 5% normal goat serum in 

PBS. Slides were incubated with primary antibody (anti caspase 3 (Rb), 1:200) overnight. Next 

day, slides were washed (1XPBS) and incubated with secondary antibody (Goat anti rabit alexa 

fluor 488, 1:2000) for 2 hours. Lastly, slides were washed (1XPBS) and DAPI mounted. Images 

were taken by fluorescence microscope. Antibodies are listed in supplementary Table-1. 

Self-renewal (5-FU) assays: At day 7 post tamoxifen injection, 5-fluorouracil (5-FU) was 

administered intraperitoneally at either four weekly 120mg/kg doses or single 150mg/kg dose. 

Blood was drawn from sub-mandibular vein and collected in 50 μM EDTA tubes. CBC was 

performed using HemaTrue. Moribund mice (identified by ruffled fur, hunched back, more than 

20% reduction in weight) were euthanized according to IACUC protocol and bone marrow was 

harvested for flow cytometry.   

Colony formation assay (CFA): Single cell colony formation assay was performed according to 

Ema et al. protocol [141] from single sorted Lin
-
Sca

+
kit

+
CD34

-
CD150

+
CD48

-
 LT-HSCs. After 

14 days of culture, colonies were imaged and analyzed by ImageJ. Colonies were cytospined and 

stained for hemacolor according to its protocol (EMD Millipore). 
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Quantitative Real Time PCR (qRT-PCR): RNA from harvested organs was extracted using 

trizol and miRNeasy kit (Qiagen). cDNA was generated using super script IV (Thermofisher 

Scientific) and qPCR with SYBR green master mix (Thermofisher Scientific) was performed 

using Quant studio 6 flex device. Primers are listed in supplementary Table-2. Expression of 

Ars2 was normalized by TBP using ∆CT method. (Expression level= 2
 (CT 

TBP
-CT

 Ars2
 )
.
 

Statistical analysis: All values are expressed in mean + SD/SEM. Unpaired student t-test was 

used to compare two experimental groups using GraphPad Prism 7 software. P value less than 

0.05 was considered significant.  
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2.6.2. Supplementary material 

List of antibodies used for flow cytometry 

Flow Cytometry Markers 

Name Flurophore Company Cat# 

Lineage markers FITC or biotin Biolegend 

 CD3 FITC or biotin Biolegend 100203 or 100243  

CD11B FITC or biotin Biolegend 101205 or 101203 

CD45R FITC or biotin Biolegend 103305 or 103203 

LY6G FITC or biotin Biolegend 127605 or 127603 

TER119 FITC or biotin Biolegend 116205 or 116203 

    Ly6A (Sca) BV421 Biolegend 108127 

CD117(c-Kit) APC-CY7 BD Bioscience 

 CD34 APC Biolegend 128611 

CD48 BV510 Biolegend 103443 

CD16/32 Alexa700 Biolegend 

 CD150 PerCP Cy5.5 Biolegend 115921 

CD127(IL7ra) PE Cy7 or BV650 Biolegend 135013 or 135043 

CD135 (Flt3) PE  Biolegend 135305 or  

CD135 (Flt3) Alexa700 Novus Biologicals NBP1-43352AF700 

Ki67 Alexa700 Biolegend 652419 

Annexin V Biotin Biolegend 640904 

DAPI 

 

Biolegend 422801 

B220 FITC Biolegend 103206 

CD11b FITC Biolegend 10106 

NK1.1 FITC Biolegend 108705 

LY6-G FITC Biolegend 127605 

CD4 PE BD Pharmigen 561837 

CD4 PE-CY7 eBioscience 25-0041-81 

CD8 PE-CY7 eBioscience 25-0081-81 

CD8 APC BD Pharmigen 553035 

TCRb BV510 Biolegend 109233 

TCRb PE-DAZZLE Biolegend 109239 

CD25 PerCP Biolegend 102027 

CD25 PerCPCy5.5 Biolegend 1911 

CD44 Ax700 Biolegend 103025 
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CD44 PE Biolegend 103007 

CD24 BV421 BD horizon 562563 

CD3 FITC Biolegend 100204 

CD3 Pacific Blue Biolegend 100214 

B220 APC-CY7 BD Pharmigen 552094 

Annexin V APC Biolegend 640919 

streptavidin BV395 BD Biosience  564176 

streptavidin BV711 Biolegend 405241 

    Primary Anti caspase 3 Rb Abcam ab13847 

Secondary Alexa 488 Goat α Rb Abcam ab150077 

 

 

List of primers for qPCR 

m TBP -F AAGGGAGAATCATGGACCAG 

m TBP-R CCGTAAGGCATCATTGGACT 

m Ars2-F GCTCACAAAGACGAGGAGTG 

m Ars2-R AGGGACAGGAACACCTTCAG 

m ∆Ars2 -F CAGCTTACTATGGCCCAGCC 
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CHAPTER THREE 

EFFECTS OF ARS2 ON EMBRYONIC STEM CELLS 

 

Control of self-renewal and differentiation in embryonic stem cells is a crucial process during 

development. While ablation of stem cells may cause embryonic abnormalities and congenital 

defects, the unbalanced shifts between self-renewal and differentiation may lead into oncological 

disorders [144].  Despite the tight regulatory mechanisms that control ESC’s fate decisions 

during development, our understanding on how intrinsic mechanisms govern the process is 

limited. In this chapter, I set out to explore the effects of Ars2 on maintaining the self-

renewal/differentiation balance of embryonic stem cells by utilizing inducible Ars2 KO ESCs 

extracted from inner cell mass of Cre-ERT2-Ars2
fl/fl

 mouse. 

 

3.1.1. Introduction 

Pluripotent embryonic stem cells (ESCs) are capable of indefinite self-renewal in vitro while 

remain poised to commit into any type of cells in response to developmental cues [114]. 

Pluripotent state of ESCs is controlled by a complex network of transcription and co-

transcription factors, extrinsic signals, chromatin regulators and RNA modifiers [145]. Central to 

network of transcriptional factors regulating the pluripotency are Oct4, Nanog and Sox2 [146-

148]. This trinary core is highly expressed in the inner cells mass (ICM) of blastocysts and its 

expression decreases over time during development [149, 150].  
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Oct4 is essential for formation of ICM [149] and its reduction caused trophoectoderm 

differentiation [151]. Similarly, Sox2 expression is vital in maintenance of ICM and its dys-

regulation resulted in increased differentiation and disruption of pluripotency [152]. 

Interestingly, function of Sox2 is not limited to embryogenesis and its expression is maintained 

in some of adult stem cells such as neural stem cells [153, 154]. Nanog, another core 

transcription factor important for pluripotent ESCs, has a fluctuating expression pattern[155]. 

While it is highly expressed in ICM and Nanog null embryos failed to develop, unlike Sox2 and 

Oct4, ESCs derived from Nanog mutant embryos can be maintained in vitro[156]. Therefore, 

Nanog might have a dispensable role in maintenance of pluripotency.  

Other than core pluripotency transcription factors, a complex network of epigenetic, metabolic, 

environmental signaling and RNA modifying factors are responsible for ESC maintenance and 

fate decisions [145, 154]. Role of co and post-transcriptional regulation, especially RNA binding 

proteins, in governing the ESCs fate began to emerge in recent years. ESCs utilize various 

co/post transcription mechanisms (such as miRNAs or addition of covalent modifiers[157, 158]) 

to control the RNA level. However, life of RNA is mainly under control of RNA binding 

proteins (RBPs) which are responsible for many processing events including capping, splicing, 

3’ end processing, cleavage, cellular localization, stability and translation [159].  

By means of mRNA interactome capture method, a comprehensive map of RBPs in mouse ESCs 

has been created [160]. However, only function of small fraction of RBPs has been examined. 

RNA binding protein Ars2 is vital for survival of embryos to pass the blastocyst stage[16]. 

Interestingly, Ars2 is not only extremely expressed in embryonic tissues but is also highly 

enriched in interactomes of mouse ESCs [160]. Even though, Ars2 is crucial for embryogenesis, 

because its depletion is lethal, studies on its function are limited. In this study, we investigated 
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role of Ars2 in life of embryonic stem cells by utilizing inducible Ars2 knockout ESCs, and 

cultured ESCs in either LIF and serum (L/S) or 2i media.  

ESCs are traditionally maintained in media supplemented with serum and leukemia inhibitory 

factor (LIF). Binding of LIF to its receptor (LIFR) initiates the signaling cascade through 

activation of JAK/STAT3 pathway and maintains the self-renewal in ESCs. ESCs grown in LIF 

and serum (L/S) form heterogeneous populations with fluctuated levels of transcription factors 

associated with pluripotency. In contrast, serum free media supplemented with 2 inhibitors (2i) 

of MEK and GSK differentiation pathways sufficiently maintains the undifferentiated ESCs in a 

naïve state and keep a homogenous population of ESCs with stable expression of pluripotency 

factors [161, 162]. Therefore, assessing the behavior of ESCs in both conditions will give us a 

better understanding on their reaction to spontaneous differentiation cues.  

Ars2 is rapidly emerging as a pivotal player in coordinating many aspects of RNA processing 

events which are important in dynamic changes of cellular behavior in particular transition of 

ESCs from naïve to primed state. In this study, we set out to elucidate roles of Ars2 in ESCs to 

gain a better insight into ESC biology and understanding the contributing factors to 

developmental pathologies caused by dysregulation of self-renewal/differentiation balance in 

ESCs.  
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Results 

3.2.1. Characteristics of ESCs after depletion of Ars2.  

To determine the effects of Ars2 in mouse embryonic stem cells (ESC), inducible Ars2 knockout 

(KO) ESCs were harvested from inner cell mass of  pre-implanted blastocyst of cross bred Cre-

ERT2 Ars2
fl/fl

 and Ars2
fl/fl 

mice [12, 114, 119]. Presence of Cre and Ars2 floxed genes in ESCs 

was confirmed using end-point PCR (Fig. 3.1.1). Ars2 gene was knocked out by addition of 1µM 

4-hydroxy tamoxifen (4-OHT) in either differentiation permissible LIF and serum (L/S) media or 

differentiation restrictive serum free 2 inhibitor (2i) media for 4 days and its depletion was 

confirmed by western blot (Fig. 3.1.1).   

