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Abstract 
T-cell Acute Lymphoblastic Leukemias (T-ALLs) are aggressive hematological tumors caused 
by the aberrant expression of a subset of transcription factors (TFs) in T-cell progenitors1–3. 
The identification of diverse sets of secondary mutations in T-ALL tumors suggests a complex 
process of clonal selection through which oncogenic TF-expressing pre-leukemic cells 
gradually transition along the path of oncogenic transformation3,4. While transgenic mouse 
studies have established the causative role of primary oncogenic TFs in driving leukemia, the 
mechanisms through which these proteins contribute to disease progression remain unclear. 
 
One subtype of T-ALL, representing 11% of T-ALL cases, is characterized by the 
translocation and ectopic expression of the homeobox family transcription factor TLX15–7. 
TLX1 expression has been shown to stop thymocyte differentiation, dysregulate gene 
expression, and promote oncogenic transformation by accumulating genetic lesions and 
aneuploidy5,6,8–12. Characterization of TLX1 T-ALLs has suggested recurrent secondary 
mutations and colocalization with several transcription factors on the genome5,6,8,13. However, 
the precise mechanisms through which TLX1 transforms and maintains leukemic cells is 
currently unclear. 
 
To decipher the mechanism of oncogenic transformation in the TLX1 subtype of T-ALL, we 
used a multi-omics approach in complementary model systems to characterize changes in gene 
expression, epigenetics, chromatin accessibility, and 3D chromatin conformation at multiple 
stages of oncogenic transformation. TLX1 T-ALL human samples translocated TLX1 to the 
TCRδ locus and had diverse secondary mutations, and TLX1 strongly colocalized with the 
BAF complex and chromatin loop anchors. Our mouse model of TLX1 T-ALL revealed the 
transformation of pre-leukemic cells over many weeks and gradual progression to overt 
leukemias with diverse phenotypes and gene expression. Ectopic expression of TLX1 in 
thymocytes alters genome topology early in transformation, partly by recruitment of the BAF 
complex and induction of aberrant DNA topology via CTCF repositioning. Ectopic expression 
of TLX1 in the Jurkat T-ALL cell line altered chromatin looping, and acute loss of BAF 
complex function by inhibition or degradation killed the TLX1-expressing ALL-SIL cell line.  
 
Our results provide critical new insights into the molecular and cellular processes of leukemia 
transformation in TLX1 T-ALL and suggest a novel therapeutic approach through the 
disruption of chromatin remodeling factors. 
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1.1 Hematopoiesis in the bone marrow 

 Hematopoiesis is the process of hematopoietic stem cells differentiating into immune 

and red blood cells. This process is hierarchical in nature and was initially derived by 

characterizing cell surface markers. However, single-cell technologies have shown that it is a 

more continuous process, which can be delineated by gene expression14,15. A general overview 

for cells headed to the thymus is provided in Figure 1. The process of hematopoiesis begins 

with quiescent LT-HSCs in the bone marrow. Upon a stress response stimulus, these cells enter 

the cell cycle to become ST-HSC/MPP1, which proliferate and support blood cell 

populations14,16. This pool of cells then differentiates into parallel MPP2-4 cell populations. 

MPP2/3 cells commit to CMPs and the myeloid stream, whereas MPP4/LMPPs commit to the 

lymphoid lineage as CLPs14. CLPs that exit the bone marrow and migrate to the thymus 

commit to the T-cell lineage on contact with thymic epithelial cells (TECs)3. 

 

1.2 T-cell differentiation in the thymus 

 CLPs enter the thymus to undergo several stages of differentiation and selection in the 

thymus, then exit as CD4+ or CD8+ T-cells. These stages are identified by the expression of 

different combinations of cell surface markers, which can be distinguished by flow cytometry. 

The earliest thymocytes are referred to as double negative (DN) cells, as they do not express 

CD4 or CD8 surface receptors but can be distinguished by CD44 and CD25 expression. DN 

cells go through four stages of development in humans: ETP/DN1, DN2, DN3, and DN4, and 

are characterized by multipotency and stages of T-cell Receptor rearrangement (TCRβ, δ, γ)16. 

DN4 cells then express CD4 and CD8, marking the DP stage, which can become CD4+ or 

CD8+ T-cells. Each stage of differentiation is coordinated by interactions with thymic 
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epithelial cells and signaling factors in different compartments of the thymus. These 

interactions result in changes in gene expression within the thymocyte that regulate the 

stepwise maturation events. Figure 1 provides an overview of the main steps, which are 

described in more detail below.   

 CLPs progress into the ETP/DN1 stage16. During this stage, DN1 thymocytes 

upregulate the NOTCH1 receptor and commit to the DN2a stage16,17. When external ligands 

bind to the NOTCH1 receptor, it triggers the cleavage of the internal portion of NOTCH1, 

resulting in the formation of the transcription factor ICN1. ICN1 then moves to the nucleus 

and complexes with CBF1/MAML1/RBPJ to activate critical T-cell differentiation genes, 

including HES1, MYC, and TCF-118,19. TCF-1 expression upregulates GATA3 and BCL11B, 

which are vital for T-cell differentiation and maintaining identity19. Upregulation of LCK and 

recombination proteins RAG1 and RAG2, which initiates TCR rearrangement, signifying the 

DN2b stage17. Successful TCR rearrangement results in TCR expression17. Rearrangement of 

the TCRδ, then TCRβ and TCRγ loci occurs during DN2b and DN3a, along with the initial 

expression of pre-TCRα (pTα)6,16,17,20. Commitment toward the γδ or αβ lineage depends on 

successful TCR rearrangement and expression, Notch signaling strength, and IL-7R 

expression17. DN3a cells that express TCRδ and TCRγ commit to the γδ lineage (TCRγδ, IL-

7Rhi), while successful recombination of TCRβ continues to DN3b (TCRβ, IL-7Rlow, pTα) and 

the αβ lineage, where TCRα rearrangement completes later in DP6,16,17. DN3a thymocytes that 

do commit to the αβ-lineage enter DN3b and need to then pass β-selection. β-selection selects 

for cells that have a successfully rearranged TCRβ and express pTα and CD3, which complex 

together on the cell surface17,21. Together with Notch signaling, this activates anti-apoptotic 

and proliferation pathways as DN4 cells. DN4 cells re-express RAG1 and RAG2 to complete 

the TCRα rearrangement while expressing CD4 and CD8 surface proteins, indicating the DP 
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stage. DP cells with a fully rearranged TCRαβ surface receptor go through positive and 

negative selection. Positive selection is mediated by MHC class-I and MHC class-II antigen-

presenting cells. DP cells with unreactive receptors signal apoptosis (death by neglect), and 

cells with reactive receptors commit to either SP4 (CD4+) or SP8 (CD8+) T-cell lineage, 

respectively16,20. Negative selection eliminates self-antigen-reacting TCR receptors20. 

Surviving T-cells, about 3-5%17, then migrate out of the thymus. 

