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Abstract 

Acute myeloid leukaemia (AML) is highly heterogeneous haematological malignancy, which 

represents a challenge in the understanding of the disease. Relapse in AML is common, and 

many relapsed patients respond poorly to conventional treatment, leading to a low survival 

rate. Investigating the mutational landscape connected to relapse AML is therefore of high 

interest in order to improve clinical outcome. Recurrent in-frame internal tandem duplications 

(ITDs) in exon 13 of the UBTF gene have previously been discovered in paediatric relapse 

AML, correlating to one of the DNA binding domains of the transcription factor UBTF. 

UBTF is involved in recruitment of RNA polymerase I and activation of the transcription of 

ribosomal RNA. As a result, it is an important factor in ribosome biogenesis. In this study, we 

have investigated the effect of UBTF-ITDs on RNA synthesis and UBTF localization. I have 

shown that ITDs lead to disturbed localization of UBTF to the nucleus, which coupled with 

the previous finding that patients are heterozygous for the ITDs, indicates haploinsufficiency. 

This could have potential implications in AML drug resistance. We have further generated an 

in vitro model for investigating the effect of UBTF haploinsufficiency, which could lead to 

identification of vulnerabilities to be targeted in future drug treatments. 
 

 

List of Abbreviations 
 

AML - Acute myeloid leukaemia 

EU - 5-ethynyl uridine 

HA - Human influenza hemagglutinin  

HRP - Horseradish peroxidase  

ITD - Internal tandem duplication  

MFI - Mean fluorescent intensity 

PCR - Polymerase chain reaction  

qPCR - Real time/quantitative polymerase chain reaction  

rDNA - ribosomal deoxyribonucleic acid  

RNA - ribonucleic acid 

RNAP - RNA polymerase 

rRNA - ribosomal RNA 

RISC - RNA-induced silencing complex 

shRNA - short hairpin RNA 

TBF - TATA binding protein 

UBTF - Upstream Binding Transcription Factor 

WB - Western blot 

WT - Wild type 

3' UTR - Three prime untranslated region 
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Introduction 

Acute myeloid leukaemia (AML) is a haematological disease that is characterized by 

malignant transformation of myeloid progenitor cells in the bone marrow, overgrowing the 

functioning blood cells and infiltrating the peripheral blood. It is the most common form of 

acute leukaemia among adults (Vakiti & Mewawalla 2022), and often occurs in previously 

healthy people (Sasaki et al. 2021). While the 5-year survival rate has steadily increased over 

the past decades, it is still low at around 28% (Sasaki et al. 2021). The survival rate is higher 

for younger patients, but AML has an overall high rate of relapse (Preisler et al. 1989) and 

many relapsed patients respond poorly to conventional treatment (Verma et al. 2010). AML 

treatment primarily consists of chemotherapy, often combining cytarabine and anthracycline 

(Vakiti & Mewawalla 2022), which is sometimes followed by allogeneic hematopoietic stem 

cell transplantations (Loke et al. 2021). The disease is highly genetic and epigenetic 

heterogeneous (Li et al. 2016) which represents a challenge to be tackled in the 

understanding of AML and it’s therapeutic vulnerabilities. 

 

A recent study into AML has identified several in-frame internal tandem duplications (ITDs) 

in exon 13 of the Upstream Binding Transcription Factor (UBTF) gene, which correlates to 

one of the DNA binding domains of the transcription factor UBTF (Stratmann et al. 2021). 

These ITD mutations were found in 12% of investigated paediatric relapse AML cases, but 

not in adults. All patients were heterozygous for the mutant UBTF allele, suggesting that the 

ITDs are either gain-of-function or dominant loss-of-function mutations. Another recent 

study has found exon 13 ITDs to be common in cohorts with relapsed paediatric AML, 

connecting the signature to poor patient outcome (Umeda et al. 2022). They also found the 

ITDs to be mutually exclusive to most other subtype-defining alterations previously 

described in the literature, such as NUP98 - or KMT2A-rearranged AML and core binding 

factor AML. This suggests that these alterations in UBTF may be high-risk in paediatric 

AML, making further insight into the pathophysiology of these mutations of high interests.  
 

Organisms will often not show a specific phenotype if heterozygous for a loss-of-function 

allele, a fact attributed to the phenotype being masked by the wild-type allele (Kacser & 

Burns 1981). In certain cases, however, these mutations can lead to haploinsufficiency, 

meaning that the loss-of-function mutation of one allele causes a dominant phenotype. In 

humans, these mutations have often been observed in transcription factors, reducing the 

levels of the encoded transcription factor proteins by 50% and causing transcription defects 

(Seidman & Seidman 2002). Transcription factors modulate the binding of RNA polymerase 

(RNAP) by binding to promoter sequences, and thereby regulate gene transcription and 

inhibit or enhance target gene expression. Since they regulate the expression of one or several 

downstream target genes, the effect of haploinsufficiency on the cell might be dependent on 

the abundancy or redundancy of target gene products (Seidman & Seidman 2002). 

UBTF 

Upstream Binding Transcription Factor (UBTF) is a DNA-binding protein responsible for 

recruitment of RNAP I and activating the transcription of ribosomal RNA (rRNA) (Jantzen et 

al. 1990). It forms dimers that bind to the upstream and core promoter elements of the rRNA 

gene, binding the DNA through the dimers’ high mobility group domains, also known as 