 

Figure 3.1.1. Experimental design. A) Presence of Ars2 floxed and Cre in harvested ESCs was 

confirmed by end-point PCR. B) 4 days of 4-OHT treatment were required to deplete the Ars2 

protein in Cre-ERT2 Ars2
fl/fl

 ESCs. C) 4-OHT treatment didn’t affect the expression of Ars2 in 

Cre negative ESCs while inducibly knocked out Ars2 in Cre positive ESCs.  
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Deletion of Ars2 gene in ESCs resulted in significant reduction in number of ESCs after 4 days 

of culturing (P=0.006, Fig. 3.2.1) in both L/S and 2i media with a drastic decrease in their 

growth rate (approximately 84%) compared to controls (Fig. 3.2.1). To rule out off target effects 

of 4-OHT, cre negative ESCs were used as additional controls and didn’t show any differences in 

cell counts by the end of experiment (Fig. 3.2.1). Meanwhile, Ars2 KO ESCs were viable when 

assessed by propodium iodide flow cytometry, indicating that the low number of ESCs after 

Ars2 depletion might be caused by defective growth and not apoptosis. 

Since growth rate is governed by cell cycle, we assessed phases of cell cycle after depletion of 

Ars2 by flow cytometry. BrdU-DAPI bivariate cell cycle analysis revealed an accumulation of 

Ars2 KO ESCs in early S phase after 30 minutes of pulse treatment (p= 0.023) consistent with 

previous reports on function of Ars2 in cell cycle progression [12, 34]. However, Ars2 KO ESCs 

were able to exit S phase when chased for additional 48 hours (data not shown), suggesting the 

initial S phase accumulation was not a cell cycle arrest but more likely was an indicator for 

slower cellular growth.  
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Figure 3.2.1. Initial screening of Ars2 knockout ESCs. A) Ars2 KO ESCs grew slower in both 2i 

and L/S media with significant reduction at day 4, ****P< 0.0001. B) Number of cre negative 

ESCs was not affected by 4OHT treatment.  C) Flow cytometry for propodium idodide (PI) 

showed similar viability (PI -) between Ars2 KO and control ESCs. D) Representative flow 

cytometry plot of bivariate cell cycle analysis using BrdU and DAPI in Ars2 KO and control 

ESCs. E) Quantification of cell cycle phases revealed a significant increase in early S phase 

among Ars2 KO ESCs. (P=0.023, N=4). 

 

Specific pathways implemented in S and G2 phases of ESC’s cell cycle contribute to 

maintenance of pluripotent state by limiting pluripotent dissolution and activation of 

differentiation gene networks [163]. To assess whether prolonged S phase in Ars2 KO ESCs 

could preserve pluripotency, Ars2 KO and control ESCs were seeded at clonal density and 

stained for universal pluripotency marker, alkaline phosphatase (AP). AP staining allowed us to 

distinguish red stained AP positive pluripotent colonies from colorless AP negative differentiated 

colonies (Fig. 3.2.2). As expected, total number of colonies formed from Ars2 KO ESCs was 

significantly lower in both L/S and 2i conditions compared to controls (P-values: <0.0001, 
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0.0001 respectively, Fig. 3.2.2). Unexpectedly, L/S grown colonies had a significant decrease in 

ratio of pluripotent AP+ colonies (P=0.003) and increase in differentiated AP- colonies (P=0.01, 

Fig. 3.2.2), indicating that the self-renewal/differentiation balance was tilted toward dissolution 

of pluripotency in Ars2 KO ESCs. Lack of serum and presence of 2 inhibitors of MEK and 

GSK3 pathways in 2i media opposes the survival of differentiated cells. Therefore, Ars2 KO 

ESCs grown in 2i didn’t have any morphologically visible AP- colonies but formed pin-point 

colonies with low AP intensity compared to controls (Fig. 3.2.2).  
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Figure 3.2.2. Self-renewal assay. A) Bright field images showing the classification of colonies 

based on alkaline phosphatase staining (AP). B) Bright field images of AP stained ESC colonies 

grown in L/S media. C) Ars2 KO and control ESCs were seeded at clonal density (5x10
4
 

cells/plate) and stained for alkaline phosphatase (AP) after 4 days of culturing. Number of Ars2 

KO colonies were significantly lower than controls (****P<0.0001). D) Categorizing colonies 

based on AP positivity showed significant reduction in number of pluripotent (AP+) colonies 

(**P=0.003) and increase in differentiated (AP-) colonies (*P=0.01) in Ars2 KO group 

compared to controls. E) Bright field microscopy for colonies formed in 2i media showing small 

sized Ars2 KO colonies with dim AP intensity. F) Number of Ars2 KO colonies 4 days after 

clonally seeding in 2i media was significantly lower compared to controls (****P<0.0001). 
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3.2.3. Metabolic profiling of ESCs after depletion of Ars2.  

Rapidly dividing ESCs require high levels of energy to facilitate biosynthesis necessary for 

division[164]. ATP, the main energy unit in eukaryotic cells, is produced through two main 

pathways: i) anaerobic glycolysis and ii) aerobic oxidative phosphorylation. While highly 

proliferative ESCs use both energy sources, differentiation into less proliferative committed cells 

reduces the energy demand. To test if phenotypically differentiated Ars2 KO ESCs follow the 

similar pattern, the metabolic profile of Ars2 KO and control ESCs was assessed by performing 

Glyco and Mito stress tests using Seahorse (Fig. 3.2.3).  

After depletion of Ars2 in ESCs, glycolysis activity measured by extracellular acidification rate 

(ECAR) was reduced in all stages of glycolysis stress test with a considerable reduction in 

glycolytic capacity phase (P<0.0001, Fig. 3.2.3). Oxidative phosphorylation measured by oxygen 

consumption rate (OCR) in mito stress tests was also significantly reduced in maximal 

respiration phase (P<0.0001, Fig. 3.2.3). This data suggest that Ars2 deletion reduces the 

metabolic activity of ESCs in both ATP-dependent and ATP-independent pathways consistent 

with changes in ESCs identity from high proliferative-high energy demand to low proliferative-

low energy demand cells.  
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Figure 3.2.3. Metabolic Profiling of Ars2 depleted ESCs. A)  Representative seahorse plot of 

glyco stress test normalized by cell count using seahorse assay showing Ars2 KO ESCs had 

reduced ECAR score in glycolysis and glycolysis capacity. B) Quantification of ECAR score in 

glycolytic capacity phase showing significant decrease in Ars2 KO ESCs, p<0.0001. C) 

Representative seahorse plot of mito stress test. D) Quantification of OCR score in maximal 

respiration phase showing significant decrease in Ars2 KO ESCs, p<0.0001 (N=2).  
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3.3.1. Relation of Ars2 and core pluripotency factors. 

Ternary network of core pluripotency factors consisting of Oct4, Sox2 and Nanog is tightly 

regulated by positive and negative feedbacks [162]. Regulation of Sox2-mediated self-renewal in 

neural stem cells by Ars2 has been previously reported [27]. Interestingly when publically 

available ChIP-sequencing data was re-analyzed, we found binding sites on Ars2 promoter for all 

three pluripotency factors (Fig. 3.3.1). 

To assess the RNA level of core pluripotency factors after depletion of Ars2 qRT-PCR was 

performed. Interestingly, pluripotency genes Oct4, Nanog and Sox2 were drastically down 

regulated in Ars2 KO ESCs grown in L/S (p<0.0001, p<0.0001 and p=0.0011, respectively). 

Consistently, protein level of Oct4 displayed a clear reduction in Ars2 KO ESCs assessed by 

immunohistochemistry staining (IHC) (Fig. 3.3.1).  While cre negative ESCs ruled out the 

effects of 4OHT, surprisingly, expression of two core pluripotency genes (Oct4 and Sox2) were 

decreased in differentiation restrictive 2i media after Ars2 depletion (p< 0.0001 and p=0.04). 

Data indicates that effect of Ars2 on pluripotency aspect of ESCs is independent of 

differentiation signaling pathways and might be entangled with the core transcriptional factors.  
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Figure 3.3.1. Assessment of core pluripotency markers in Ars2 KO ESCs. A) Analysis of ChIP-

seq data (GSE) showing binding site for Oct4, Sox2 and Nanog on Ars2 gene. B) qRT-PCR for 

Oct4, Sox2 and Nanog revealed significant reduction in expression of all three genes in Ars2 KO 

ESCs grown in L/S media compared to controls  (****p<0.0001, **p=0.0011). C) Expression of 

Oct4 and Nanog assessed by qRT-PCR in 2i grown ESCs was significantly decreased in Ars2 

KO ESCs compared to controls (****p< 0.0001 and * p=0.04). D) Immunohistochemistry 

staining showing apparent reduction in expression of Oct4 in Ars2 KO ESCs compared to 

controls.  E) Expression of core pluripotency markers in cre negative ESCs was not affected by 

4OHT treatment in both L/S and 2i conditions.  

 

3.3.2. Ars2 regulates pluripotency through its C-terminal domain. 

Even though disruption of RNA pol II in Ars2 depleted cells has not been previously reported, 

we tested whether Ars2 deletion affected RNA pol II or its active form phosphoserin 5 RNA pol 

II with western blot. Consistent with previous reports, Ars2 KO ESCs did not exhibit any 

changes in expression of RNA pol II and its active form. RNA pol II end product, RNA level, 

was also not altered by Ars2 depletion (Fig. 3.3.2). This data confirms that the absence of Ars2 

does not cause disruption in expression of RNA pol II.  

 

Figure 3.3.2. Assessment of RNA pol II in Ars2 KO ESCs. A) Western blot showing expression 

of RNA pol II and  its active form (phosphoserine RNA pol II) were not affected by Ars2 

depletion. B) Total RNA normalized by cell count showing no differences in total RNA level 

after deletion of Ars2.  
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Each domain of Ars2 protein is responsible to guide the nascent RNA to a specific processing 

complex; to understand which domain is accountable for the observed phenomenon in Ars2 KO 

ESCs, rescue experiments were conducted by electroporating either full length Ars2 or various 

mutated forms of Ars2 [34] into Ars2 knocked out ESCs.  

Full length Ars2, mutated Znf and DUF domains of Ars2 were capable of partially rescuing Ars2 

KO ESCs and form pluripotent colonies. In contrast, deletion of C-terminal domain didn’t rescue 

Ars2 KO ESCs, suggesting that the disruption in interaction of Ars2 with CBC might be one of 

underlying causes for alteration in pluripotency state of Ars2 KO ESCs (Fig. 3.3.3). 

 

 

Figure 3.3.3. Rescue experiments. Ars2 KO ESCs  electroporated with full length Ars2 (Ars2  

myc), mutation in DUF and ZnF linearized DNA were partially rescued and formed pluripotent 

colonies while deletion of c-terminal (∆C) domain in Ars2 didn’t rescued the pluripotent colony 

forming capacity of Ars2 KO ESCs.  
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3.4.1. Expression of Ars2 is associated with ESC ground state.  