 

Figure 1. Overview of hematopoiesis toward T-cell differentiation lineage. Pathway of 
differentiation focusing on T-cells is shown. HSCs differentiate into MPP pools. 
MPP4/LMPPs bias toward lymphoid lineage and become CLPs. CLPs that migrate to thymus 
and interact with TECs and upregulate NOTCH1. DN1 cells expressing NOTCH1 commit to 
DN2a. LCK upregulation commits to DN2b where TCRβ, γ, δ recombination begins and ends 
in DN3a. Successful TCRγδ recombination and expression become γδ T-cells, while 
recombination of TCRβ and pre-TCRα expression commits to αβ T-cell lineage as DN3b. 
Correctly recombined TCRβ and pre-TCRα pass β-selection and proceed to DN4. DN4 cells 
express CD4 and CD8 receptors and complete TCRα recombination as DP cells. DP cells are 
positively selected toward SP4 or SP8 T-cells and negatively selected for self-antigens. SP4 
and SP8 T-cells that survive selection exit the thymus. Stars indicate important regulatory 
checkpoints. 
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1.3 T-cell acute lymphoblastic leukemias 

 T-cell differentiation is a complex process that occurs in several stages and requires 

the expression of various factors, which need to be expressed at specific times17. DNA 

recombination is an essential part of T-cell differentiation but also makes these cells sensitive 

to abnormal recombination events3,22. These events can result in the expression of specific 

oncoproteins that, in cooperation with proliferative and anti-apoptotic signaling and the 

accumulation of secondary mutations, synergize in a process called leukemia transformation, 

which gives rise to leukemia cells3. 

 T-ALL transformation is initiated by a primary translocation event, which ectopically 

expresses a transcription factor (TF) or oncogenic fusion protein3,23. Indeed, it has been shown 

that chromosomal translocations are associated with nearly all leukemias and lymphomas3,22. 

These translocations typically occur near non-B DNA, such as G-quadruplexes, hairpins, 

cruciform, and others, which are fragile regions of DNA22. These structures can arise when 

DNA is unwound by transcription or replication machinery and refold into highly stable non-

B structures24. These structures can pause polymerases and create single- and double-stranded 

breaks, which can be inadvertently repaired with another chromosome24. They can also be non-

specific targets of RAG-mediated recombination during differentiation, as they resemble DNA 

sequences found at recombination sites, such as BCR-ABL122,24.  

 For the case of TLX1 translocation, two regions immediately upstream of the TLX1 

promoter have been identified as prone to G-quadruplex formation24. It is suggested that these 

sites could be targets for early DN2 recombination, as the translocation breakpoint is 

consistently found at either the TCRβ or δ loci6,23,25.  

 Following ectopic expression of the primary oncoprotein, this leads to T-cell 

differentiation arrest at various stages, accumulation of additional genetic abnormalities 
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(structural variants, point mutations, aneuploidy), and recurring cooperating mutations5,23,26. 

T-ALL primary oncoproteins are transcription factors categorized into subgroups based on 

their mutually exclusive expression, such as TAL1/2, TLX1/3, LMO1/2, BHLHB1, LYL1, 

NKX2-1, and MYB, of which TLX represents 30% of T-ALLs1,3,5,7,12,23,27.  The age of patients 

and prognoses vary between the TLX T-ALLs. Patients with TLX1 T-ALL are predominantly 

adults and have an 85% survival rate28,29, while TLX3 T-ALL patients are predominantly 

children23,30 and have a survival rate of 45%31. However, while remission rates are considered 

relatively good, relapse has very poor outcomes. 

 Recurring cooperating mutations are found across T-ALLs and mostly appear to 

accelerate disease progression but are not always necessary5,7. Leukemia-initiating cells can 

produce heterogeneous populations of leukemia cells with different combinations of secondary 

mutations and gene expression profiles3. This presents a challenge for treatment, as drug-

resistant sub-populations can survive primary therapy and return over the long term32. The 

leukemia-initiating cells themselves may also be more resistant to therapy than their 

descendents3. TLX1 T-ALL also harbors recurring mutations.  CDKN2A and CDKN2B are 

cell cycle checkpoint inhibitors that pause the G1-S transition and are frequently deleted in T-

ALLs7,23,26,33,34. Activating NOTCH1 secondary mutations occur in 50-70% of T-ALLs and 

have been shown to cooperatively accelerate disease progression, as aberrant Notch signaling 

alone has poor leukemia initiating capacity35–37. These mutations can enhance the cleavage 

rate, extend the half-life of ICN1, or transcribe only the ICN1 segment, skipping regulation by 

cleavage altogether3,37. Other mutations are found in lower frequencies or specific sub-

types7,34. 
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1.4 TLX sub-class of HOX transcription factors 

 HOX transcription factors play a critical role in embryonic development as they 

regulate the patterning of structures and tissues38. HOX TFs bind to accessible DNA, and there 

is growing evidence that some HOX TFs can bind inaccessible chromatin and promote 

accessibility through several mechanisms39. One of the proposed mechanisms involves 

interactions with chromatin remodeling complexes such as BAF, NuRD, INO80, and ISWI39. 

The binding of HOX TFs to DNA promotes subsequent interactions with such complexes to 

promote the opening of previously inaccessible chromatin. HOX TFs are known to complex 

with TALE-family TFs PBX and MEIS, including TLX140. A subset of canonical HOX TFs 

(HOXD9-13) have also been found to colocalize with CTCF and RAD21 on the genome, 

suggesting a possible regulatory role in chromatin looping as well41,42. 

 TLX1 and its paralogs, TLX2 and TLX3, have their own sub-class within the NKL 

class of homeobox transcription factors and play different roles during development38,43,44. 

TLX1 regulates splenic anlage growth and is essential for spleen formation, as deletion results 

in asplenic mice45,46. TLX1 and TLX3 direct neuron sub-type specification in the spinal cord 

with other HOX TFs47–50. TLX2 plays a critical role in intestinal nervous system 

development51. Importantly, these TFs are not expressed during T-cell differentiation. Their 

~60% homology is mainly within their homeobox domains, with varied N-terminal and C-

terminal ends. The TLX homeodomain is considered a "non-canonical" HOX protein and is 

not well-defined in motif databases. Previous research using in-silico modeling of TLX3 and 

EMSA assays of TLX1 and TLX3 suggest a conserved core motif of 5’-TAA(T/G)TA-3’52–54. 

However, TLX1 activity has also been suggested to interact independently of its DNA binding 

domain through interactions with other TFs6,55. While previous research shows that TLX1 can 

interact with PBX and MEIS like other HOX TFs, it is unclear how TLX1 interacts with 
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cofactors on the genome to bring about changes in gene expression in its normal and T-ALL 

contexts. 