HMG-boxes (Copenhaver et al. 1994). When UBTF binds, the DNA wraps around the UBTF 

dimers (Stefanovsky et al. 2001a) which condenses the chromatin around the promoter and 

enables recruitment of the TATA binding protein (TBF) and TBF associated factors complex 

https://www.zotero.org/google-docs/?1iVnDD
https://www.zotero.org/google-docs/?H8xMVB
https://www.zotero.org/google-docs/?H8xMVB
https://www.zotero.org/google-docs/?H8xMVB
https://www.zotero.org/google-docs/?0nU44C
https://www.zotero.org/google-docs/?0nU44C
https://www.zotero.org/google-docs/?0nU44C
https://www.zotero.org/google-docs/?uzdXB3
https://www.zotero.org/google-docs/?uzdXB3
https://www.zotero.org/google-docs/?uzdXB3
https://www.zotero.org/google-docs/?RBDAQS
https://www.zotero.org/google-docs/?RBDAQS
https://www.zotero.org/google-docs/?RBDAQS
https://www.zotero.org/google-docs/?2kuvAB
https://www.zotero.org/google-docs/?x5Zrdj
https://www.zotero.org/google-docs/?x5Zrdj
https://www.zotero.org/google-docs/?x5Zrdj
https://www.zotero.org/google-docs/?1XxIIr
https://www.zotero.org/google-docs/?1XxIIr
https://www.zotero.org/google-docs/?1XxIIr
https://www.zotero.org/google-docs/?qTrese
https://www.zotero.org/google-docs/?qTrese
https://www.zotero.org/google-docs/?qTrese
https://www.zotero.org/google-docs/?BHjlua
https://www.zotero.org/google-docs/?BHjlua
https://www.zotero.org/google-docs/?BHjlua
https://www.zotero.org/google-docs/?7TkVV2
https://www.zotero.org/google-docs/?TLI4oS
https://www.zotero.org/google-docs/?TLI4oS
https://www.zotero.org/google-docs/?TLI4oS
https://www.zotero.org/google-docs/?TLI4oS
https://www.zotero.org/google-docs/?TNU0kS
https://www.zotero.org/google-docs/?TNU0kS
https://www.zotero.org/google-docs/?TNU0kS
https://www.zotero.org/google-docs/?TzhJhF
https://www.zotero.org/google-docs/?TzhJhF
https://www.zotero.org/google-docs/?TzhJhF
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SL1 and in turn RNAP I, forming a stable transcription machinery (Schnapp & Grummt 

1991). Transcription by RNAP I results in 50% of all newly synthesized RNA in the cell, and 

creates precursor rRNA that then gets processed into mature 18S, 5.8 S and 28S rRNAs 

(Russell & Zomerdijk 2006). Together with 5S rRNA and ribosomal proteins, they form the 

cell's ribosomes. Ribosome biogenesis occurs in the nucleoli, of which the genes encoding for 

the precursor RNAs transcribed by RNAP I are a part (Sharifi & Bierhoff 2018). Ribosome 

proteins, 5S rRNA and the factors necessary for ribosome biogenesis including UBTF, need 

to be transported to the nucleoli to take part of the synthesis.  
 

UBTF exists in two different isoforms, the longer UBTF1 and the shorter UBTF2. UBTF2 

lacks 37 amino acids stemming from alternative splicing of exon 8, which constitutes a part 

of the HMG-boxes (HMG box-2) (Hisatake et al. 1991). The lack of exon 8 reduces the 

molecular size of the UBTF protein from ~89 kDa to ~84 kDa (O’Mahony & Rothblum 

1991) and has also been shown to lead to functional differences between the two UBTF 

variants. While UBTF1 has the ability to regulate the open chromatin structure of active 

ribosomal genes, this function is severely reduced in the UBTF2 splice variant (Sanij et al. 

2008). This reduced ability for remodelling of ribosomal chromatin can be attributed to its 

inability to bind to bent DNA (Stefanovsky & Moss 2008). This also leads to a decreased 

ability to assist in RNAP I transcription initiation, but in turn makes it more responsive to 

ERK phosphorylation. UBTF2 might therefore provide a way for the rRNA genes to be more 

finely regulated by stimulation from growth factors (Stefanovsky et al. 2001). UBTF2 has 

also been suggested to regulate some transcription by RNAP II (Sanij et al. 2015), potentially 

further explaining the common occurrence of both variants. 

 

Depletion of both UBTF1 and UBTF2 correlates with a decrease in active rRNA levels 

during differentiation, and it is likely that downregulation of UBTF functions as a mechanism 

for rDNA gene silencing during development. This process can be achived through H1-

induced inactive chromatin assembly and can therefore be reversed when UBTF levels are 

restored. (Sanij et al. 2008) Elevated levels of UBTF have also been shown to cause an 

increase of rDNA transcription (Hannan et al. 1996). Transcription of rRNA is an important 

regulatory step for ribosomal biogenesis, and upregulation of RNAP I transcription is linked 

to cancer progression both by increasing proliferation as well as allowing for control of 

cellular checkpoints (Bywater et al. 2012, Ferreira et al. 2020). Downregulation of rDNA 

transcription is on the other hand a mechanism used by the cell to regulate various processes 

including cell cycle arrest, cell differentiation and apoptosis (Hayashi et al. 2014). Ribosome 

biogenesis also plays a central role in regulating cell growth (Moss 2004). It is therefore of 

high interest to investigate the effect of UBTF-ITD mutations on RNA synthesis, cell growth 

and proliferation.  

Aim of the study 

Getting insight into the consequences of a gene mutation can be of vital importance to 

understanding mechanisms behind disease. In this study, we investigated the role of UBTF-

ITDs in leukemogenesis and drug resistance. By creating cell lines with UBTF knockdown 

we wanted to generate an in vitro model for future investigation of the effect of UBTF 

haploinsufficiency. In addition, we also a performed functional assays a set cell lines that 

overexpress the UBTF-ITDs mutant proteins, with the goal of investigating their effect on 

RNA synthesis and UBTF localization. Our approach will shed light on the consequences of 

UBTF-ITD mutations and how they contribute to AML progression and provide insight for 

better understanding the mechanisms of resistance and relapse in paediatric AML.  