To rule out inter-variation of culture conditions and distinguish the behavior of Ars2 KO ESCs, 

we harvested mT/mG Cre-ERT2 Ars2
fl/fl

  ESCs from ICM of reporter inducible Ars2 KO mice 

(ref. to chapter 2). In this model, ESCs with inactivated Cre (mT+) have a red glow under 

fluorescence microscope; activation of Cre by 4-OHT slices the mT/mG tandem dimer to 

generate mG+ Ars2 KO ESCs visible in green channel. We confirmed that the deletion of Ars2 

compromise self-renewal capacity of ESCs by fluorescence imaging of mixed ESC cultures. 

Ars2 expressing colonies (mT+) were morphologically pluripotent round shaped while Ars2 KO 

colonies (mG+) were mostly consisting of spindle shaped differentiated cells (Fig. 3.4.1). To re-

confirm the differential expression of Ars2 in committed and pluripotent colonies, IHC for Ars2 

in a differentiation permissible condition (L/S) was performed. Consistently, differentiated 

colonies had lower expression of nuclear Ars2 compared to pluripotent colonies. Data confirms 

expression of Ars2 is tightly associated with ESC identity.  
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Figure 3.4.1. Ars2 expression is associated with ESCs identity. A) Mixed culture of mG+ (Ars2 

KO) and mT+ (Control) ESCs showing that the morphologically differentiated colonies in bright 

field microscopy (fibroblast like cells) were consisted of   mG+ ESCs while pluripotent colonies 

were consisted of mT+ ESCs. B) Immunohistochemistry staining for Ars2 showing 

undifferentiated colonies had higher Ars2 expression compared to differentiated colonies.  
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3.4.2. Depletion of Ars2 induced directed differentiation in ESCs.  

To further explore the identity of differentiated colonies in Ars2 KO ESCs, expression of early 

differentiation markers (Gata4, Brachyury (T) and Sox1) was assessed using qRT-PCR.  L/S 

grown Ars2 KO ESCs significantly up-regulated the expression of mesodermal Brachyury (T) 

(p<0.0001) while endodermal Gata4 and ectodermal Sox1 were not increased (Fig. 3.4.2). 

Interestingly, addition of 2i (MEK and GSK3 inhibitors) didn’t limit the enhancement of 

Brachyury expression.  The drastic increase of mesodermal T expression in both differentiation 

permissible and restrictive conditions pointed us to a unique preference of Ars2 KO ESCs to be 

further investigated.   

Overall, we found deletion of Ars2 gene (Srrt) in embryonic stem cells resulted in self-renewal 

defect associated with severe reduction in expression of core pluripotency genes. The self-

renewal defective ESCs were prone to form higher quantity of differentiated colonies. Further 

investigation into less metabolically active differentiated ESCs revealed consistent over-

expression of mesodermal marker Brachyury. Interestingly, effect of Ars2 on unbalancing ESC 

homeostatsis toward differentiation was independent of major downstream differentiation 

pathways. 
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Figure 3.4.2. Assessment of differentiation markers in Ars2 KO ESCs.  A,C) qRT-PCR for 

mesodermal Brachyury, endodermal Gata4 and ectodermal Sox1 markers showing significant 

increase in expression of Brachyury in Ars2 KO ESCs in both L/S and 2i media. B,D) 

Expression of differentiation markers were not altered by 4OHT treatment in Cre negative ESCs. 
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CHAPTER FOUR 

EFFECTS OF ARS2 ON GERM LAYER FORMATION  

 

Early phases of development from formation of zygote to blastocyst and then gastrula is an 

intricate event regulated by delicate series of cellular behaviors. Understanding how these events 

are orchestrated is a fundamental developmental biology problem. Depletion of Ars2 uniquely 

induces differentiation of embryonic stem cells (ESC), in particular mesodermal Brachyury. In 

this chapter, I set out to explore the effects of Ars2 on differentiation aspects of ESCs to form 

germ layers during early and advanced developmental time courses by recapitulating the 

blastocyst and hematopoietic progenitor formation in vitro.  

 

4.1.1. Introduction 

Arsenic resistance protein 2 (Ars2), an archaic gene thorough out eukaryotic evolution, has a 

high sequence identity within species [16]. Mutation in Ars2 orthologue in plants (SERRATE) 

resulted in defective plant organogenesis [19, 20, 22]. Similarly, mutated Ars2 in zebra fish 

promoted embryonically lethal organ abnormalities [23, 24]. Even though Ars2 is ubiquitously 

expressed in mammals, its expression is higher among prenatal tissues and Ars2 null mouse 

embryos cannot survive post-implantation phase [16, 165]. The resemblance in sequence and 

function of Ars2 during early stages of development could be explained by role of Ars2 in 

attenuation of transcriptional noise important for mammalian embryonic development [12, 13, 

15, 75].  Complex and dynamic processes of lineage specification, spatio-temporal changes and 

bursting shifts of transcriptional networks during the implantation require tight regulation of 
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gene expression fidelity. Co-transcriptional sorting of nascent RNA polymerase II transcripts by 

Ars2 represents one mechanism by which fidelity of gene expression is maintained [35].  

In the current study we set out to identify additional roles of Ars2 during early mammalian 

development by recapitulating lineage commitment through formation of embryoid bodies from 

Cre positive Ars2 floxed mouse embryonic stem cells (Cre+ Ars2
fl/fl  

mESCs). Embryoid bodies 

(EBs), the three dimensional aggregates of stem cells, possess intrinsic mechanisms to 

spontaneously generate all three germ layers [166].  

During embryogenesis, blastocysts at E4.0 begin implantation and eventually commit to form 

endoderm, mesoderm and ectoderm (E6.0, Fig. 4-1-1). Since morphology and distribution of 

germ layers in EBs strictly correlate with its embryonic counterpart [167], this turning point can 

be mimicked in vitro. Moreover, high throughput studies on EB differentiation confirmed that 96 

hours of EB differentiation is equal to primitive streak formation of in vivo peri-implantation 

period [167]. Therefore, embryoid bodies provide us with key insights into developmental 

processes responsible for lineage commitments during first weeks of embryogenesis [168, 169].   

The current study focuses on contribution of Ars2 to germ layer formation during this sensitive 

time course in mammalian development. We found that reduction in expression of Ars2 is 

accompanied by drastic skewness toward mesodermal enhancement and increased epithelial-to-

mesenchymal transition (EMT). During embryogenesis, EMT allows polarized epithelial cells to 

undergo cytoskeleton re-organization and transform into mobile mesenchymal cells. EMT is not 

only important for proper implantation and gastrulation[170, 171] but also in formation of 

appropriate hematopoietic stem cells and progenitors [172].   
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We found, in addition to enhanced mesodermal and EMT induction, major embryonic 

hematopoiesis genes were extremely up-regulated in Ars2 depleted EBs. Hence, we took 

advantage of this phenomenon and doubled the number of in vitro generated long term ESC 

derived hematopoietic stem cells (ESC-HSC) by lessening Ars2 expression. However,  in 

agreement with our recently published study, Ars2 knockout ESC-HSCs were defective in 

expansion assays[173].  In contrast, knocking down Ars2 did not inhibit capacity of ESC-HSCs 

to expand, suggesting that transient Ars2 inhibition during hematopoietic differentiation of ESCs 

might be an attractive strategy to improve generation of functional HSCs from ESCs.  

 

 

Fig. 4.1.1. A) Schematics of early phase embryogenesis in vivo, adapted from Kojima et al. 

[174]. B) Withdrawal of LIF and culturing ESCs in low attachment vessels form 3D embryoid 

body capable of recapitulating germ layer formation.  
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Results 

4.2.1. Assessment of Ars2 expression pattern during early stages of development. 

Excessive expression of Ars2 during mammalian development and prenatal tissues as opposed to 

postnatal tissues has been previously reported [16]. As such, we first sough to determine the 

changes in Ars2 expression during pre to post implantation by analyzing published single cell 

RNA sequencing data (GSE100597) from mouse embryo during E3.5 to E 6.75 [175].  

Blastocyst pre-implantation phase at E5.5 [174] was associated with the pinnacle of Ars2 

expression followed by a significant drop immediately after implantation at E6.5 (Fig. 4.2.1, 

p<0.05). This turning point in expression of Ars2 is overlapped with the earliest lineage 

commitment during embryogenesis[176]. To recapitulate this turning point in vitro, 4 days old 

floating embryoid bodies (EB) were generated by LIF withdrawal in low attachment plates [167].  

Assessing Ars2 protein and mRNA levels revealed a similar declining  pattern after 4 days of 

differentiating EBs compared to its in vivo counterpart (E3.5 to E 6.75 embryogenesis, Fig. 4.2.1, 

P=0.02). 
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Figure 4.2.1. Assessment of Ars2 expression during embryogenesis. A) Single-cell RNA-seq 

(GSE100597) revealed that expression of Ars2 in the mouse embryo peaks at E5.5 and 

significantly drops at E6.5. *P<0.05. B) Ars2 protein expression, assessed by western blot for 5 

days of EB differentiation, revealed a declining pattern from day 1 to day 4, equivalent to in vivo 

implantation period (Normalized by β-actin). C) Drop in Ars2 expression was confirmed at RNA 

level by qRT-PCR (U6 was used as internal control. ****P<0.0001) 

 

To characterize EBs and investigate the relation between Ars2 and early lineage commitments, 

morphologically uniform EBs were annotated into four circular zones:  100% (r), 75% (3r/4), 

50%  (r/2) and 25% (r/4). Ars2 expression normalized by DAPI revealed major accumulation of 

Ars2 in outer layer consisting of zones 1 and 2 compared to inner layer (zones 3 and 4 , Fig. 