 

1.5 TLX1 T-cell acute lymphoblastic leukemia 

 TLX1 is not expressed in thymocytes11,45,48. TLX1 T-ALL leukemic transformation 

starts with aberrant translocation of t(10;14)(q24;qll) or t(7;10)(q35;q24)12,56, which moves 

TLX1 to the highly active TCRδ or TCRβ loci, resulting in its ectopic expression and a block 

in differentiation at the DN2 stage6,12,25,55,57. Transgenic mouse models have shown TLX1 T-

ALL has a long pre-leukemic development time of 6 to 12 months, suggesting cooperative 

secondary mutations are needed for disease progression5,10. The pre-leukemic stage is 

characterized by changes in gene expression5,8, an accumulation of secondary mutations5,8, and 

an abnormal degree of aneuploidy compared to other T-ALLs10,58. The mouse thymus is 

notably shrunken during this stage, with a high degree of cell death, but leukemia-initiating 

cells (LICs) eventually develop and aggressively proliferate3,10. At the leukemic stage, mouse 

models show aggressive infiltration of the malignant cells into the lymph nodes, spleen, and 

liver and form mediastinal tumors1,5,10,29. While TLX1 expression in thymocytes is necessary 

for leukemic transformation, its activity in leukemic cells is unclear. Dadi et al. (2012) showed 

that siRNA knockdown of TLX1 in ALL-SIL, a TLX1-expressing T-ALL cell line, caused 

redifferentiation of leukemic cells and massive apoptosis6. However, other papers have shown 

that the knockdown of TLX1 only slowed the proliferation of ALL-SIL with some degree of 

apoptosis5,12,27. Additionally, these knockdown studies focused on the ALL-SIL cell line 

derived from relapsed leukemia, which harbors specific secondary mutations. The degree that 

which TLX1 activity is needed in T-ALL with other secondary mutations is not clear.  
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 TLX1 T-ALL is associated with recurrent secondary mutations commonly seen in 

other T-ALLs. Transgenic mouse models have characterized frequent cooperating mutations 

found in TLX1 T-ALLs5,10. Notably, these secondary mutations are not necessary for TLX1-

driven leukemic transformation and instead synergize with TLX1 to accelerate progression5,12. 

The fusion gene NUP214-ABL1 is frequently found in TLX1+ and TLX3+ patient T-ALLs, 

and forced expression in mice activated downstream TFs that synergized with TLX1 to 

accelerate leukemia development5,59. Mouse models also identified frequent inactivating 

mutations of transcription factors RUNX1, BCL11B, IKZF1, and tumor suppressor 

PTEN9,10,33. However, drug treatments targeting pathways associated with these mutations 

only produced transient responses5,12,60.  

 Studies have shown TLX1 binding near various transcription factor motifs, such as 

ETS, RUNX, MEIS, and PBX family transcription factors, and TLX1 colocalizes with ETS1 

and RUNX1 in ALL-SIL cells5,6,8. When looking at changes in gene expression, Della Gatta 

et al. (2012) analyzed T-ALL patient samples and found TLX1 and TLX3 T-ALLs had a 

unique gene expression signature from other T-ALLs9. While many genes were commonly 

misregulated, many genes were also differentially expressed between the two subtypes, 

suggesting common and unique activities9. Notably, ChIP-chip of TLX1 in ALL-SIL and 

TLX3 in HPB-ALL revealed that 2-3 thousand genes were found to have TLX1 or TLX3 at 

their promoter9. However, only a fraction of those genes showed significant changes in gene 

expression9. Other studies have corroborated TLX1 binding at promoters, as well as enhancers 

and super-enhancers, and distal regulatory features5,8,61. Taken together, this suggests that 

TLX1 can bind to many regulatory regions, but context-specific interactions may be needed to 

facilitate TLX1 activity. TLX1 activity in its normal neuron and spleen contexts are not well 

characterized and may not be applicable to the leukemia context as cofactors may not be 
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expressed. It has yet to be determined which cofactors interact with TLX1 to exert both 

repressor and activator activity on the genome. 

 

1.6 BAF complex 

 The BAF complex is critical for many cell development lineages, such as stem cell 

differentiation, neuron differentiation, and hematopoiesis62–65. Deletion of several subunits is 

embryonic lethal or precludes entry into specific differentiation branches64,66,67. The BAF 

family of complexes, also known as the SWI/SNF family (switch/sucrose nonfermentable), 

are chromatin remodeling complexes that modulate nucleosome accessibility through 

nucleosome sliding, eviction, or exchange68,69. These complexes are subdivided into 3 main 

groups (cBAF, PBAF, and ncBAF), with further cell-type specific compositions like esBAF, 

nBAF, and npBAF65,67,70. These complexes contain either BRG1 or BRM, which have catalytic 

ATPase activity, as well as variable combinations of subunits that mediate interactions to the 

genome, histone PTMs, and additional cofactors like transcription factors and other epigenetic 

complexes62,71–73. Expression of subunits is cell-type specific, and sub-complexes have unique 

but overlapping binding sites on the genome71,72,74. The subunits of the BAF complex have 

diverse protein domains that can recognize DNA structures, binding motifs, and histone 

modifications71. The BAF complex is also recruited by transcription factors and coordinates 

with other complexes, such as histone deacetylases, histone acetyltransferases, and histone 

methyltransferases71,75. As such, BAF is known to exert activating and repressing activity in a 

context-dependent manner, mainly at enhancers and promoters68,76–79. The BAF complex has 

also been shown to antagonize the PcG complexes, which deposit repressive histone 

modifications70,78–80. This is partially achieved by involvement in the maintenance of TAD 

boundaries by maintaining proper nucleosome occupancy around CTCF sites81–83. The BAF 
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complex is implicated in interactions with several classes of transcription factors, such as AP1, 

CEBP, PBX, and BRD, ESC pluripotency factor OCT4, pancreatic homeobox TF PDX1, and 

T-cell transcription factors BCL11B and RUNX164,71,79,84–86.  

 The BAF complex is critical for thymocyte differentiation. BCL11B is associated with 

the reorganization of higher-order chromatin interactions at the DN2 to DN3 transition and is 

critical for T cell lineage commitment87–90. Mouse studies have also shown that deletion of 

BRG1 in thymocytes results in a DN4 to DP block91, while mice with BAF47 deletion rapidly 

develop CD8+ T cell lymphomas92.  

 The BAF complex is considered tumor suppressive as mutations of its subunits have 

been identified in a broad range of cancers62,68,93,94. In some cancers, BAF - PcG antagonism 

is imbalanced due to inactivating mutations in one of these complexes, leading to gene 

regulatory addiction and a synthetic-lethal condition70,71,83. This addiction has been exploited 

by drug inhibition of the opposing complex, leading to a collapse of gene regulation and cancer 

cell death94,95. Indeed, retargeting of BAF activity by oncogenic transcription factors has been 

shown in prostate cancer96. Taken together, the BAF complex participates with many 

regulatory proteins to control the accessibility of DNA in a context-dependent manner, and 

aberrant recruitment can result in the misregulation of genes. 

 

1.7 Chromatin organization and regulation 

 Chromatin organizes into 3-dimensional structures that range from several megabases 

down to several kilobases97,98. Early microscopy research showed that chromosomes occupied 

individual territories in the nucleus and that chromatin had an ordered arrangement in the 

nucleus99. Genome-wide higher-order structures explaining these observations were 

characterized along with the introduction of Hi-C, which found intrachromosomal interactions 
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formed an alternating “plaid” pattern termed AB compartments (Figure 2)100. Since then, 

ultra-high-resolution sequencing HiC and other methods of chromatin capture describe several 

layers of organization that are mediated by several distinct but partially interdependent 

mechanisms. These include A/B compartments at the highest level, which are partitioned into 

topologically associated domains (TADs), nested sub-TADs, and chromatin looping, which 

mediates inter- and intra-TAD interactions97,101,102 (Figure 3). Several processes, including 

chromatin looping, epigenetic histone modifications, enhancer-promoter interactions, 

transcription factors, DNA methylation, and chromatin accessibility, are involved in regulating 

these levels90,97,103.  