https://www.zotero.org/google-docs/?TpGRdU
https://www.zotero.org/google-docs/?TpGRdU
https://www.zotero.org/google-docs/?tZLIIf
https://www.zotero.org/google-docs/?hYYvAn
https://www.zotero.org/google-docs/?6hbo5P
https://www.zotero.org/google-docs/?6hbo5P
https://www.zotero.org/google-docs/?6hbo5P
https://www.zotero.org/google-docs/?4HjCGj
https://www.zotero.org/google-docs/?4HjCGj
https://www.zotero.org/google-docs/?ZoqKv8
https://www.zotero.org/google-docs/?ZoqKv8
https://www.zotero.org/google-docs/?ZoqKv8
https://www.zotero.org/google-docs/?ZoqKv8
https://www.zotero.org/google-docs/?X5dFMl
https://www.zotero.org/google-docs/?9MYJa5
https://www.zotero.org/google-docs/?9MYJa5
https://www.zotero.org/google-docs/?9MYJa5
https://www.zotero.org/google-docs/?tq8xpY
https://www.zotero.org/google-docs/?tq8xpY
https://www.zotero.org/google-docs/?tq8xpY
https://www.zotero.org/google-docs/?xb89yq
https://www.zotero.org/google-docs/?xb89yq
https://www.zotero.org/google-docs/?xb89yq
https://www.zotero.org/google-docs/?UKkuKH
https://www.zotero.org/google-docs/?UKkuKH
https://www.zotero.org/google-docs/?UKkuKH
https://www.zotero.org/google-docs/?5TBNiu
https://www.zotero.org/google-docs/?5TBNiu
https://www.zotero.org/google-docs/?5TBNiu
https://www.zotero.org/google-docs/?5TBNiu
https://www.zotero.org/google-docs/?5TBNiu
https://www.zotero.org/google-docs/?59i4p7
https://www.zotero.org/google-docs/?59i4p7
https://www.zotero.org/google-docs/?59i4p7
https://www.zotero.org/google-docs/?9nz6tQ
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We will be using THP-1 and U2OS cells, which are monocyte-like cells derived from an 

AML patient (Tsuchiya et al. 1980) and human bone osteosarcoma epithelial cells, 

respectively. Generating both adherent cell lines such as U2OS and suspension growing 

AML cell lines such as THP-1 will make it easier to perform a wider range of assays once a 

successful UBTF gene silencing has been confirmed. For the knockdown of UBTF, we will 

utilize RNA interference by introducing short hairpin RNA (shRNA) to the cells through a 

lentiviral vector. We will be using a vector that also encodes for mCherry protein for 

fluorescent detection and a system that makes gene expression inducible by doxycycline (Das 

et al. 2016). When shRNA is delivered to the cells it gets integrated into the DNA, and once 

transcribed, it will get processed by the endogenous enzyme Dicer. It can then bind target 

UBTF mRNA and load it into the RNA-induced silencing complex (RISC), leading to the 

mRNA being degraded and thereby silencing the target gene. (Moore et al. 2010) If 

successful, we will be able to induce different levels of shRNA expression, providing an in 

vitro model with desired levels of UBTF knockdown. For investigating the ITD’s effect on 

RNA synthesis, we will label RNA using 5-ethynyl uridine (Jao & Salic 2008) followed flow 

cytometry analysis, and in order to study UBTF protein localization We will perform a 

subcellular protein fractionation assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?deLC37
https://www.zotero.org/google-docs/?deLC37
https://www.zotero.org/google-docs/?deLC37
https://www.zotero.org/google-docs/?W0eUu3
https://www.zotero.org/google-docs/?W0eUu3
https://www.zotero.org/google-docs/?W0eUu3
https://www.zotero.org/google-docs/?W0eUu3
https://www.zotero.org/google-docs/?jdDrxT
https://www.zotero.org/google-docs/?jdDrxT
https://www.zotero.org/google-docs/?jdDrxT
https://www.zotero.org/google-docs/?6mv35z
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Materials & Methods 

Part 1 - Generating cell lines with UBTF knockdown 

Cell line culturing and harvest 

U2OS and HEK-293T cell lines were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Thermo Fisher Scientific, cat#: 61965059) with 10% heat-inactivated Fetal Bovine 

Serum (HI-FBS) (ThermoFisher Scientific, cat. #: 10500064). The cells were kept in an 

incubator at 37 °C and 5% CO2, washed using Dulbecco's phosphate-buffered saline (DPBS) 

(Thermo Fisher Scientific, cat#: 14190144) and passaged every 3-4 days.  

 

THP-1 cell lines were maintained in RPMI 1640 media (RPMI) (ThermoFisher Scientific, 

cat#: 11875093) with 10% HI-FBS. The cells were kept in an incubator at 37 °C and 5% CO2 

, washed with DPBS and passaged every 2-4 days.  

 

Cell viability was screened using the trypan blue cell viability assay and performed with 

TC20™ Automated Cell Counter (Bio-Rad). Incubation conditions were 37 °C and 5% CO2 

if not otherwise stated. For adherent cell lines, U20S and HEK-293T, harvest was done 

through trypsinization using TrypLE™ (Thermo Fisher Scientific, cat#: 12605010).  

Plasmid construction 

shRNA oligos provided by the lab were individually cloned into the tetracycline inducible 

vector pRSITEP-U6Tet-shRNA-EF1-TetRep-2A-mCherry using EcoRI and BshTI restriction 

enzymes: The plasmid was first transformed for amplification using One Shot™ Stbl3™ 

Chemically Competent E. coli (Stbl3) (Thermo Fisher Scientific, cat. #: C737303), purified 

using PureYieldTM plasmid miniprep kit (Promega cat. #: A1223), separated using agarose gel 

electrophoresis and extracted using a gel extraction kit (Qiagen cat. #: 28706X4). shRNA 

oligos were provided by the lab. shRNA #1, #2 and #3 each correspond to part of the coding 

sequence of the UBTF mRNA, whereas oligo #4 is complementary to the three prime 

untranslated region (3' UTR) (figure 1). The oligos were each annealed at 95°C for 10 

minutes, ligated into the plasmid at 22°C and subsequently transformed into Stbl3 cells. 

Colonies were selected for using 100 μg/mL ampicillin LB agar plates. Two colonies from 

each plasmid transformant were chosen and cultured overnight, DNA purified using 

PureYieldTM plasmid miniprep kit and sequenced using Sanger sequencing (Eurofins 

Genomics, Germany).  
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Figure 1. Oligo design for shRNA knockdown of UBTF. Shows the DNA sequence for the shRNA inserts 

cloned into a lentiviral plasmid and used to transfect U2OS and THP-1 cell lines. 