4.2.1. P=0.02). In agreement with characterization reports on 4 days old EBs[167], 

immunohistochemistry (IHC) for early germ layer markers showed endodermal marker Gata4 

was predominantly expressed on surface (p=0.0006) while ectodermal Sox1 and mesodermal 

Brachyury didn’t follow a specific  pattern (Fig. 4.2.1).  
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Fig. 4.2.1. Characterization of EBs. A) (Left) Example of the grid used to annotate circular EBs 

into 4 zones based on their radius (r), (Right) Grid overlaid on bright field image of embryoid 

body. B) Immunofluorescent (IF) staining of day 4 embryoid bodies demonstrated that Ars2 and 

Gata4 were preferentially localized in the outer layer of EBs while Brachyury and Sox2 didn’t 

follow the similar pattern. C) Image quantification showing expression of Gata4, Brachyury, 

Sox1 and Ars2 (Mean gray value normalized by DAPI) in each zone of EBs (*p= 0.02, 

***p=0.0006). 

 

Predominant expression of Ars2 in outer layer of EBs (Fig. 4.2.1) had a moderate correlation 

(r=0.6) with endodermal Gata4 marker (Fig. 4.2.2). Analysis of in vivo public data [175] 

confirmed our finding on moderate to high correlation of Ars2 and Gata4 with addition to other 

endodermal markers such as Sox17, Sail4, Hnf4a, Gata6, Ctnnb1 and Afp (0.4<r<0.6, Fig. 

4.2.2). To investigate if the observed correlation between Ars2 and Gata4 is due to co-

localization of the two proteins, Gata4-Ars2 double staining was performed. Confocal 

microscopy revealed a clear Ars2-Gata4 overlap in nuclei of embryoid body cells located in the 
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outermost layer of EBs (Fig. 4.2.2). We tested the specificity of the staining by having minus 

primary controls and knocking out Ars2 and confirmed that the antibody specifically recognizes 

Ars2 (Fig. 4.2.2). 

 

 

 

 

4.2.2. Correlation of Ars2 and endodermal markers. A) Correlation of Ars2 expression with 

Gata4 (endoderm; r = 0.6), Sox1 (ectoderm; r = 0.4), or Brachyury (mesoderm; r = 0.2) from 

replicate images (n = 25) as in 4.2.1. B) Correlation co-efficient between expression of Ars2 and 

genes involved in germ layer formation calculated from single cell RNA-seq data (GSE100597).  

C) Confocal microscopy showing co-staining of Ars2 and Gata4 in outermost layer of EBs. D) 

Specify of Ars2 antibody was assessed by immunohistochemistry using minus primary (-P) 

antibody and knocking out Ars2 controls. 
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4.2.3. Depletion of Ars2 altered the fate of forming germ layers.  

To assess the functional consequence of Ars2 expression on in vitro germ layer formation, EBs 

were generated from either 4OHT inducible Ars2 knockout or control ESC cell lines.  Cre+ 

Ars2
fl/fl 

 ESCs were harvested from pre-implanted blastocyst of cross bred Cre-ERT2 Ars2
fl/fl

 and 

Ars2
fl/fl

 mice [173]. Presence of Cre and Ars2 floxed genes in ESCs was confirmed using end-

point PCR. Ars2 gene was knocked out by addition of 1µM 4-hydroxy tamoxifen (4-OHT) in 

LIF and serum media and its depletion was confirmed by western blot (ref to chapter 3).   

Following Ars2 depletion, formed EBs were considerably smaller in size and lacked the 

morphological layering (Fig. 4.2.3, P <0.0001). However, Ars2 KO EBs were viable when 

assessed by Propodium Iodide (PI) flow cytometry (Fig. 4.2.3).  

 

 

4.2.3. Ars2 knocked out EBs. A) Bright field microscopy of EBs generated from Ars2 KO and 

control ESCs. B) Number of cells incorporated into EBs was significantly decreased in Ars2 KO 

group. P<0.0001.  C) Propodium idodide flow cytometry showed similar viability between Ars2 

KO and controls. 
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Suspended LIF-withdrew EBs undergo axis formation and create all three germ layers 

progenitors. Given the ability of Ars2 depletion to affect the gross morphology of EBs, 

immunohistochemistry staining for early germ layer markers was performed. Ars2 KO EBs  

significantly reduced the expression of endodermal Gata4 (P=0.0008) while expression of 

mesodermal Brachyury (T) was dramatically increased (P<0.0001) and no changes were found in 

ectodermal Sox1 expression (Fig. 4.2.4). The skewed lineage commitment of Ars2 KO EBs from 

endoderm to mesoderm was also confirmed at mRNA level by performing qRT-PCR for the 

same markers (Fig. 4.2.4). Moreover, Cre negative ESCs treated with 4OHT didn’t display a 

similar trend (Fig. 4.2.5). Thus, the effects of 4OHT itself on germ layer formation was ruled out.  
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Fig. 4.2.4. Germ layer alteration after depletion of Ars2.  A) Immunohistochemistry staining of 

Ars2, mesodermal Brachyury, endodermal Gata4 and ectodermal Sox1 in 4 day control and 

tamoxifen induced Ars2 KO EBs. B) Quantification of IF images showing significant increase in 

Brachyury (****P <0.0001) and decrease in Gata4 ( ***P= 0.0008) and Ars2 (*P=0.03, N=2). 

C) qRT-PCR for germ layer markers showing the same effect at mRNA level (* P ≤ 0.05, **P ≤ 

0.01, ***P ≤ 0.001, NS= non-significant.N=3. TBP was used as endogenous control). 
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4.2.5. Ruling out 4OHT effects. Tamoxifen treated Cre negative EBs didn’t show similar results 

as Ars2 KO EBs. 

 

 

To identify more potential roles for Ars2 in regulating gene expression networks involved in 

development, RNA-sequencing on 4 days old Ars2 KO and control EBs was performed. Total of 

2832 genes had a significant differential expression (padj <0.05) with more than 2-fold change in 

Ars2 KO EBs compared to controls (Table 4.1.1). Out of total differentially expressed genes, 

1041 were up-regulated and 1791 were down-regulated in Ars2 KO EBs (Table 4.1.1, Fig. 

4.2.6).  

Table-4.1.1: Differentially expressed genes in Ars2 KO embryoid bodies compared to controls  

Filter Up Down Total 

padj <0.05 2678 3053 5731 

padj <0.05; |FC|>4 129 134 263 

padj <0.05; |FC|>2 527 761 1288 

padj<0.05; |FC|>1.5 1041 1791 2832 
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4.2.6. Gene expression changes in Ars2 KO EBs. A) Volcano plot of differentially expressed 

genes from RNA-seq data of 4 days old control and Ars2 KO EBs. Genes with significant 

differences (padj<0.05) and at least 2 log2 fold change in expression are shown in red. B) Heat 

map of the 50 most up and down regulated genes in Ars2 knockout EBs. 
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Clustering the mesodermal versus endodermal and ectodermal sets of genes from RNA-seq data 

showed a drastic overexpression of mesodermal genes cluster with at least 2 log2 fold change 

escalation as opposed to significant reduction in endodermal genes cluster with minimum of 2 

log2 fold change (Fig. 4.2.7), suggesting that the effects of Ars2 depletion on changing the fate 

of germ layers toward enhanced mesodermal commitment was not limited to one gene but group 

of genes involved in germ layer fate decisions.  In parallel, ectodermal genes cluster was not 

affected as severely as endodermal and mesodermal clusters (Fig. 4.2.7) indicating a more 

specific role for Ars2 in formation of germ layers. 

 Assessment of biological role of dys-regulated genes in Ars2 KO EBs by Gene Set Enrichment 

Analysis (GSEA) identified 13 out of 20 top GSEA pathways to be largely confined to the 

regulation and metabolism of RNA (Fig. 4.2.7). Additionally, down-regulated subsets showed 

clear enrichment in pathways involved in energy metabolism such as glycolysis and 

gluconeogenesis (Fig. 4.2.7). This data was consistent with the reported function of Ars2 in 

processing of nascent RNA [8] and our data on metabolism of Ars2 KO cells (Fig in chapter 3). 

Interestingly, pattern specification and regionalization (Fig. 4.2.7) were among the highly 

enriched gene subsets in Ars2 KO EBs. Further investigation on genes contributed in pattern 

specification and the 50 most upregulated genes in Ars2 KO EBs showed considerable 

dysregulation in embryonic developmental and morphogenesis genes such as Hox, Cdx, Wnt and 

Hand families (Fig. 4.2.8) most notably the genes involved in embryonic hematopoiesis such as 

CD41, Ly6a, Cdx2, Cdx4 and Wnt2 (Fig. 4.2.7).  
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4.2.7. Deviation in germ layer formation in Ars2 KO EBs. A) Clustering the genes involved in 

germ layer formation showing increased preference towards mesodermal lineages. Embryonic 

hematopoiesis genes are marked with blue arrow. B) Gene Set Enrichment Analysis (GSEA) 

applied to RNA-seq data comparing day 4 Ars2 knockout demonstrated RNA metabolism, 

regionalization and pattern specification among highly enriched pathways in Ars2 KO and 

glycolysis-gluconeogenesis among control EBs. 

 

 

Fig. 4.2.8. Up-regulation of morphogenesis genes in Ars2 KO EBs. 
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4.3.1. Ars2 depletion intensifies the epithelial-mesenchymal transition in EBs.  

As overexpression of mesodermal primitive streak markers such as Brachyury 

(T), Evx1, Mesp1, Cdx2, and Hand1 in Ars2 KO EBs were quite remarkable in our dataset (Fig. 

4.2.7,8), we hypothesized that the concurrent enhancement in initiation of epithelial-

mesenchymal transition (EMT) during EB differentiation[177] in Ars2 KO EBs might play an 

important role in shifting germ layers into mesodermal lineages and consequently generates more 

mesodermal/mesenchymal progenitors.  

GSEA applied to RNA-Seq data was favorable to our hypothesis and uncovered two epithelial-

to-mesenchymal transition (EMT) gene sets among the most highly enriched in Ars2 knockout 

EBs (Fig. 4.3.1). Moreover, majority of common identified EMT genes [178, 179] were highly 

upregulated in Ars2 KO EBs (Fig. 4.3.1). Alternatively, EM transition at protein level was 

assessed by immunohistochemistry staining of cadherin switch from E-cadherin to N-

cadherin[180]. Day 4 control EBs showed a heterogeneous E-cadherin expression mostly 

confined in outer layer while Ars2 depleted EBs reduced expression of E-cadherin without 

affecting the pattern (Fig. 4.3.1, P=0.02). In tandem with blunted E-cadherin expression, N-

cadherin was significantly increased (Fig. 4.3.1, P=0.03). Consistent with image analysis data, 

cadherin switch was also confirmed at mRNA level (Fig, 4.3.1). Data confirmed that reduction in 

expression of Ars2 intensifies EM transition and suggest Ars2 mediated EMT blockade as a 

possible underlying mechanism for endoderm/mesoderm commitment.  
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4.3.1. Molecular characterization of Ars2 knockout EBs reveals a role for Ars2 in limiting 

epithelial-to-mesenchymal transition (EMT) gene expression. A) Gene Set Enrichment Analysis 

(GSEA) applied to RNA-seq data comparing day 4 Ars2 knockout EBs to control EBs uncovered 

two EMT gene sets among the most highly enriched in Ars2 knockout EBs. B) Volcano plot 

demonstrating significant upregulation of EMT genes in Ars2 knockout EBs relative to control 

EBs. C) Immunofluorescent staining for E-cadherin (epithelial) and N-cadherin (mesenchymal) 

demonstrated marked reduction of E-cadherin expressing cells and induction of N-cadherin 

expressing cells in day 4 Ars2 knockout EBs. D) Image quantification (*P<0.05, N= 11) and 

qRT-PCR analysis (****p<0.001 and **p=0.001, N=3) confirmed the intensification of E to N-

Cadherin switch in Ars2 KO EBs compared to controls.  
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4.3.2. Reduced expression of Ars2 results in formation of more durable ESC-HSCs. 