 HiC provides a wealth of information to describe chromatin organization. It is the 

earliest sequencing experiment for interrogating genome-wide 3D chromatin interactions, and 

many programs have been developed to analyze the data. HiC provides information on AB 

compartments, TADs, and chromatin looping, and recent programs use HiC patterns to identify 

copy number variation104 and structural variants105. However, the amount of data that is 

extracted from HiC is a function of how many reads are sequenced and the quality of the HiC 

library106. Higher read counts allow for higher resolution analysis with diminishing returns106. 

Newer methods of extracting chromatin interaction information using relatively fewer reads 

have been developed, such as Micro-C107, HiCAR108, and Hi-TrAC109. 

 Spatial chromatin regulation is critical to gene expression as these mechanisms 

coordinate the interactions of genes and their regulatory elements in 3-dimensional space110. 

They bring enhancers into the proximity of promoters or insulate them apart, and they stop 

heterochromatin from spreading into active gene regions111–113. Chromatin structures play an 

important role in cell differentiation, as changes in structure are observed in many cellular 

contexts, and misregulation is implicated in disease and cancers90,114–116. 
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1.7.1 AB Compartments 

 AB compartments are large segments of chromatin that alternate between active 

euchromatin and inactive heterochromatin100. Generally, A compartments are gene-rich, 

contain active histone marks, and tend to be physically located closer to the center of the 

nucleus110. B compartments are gene-poor, have repressive histone marks, and tend toward the 

nuclear periphery or nucleoli (Figure 2). Notably, it is possible to have repressed regions in 

the A compartment and active genes in the B compartment, but it is not common. 

Compartments are further characterized and are subdivided into A1, A2, B1, B2, and B3 based 

on their location in the nucleus, associated histone PTMs, and cofactors117. 

• A2: Euchromatin, POL2, active histones, and TFs, further from nuclear speckles 
• A1: Euchromatin, POL2, active histones, and TFs, near nuclear speckles 
• B1: Heterochromatin, Polycomb complexes, H3K27me3 
• B2: Heterochromatin, H3K9me3, HP1, near nucleoli 
• B3: Heterochromatin, H3K9me3, HP1, at nuclear lamina, bound to lamins 
 
 Compartment-regulating mechanisms are understood to be separate from TADs and 

chromatin looping as the formation of compartments is proposed to follow a phase-separation 

model (analogous to oil and water)118–120, where sufficient concentrations of molecules 

involved in various mechanisms (active or inactive histone modifications, transcriptional 

machinery, promoter-enhancer interactions, HP1 packaging, RNA interactions) spontaneously 

separate into their phases, clustering like-compartments together (A with A, B with B) while 

opposing switches to the opposite compartment. Chromatin organization resets during mitosis 

due to chromatin compaction121,122. Cells exiting mitosis into G1 show initial AB 

compartmentalization followed by TAD and chromatin loop formation in early G1 phase122.  
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Figure 2. Representation of HiC compartmentalization. Left: Region of chr6:99-121Mb of 
ALL-SIL showing the “plaid” pattern seen in HiC data signifying spatial separation of A and 
B compartments. H3K27me3 correlates with repressed B segments of a chromosome. POL2-
ser2P correlates with A compartments with actively transcribed genes. AB compartments track 
shows A compartments as red and B compartments as blue. HiC matrix is KR balanced and 
Log(observed+1), visualized in Juicebox. Right: representation of a single chromosome plaid 
pattern and localization in the nucleus. B compartments tend to localize closer to the nuclear 
lamina, while A compartments localize closer to the nuclear center (not to scale). 
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1.7.2 TADs and chromatin looping. 

 Topologically associated domains (TADs) exist within compartments and are defined 

as segments of DNA that interact more with themselves than adjacent DNA98,101,123. TADs can 

range anywhere from several tens of kilobases to about two megabases, with some TADs 

exceeding 2Mb, and can have within them one to many genes124. TADs are mediated largely 

by CTCF, a DNA-binding transcription factor, and cohesin, a complex of RAD21, SMC3, and 

SMC1A, and STAG1 or STAG2, which forms a ring-like complex97,125–128. Chromatin loops 

are defined as distinct interactions between pairs of distant loci (loop anchors) and appear as 

“dots” in HiC data (Figure 3). Loops act as boundaries between TADs and bring enhancers 

and promoters into spatial proximity within TADs, which appear as nested sub-TADs (Figure 

3). This has a profound influence on gene expression, as expression of some genes has been 

shown to be metered by the number of enhancers that are looped to it109. Housekeeping genes 

tend to have few enhancers needed for expression, while developmental genes tend to have 

many enhancers required for tight control of expression109. CTCF has a well-characterized 

DNA-binding motif that only binds in accessible DNA, as it is not a pioneer factor. The BAF 

complex maintains nucleosome occupancy around CTCF motifs, and BRG1 has been shown 

to bind directly to CTCF129. CTCF binding sites are found in distal regions and most enhancers 

and promoter regions as well130,131. Of the multiple subcomplexes, the ncBAF complex 

colocalizes more frequently with CTCF than cBAF or PBAF83. The formation of loops is 

characterized by a “loop-extrusion” model119,123, where cohesin is loaded onto DNA by NIPBL 

& MAU2, and the DNA is held within the ring complex128. Cohesin ATPase activity then pulls 

DNA through itself until it pauses at CTCF-bound DNA131. CTCF pauses cohesin for a period 

of time, then CTCF either dissociates from DNA or cohesin passes over CTCF to continue 

extrusion131. WAPL & PDS5 can unload cohesin from DNA at any point in the process131,132.  
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Figure 3. Example of chromatin structures visualized in Juicebox. Diagonal representation 
of ALL-SIL HiC at chr2:83.9-86.4Mb with accompanied CTCF & RAD21, POL2, and histone 
tracks. Upper diagonal shows HiC data without annotations for clarity. Lower diagonal shows 
TADs and sub-TADs identified by OnTAD (triangles), and chromatin loops (dots) identified 
by Mustache. Blue triangle shows an example of the main TAD, and green triangles show sub-
TADs. Purple triangle shows example of repressed TAD within an A compartment. Black 
triangles point to example dots searched for and identified by Mustache. 
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 As such, chromatin looping is highly dynamic as CTCF binds temporarily on DNA (1-

4min), and cohesin is constantly being loaded and unloaded, with cohesin having a residence 

time on DNA of about 20min133. Several studies have elucidated this dynamic equilibrium by 

modulating each of these components and how it alters chromatin topology (rapid depletion, 

over-expression, partial knockdown)109,127,132,134–137. While CTCF positions cohesin, 

additional factors are at play regarding cohesin migration along DNA. Loop extrusion can be 

paused by bound TFs and complexes blocking extrusion at enhancers and promoters, and is 

also relocated by RNA polymerase as it transcribes DNA138. The amount of cohesin present 

and rates of cohesin loading and unloading also influence the strength and length of TADs and 

compartments, as well as chromatin loop intensity132. 