Generating cell lines - Transfection and transduction  

The 2nd generation lentiviral system was used for transfecting HEK-293T cells. The 

envelope plasmid pMD2.G (Addgene, cat. #: 12259), packaging plasmid psPAX2 (Addgene, 

cat. #: 12260) and the previously constructed expression plasmids were co-transfected using 

the TransIT®-LT1 Transfection Reagent (Mirus, Cat. #: MIR 2304) in Opti-MEM™ media 

(Thermo Fisher Scientific, cat. #: 31985062). An empty vector was also used in place of an 

expression plasmid as control. The plasmids were incubated with the transfection reagent for 

30 minutes at room temperature (RT) before the mix was added to the HEK-293T cells. The 

cells were then incubated for 18 hours. After incubation, the transfection media was replaced 

with DMEM + 20% HI-FBS growth media. The cells were incubated for 24 hours and the 

viral media was then harvested. New growth media was added to the HEK cells which were 

incubated for another 24 hours after which the harvest was repeated. The harvested viral 

media was spun down to pellet any HEK cells and added to THP-1 and U2OS cells together 

with 8 µg/ml of Protamine Sulfate (Sigma-Aldrich, cat. #: P3369). 24 hours after 

transduction, the media was replaced with DMEM media for the U2OS cells and RPMI 

media for the THP-1 cells to allow for recovery. To confirm successful transduction, 

microscopy was used to detect mCherry fluorescence. 

Flow cytometry 

Transduced U2OS and THP-1 cells were incubated with 1µg/ml Doxycycline for 24 hours, 

harvested and then fixed in 4% PFA in PBS. After centrifugation, the cells were resuspended 

in FACS buffer (DPBS with 2% FBS and 2mM EDTA) and analyzed on CytoFLEX S Flow 

Cytometer (Beckman Coulter) with CytExpert 2.3 software (Beckman Coulter). ShRNA cell 

lines #1-4, as well as a cell line transduced with an empty vector were analyzed, and 

transduced U2OS and THP-1 control cells were also used to gate for cells positive for 

mCherry fluorescence. Flow cytometry data was then analyzed using FlowJo 10.4.2 software 

(BD Biosciences). 
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Cell sorting of THP-1 cells 

Transduced THP-1 as well as untransduced THP-1 control cells for the purpose of gating 

were pelleted and resuspended in FACS buffer (DPBS with 2% FBS and 2mM EDTA) 

containing 1µg/ml DAPI, previously sterilized using a 0.2 µM filter. Transduced cells 

positive for mCherry were then sorted into a 96 well plate containing FBS using 

FACSMelody™ Cell Sorter (BD Biosciences). The cells were sorted either as single cells, 

two cells per well or 1000 cells per well. After sorting, RPMI media was added containing 

100 units/mL of penicillin and 100 µg/mL of streptomycin. Fifty percent of the media in each 

well was then replaced every week with new RPMI media, and single cell colonies were 

subsequently transferred to bigger plates in RPMI media for long-term culture.   

Western Blot 

Transduced U2OS cells were incubated with 1µg/ml Doxycycline for 24 hours, harvested and 

then incubated on ice for 20 minutes in Pierce IP lysis buffer (Thermo Fisher Scientific, cat#: 

87787) with 1X Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail (Thermo 

Fisher Scientific, cat#: 78442). Following centrifugation, a BCA assay was performed on the 

supernatant using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, cat#: 23227) 

and the samples were normalized by protein concentration. Samples were subsequently 

denatured using 10% beta-Mercaptoethanol in LDS Sample Buffer (Thermo Fisher Scientific, 

cat#: NP0007), separated by SDS-PAGE using 4-12 % Bis-Tris Gels (Thermo Fisher 

Scientific, cat#: NP0322BOX), followed by Western blotting (WB). The transfer was made 

using iBlot® Dry Blotting System (ThermoFisher Scientific, cat#: IB1001EU) with 

nitrocellulose membranes, and 5% milk in PBS with 0.1% Tween20 was used as the blocking 

buffer. Bands were detected using Pierce ECL Western Blotting Substrate (ThermoFisher 

Scientific, cat#:  32106) and images were obtained with Amersham Imager 680.  

 

Antibodies 

Primary antibody used was anti-UBF (Santa Cruz, sc-13125) (1:500), and secondary 

horseradish peroxidase (HRP) conjugated antibody (Cytiva, NA931). WB membranes were 

incubated with the primary antibodies at 4°C overnight, and with the secondary antibodies at 

45 minutes at RT. 

cDNA synthesis for qPCR 

RNA extraction 

Transduced U2OS cells were incubated for 24 hours with 1µg/ml Doxycycline, lysed with 

TRIzol™ Reagent (Thermo Fisher Scientific, cat#: 15596026) and homogenized. Chloroform 

was used to promote phase separation. RNase-free glycoBlue (Thermo Fisher Scientific, cat#: 

AM9515) was added as a carrier, 75% isopropanol was used for precipitation and 75% 

ethanol for washing. The sample was resuspended in RNase free water. 

 

cDNA synthesis 

5X iScript Reaction Mix kit (Biorad, cat#: 1798890) was used for cDNA synthesis according 

to the manufacturer's protocol. The samples were normalized to the lowest concentration and 

incubated in a thermal cycler with the following protocol (table 1) after which nuclease free 

water is added. qPCR analysis was not performed, but cDNA samples were saved for future 

analysis. 
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Table 1. Thermal cycler protocol for cDNA synthesis.  

5 min 20 min 1 min Hold 

25°C 46°C 95°C 4°C 

 

Part 2 - Functional assays on cell lines overexpressing UBTF mutation 

Cell lines and maintenance 
U2OS cell lines were provided by the lab that overexpress each of three different ITD 

mutations (as identified in the paediatric AML cases, AML072, AML074 and AML100), 

both in the form of UBTF1 and UBTF2.  