Ars2 KO mesodermaly enhanced EBs had an enriched EMT pathway accompanied by enhanced 

expression of embryonic hematopoiesis genes such as Hoxb1-4, Cdx4, ly6a, Wnt2 and CD41 

(Fig.4.2.7) cueing the preference of Ars2 KO differentiated cells not only toward the 

mesodermal-mesenchymal lineages but more specifically toward hematopoietic lineages. Next, 

we perused the hypothesis that depletion of Ars2 might generate higher quantity of 

hematopoiesis committed progenitors. To test this hypothesis, embryonic stem cell derived 

hematopoietic stem cells (ESC-HSC) were generated following slightly modified protocol of 

Kučerová-Levisohn et al. (Fig, 4.3.2, [9]).  Activation of notch signaling during the generation of 

HSCs has an enhancing effect on generation of robust ESC-HSCs capable of myeloid, lymphoid 

and erythroid reconstitution of irradiated mice [leu,10], for this reason the ESCs were co-

cultured with GFP+ OP9-DL1 stromal cells which had a considerable improvement in generation 

of ESC-HSCs (Fig. 4.3.2). In this model, initial 5 days of mesodermal colony expansion is 

followed by 3 days of promoted HSC differentiation via addition of Flt3 cytokine in media (Fig. 

4.3.2).  

 

 

Fig. 4.3.2. A) Schematic depicting in vitro generation of embryonic stem cell derived 

hematopoietic stem cells (ESC-HSC). B) Co-culturing the stem cells on stromal OP9-DL1 

resulted in formation of more ESC-HSCs defined as CD34
-
, c-Kit

+
, CD41

+
.  
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During the expansion phase, the number of mid stage mesodermaly differentiated cells was 

significantly reduced in Ars2 KO group comparable with 4 days old Ars2 KO EBs (P= 0.0003, 

Fig. 4.3.3, 4.2.3). In later stages, when assay was focused on advanced hematopoietic 

differentiation, ESC-HSCs formed from both Ars2 KO and control ESCs were similar in 

frequency when were cell surface defined (CSD) as CD34
-
, CD41

+
, c-Kit

+
 even though the phase 

contrast microscopy displayed an apparent increase in loosely attached shining ESC-HSCs (Fig. 

4.3.3). Interestingly, when hematopoietic stem cell marker Sca-1 was added to the panel Ars2 

KO ESC-HSCs demonstrated a significant increase in Sca-1
hi

 population (P=0.01, Fig. 4.3.3) and 

over all frequency of Ars2 KO ESC-HSCs (defined as CD34
-
, CD41

+
, c-Kit

+
, Sca-1

+
) compared 

to controls (P=0.02, Fig. 4.3.3).  

 

Fig. 4.3.3. Characterization of Ars2 depleted ESC-HSCs. A) Bright field microscopy of 

mesodermal colonies at day 5. B) Number of cells was significantly lower in Ars2 KO cells at 

day 5 (***p= 0.0003). C) Phase contrast microscopy of day 8 ESC-HSC cultures showing an 
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apparent increase in Ars2 knockout ESC-HSCs. D) Population of ESC-HSCs identified as CD34
-

,c-Kit
+
, CD41

+
 was not different between two groups. E) (left) Histogram plot of Sca-1 

expression showing increased expression in Ars2 KO ESC-HSCs. (Right) Quantification of Sca-

1
hi 

cells revealed a significant increase in Ars2 KO cells. P=0.01. F) Overlaid representative flow 

cytometry plot of ESC-HSCs identified as CD34
-
,CD41

+
,c-Kit

+
, Sca-1

+
 and its quantification 

showing increased number of ESC-HSCs in Ars2 KO group (P=0.02). 

 

 

 

Mouse HSCs with high expression of Sca-1 and EPCR cell surface markers combined with 

specific molecular definition (cell surface molecularly defined: CSMD) are capable of robust 

chimersim and long-term multi-lineage reconstitution, supporting the idea that SLAM Sca-1
hi

 

EPCR
hi

 HSCs are able to be awakened in response to stress and injury [12, 13]. Since Ars2 KO 

ESC-HSCs showed an explicitly high Sca-1 expression, the ESC-HSCs phenotype was further 

investigated by addition of EPCR and CD150 (SLAM) surface markers (Fig. 4.3.4). Here, the 

frequency and absolute number of ESC-HSCs (CD41
+
, c-Kit

+
, CD150

+
, Sca-1

hi
, EPCR

hi
) were 

doubled in Ars2 KO ESC-HSCs compared to controls (P= 0.004 and P=0.03, respectively, Fig. 

4.3.4).  

To determine whether phenotypically durable Ars2 KO ESC-HSCs had a molecular signature of 

long term multilineage HSCs [12], mRNA level of signature genes correlated with long term 

(Ly6a, Ifitm1) and non-long term (Thoc6, Suk) HSCs was assessed by qRT-PCR. In agreement 

with surface markers findings, gene expression pattern in Ars2 KO ESC-HSCs followed a 

similar trend in which genes linked to long term HSCs (Ifitm1, Ly6a) were up-regulated and 

genes linked to non-long term HSCs (Thoc6, Syk) were down-regulated (Fig. 4.3.4).  
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Fig. 4.3.4. Depletion of Ars2 results in generation of more durable ESC-HSCS. A) Gating 

strategy for ESC-HSCs defined as c-Kit
+
, CD41

+
, CD150

+
, Sca-1

hi
, EPCR

hi
. B) Representative 

flow cytometry plot of Ars2 KO and control ESC-HSCs. C) Quantification of ESC-HSCs 

showing both frequency and absolute counts were increased in Ars2 KO group compared to 

controls (**p0.004, *p=0.03). D) Increased expression of molecular markers of CSMD or long-

term multilineage HSCs (Ly6a and Ifitm1) and decreased expression of molecular markers of 

CSD or non-long-term multilineage HSCs (Syk and Thoc6) in day 8 Ars2 knockout ESC-HSC 

cultures determined by qRT-PCR.  

 

 

4.4.1. Transiently knocking down Ars2 results in formation of proliferative potent ESC-

HSC.   

Cre mediated loss of Ars2 causes permanent self-renewal defect in HSCs [14], which was also 

apparent in EMT enhanced Ars2 KO ESC-HSCs when were highly seeded into methylcellulose 

for additional 14 days of culture (P=0.008, Fig. 4.4.1) or during the first 5 days of mesodermal 

expansion (Fig. 4.3.3). 
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4.4.1. Methylcellulose assay. A) Bright field microscopy of colonies formed from Ars2 KO and 

control ESC-HSCs when cultured in methylcellulose for additional 14 days. B) Number of 

colonies formed were significantly less in Ars2 KO group (**p=0.008, N=2).  

 

 

Even though reduced expression of Ars2 resulted in generation of more CSMD ESC-HSCs, 

permanent self-renewal defect caused by cre-mediated deletion of Ars2 gene prevented us from 

exploiting this phenomenon any further.  To circumvent this issue, we transiently knocked down 

Ars2 by electroporating siRNA to Ars2 into cre negative ESCs and generated EBs and HSCs 

(Fig. 4.4.2). Consistent with findings on Cre+ Ars2 floxed ESC model, Ars2 knocked down 

(KD) EBs had a significant increase in expression of mesodermal and embryonic hematopoietic 

markers including Ly6a, Cdx2 and Wnt2. Similarly, Ars2 KD EBs had EMT enhancement 

assessed by cadherin switch (Fig. 4.4.2). In contrast, siRNA mediated Ars2 KD didn’t affect the 

endodermal markers (Fig. 4.4.2), suggesting Ars2 plays a more important role in mesodermal 

inhibition as opposed to endodermal retention. 

Re-analysis of in vivo RNA-seq public data on germ layer induction agreed with us, revealing an 

immense reduction in Ars2 expression among mesodermal progenitors during lineage 

commitment compared to endodermal and ectodermal progenitors (Fig. 4.4.2, P ≤ 0.01).  
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4.4.2. Assessment of transiently knocked down EBs. A)  To confirm Ars2 knockout ESC model, 

Cre negative wild type ESCs were electroporated with control siRNA (si-Neg) and two siRNA to 

Ars2 (siArs2-1,siArs2-4). Relative expression of embryonic hematopoiesis genes (Ly6a, Cdx2 

and Wnt2) were assessed by qRT-PCR showing increased expression among Ars2 knock down 

ESCs. B) Relative expression of endodermal markers (Gata4,Ttr ad Hnfa4) was unaffected in 

Ars2 KD ESCs. C) Analysis of single cell RNA-seq data (GSE75748) revealed significant drop 

of Ars2 expression in mesodermal progenitors during germ layer commitment ** P ≤ 0.01.  