 The relationship between chromatin looping and gene regulation is a hotly debated 

topic124,131. It is generally agreed upon that chromatin looping plays an important role in 

regulating gene expression, as looping is involved in promoter-enhancer interactions, and 

deletion of RAD21 causes cell death133. Studies have shown that inserting, removing, 

inverting, or partially mutating CTCF binding sites can have a direct effect on local gene 

regulation124. However, how looping works together with and is influenced by other 

mechanisms of gene regulation, such as epigenetic marks, TFs, DNA accessibility, and 

transcription machinery, is an active area of research120. Regarding differentiation, recent 

research suggests that the formation of chromatin loops coincides with increasing H3K27ac 

and DNA accessibility at and between loop anchors, which correlates with increased gene 

expression within the loop139. However, loss of loops correlated with up- and downregulation 

of genes, suggesting that chromatin looping influences the activation of genes, but separate 

mechanisms maintain expression139. It is unclear if these changes occur because of chromatin 

looping or if chromatin looping is the result of these other mechanisms139. A ‘time-buffering’ 
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model using rapid depletion time courses was recently proposed, which suggests that CTCF 

and cohesin have little direct effect on the maintenance of gene expression133. Chromatin 

looping may instead establish enhancer-promoter interactions by spatially concentrating TFs 

and epigenetic complexes so they can then directly regulate gene expression133. Additional 

factors that operate together and independently of CTCF and cohesin to form loops have also 

been identified. These mechanisms are not studied here but are mentioned for context. The 

ubiquitously expressed transcription factor YY1 homodimerizes to form loops by itself140,141. 

LDB1 can also bridge transcription factor complexes to form loops with LHX2 and EBF102,142. 

HCFC1 and ZNF143 have recently been found to mediate shorter-range and promoter-

promoter loops, while CTCF and cohesin mediate enhancer-enhancer and longer-range 

loops109. The PcG complex PRC2 has also been shown to mediate long-range interactions 

between PRC-bound loci and silenced genes102,143. The mediator complex, which bridges 

enhancers and promoters, has also been implicated in interactions with cohesin and 

NIPBL102,144. Transcription factories are regions with highly concentrated enhancer and 

promoter machinery that form condensates that hold themselves together. While more research 

is needed to tie these mechanisms together, regulation of CTCF binding sites results in changes 

in 3D chromatin structure that influence gene expression, and misregulation can dysregulate 

gene expression, resulting in cancer. 
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1.8 Rationale 

TLX1 is a non-canonical HOX transcription factor whose ectopic expression in developing 

thymocytes drives leukemic transformation, resulting in T-ALL. TLX1 binds to promoters and 

enhancers and has been shown to have activator and repressor activity. While there is 

considerable evidence that TLX1 expression drives leukemia transformation, the cofactors and 

mechanisms that TLX1 interacts with to bring about changes in gene expression to drive 

transformation are currently unclear. Exploratory findings during my master’s work suggest 

interactions with the BAF complex and CTCF/cohesin, which implicate TLX1 in epigenetic 

and chromatin looping mechanisms. Other HOX transcription factors have been shown to 

colocalize with CTCF and are involved in chromatin remodeling. TLX1 has not been 

suggested thus far to be involved in these mechanisms in its normal developmental roles nor 

its T-ALL context. Understanding the molecular and cellular processes involved in TLX1-

driven leukemia transformation will provide insights into oncogenic TF function in 

thymocytes and identify possible avenues for targeted treatment for T-ALL. 

 
1.9 Hypothesis 

We hypothesize that TLX1 establishes and maintains leukemic cells partly through the 

recruitment of complexes that mediate chromatin loop formation, resulting in the 

dysregulation of 3D chromatin structures. 
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1.10 Main objectives 

Master’s Objective: Identify candidate proteomic and genomic mechanisms where TLX1 
participation may drive the oncogenic transformation of T-cell progenitors into their leukemic 
state.  
• This was the general objective of my Master’s project that transitioned to the hypothesis 

above and objectives 2, 3, and 4. 
 
Objective 2: Characterize the role of TLX1 in chromatin domain transformation and 
maintenance. 
• Assess the degree to which TLX1 binds at TAD boundaries as well as AB compartment 

occupancy in human TLX1 T-ALLs. 
• Characterize TAD and AB compartment organization across stages of mouse leukemic 

transformation. 
 
Objective 3: Determine the mechanism through which TLX1 regulates chromatin looping 
across model systems. 
• Characterize TLX1 occupancy at chromatin loops in human TLX1 T-ALLs with its 

cofactors. 
• Characterize changes in chromatin looping sites across stages of mouse leukemic 

transformation and assess TLX1 occupancy with its cofactors at these sites. 
• Determine whether ectopic expression of TLX1 in Jurkat T-ALL causes changes in 

chromatin loops. 
 
Objective 4: Evaluate BAF complex inhibition as a potential T-ALL therapeutic strategy. 
• Determine, in vitro, whether the TLX1 cell line ALL-SIL is sensitive to targeting the BAF 

complex through inhibition or degradation of BRG1 and BRM.  
• Determine whether targeting the BAF complex with these drugs can be replicated in mice. 
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Chapter 2: Materials and Methods 
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2.1 Cell culture 

 Cell cultures were maintained at 37°C and 5% CO2. ALL-SIL (DSMZ ACC 511) was 

cultured in RPMI-1640 media supplemented with 20% FBS, 1% Pen/Strep in a 37°C incubator 

(5% CO2). Jurkat (DSMZ ACC 282) was cultured in RPMI-1640 media supplemented with 

10% FBS, 1% Pen/Strep in a 37°C incubator (5% CO2). The Jurkat-Dox-flag-TLX1 stable cell 

line (Jurkat-TLX1) was cultured in RPMI-1640 media supplemented with 10% FBS, 1% 

Pen/Strep, 400 µg/mL HygromycinB, and 20 µg/mL Blasticidin-HCl. For induced expression 

of TLX1 in Jurkat, 5 µg/mL Doxycycline was added and replaced every 48 hours. 

 

2.2 Bradford protein assay  

 BSA standards and blanks were prepared in respective buffers for relevant experiments 

(ex. RIPA buffer, NE buffer D). A 1X working solution of Bio-Rad Protein Assay Dye Reagent 

Concentrate (cat #5000006) was prepared in dH2O at RT. When measuring by cuvette, 2 µL 

of sample, standards, and blank was added to 1 mL working solution per cuvette. Cuvettes 

were mixed by inversion and incubated for 5-10 minutes, then measured using a 

spectrophotometer (Eppendorf BioPhotometer Model #6131). For the 96-well microplate 

measurements, 1 µL of sample, standards, and blank was mixed with 24 µL of dH2O, briefly 

vortexed, then 250 µL of the working solution was added, incubated for 10 minutes, and 

measured using a BioTek Synergy HT plate reader. Sample concentration was determined by 

BSA standard curve with both methods. 
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2.3 RIPA buffer whole-cell lysate protein extraction 

 Cells were pelleted at 600g for 5 minutes at 4°C. Media was aspirated, and cells were 

resuspended in cold 1X RIPA buffer (50 mM Tris pH 7.4; 150 mM NaCl, 1% Triton X-100, 

0.5% Na-Deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF, 0.5 mM DTT, 1X PIC) 

supplemented with 5 mM MgCl2 and 0.5 ng/µL Benzonase® nuclease (Millipore 70746). Note: 

Benzonase degrades RNA and DNA, which greatly reduces the viscosity of whole-cell lysates. 