 

The cells were maintained in DMEM media with 10% HI-FBS. They were kept in an 

incubator at 37 °C and 5% CO2, washed with DPBS and passaged every 2-3 days. Cell 

viability was screened using the trypan blue cell viability assay and performed with TC20™ 

Automated Cell Counter, and harvest was done through trypsinization using TrypLE™. 

Incubation conditions were 37 °C and 5% CO2 if not otherwise stated.  

EU assay 

One µg/ml Doxycycline was added and the cells were incubated for 24 hours. Washing 

between the steps was done with 1% BSA in DPBS and incubation was at RT if not 

otherwise stated. After harvest and centrifugation the cells were fixed using 4% PFA in 

DPBS, and then permeabilized with 0.5% Triton® X-100 in PBS for 15 minutes. For the EU 

click chemistry reaction, the cells were incubated for 30 minutes with 100mM CuSO4, 2mM 

Alexa Fluor™ 488 Azide fluorophore and 100mM ascorbic acid. The cells were incubated 

with primary anti-HA-tag (1:1000) and secondary Alexa Fluor™ 647 (1:1000) antibodies in 

0.1% Triton® X-100 in PBS for 30 minute each, followed by DNA staining with 1µg/mL 

Hoechst 33342 (Thermo Fisher Scientific, cat#: H3570) in 1% PSA in PBS for 15 minutes. 

Lastly, the cells were suspended in a FACS buffer (DPBS with 2% FBS and 2mM EDTA) 

and analyzed using flow cytometry. Three biological replicates were performed.  

 

Anti-HA-tag rAb (Cell Signaling Technology, cat#: 3724), anti-rabbit IgG Alexa Fluor™ 647 

(Thermo Fisher Scientific, cat#: A21245), Alexa Fluor™ 488 Azide fluorophore (Thermo 

Fisher Scientific, cat#: A10266). 

 

Samples were analyzed on CytoFLEX S Flow Cytometer (Beckman Coulter) and CytExpert 

2.3 software (Beckman Coulter). Flow cytometry data was then analyzed using FlowJo 10.4.2 

software (BD Biosciences). 

Subcellular Protein Fractionation and Western Blot 

One µg/ml Doxycycline was added and the cells were incubated for 24 hours. The cells were 

subsequently treated using Subcellular Protein Fractionation Kit for Cultured Cells 

(ThermoFisher Scientific, cat#: 78840) according to manufacturer's protocol, and denatured 

using 10% beta-Mercaptoethanol in LDS Sample Buffer (ThermoFisher Scientific, cat#: 

NP0007). Cytoplasmic extract, soluble nuclear extract and chromatin-bound nuclear extract 
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protein fractions were separated by SDS-PAGE using 4-12 % Bis-Tris Gels followed by WB. 

The transfer was made using nitrocellulose membranes and the iBlot® Dry Blotting System 

and 5% milk in PBS with 0,1% Tween20 was used as the blocking buffer. 

 

The following primary antibodies were used: HA-tag mAB (Cell Signaling Technology, cat#: 

3725) (1:2000); anti-Fibrillarin mAb (Abcam, ab5821) (1:1000) as a nuclear marker; and 

anti-α-Tubulin mAb (DM1A) (Cell Signaling Technology, cat#: 3873)(1:1000) as a cytosolic 

marker. The secondary antibodies used were horseradish peroxidase (HRP) conjugated rabbit 

and mouse antibodies (Cytiva, NA934, NA931). Membranes were incubated with the primary 

antibodies at 4°C overnight, and with the secondary antibodies at 45 minutes at RT. Due to 

lack of materials, AML100 factions were not stained for α-Tubulin.  

 

Bands were detected using Pierce ECL Western Blotting Substrate (ThermoFisher Scientific, 

cat#:  32106) and images were obtained with Amersham Imager 680. Quantification of the 

captured images of the WBs was made using the Gel Analyzer function in ImageJ (version 

1.53k, National Institutes of Health). A ratio was calculated between protein fraction 

cytoplasmic extract (C), soluble nuclear extract (N) and chromatin-bound nuclear extract 

(CB) for each of the cell lines. 

Statistical analyses 

All statistical analyses and graphical representations were performed using GraphPad Prism 

9.3.1 Software. All data was tested for normal distribution. To determine significant 

differences between two groups, Welch’s t-tests were used in order to correct for unequal 

variance in the case of data following normal distribution, and for a nonparametric analysis 

the Mann-Whitney test was performed. For the nonparametric comparison of more than two 

groups, Kruskal-Wallis tests were used followed by Dunn's multiple comparisons test. For 

comparison of more than two groups with data following normal distribution and equal 

variance, a one-way ANOVA was instead performed.  
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Results 

Successful UBTF gene silencing of transduced cell lines 

A 2nd generation lentiviral system was used to transduce U2OS and THP-1 cells with 

inducible shRNA vectors for silencing of UBTF. The vectors also encode for mCherry 

fluorescent protein that was utilized for detection of successfully transduced cells. Flow 

cytometry analysis showed a high transduction efficiency for all cell lines, with 72%-84 % of 

THP-1 cells and 98%-99% of U2OS cells being positive for mCherry fluorescence (figure 2).  

 

 

 
Figure 2. Using a lentiviral system, THP-1 and U2OS cell lines were transduced with either a shRNA vector 

construct or an empty vector. Flow cytometry was used to confirm transduction. Transduction efficiency is 

shown as percentages of cells positive for mCherry fluorescence. 
 

To confirm effective knockdown of UBTF, shRNA gene expression of transduced U2OS 

cells were induced by doxycycline and analyzed with western blotting using anti-UBTF 

antibody, after samples had been normalized by protein concentration (figure 3). A cell line 

transduced with a vector lacking shRNA was used as comparison. The results confirm a 

successful UBTF knockdown for three out of four cell lines. The fourth cell line did not show 

successful UBTF silencing. The western blot results indicate that shRNA #1, #2 and #3 have 

good potential to be used for further studies. 
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Figure 3. Knockdown of UBTF in U2OS cell lines using lentiviral shRNA vectors. Transduced cell lines with 

different shRNA vector constructs as well as a control cell line transduced with an empty vector were 

normalized by protein concentration and analyzed with SDS-PAGE and western blotting. Western blot image 

showing UBTF protein bands at ~89kDa, detected using anti-UBF1 antibody.  
 