 

 

Contrary to proliferation defective Ars2 KO cells, transient knockdown of Ars2 didn’t alter the 

expansion potential of mesodermal progenitors during first 5 days of co-culturing with GFP+ 

OP9-DL1 (Fig. 4.4.3) while generated significantly higher frequency and absolute number of 

potent ESC-HSCs (Fig. 4.4.3) capable of maintaining their expansion potential in 

methylcellulose assay (Fig. 4.4.3).  
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4.4.3. Ars2 knockdown resulted in generation of potent ESC-HSCs capable of expansion. A) 

Schematics depicting the generation of ESC-HSCs from siRNA electroporated ESCs. B) Total 

number of cells at day 5 of co-culture with OP9-DL1 showing si-Ars2 day 5 mesodermal cells do 

not possess proliferation defect. C) Representative flow cytometry plot of control and siArs2 

ESC-HSCs. D) Increased frequency and absolute count of c-Kit
+
, CD150

+
, CD41

+
, Sca-1

hi
, 

EPCR
hi

 day 8 ESC-HSCs when cultures were  initiated during transient siRNA-mediated 

knockdown of Ars2.*P<0.05, ** P ≤ 0.01). E) siRNA-mediated Ars2 knockdown ESC-HSCs 

had no effect on colony formation when furthered expanded into methylcellulose. 
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Bulk seeding of ESC-HSCs into methylcellulose does not reflect the behavior of CSMD ESC-

HSCs subpopulation. Therefore, we assessed the in vitro functionality of CSMD (CD41
+
, c-Kit

+
, 

CD150
+
, Sca-1

hi
, EPCR

hi
) versus CSD HSCs (CD34

-
, CD41

+
, c-Kit

+
) obtained from mouse bone 

marrow or generated in culture, by sorting each population into media supplemented with Il-11 

and mSCF.  As expected CSMD HSCs isolated from mouse bone marrow formed smaller 

colonies (p=0.01) consisting of less lineage positive cells (p=0.04) and higher ratio of  Lin
-
, Sca-

1
+
, c-Kit

+
 (LSK) progenitor cells compared to colonies formed from CSD HSCs (p=0.02, Fig. 

4.4.4). Unlike bone marrow derived HSCs, static in vitro ESC-HSCs didn’t form colonies but 

still divided with less lineage commitment (p=0.02) and more LSK formation (p=0.005) in 

CSMD group compared to CSDs (Fig. 4.4.4). Our data confirmed SLAM sca-1
hi

 EPCR
hi

 or 

CSMD, (ESC-)HSCs are capable of generating larger pool of hematopoietic stem/progenitor 

cells which consequently might result in  prolonged reconstitution.  
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Fig. 4.4.4. CSMD versus CSD HSCs. A) Schematics depicting the isolation and sorting of bone 

marrow or ESC derived HSCs (CSMD or CSD) and culturing each population for 10 days in 

media supplemented with Il-11 and mSCF. B) (Top) colonies formed from CSD HSCs were 

smaller in size (*p=0.01). (Bottom) Bright field microscopy showing colonies formed from 

CSMD HSCs were more homogenous in morphology compared to heterogynous CSD derived 

colonies. C) Flow cytometry analysis after 10 days of bone marrow HSC culture revealed 

increased ratio of LSK cells (*p=0.02 ) and decreased ratio of Lineage positive (CD3
+
,CD45

+
, 

CD11b
+
, Ly6G

+
, TER119

+
, *p=0.04) cells in CSMDs compared to CSDs. D) 10 days cultured 

ESC-HSCs were analyzed by flow cytometry and revealed a similar pattern to bone marrow 

driven HSCs (**p=0.005, *p=0.02, N=2). 

 

To investigate the effects of Ars2 reduction during differentiation, CSMD and CSD siArs2 

treated ESC-HSCs were sorted into cytokine supplemented methylcellulose. After 14 days, 

CSMD cultures consisted of more phenotypically uniform undifferentiated cells compared to 

CSDs. Flow cytometry on cells grown in methylcellulose revealed a similar pattern of reduced 

committed cells and increased progenitor pool in CSMDs. Interestingly, siArs2 treated ESC-
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HSCs had more reduction in lineage commitment compared to negative controls, indicating a 

general role for Ars2 in formation of committed cells regardless of phenotypic definition. 

However, even in methylcellulose we observed the bias of static condition when cells were 

seeded in low numbers. 

 

Fig. 4.4.5. Methylcellulose assay for CSD and CSMD ESC-HSCs. A) Phase contrast microscopy 

of cell in methylcellulose after 2weeks of culturing 200 sorted CSD or CSMD ESC-HSCs per 

well. B) Increased ratio of LSK and decreased lineage positive in cultures obtained from CSMD 

ESC-HSCs.   
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4.5.1. Discussion (chapter 3 and 4) 

Embryonic stem cells maintain their remarkable potential to differentiate into any type of cell 

while are able to self-renew without manifesting age-related or neoplastic changes. The 

molecular mechanism that underlies the self-renewing ESCs and their transition into 

differentiated cells is still under vigorous investigation. Since ESCs display a global increase in 

RNA expression known as hyper-transcription [181], it is important for stem cells to rapidly 

coordinate the gene expression networks and maintain the “good RNA quality” through proper 

processing events. 

In this study, we found RNA binding protein Ars2, which its function as sorter of nascent RNA 

has been recently emerged, to be a critical regulator of self-renewal/differentiation balance in 

embryonic stem cells. Consistent with previous reports on Ars2 and its role in cell cycle 

progression [12, 34], we found that the absence of Ars2 resulted in reduced growth rate in ESCs 

with considerable accumulation in S phase. However, whether the slow cell cycle in Ars2 KO 

ESCs was caused by defects in RDH-mRNA processing or increased rate of differentiation in 

ESCs has to be investigated in more details. In our study, analysis of ESCs identity after 

depletion of Ars2, revealed a drastic self-renewal defect with marked reduction of core 

pluripotency factors: Oct4, Sox2 and Nanog. Interestingly, effect of Ars2 on self-renewal was 

independent of environmental signals which implicated a role for Ars2 entangled with the core of 

pluripotency. Consequent to defect in self-renewal, Ars2 KO ESCs generated higher number of 

differentiated colonies and had less aerobic and anaerobic metabolic activity.  

Since Ars2 protein lacking C-terminal was not able to rescue the knockout ESCs, we suggest that 

the binding of Ars2 to CBC is a vital platform to control the self-renewal. However, whether 
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CBCA controls the self-renewal by regulation of RNA or as a guide for transcription factors has 

to be determined.  

Control of RNA fate through various processing machineries allows ESCs to perform well-

orchestrated gene expression shifts important in response to developmental signals during peri-

implantation period of embryonic development [160]. Therefore, it was of significant interest to 

explore how Ars2 functions in early embryonic lethal phenotype [16].  Unlike Wilson et al. study 

that attributed the lethality of Ars2 depletion to increased apoptosis in mouse blastocysts, most 

likely in trophoectoderm, we did not observe any changes in viability of ESCs derived from ICM 

or differentiated EBs after deleting Ars2 gene. This controversy might be caused by context 

dependent role of Ars2 in different cell types similar to our report in hematopoietic system [173].  

Interestingly, we found Ars2 to be a major mesodermal inhibitor during germ layer formation. In 

embryoid bodies knockout or knockdown of Ars2 enhanced the epithelial-to-mesenchymal 

transition accompanied by a drastic increase in clusters of mesodermal genes. We also confirmed 

that the endodermal committed cells retain Ars2. However, role of Ars2 in endodermal 

progenitor’s commitments was not as strong as limiting mesoderm. Remarkably, the distinct 

mesodermal induction pattern in Ars2 depleted EBs was mostly consisting of major embryonic 

hematopoiesis genes. 

The onset of generation of earliest hematologic progenitors begins following mesoderm 

formation during peri-implantation period [182]. Formation of the first hematopoietic 

progenitors relies on clusters of cell specific-transcription signatures in both in vivo HSCs and in 

vitro ESC derived HSCs [183, 184].  In our study, Ars2 was associated with major transcription 

factor clusters important in development of embryonic hematopoiesis system. Therefore, we 

found a previously unknown effect for Ars2 in limiting formation of specific hematopoietic 
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progenitors with gene expression signature and phenotype of in vivo long term HSCs. Consistent 

to our Ars2 knockout model, RNAi mediated Ars2 knockdown doubled the number of potent 

ESC derived HSCs in vitro that were capable of forming advanced hematopoietic progenitors. A 

further understanding of how reduction in Ars2 develops a distinct population of HSCs and how 

these HSCs behave in vivo require further investigation.  

Altogether, this work establishes Ars2 as a regulator of self-renewal and inhibitor of mesoderm. 

This role can be further exploited to improve the efficiency of in vitro generation of ESC derived 

HSCs for the purpose of tissue engineering or bone marrow transplantation.  
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4.6.1. Material and methods (chapter 3 and 4) 

Cell line: Cre-ERT2-Ars2
fl/fl

 ESCs were derived from Ars2
fl/fl

 X Cre-ERT2- Ars2
fl/fl  

blastocysts 

following Nagy A. et al. protocol [114].  Jm8A3.N1 ESC cell line was used as Cre negative 

wildtype control. 

Cell cultures: ESCs were cultured in either LIF/serum (L/S) media or serum free 2i media 

(supplementary S1)  and plated either on irradiated feeder mouse embryonic fibroblasts (MEFs) 

or 0.1% gelatin. Maintenance medium was supplemented with 1μM 4-hydroxy tamoxifen (4-

OHT, Abcam) for 4 days to knock out Ars2.  

Cell cycle analysis and flow cytometry: Ars2 KO and control ESCs were incubated with 10 

μM BrdU for 30 minutes. Cells were washed, trypsinized and prepared for flow cytometry 

following BrdU Flow Kit (BD Bioscience) protocol.  

For flow cytometry, harvested cells were stained for 20 min, 4° C in dark and collected by LSR 

II A flow cytometer. Data was analyzed using FlowJo. Antibodies are listed in supplementary 

table-1. Precision count beads (Biolegend) were used to calculate the absolute number of cells.  

Alkaline phosphatase staining: Working solution of alkaline phosphatase was prepared 5 

minutes before use and was applied to fresh ESCs. Cells were incubated in 37°C, dark chamber 

for 30-40 minutes. Cultures were imaged afterwards using EVOS FL2 microscope.  

Seahorse Assay: 96 wells seahorse plates were coated with 0.1% gelatin and ESCs (5X10
4
 per 

well) were seeded thereafter. Glyco stress and mito stress tests were performed the day after 

following Agilent’s protocols. Data was normalized based on cell counts after the experiment. 
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Western blot: Proteins were extracted with RIPA, fractioned by 3-8% tris-acetate gel 

(Invitrogen), transferred to nitrocellulose membranes, blocked by 3% milk in TBST, incubated 

with primary antibody (Ars2 (Abcam) 1:1000, and β-actin (Abcam) 1:10000),  overnight at 4°C 

followed by secondary antibody application (IRDye® 800CW goat anti mouse (1:20000, LI 

COR) and IRDye® 680LT goat anti rabbit (1:20000, LI COR)). Images were taken using Li-cor 

Odyssey device.  