Samples were placed in a thermomixer set to 25°C and 1400rpm for 15 minutes, then kept on 

ice. Protein concentration was measured by Bradford assay. Samples then had added 1X final 

dilution of 4X SDS loading dye (200 mM Tris pH 6.8; 40% glycerol, 8% SDS, 80.4 mM DTT, 

0.4% Bromophenol Blue), boiled for 10 minutes, and stored at -20°C. 

 

2.4 Large-scale nuclear protein extraction 

 Prior to nuclear extraction, cultured cells (ALL-SIL, DND-41, Jurkat) were grown in 

1L spinner flasks supplied with medical oxygen (21% O2, 5% CO2) on a magnetic stirring 

platform in a 37°C incubator. Cells were harvested and pelleted at 600g at 4°C for 15 minutes. 

Media was aspirated, and cell pellets were resuspended in cold MS30 buffer (50 mM Tris pH 

8.0; 2.5 mM EDTA, 30% glycerol, 0.1 mM DTT), then snap-frozen in liquid nitrogen and 

stored at -80°C. 

 Cells were thawed on ice and combined in a 50 mL tube. Cells were pelleted at 

1500rpm for 15 minutes at 4°C, and pellet cell volume (PCV) was estimated. Pellet was 

resuspended in 5X PCV of cold PBS and re-pelleted, then resuspended in 5X PCV of NE 

Buffer A (10 mM HEPES-KOH pH 7.9; 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1X PIC) 

and incubated for 15 minutes on ice. Cells were pelleted, resuspended in 2X PCV of NE Buffer 

A, and lysed using a Kontes B-type homogenizer with 10 strokes. Lysate was transferred to 
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high-speed centrifuge tubes and spun at 25,000g for 30 minutes at 4°C. The supernatant 

(cytosolic fraction) was removed, and cells were resuspended in 1X nuclei pellet volume 

(NPV) of NE Buffer C (10 mM HEPES-KOH pH 7.9; 1.5 mM MgCl2, 600 mM KCl, 25% 

glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1X PIC) and lysed using a Kontes B-type homogenizer 

with 10 strokes. Lysate was then transferred to high-speed centrifuge tubes, rocked for 30 

minutes at 4°C, and spun at 25,000g for 30 minutes at 4°C. The supernatant (nuclear fraction) 

was transferred to a 10,000 MWCO Slide-A-Lyzer™ Dialysis Cassette (ThermoFisher 66380) 

and dialyzed for 2 hours in 1 L of cold NE Buffer D (25 mM Tris pH 7.9; 5 mM MgCl2, 100 

mM KCl, 20% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF) with gentle stirring. NE 

Buffer D  was replaced and dialyzed overnight with gentle stirring. The nuclear extract was 

transferred to a 15 mL tube and completed with 1X PIC, 1 mM PMSF, 1 mM Na-

Orthovanadate, and 0.05% NP-40. Protein concentration was measured by Bradford assay, and 

the nuclear extract was aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C. 

 

2.5 Crosslinking antibodies for immunoprecipitation 

 Dynabeads Protein A magnetic beads (ThermoFisher 10001D) were washed twice with 

Wash buffer (0.5M K-phosphate pH 8.2; 0.1% chicken albumin). Antibodies were incubated 

using 25 µg antibody and 100 µL of Dynabeads in 0.1 M K-phosphate pH 8.2 and rotated at 

RT for 1 to 3 hours. Beads were washed once with K-phosphate buffer and then washed twice 

with 0.2 M triethanolamine pH 8.2. Beads were then crosslinked by resuspending in 500 µL 

of 0.2 M triethanolamine pH 8.2 with 10 mg/mL DMP and rotated for 30 minutes. Crosslinking 

was quenched by washing once with 50 mM Tris pH 7.2. Beads were then washed three times 

using PBS with 0.1% chicken albumin, washed once with IP150 buffer (25 mM Tris pH 7.9; 

5 mM MgCl2, 10% glycerol, 150 mM KCl, 0.1% NP-40, 0.3 mM DTT, 1X PIC), washed once 
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with 100 mM glycine pH 3.0, washed twice with IP150 buffer, then stored at 4°C. Crosslinking 

was verified by Coomassie gel using 5% aliquots of post-incubation supernatant, pre-

crosslinking, and pre-storage. 

 

2.6 Immunoprecipitation of proteins in nuclear extract 

 Nuclear extract (NE) was thawed on ice, then ethidium bromide (100 µg/mL final) was 

added and incubated for 30 minutes on ice. The NE was centrifuged for 15 minutes at 

14,000rpm at 4°C to pellet insoluble proteins, and the NE supernatant was retained. Dynabeads 

A used for pre-clearing were washed once with IP150 buffer. The NE was then pre-cleared for 

2 hours at 4°C with an equivalent volume of Dynabeads A used for the IP. An aliquot was 

retained for western blot “Input.” Pre-cleared NE was then added to the crosslinked target and 

control antibody tubes and incubated overnight. An aliquot of post-incubation supernatant 

“SN” was aliquoted for western blot.  

 For TLX1 IP mass spectrometry samples, beads were stringently washed using cold 

IP300 buffer (25 mM Tris pH 7.9; 5 mM MgCl2, 10% glycerol, 300 mM KCl, 0.1% NP-40, 

0.3 mM DTT, 1X PIC) and IP150 (25 mM Tris pH 7.9; 5 mM MgCl2, 10% glycerol, 150 mM 

KCl, 0.1% NP-40, 0.3 mM DTT, 1X PIC). Beads were then eluted using 5% acetic acid, 

vortexed for 30-45 minutes, then evaporated in an Eppendorf 5301 Vacufuge Concentrator. 

Samples were resuspended in 2X SDS Loading Dye and migrated on SDS-PAGE gel for 

western blot or silver-stain gel.  