Sanger sequencing of cloned oligo expression plasmids confirmed correct shRNA inserts for 

shRNA vector #2, #3 and #4. Sanger sequencing was not successful for shRNA #1 despite 

repeated attempts, potentially due to the formation of hairpin structures. Another sequencing 

method would need to be applied for confirmation. 

 

Mutations prevents localization of UBTF to the nucleus 

To study the effect of UBTF-ITD mutations on the cell, U2OS cell lines were used that 

overexpress a UBTF1 or UBTF2 splice variant, either as WT or with one of three UBTF-

ITDs mutations. Each version of the overexpressed UBTF was made to be doxycycline 

inducible and contains an HA-tag for detection. A cell line with only endogenous UBTF, 

transfected with an empty vector, was also analyzed.  

 

In order to study the effect of ITD mutations on the localization of the UBTF protein, 

subcellular fractionation was performed, separating the protein content of different parts of 

the cell into fractions. Protein from the cytoplasm as well as from soluble and chromatin-

bound nuclear extract was then separated with SDS-PAGE and analyzed using western 

blotting. Antibody against fibrillarin was used as a nucleolar marker, and antibody against α-

tubulin as a cytosolic marker, in order to confirm that the fractionation was successful (figure 

4). Anti-HA antibody was used to detect UBTF, which results in detection of only the 

overexpressed UBTF, containing an HA-tag, and not endogenous UBTF. Western blot 

imaging confirmed successful fractionation, showing a stronger fibrillarin band from the 

nuclear extracts and α-tubulin band from the cytosolic extracts. An exception for this is the 

case of fibrillarin in UBTF2 AML074, where the chromatin-bound and soluble nuclear 

extracts may not have been separated as efficiently based on the ratio of fibrillarin. Taking 

this into consideration, the two fractions were analyzed together. The extra band visible for 

the AML072 fractions have previously been seen during verification assays of that cell line. 
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Figure 4. Western blot performed on fractions obtained from a subcellular fractionation assay on U2OS cell 

lines overexpressing either a UBTF-ITD mutation (as identified in the paediatric AML cases AML072, 

AML074 and AML100) or WT UBTF, in the form of either UBTF1 or UBTF2 isoforms. Cytoplasmic extract 

(C), soluble nuclear extract (N) and chromatin-bound nuclear extract (CB) fractions were separated with SDS-

PAGE and western blotting was performed using the following antibodies: Anti-HA (UBTF); anti-fibrillarin 

(Fibrillarin); Anti-α Tubulin (Tubulin). Fibrillarin is used as a nucleolar marker to confirm fractionation, and α-

Tubulin is used as a cytosolic marker. A ladder is seen between the AML100 and control blots. 

 

 

By quantifying the bands, a representative value was given for the UBTF protein 

concentration for each fraction. Since the samples were not normalized by protein 

concentration before the western blot analysis, quantified data is not directly compared 

between cell lines. Instead, a ratio was calculated between the different fractions of each cell 

line. The results show a higher ratio for all three ITDs compared to WT (figure 5), signifying 

an increase of cytoplasmic UBTF compared to nuclear UBTF. The highest cytoplasmic ratio 

was observed for ITD AML074 followed by AML100, and this is seen for both UBTF1 and 

UBTF2 isoforms. Since WT UBTF localizes to the nucleolus, fractionation results indicate 

that UBTF localization is disturbed by these ITD mutations. A slight increase in cytosolic 

UBTF compared to WT can also be observed for AML072. Another biological replicate of 

the subcellular fractionation performed by the lab showed similar ratios as those found in this 

study. 
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Figure 5. Analysis of subcellular fractionation obtained from U2OS cell lines overexpressing either a UBTF-

ITD mutation (AML072, AML074 and AML100) or WT UBTF, all in the form of either UBTF1 (a) or UBTF2 

(b) isoforms. Cytoplasmic extract (C), soluble nuclear extract (N) and chromatin-bound nuclear extract (CB) 

fractions were analyzed with SDS-PAGE and western blotting. The western blot was quantified using ImageJ 

software, providing a value representing the relative UBTF protein abundance in each fraction. A ratio was then 

calculated between the fractions of each respective cell line: One ratio between cytoplasmic UBTF and nuclear 

UBTF (C/N) and one ratio also adding the chromatin bound fraction to the nucleolar fraction (C/(N+CB)). 

 

 

No difference in RNA expression is observed between cell lines overexpressing 

WT or ITD mutant UBTF 

 

To study the effect of UBTF-ITD mutations on the cell, U2OS cell lines were used that 

overexpress a UBTF1 or UBTF2 splice variant, either as WT or with one of three UBTF-

ITDs mutations. Each version of the overexpressed UBTF was made to be doxycycline 

inducible and contains an HA-tag for detection. A cell line with only endogenous UBTF, 

transfected with an empty vector, was also analyzed.  

 

In order to study the effect of the UBTF-ITD mutations on RNA synthesis, the RNA in the 

cells was labeled with 5-ethynyl uridine (EU), 24 hours after recombinant UBTF gene 

induction, followed by a copper (I)-catalyzed cycloaddition reaction using a fluorescent azide 

antibody for EU detection. The cell lines were then analyzed with flow cytometry (figure 6). 
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Cells without added doxycycline, without added EU and without both Eu and doxycycline 

were also analyzed for gating and control.  