Quantitative real-time PCR (qRT-PCR): RNA was extracted using Trizol and miRNeasy kit 

(Qiagen). cDNA was synthesized using SuperScript IV Reverse Transcriptase kit (Thermofisher 

scientific). Quantitative PCR was performed using SYBR green master mix (Thermofisher 

scientific) according to manufacturer’s instruction and signals were detected by QuantStudio 6 

Flex Real-Time PCR System. TATA box binding protein (TBP) was used as endogenous 

control. Relative gene expression level was calculated by ∆CT formula. (Primers are listed 

supplementary S3). 

Embryoid body (EB) formation and quantification: ESCs were seeded at concentration of 

200,000 cells per ml in ultra-low attachment 6-well plates containing EB media (supplementary 

table-1). After 4 days of culture, EBs were collected using a cut end pipette tip and filtered 

through a 40μm cell strainer. Cell strainer was flipped and washed with 1xPBS to collect EBs. 

EBs were dissociated by trypsin 0.25%+EDTA for 8-10 minutes at 37°C. After deactivating the 

trypsin, cells were counted using a Z coulter cell counter.  

Immunohistochemistry: Collected EBs were fixed by 4%paraformaldehyde (PFA) for 30 

minutes at room temperature and washed twice with 1X PBS. EBs were placed in serial dilution 

of sucrose solution (10%, 20% and 30%), 30 minutes each step at 25-28°C. Sucrose solution was 

discharged and EBs were embedded into OCT and frozen by dried ice. EBs were sectioned 
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(10μm thickness) using a cryostat (Thermofisher).  For immunohistochemistry staining, EBs 

were permeabilzed with 0.5% triton-100x and blocked by normal goat serum. Slides were 

incubated with primary antibodies at 4°C overnight. Following the primary incubation, slides 

were washed (1x PBS) and incubated with secondary antibody for 2 hours at room temperature. 

After secondary incubation, slides were washed and DAPI mounted. Images were acquired by 

either EVOS FL auto 2 IF or Leica confocal microscope. Images were quantified using Fiji 

(ImageJ). Primary and secondary antibodies are listed in supplementary S2.  

RNA-sequencing: Total RNA was extracted using Trizol reagent and libraries were prepared 

according to Nextera XT (Illumina) protocols. The DNA libraries were quantitated using KAPA 

Biosystems qPCR kit and were pooled together in an equimolar fashion. The pool was denatured 

and diluted to 2.4pM with addition of 1% PhiX control library.  The final pool was loaded into a 

75-cycle NextSeq High Output Reagent cartridge and sequenced on a NextSeq500 following the 

manufacturer’s recommended protocol (Illumina Inc.). 

RNA-seq data analysis:  After first pass quality control (QC) analysis by fastqc v0.10.1, spliced 

data were aligned by Bowtie v1.0.1 and TopHat v2.0.13 allowing a maximum of 1 mismatch per 

read and merged by MergeSamFiles, Picard v1.97. Read counts were estimated with HTSeq 

v0.9.1 and differential expression analyses were performed using DESeq2 v1.18.1.  

ESC derived HSC formation: 2i grown ESCs were co-cultured with GFP positive OP9-DL1 

stroma cells using OP9 media (Supplementary S1) following Kučerová-Levisohn et al. protocol 

[185]. Flt3 cytokine was added at day 5 and cells were harvested at day 8 to either analyze by 

flow or process for further expansion experiments.   
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Rescue experiments: Linearized DNA of full length Ars2 and mutated forms in ZnF, DUF and 

deletion of c-terminal [34] were electroporated into Ars2 KO ESC. Rescued ESCs were cultured 

for additional 4 days and colony images were taken by a bright field microscope. 

RNAi and Electroporation: 2X10
6
 ESCs were electroporated with siArs2-1, siArs2-4 

(Supplementary S4) using 4D-Nucleofector System (Lonza) and P3 primary cell kit. After 48 

hours of recovery, ESCs were processed to generate either EBs or ESC-HSCs. Allstars siRNA 

negative control (Qiagen) was used as a control. 

Colony formation assay: HSCs obtained from either mouse bone marrow or ESC-HSC cultures 

were stained for surface markers (Supplementary S2) and sorted into 96 wells plate 

supplemented 300ng/mL SCF and 20ng/ml IL-11 (Media recipe in S1). After 10 days of 

culturing, colonies were imaged using bright field microscopy, stained for surface markers and 

analyzed by flow cytometry (Supplementary S2).  

Methylcellulose Assay: 200 ESC-HSCs per well of 6-wells plate were sorted into 

methylcellulose supplemented with cytokines (Stem Cell Technologies) and incubated for 14 

days. Cultures were then imaged and cells were harvested for flow cytometry.  

Statistics: Statistical analysis was made using unpaired t-test in GraphPad Prism 7. P-value less 

than 0.05 was considered significant. All the experiments were conducted at least three times. 
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4.6.2. Supplementary Materials 

S1. Media recipes 

L/S media: DMEM-knockout (Gibco), 15% FBS (SigmaAldrich), penicillin/streptomycin, 

0.1mM 2-mercaptoethanol , 2mM L-glutamine,100 μM,  non-essential amino acids and LIF 

(STEMCELL technologies).   

2i media: 1:1 mix of DMEM/F-12 (gibco) and neruobasal medium (gibco), 1:100 diluted N2 and 

B27 supplements (Life Technologies), penicillin/streptromycin, 0.1mM 2-mercaptoethanol, 

2mM L-glutamine, 3mM CHIR99021 (Stemcell technologies) and 1 mM PD0325901 (Stemcell 

technologies).  

OP9 media: αMEM, 20% FBS, penicillin/streptomycin, 0.1mM 2-mercaptoethanol, 2mM L-

glutamine,100 μM .  

ESC-HSC expansion media: StemSpan media + 10% FCS supplemented with 300 ng/ml SCF, 

20 ng/ml IL-11, penicillin/streptomycin, 0.1mM 2-mercaptoethanol and 2mM L-glutamine,100 

μM.  
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S2. List of antibodies used for flow cytometry and immunohistochemistry  

Flow Cytometry 

Marker Fluorochrome  Company 

Sca-1 BV421 Biolegend 

EPCR(CD201) APC-Cy7 Biolegend 

c-Kit APC Biolegend 

CD48 BV510 Biolegend 

CD150 Percp-Cy5.5 Biolegend 

CD41 PE Biolegend 

CD34 PE-Cy7, APC Biolegend 

Lineage 

  CD11b FITC Biolegend 

CD45 FITC Biolegend 

Ly6-G FITC Biolegend 

TER119 FITC Biolegend 

Propodium Iodide    Biolegend 

 

Immunohistochemistry 

E-

Cadherin Rb Cell Signaling Technology  

N-

Cadherin Rb Cell Signaling Technology  

Ars2 Rb Abcam 

 Brachyury Rb Cell Signaling Technology  

Sox1 Rb Cell Signaling Technology  

Gata4 

(X2) Rb, Rat Cell Signaling Technology, Sigma 

Alexa 

Fluor® 

488  Goat anti Rb Abcam 

 Alexa 

Fluor® 

568  Goat anti Rat Abcam 
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S3. List of primers 

Primers 

Name Sequence 

m Sox2-F GGTTACCTCTTCCTCCCACTCCAG 

m Sox2-R TCACATGTG CGACAG GGGCAG 

m NANOG-F ACCTGAGCTATAAGCAGGTTAAGAC 

m NANOG-R GTGCTGAGCCCTTCTGAATCAGAC 

m Oct4-F CCAATCAGCTTGGGCTAGAG 

m Oct4-R CTGGGAAAGGTGTCCCTGTA 

m GATA4-F CACCCCAATCTCGATATGTTTGA 

m GATA4-R GCACAGGTAGTGTCCCGTC 

m Brachyury-F GCTTCAAGGAGCTAACTAACGAG 

m Brachyury-R CGTCACGAAGTCCAGCAAGA 

m Sox1-F AGATGCACAACTCGGAGATCAG 

m Sox1-R GAGTACTTGTCCTTCTTGAGCAGC 

m TBP -F AAGGGAGAATCATGGACCAG 

m TBP-R CCGTAAGGCATCATTGGACT 

Cdx2.F TCA CCA TCA GGA GGA AAA GTG 

Cdx2.R GCA AGG AGG TCA CAG GAC TC 

Hnf4a.F GGT CAA GCT ACG AGG ACA GC 

Hnf4a.R ATG TAC TTG GCC CAC TCG AC 

Sox7.F ACC TTC AGG GGA CAA GAG TTC G 

Sox7.R GTT TTT CTC AGG CAG CGT GTT C 

Wnt2.F CTG GCT CTG GCT CCC TCT G 

Wnt2.R GGA ACT GGT GTT GGC ACT CTG 

Ttr.F AGC CCT TTG CCT CTG GGA AGA 

Ttr.R TGC GAT GGT GTA GTG GCG ATG G 

Ly6a.F CCT ACC CTG ATG GAG TCT GTG T 

Ly6a.R CAC GTT GAC CTT AGT ACC CAG G 

Ifitm1.F TGG TCT GGT CCC TGT TCA AT 

Ifitm1.R CCA GTC GTA TCA CCC ACC AT 

Thoc6.F CGT AGA GCC CTC TGG GAC TT 

Thoc6.R GGG AAA AGA TGG TCA TGT GC 

Syk.F CTG GTT CCA TGG CAA CAT CT 

Syk.R CAT AGG AGC CGC TGT TGT CT 

Tbp.F GAA GAA CAA TCC AGA CTA GCA GCA 

Tbp.R CCT TAT AGG GAA CTT CAC ATC ACA G 
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S4. siRNA sequence  

siRNA sequences (5’- 3’)   

 

Sense (5'→3') Antisense  (5'→3') 

Ars2-1 
UGUUCUGCAGGUUCCAACAG

AUC 

GAUCUGUUGGAACCUGCAGA

ACA 

Ars2-4 
UUACAAAGAGAAAUGAUCUC

UGC 

GCAGAGAUCAUUUCUCUUUG

UAA 
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CHAPTER FIVE 

SUMMARY AND FUTURE DIRECTION 

 

In the current thesis, I investigated the effects of RNA binding protein Ars2 on self-

renewal/differentiation balance of two types of stem cells: 1) hematopoietic stem cells and 2) 

embryonic stem cells. Our data on both types of stem cells indicated that Ars2 is a crucial factor 

for maintenance of self-renewal (Fig. 5.1.1).  Ars2 in ESCs had a reciprocal relation with Sox2, 

Oct4 and Nanog (chapter 3). The self-renewal maintenance by Ars2 was independent of 

upstream differentiation pathways such as ERK and GSK3, indicating that Ars2 and maintenance 

of self-renewal are entangled at the core of pluripotency. Self-renewal in HSCs is regulated by 

different sets of genes. However, recent studies on regulation of several multipotent stem cells 

provided further evidence that a common molecular mechanism might exist[186].  