 For reciprocal IPs, beads were washed four times with IP100 buffer (25 mM Tris pH 

7.9; 5 mM MgCl2, 10% glycerol, 100 mM KCl, 0.1% NP-40, 0.3 mM DTT, 1X PIC), then 

eluted using 2X SDS loading dye, boiled for 5 minutes, and then migrated on SDS-PAGE gel 

for western blot. 
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2.7 Western blot  

 Prior to western blot loading, samples had added 1-2X final ratio of 4X SDS loading 

dye, then boiled at 95°C for 5-10 minutes depending on the experiment. Samples were then 

migrated on 8-12% acrylamide/bis SDS-PAGE gel in a BioRad Mini Trans-Blot Cell in SDS 

running buffer (0.2% SDS, 192 mM glycine, 25 mM Tris-base). Gels were transferred onto 

nitrocellulose membrane for 60-90 minutes at 150V in Transfer buffer (192 mM glycine, 25 

mM Tris-base). Membranes were blocked with PBS (5% skim milk) for 1 hour, then incubated 

with primary antibody for 60-90 minutes at RT or overnight at 4°C. Membranes were washed 

at least three times with PBS or PBS-T, then incubated for 60-90 minutes at RT with secondary 

antibody. Membranes were incubated with HRP substrate according to manufacturer 

instructions. X-ray exposures used ECL™ Western Blotting Detection Reagent (Cytiva 

RPN2209). ChemiDoc-MP images used SuperSignal™ West Pico PLUS Chemiluminescent 

Substrate (ThermoFisher 34580).   

 

2.8 Mass spectrometry workflow 

 2.8.1 Silver-stain gel sample preparation 

 The immunoprecipitated eluate from the IPs was migrated on 10% SDS-PAGE gel and 

stopped before the dye front reached the bottom. The gel was fixed in a glass beaker using 

Fixing solution (50% EtOH, 5% glacial acetic acid) for 1 hour. The gel was then washed in 

50% EtOH for 10 minutes. The gel was then washed with dH2O twice for 10 minutes. Gel was 

sensitized for 90 seconds using Sensitizer solution (0.02% Na-Thiosulfate, dH2O), washed 

three times for 30 seconds with dH2O, and then stained for 30 minutes using Stain solution 

(0.1% silver nitrate, dH2O). Gel was developed using Developer solution (0.04% formalin, 

2% Na-Carbonate, dH2O) until bands were visible, and then stopped using Stop solution (5% 
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acetic acid). The gel was washed three times for 15 minutes with dH2O and stored in 1% acetic 

acid. Gel bands were excised according to OHRI Proteomics Core protocol in a laminar flow 

hood.  

 

 2.8.2 Mass spectrometry peptide identification by OHRI Proteomics Core 

 Scaffold (version Scaffold 4.11.0, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS-based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 21.0% probability to achieve an FDR less 

than 1.0% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they 

could be established at greater than 99.0% probability and contained at least 2 identified 

peptides.  Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii, 

Al et al. Anal. Chem. 2003;75(17):4646-58). Proteins that contained similar peptides and could 

not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Proteins 

were annotated with GO terms from NCBI (downloaded 7-Mar-2018) and NCBI (downloaded 

20-Apr-2018). (Ashburner, M et al. Nat. Genet. 2000;25(1):25-9). 

 

 2.8.3 Mass spectrometry data analysis 

 Proteins that passed a 99% protein threshold, 1.0% FDR peptide threshold, and a 

minimum of 2 peptides were exported from the Scaffold for further filtering. Proteins that were 

removed included non-human, keratins, decoy peptides, incomplete fragments, alternate 

isoforms with the same ID, and proteins with more spectra in IgG control. Proteins were 

compared to CRAPome145, where proteins belonging to known families of frequent IP 

contaminant proteins were removed (ex. HNRNP, heat-shock (HSP), ribosomal proteins). The 
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final protein list was inputted into ClueGO146 for gene ontology (GO) analysis. Protein 

interaction networks were visualized using Cytoscape147. 

 

2.9 ChIP-seq 

 Cells were harvested from culture (1x108) and centrifuged for 10 minutes at 1500rpm 

at RT; media was aspirated. Cells were resuspended in 39 mL of pre-warmed RPMI-1640 with 

10% FBS, then 37% formaldehyde (1% final) was added and rotated for 30 minutes. 

Crosslinking was quenched with 125 mM glycine, and cells were centrifuged for 10 minutes 

at 1500rpm at 4°C. Cells were resuspended in PBS and centrifuged again, then resuspended 

into 2 mL PBS and split into 2x 1.5 mL tubes (50 million cells per tube). Cells were centrifuged 

at 500g for 3 minutes at 4°C, and the supernatant was aspirated. Cells were snap-frozen in LN2 

and stored at -80°C. 

 Antibody-bound magnetic beads were prepared prior to sonication. Dynabeads Protein 

A was washed twice in IP100 Buffer (25 mM Tris pH7.9, 5 mM MgCl2, 10% glycerol, 100 

mM KCl, 0.1% NP-40, 0.1 mM DTT, 1X PIC), then 10 ug of antibody was combined with 

40µL Dynabeads Protein A (30 µg/µL) in IP100 buffer and rotated at RT for at least 2 hours. 

 To prepare sonicated chromatin for ChIP, 50 million cells were thawed on ice and 

resuspended in 1mL Swelling buffer (25 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 

0.1% NP-40, 1 mM DTT, 1X PIC) on ice for 15 minutes. Cells were lysed with a Dounce B-

type pestle with 40x strokes and checked with trypan-blue under the microscope. Cells were 

pelleted at 2000rpm for 5 minutes at 4°C, and the supernatant was aspirated. The cell pellet 

was then resuspended in 400 µL Sonication buffer 1% SDS (50 mM HEPES pH 7.9; 140 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate, 1% SDS, dH2O, Roche PIC). 

Cells were sonicated using a 4°C actively-cooled Bioruptor with settings: high power, 65 
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cycles of 30sec ON, 90sec off. Note: Cycles were determined empirically prior to the ChIP 

protocol to produce ~300bp sheared DNA. Sonicated lysates were combined in a 10 mL 

polypropylene tube and diluted with Sonication buffer without SDS (50 mM HEPES pH 7.9; 

140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate, Roche PIC) to a final 

0.1% SDS concentration. Lysate was separated into 1.5 mL tubes and spun at 14000rpm for 

15 minutes at 4°C. The cleared supernatant (sheared DNA) was combined in a 10 mL 

polypropylene tube. DNA concentration was measured with a Qubit-1 Fluorometer and Qubit 

dsDNA High-Sensitivity assay kit (Q32851). Sonicated λ DNA (0.5 µg/mL final) and chicken 

albumin (1 µg/µL final) were added to each sample. Dynabeads Protein A was washed twice 

with Sonication Buffer 0.1% SDS, and then chromatin was pre-cleared for 2 hours by rotating 

at 4°C using 10 µL Dynabeads/mL chromatin. The tubes were placed on a magnet and cleared 

for 2 minutes; then, the supernatant was transferred to a new 10 mL tube and used immediately 

for ChIP; the remaining was stored at 4°C. This is the Input DNA. 

 For each ChIP sample, 1 mL of chromatin was incubated for 3 hours at 4°C with 

rotation using the pre-bound 10 µg antibody per 40 µL Dynabeads. The samples were then 

placed on a magnet, allowed to clear, and the supernatant was aspirated. This was repeated for 

the following washes that were each rotated at 4°C for 10 minutes. Two washes with cold 

Sonication buffer 0.1% SDS. Two washes with cold Wash buffer A (50 mM HEPES pH 7.9; 

500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate, 0.1% SDS, 1X PIC). 