 
Figure 6. Transduced U2OS cell lines overexpressing UBTF-ITD mutant or WT UBTF1 or UBTF2 protein, 

analyzed with flow cytometry using HA-tag for detection of cells positive for inserted UBTF. EU click 

chemistry has been performed 24h after induction of mutant UBTF gene expression in order to measure RNA 

synthesis, and fluorescent azide antibody has been added for detection of EU-integrated RNA. A control cell 

line transduced with an empty vector, not overexpressing UBTF, has undergone the same treatment. The mean 

of synthesized RNA for each cell line is represented by the arithmetic mean of the fluorescence intensity (MFI) 

of the EU-bound antibody (FITC). (a) Cells that are positive for the HA-tag in each cell line are plotted and 

compared to each other and the empty vector control cell line. Kruskal-Wallis tests followed by Dunn’s multiple 

comparison test are performed, analyzing the difference in RNA synthesis between cell lines overexpressing 

WT, overexpressing mutant UBTF, or not overexpressing UBTF. (b) One-way ANOVA was performed on cell 
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lines overexpressing WT UBTF1 and UBTF2, as well as control cell lines with only endogenous UBTF. (c, d) 

Comparison of cells treated with doxycycline and control cells lines not treated with doxycycline. Figure shows 

cells negative for the HA-tag. Mann-Whitney test was performed comparing HA-negative cells grouped by 

doxycycline treatment (treated or not treated). Kruskal-Wallis tests followed by Dunn’s multiple comparison 

tests were performed between cell lines. (e) Kruskal-Wallis tests followed by Dunn’s multiple comparison test 

were performed on cells that were positive or negative for the HA-tag, comparing the individual cell lines to 

each other as well as the positive and negative cells for each cell line (f) Mann-Whitney test was performed on 

the grouped values of all Ha-positive and Ha-negative cells. 

 

By adding EU to the cells and letting it incorporate into newly synthesized RNA, the 

difference in anti-EU antibody fluorescence intensity between the different cell lines can be 

measured, providing information about the amount of synthesized RNA in the cells. When 

comparing the arithmetic mean of fluorescent intensity (MFI), no significant difference could 

be found between the different cell lines (p = 0.365, figure 6a). There was also no significant 

difference when comparing cells with and without added doxycycline (p = 0.084, figure 6c, 

p= 0.796, figure 6d), indicating that the addition of doxycycline has not affected the analysis 

aside from functioning as a UBTF gene inducer. Additionally, no significant difference was 

observed between the cells stemming from the same cell line that were positive or negative 

for the HA-tag (p = 0.159 - >0.999, figure 6e), nor between the cell lines overexpressing 

UBTF and the cells transfected with an empty vector (p = 0.656, figure 6b).  

 

What could be observed was a significant difference (p < 0.001, figure 6f) when comparing 

all HA-positive and HA-negative cells, as well as some variation in the overall percentage of 

cells that were positive for EU antibody fluorescence (supplementary figure 1), with the 

difference being significant between HA-positive and HA-negative cells. The percentage of 

cells that had incorporated EU did not however differ between the different cell lines 

(supplementary figure 1), and since no significant differences were found for their MFI, this 

suggests that the overexpression of UBTF-ITDs does not change the level of RNA synthesis 

in the cell when compared to cells that instead overexpress WT UBTF. 

 

In addition to the arithmetic mean, statistical analyses were made for geometric mean of the 

same data, which also did not show any significant differences, and supported the arithmetic 

mean results (supplementary figure 2).  
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Discussion 

In this study we have shown that shRNA can be used to efficiently silence UBTF gene 

expression and reduce UBTF protein levels by more than 50%. Through this, we have 

generated cell lines that can further be used to mimic and study the effect of UBTF 

haploinsufficiency. The efficacy in gene silencing of the respective shRNAs used can be seen 

to correspond to their target sequence of the UBTF mRNA. The shRNA oligos that 

succeeded in reducing UBTF protein levels were designed to be complementary to the coding 

region in the UBTF mRNA, whereas targeting 3' UTR was unsuccessful. While the position 

of target complementary sequence of shRNA do not generally tend to have an effect on the 

efficacy, secondary mRNA structures could change this in the case of individual genes 

(Moore et al. 2010) which could be a potential explanation.  

 

Through subcellular fractionation we have further shown that, in cell lines overexpressing 

mutated UBTF-ITD proteins (Stratmann et al. 2021), UBTF mutant protein does not 

efficiently localize to the nucleus. This has been confirmed in unpublished fluorescent 

microscopy. This implies a reduction of functional UBTF in the nucleoli in cells 

heterozygous for the mutated allele. Furthermore, we have investigated the differences in 

RNA synthesis between the UBTF-ITD overexpressing cell lines and UBTF-WT, and my lab 

has also performed functional assays for protein synthesis and cell proliferation. No 

biologically significant differences between cell lines were found in these analyses. What 

could be observed however, was a difference when comparing all HA-positive and HA-

negative cells. This could potentially be a representation of the transcription stemming from 

the overexpression of our inserted HA-tagged UBTF gene. Some variation could also be 

observed in the overall percentage of cells that were positive for EU antibody fluorescence, 

which might also have an effect on the significance of the MFI analysis. 

 

Ribosome biogenesis is a vital part of cell growth and proliferation. A decrease of ribosomal 

proteins or rRNA can affect the efficiency of the translational machinery and reduce protein 

synthesis (Enerly et al. 2003). Downregulation of rDNA transcription is also a mechanism 

used to regulate various cellular processes including cell cycle arrest, cell differentiation and 

apoptosis (Hayashi et al. 2014). This includes regulation through the decrease of expression 

of UBTF and other transcription factors (Poortinga et al. 2011). Because of the role of UBTF 

in the transcription of rDNA, it would not be unexpected if a reduction of UBTF in the 

nucleolus had an effect on cell growth and proliferation. Elevated levels for UBTF have also 

been shown to increase rDNA transcription (Hannan et al. 1996). That, combined with the 

finding from this study showing that overexpressed WT UBTF localized to the nucleus to a 

higher degree than UBTF-ITDs, makes it somewhat surprising that no difference between 

WT and ITD mutants was observed in regard to RNA and protein synthesis. However, the 

U2OS model used in this study still has endogenous WT UBTF. While we could effectively 

tag and study the mutant proteins and see a difference in their localisation, the effect of our 

overexpressed HA-tagged UBTF might possibly be masked by the endogenous UBTF, which 

still localizes to nucleoli. This could potentially explain why no difference in RNA or protein 

synthesis was observed. 