Capacity to preserve the potency of mother cell (self-renewal) is a fundamental process that 

originated during the early evolution of eukaryotic cells. Consistently, majority of genes 

responsible for self-renewal regulation are highly conserved thorough out the eukaryotic 

evolution[187]. For example, Oct and Sox gene families are highly preserved among animal 

kingdom [188, 189]. In parallel, Ars2 is another archaic gene conserved in almost all eukaryotic 

cells[16]. Therefore, it is not unexpected to find a preserved interaction between Ars2 and 

potency genes such as Sox2.  

Andreu-Agullo et al. reported such interaction between Ars2 and Sox2 important in self-renewal 

of multipotent neural stem cells[27]. Meanwhile, our data suggested a strong correlation between 

expression of Ars2 and Sox2 in ESCs. Studies on self-renewal regulation of HSCs through Sox 
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family had been recently emerged and had shown presence of low levels of transcriptionally 

active Sox2 in HSCs[190, 191]. Another member of Sox family, Sox17 is necessary for 

maintenance of fetal and neonatal HSCs and its forced expression in adult progenitors enhanced 

their self-renewal potential[192]. However, whether an Ars2-Sox regulatory axis have a 

functional existence among ESCs and HSCs has to be further investigated. 

Ars2-Sox axis is only one possible candidate for regulation of self-renewal in stem cells. 

Divergent evolution produces orthologues and paralogues for many potency/developmental 

genes leading into diversification of possible interactions between Ars2 and these genes. Overall, 

I think it is not unimaginable to expect an ancient interaction between Ars2 and archaic potency 

genes, preserved among various classes of stem cells.  

In the current study, I also found that Ars2 inhibits EMT and mesoderm formation during early 

development (Fig. 5.1.1.) which was accompanied by overexpression of Brachyury and major 

evolutionary conserved patterning genes such as Hox and Hand families (chapter 4). How Ars2 

regulates a specific lineage commitment is an interesting question that has to be addressed in 

future. A few possibilities include: 1) direct interaction of Ars2 and developmental genes caused 

by control of gene expression at transcription level, 2) regulation of RNA level of developmental 

genes by guiding the RNA into specific downstream processing machinery. For example, 

absence of Ars2 might cause increased decay of pluripotency mRNAs leading into self-renewal 

defect. 3) Ars2 might affect the signaling pathways important in maintaining self-

renewal/differentiation balance. Wnt family was one the most prominent dysregulated genes in 

Ars2 KO embryoid bodies. Therefore, it is possible that the ultimate effect of Ars2 on limiting 

mesodermal differentiation or preserving potency is through alteration of downstream cycles of 

signaling pathways.  
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Cancer stem cells are a small subpopulation of cells within tumors that possess fundamental 

characteristics of normal stem cells such as capacity to self-renew and differentiate. In clinic, 

cancer stem cells have been demonstrated to be responsible for resistance to chemo/radiation 

therapies and metastasis [193]. These cancerous stem cells might utilize similar mechanisms to 

normal stem cells and maintain their self-renewal capacity and differentiation potential to grow 

and change into mobile and aggressive metastatic cells[186]. Interestingly, both decreased and 

increased expression of Ars2 have been linked to poor survival among patients with various 

types of cancers [28, 30, 194].  

One possible explanation for this seemingly confusing phenomenon might be due to the crucial 

role of Ars2 in balancing self-renewal and differentiation. Our data showed Ars2 maintained 

self-renewal in normal stem cells. Hence, overexpression of Ars2 might lead into increased 

proliferation of cancer stem cells. Consistently, high levels of Ars2 had been reported in 

leukemic cells [194]. We found that downregulation of Ars2 caused a considerable enhancement 

in epithelial-to-mesenchymal transition in committed stem cells. EMT is one of well-known 

mechanisms that increases the mobility of cancer cells and their invasion potential[195]. 

Therefore, reduced Ars2 expression might contribute to higher metastasis rate. How Ars2 affects 

cancer stem cells and prognosis of oncological disorders is an exciting and open question to 

answer in the future which might give us a platform to use Ars2 as a potential biomarker or novel 

therapeutic target.  

Lastly, we found that Ars2 inhibited mesoderm formation majorly affecting early embryonic 

hematopoiesis (Fig. 5.1.1). Reduced Ars2 expression removed the mesodermal blockade and 

resulted in doubling the number of ESC derived HSCs.  The formed HSCs had the gene 

signature and phenotype of long term HSCs reside in bone marrow. Therefore, manipulation of 
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Ars2 might be an effective way to increase efficiency of in vitro generation of hematopoietic 

progenitors and consequently mature blood cells in culture. However, function of these in vitro 

generated HSCs has to be further investigated in vivo.  

 

 

 

 

Figure 5.1.1.  Proposed model for Ars2 and its effects on stem cells. 
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APPENDIX I 

SHUTTLING OF ARS2 BETWEEN NUCLEUS AND CYTOPLASM  

 

Ars2 protein contains nuclear localization and nuclear export signals indicating that Ars2 protein 

is able to import and export to/from nucleus. Many studies on Ars2 due to its essential 

interaction with CBC have focused on nuclear form of Ars2 and have shown a strong 

localization for Ars2 in nucleus with dimmer staining in cytoplasm[16]. Since, components of 

CBC shuttle between nucleus and cytoplasm the faint Ars2 staining in cytoplasm was associated 

with co-transportation of CBCA complex in a CRM-1 dependent manner [12].  

One phenomenon that got our attention during ESC to EB differentiation was a distinct change in 

pattern of Ars2 expression from nuclear to cytoplasmic. Whether the increase in cytoplasmic 

form of Ars2 was due to reduced requirement of differentiated cells to Ars2 or cytoplasmic form 

of Ars2 had a specific function during lineage commitment has to be further investigated.  

 

Figure A1. Immunohistochemistry for Ars2 showing strong nuclear staining for Ars2 in 

embryonic stem cells while differentiated embryoid body cells had an increase in expression of 

cytoplasmic Ars2.  
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APPENDIX II 

ABBREVIATION 

 

∆C Deletion of C-terminal domain of ARS2 protein 

2i 2 inhibitors 

4-OHT 4-Hydroxy tamoxifen 

5-FU 5-Fluorouracil  

7mG 7-Methyl guanosine cap 

AP Alkaline phosphatase 

AP-MS Affinity-purification coupled to mass spectrometry 

Ars2 Arsenic resistance protein 2 

Ars2 (i)KO (inducible) Ars2 knockout 

Ars KD Ars2 knock down 

ASC Adult stem cell 

BM Bone marrow 

CBC Cap binding complex 

CBCA Cap binding complex bound to Ars2 

CBCAP Cap binding complex bound to Ars2 and PHAX 

CBP20/80 Cap binding protein 20/80 

CD4SP CD4 single positive T cell 

CD8SP CD8 single positive T cell 

CFA Colony formation assay 

CFIm, CFIIm Cleavage factor (Im, IIm) 
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ChIP-seq 

Chromatin immunoprecipitation (ChIP)combined with 

DNA sequencing 

CLP Common lymphoid progenitor  

CMP Common myeloid progenitor  

CPSF Cleavage and polyadenylation specificity factor 

CSD Cell surface defined  

CSMD Cell surface and molecularly defined 

CstF Cleavage stimulation factor 

CTD Carboxy-terminal domain 

DN T cell Double negative T cell 

DP T cell Double positive T cell 

DSIF DRB sensitivity inducing factor 

dsRNA Double stranded RNA 

DUF Domain of unknown function 

EB Embryoid body 

ECAR Extracellular acidification rate 

EMT Epithelial-to-mesenchymal transition 

EPO Erythropoietin  

eRNA enhancer RNA 

ESC Embryonic stem cell 

ESC-HSC Embryonic stem cell derived hematopoietic stem cell 

FL Floxed 

FLASH FLICE-associated huge protein  
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GMP Granulocyte-monocyte progenitor 

GSEA Gene set enrichment analysis 

H&E Hematoxylin and eosin staining 

HCC Histone pre-mRNA cleavage complex  

HDE Histone downstream element  

HSC Hematopoietic stem cell 

ICM Inner cell mass 

IF Immunofluorescence 

IHC Immunohistochemistry 

IL-11 Interleukin-11 

IL-3 Interleukin-3 

ISP Immature single positive 

L/S LIF and serum 

lncRNA Long non coding RNA 

LSK Lin
-
, Sca-1

+
,c-Kit

+
 hematopoietic progenitor 

LT-HSC Long term hematopoietic stem cell 

MEF Mouse embryonic fibroblast 

MEP Megakaryocyte-erythroid progenitor 

MHC Major histocompatibility complex  

miRNA micro RNA 

MPP Multipotent progenitor 

mRNA messenger RNA 

NELF Negative elongation factor 
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NES Nuclear export signal 

NEXT Nuclear exosome targeting (NEXT) complex 

NLS Nuclear localization signal 

NSC Neural stem cell 

OCR Oxygen consumption rate 

PAXT poly(A) tail exosome targeting complex 

pc mRNA protein coding mRNA 

PHAX Phosphorylated adaptor for RNA export  

PI Propodium Iodide 

pri-miRNA Primary micro RNA 

PROMPT Promoter upstream transcript 

p-TEFb Positive transcription elongation factor b  

qRT-PCR Quantitative real time polymerase chain reaction 

RBC Red blood cell 

RBP RNA binding protein 

RDH mRNA Replication dependent histone mRNA 

RISC RNA induced silencing complex  

RNA pol RNA polymerase 

RNAi RNA interference  

RNA-seq RNA sequencing 

RRM RNA recognition motif 

SCF Stem cell factor 

SE SERRATE (Ars2 homologue in plants) 
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SLBP Stem loop binding protein 

snoRNA Small nucleolar RNA 

snRNA Small nuclear RNA  

snRNP Small nuclear ribonucleoprotein 

ssRNA Single stranded RNA 

ST-HSC Short term hematopoietic stem cell 

Tam Tamoxifen 

TCR T cell receptor 

TES Transcription end site 

TPO Thrombopoietin 

TRAMP Trf4/5–Air1/2–Mtr4 polyadenylation complex 

TREX TRanscription and EXport (TREX) complex  

TSS Transcription start site 

UTR Untranslated region 

WBC White blood cell 

WT Wild type 

ZnF Zinc finger 
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