 

 

In contrast to our in vitro model, patients in the Stratmann et al. 2021 study cohort were 

heterogeneous for the mutation, which would indicate that the ITDs are either dominant loss-

of-function mutations, or gain-of-function mutations. With the disruption in localization of 

UBTF to the nucleolus, our results indicate that the ITD mutations might lead to 
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haploinsufficiency. To further study this effect, this project has led to the potential to use the 

knockdown cell lines generated in the first half of this study and combine them with the ITD 

mutants. That would mean reducing the expression of endogenous WT UBTF while 

simultaneously overexpressing the mutant, which would lead to a good in vitro model to 

study the effect these mutations might have in patients. 

 

The generated knockdown model from this study also have potential to be used to study this. 

Since the knockdown proved successful for several of the U2OS shRNA cell lines, the next 

step would be to investigate what dosage of doxycycline would induce a knockdown at 50% 

to mimic haploinsufficiency. This model system could in turn be used to perform new cell 

cycle, RNA transcription and protein synthesis analysis. Additionally, it would be interesting 

to look at whether the knockdown cells have an increase in resistance to the most common 

drug treatments for AML, for example Cytarabine, to investigate whether the mutation might 

contribute to the previously known drug resistance connected to relapsed AML. 

 

From the lab's yet unpublished microscopy results we could tell that localization to the 

nucleus is disrupted for two out of three mutants, which also corresponds to the size of their 

insertions. AML072 and AML074 with an ITD size of 133 bp and 57 bp respectively 

(Stratmann et al. 2021), both showed an increased abundance in the cytoplasm and decrease 

in the nucleus, whereas AML100, with an ITD size of 48 bp, localized to the nucleus similar 

to WT. This pattern is however not seen in the fractionation data, where the highest ratio of 

cytoplasmic compared to nuclear UBTF could be found in AML074, and an increase in 

cytoplasmic UBTF was observed in all mutants. According to the fractionation analysis, no 

correlation seems to exist between nuclear localisation and mutant duplication/insertion size. 

The fractionation does however confirm the imaging data in regards to the disturbed 

localization of mutant AML074, and provides additional information on AML100 which 

indicates that it does not behave as WT. This is true both for the data from this study, and for 

another subcellular fractionation replicate performed by the lab. For further studies of this, it 

would be relevant to perform microscopy and subcellular fractionation on AML cells such as 

that of the THP-1 cell lines. It would also be interesting to perform these analyses on primary 

bone marrow cells from patients with these UBTF ITD mutations. 

 

While haploinsufficiency is not uncommon in transcription factors, it is somewhat rare to see 

strong effects caused by 50% decrease in transcription factor protein levels (Seidman & 

Seidman 2002). The consequences of the changes in protein concentration brought on by 

haploinsufficiency might however correlate to the importance of the downstream target genes 

that they regulate, as well as the complexity of the interaction required for promoter 

activation. Because of the importance of ribosome biogenesis, it would not be all that 

surprising if a 50% reduction in UBTF concentration would have a clinical effect. Depletion 

of UBTF levels have been shown to correlate to the silencing of rRNA genes (Sanij et al. 

2008), though while connection exist between cancer progression and the upregulation of 

rRNA (Bywater et al. 2012), downregulation is more commonly connected with cell cycle 

arrest (Hayashi et al. 2014). The mechanism of common drugs for treatment of AML such as 

cytarabine is such that it targets proliferative cells (Faruqi & Tadi 2022) which potentially 

means such regulation could have implications in regard to drug resistance (Beaumont et al. 

2016, Wang et al. 2018, Zhang et al. 2019). In order to understand connections between ITD 

mutations and the progression or drug resistance of AML, more studies are needed. 
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In summary, this study has provided a base for further studies into UBTF haploinsufficiency 

and the role of UBTF-ITD mutations in AML progression. Knowledge of the consequences of 

such gene mutations can be of vital importance to understanding mechanisms behind the 

disease, as well as identifying vulnerabilities that can be exploited in future drug treatments 

and increase chances of patient survival. 
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Supplementary Materials  
Geometric mean and percentages for RNA synthesis assay data  

 
Supplementary figure 1. Transduced U2OS cell lines overexpressing UBTF-ITD mutant or WT UBTF1 or 

UBTF2 protein, analyzed with flow cytometry using HA-tag for detection of cells positive for overexpressed 

UBTF. EU click chemistry was performed 24h after induction of mutant UBTF gene expression in order to 

measure RNA levels, and fluorescent azide antibody was added for detection of EU-integrated RNA. Figure 

shows the percentage of cells analyzed from each cell line positive for EU-bound antibody fluorescence. (a) A 

one-way ANOVA followed by Tukey’s multiple comparison test is performed. (b) Mann-Whitney performed 

between cells positive and negative for the HA-tag. 
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Supplementary figure 2. Transfected U2OS cell lines overexpressing UBTF-ITD mutant or WT UBTF1 or 

UBTF2 protein, analyzed with flow cytometry using HA-tag for detection of cells positive for inserted UBTF. 

EU click chemistry was performed 24h after induction of mutant UBTF gene expression in order to measure 

RNA synthesis, and fluorescent azide antibody was added for detection of EU-integrated RNA. A control cell 

line transduced with an empty vector, not overexpressing UBTF, has undergone the same treatment. The mean 

of synthesized RNA for each cell line is represented by the geometric mean of the fluorescence intensity (MFI) 

of the EU-bound antibody (FITC-conjugated). (a) Cells that are positive for the HA-tag in each cell line are 

plotted and compared to each other and the empty vector control cell line. Kruskal-Wallis test was performed on 

the geometric MFI between cell lines overexpressing WT, overexpressing mutant UBTF, or not overexpressing 

UBTF. (b) Comparison of cells treated with doxycycline and control cells lines not treated with doxycycline. 

Figure shows cells negative for the HA-tag. A kruskal-Wallis test was performed comparing HA-negative cells 

grouped by doxycycline treatment (treated or not treated). (c) Kruskal-Wallis tests followed by Dunn’s multiple 

comparison test were performed on cells that were positive or negative for the HA-tag, comparing the individual 

cell lines to each other as well as the positive and negative cells for each cell line. 

 
 

 

 