Two washes with cold Wash buffer B (20 mM Tris pH 8.0; 1 mM EDTA 250 mM LiCl, 0.5% 

NP40, 0.5% Na-Deoxycholate, 1X PIC). They were then quickly washed two times with cold 

TE Buffer (10 mM Tris pH 8.0), where the resuspended beads were transferred to new 1.5 mL 

tubes to minimize carryover proteins and DNA stuck to previous tube walls. Samples were 

then eluted with 200 mL RT Elution Buffer (50 mM Tris pH 8.0; 1 mM EDTA, 1% SDS) and 
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vortexed for 10 minutes at max speed using a thermomixer set to 65°C. The first elution was 

transferred to a new 1.5 mL tube, and elution was repeated for a total of 400 µL. To reverse-

crosslink the ChIP DNA, NaCl was added for a 200 mM final concentration along with 10 

µg/mL final concentration of RNase-A (DNase-free) and incubated overnight at 37°C.  

 The next day, EDTA (12.5 µL final) and Proteinase-K (62.5 ng/µL final) were added 

and incubated at 42°C for 2 hours. DNA was then measured again by Qubit. For phenol-

chloroform extraction, 400 µL of phenol/chloroform/IAA 25:24:1 pH 8.0 (Fisher cat. 

BP1752I400) was added to each tube and vortexed at max speed for 30 seconds, then 

centrifuged at 8000rpm for 10 minutes. The aqueous upper phase was transferred to a new 

tube, and then 400 µL of chloroform was added. Samples were vortexed at maximum speed 

for 30 seconds and then centrifuged at 8000rpm for 10 minutes. The upper aqueous phase was 

transferred to a new tube, and glycogen (20 ug/µL final), Na-Acetate pH 5.5 (0.3 M final), and 

800 µL ethanol was added, then vortexed for 10 seconds. Samples were incubated overnight 

at -20°C. The next day, samples were centrifuged at 14,000rpm for 30 minutes at 4°C. White 

DNA/glycogen pellets were visible at the base of each tube, and the supernatant was carefully 

removed. Samples were washed with 70% ethanol and centrifuged at 14,000rpm for 30 

minutes at 4°C. Ethanol was removed, and pellets were vacuum centrifuged to remove the 

remaining liquid. Pellets were resuspended with 45 µL of 10 mM Tris pH 7.4 and dissolved 

for at least 30 minutes at RT. The final DNA concentration was determined by Qubit. An 

aliquot of ChIP DNA was used for qPCR validation of enrichment, and the rest was sent to the 

IRCM for library preparation, quality control, and sequencing. 

 To prepare “Input DNA” for sequencing (an alternative control to IgG), an aliquot of 

25 µL of input DNA was diluted into 375 µL of Elution Buffer. These tubes were reverse-
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crosslinked and purified in parallel with the ChIP samples and sequenced. For qPCR validation 

of enrichment, a 1:50 dilution of “Input DNA” was used as a control. 

 ChIP-seq reads for ALL-SIL were mapped to the human hg38 reference genome using 

Bowtie2. Properly paired, uniquely mapping reads with MAPQ > 30 were retained. MACS2148 

was used for peak calling using Input DNA as background control and q=1e-2. Homer149 was 

used for peak overlapping. MEME-ChIP150 was used for motif analysis centered on peak 

summits. Heatmaps were generated with DeepTools151. 

 

2.10 Mouse dissection and isolation of cells. 

 Animals were maintained and experimental protocols were conducted in accordance 

with and ethically approved by the University of Ottawa Animal Care Committee (see 

Appendix). Transgenic TLX1 mice and littermate control mice were sacrificed to isolate cells 

inside the thymus, spleen, and bone marrow. Mice were euthanized in a CO2 chamber, 

weighed, and disinfected. For cell handling, we learned early on that thymocytes removed 

from the thymus quickly start dying in warm RPMI-1640, and sequencing experiments are 

very sensitive to dead cells. We remedied this by using cold media, and isolation was handled 

on ice. For each mouse, 9x cryotubes and 9x 1.5 mL tubes were prepared, as well as 3x 50 mL 

tubes with a 40 µm filter and 20 mL cold media. Spleen, thymus, and leg bones were harvested, 

and the spleen and thymus were weighed and imaged next to a ruler. The organs were placed 

in a 6-well plate with 2 mL cold media. The thymus and spleen were crushed between glass 

coverslips, and released cells were transferred into wells. Bone marrow was recovered by 

cutting open leg bones on each end and flushing with 1 mL media into wells. Cells were treated 

with RBC lysis buffer; 1 minute for thymus and bone marrow, and 3 minutes for spleen, and 

then inactivated with cold media. Cells were then passed through the 40 µm filter into their 
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respective 50 mL tubes containing 20 mL cold media. Cells were centrifuged for 5 minutes at 

300g and then resuspended in 5-10 mL of media. Total cells were counted for thymus, spleen, 

and bone marrow. Each organ was aliquoted for flow cytometry. Thymus cells were aliquoted 

for CUT&Tag, ATAC-seq, RNA-seq, and western blot, and some mice had to be prioritized 

for HiC as that protocol needs 10-30 million cells for cross-linking. All thymus cells were used 

for WT and PLK mice as they had significantly fewer cells than LK. Extra cells were frozen 

in 90% FBS+10% DMSO, cryo-cooled at -80°C, then stored in liquid nitrogen. 

 

2.11 Flow cytometry of mouse thymus, spleen, and bone marrow. 

 Samples were handled on ice. Aliquoted cells were spun at 1500rpm for 5 minutes, and 

the media was aspirated. Cells were resuspended in 200 µL flow cytometry solution (PBS with 

2% FBS). For unstained and 6x single-stain controls, 100 µL of thymus, spleen, and bone 

marrow cells were combined and diluted to 700 µL with flow cytometry solution, then 

distributed into 7 vials. For each vial, 100 µL of flow cytometry solution and respective 

antibodies were added. A master mix of conjugated antibodies (Thy1.2, CD8, CD4, CD44, 

CD25, Live/Dead marker) was prepared in 300 µL flow cytometry solution, and 100 µL was 

added to thymus, spleen, and bone marrow vials. All vials were incubated for 30 minutes at 

4°C, then diluted with 1 mL PBS and centrifuged at 1500rpm for 5 minutes. The solution was 

aspirated with 100 µL remaining, then 400 µL of 10% formalin was added. Flow cytometry 

was run in a BD LSR Fortessa and analyzed with FlowJo. The gating strategy (Figure 4) 

characterizes the sub-populations of thymocytes at each stage in differentiation for each organ. 
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2.12 RNA-seq workflow 

2.12.1 RNA-seq samples preparation 

 Cells were harvested from mice or culture flasks and immediately placed on ice and 

centrifuged at 500g for 5 minutes at 4°C. Media was promptly aspirated by pipette, and the 

pellet was immediately resuspended in RNeasy buffer. RNA extraction was performed using 

the Qiagen RNeasy Mini kit (Qiagen 74104) according to manufacturer instructions. RNA was 

eluted into 50 µL of nuclease-free water, and RNA concentration was measured by Nanodrop 

6000. Samples were sent to IRCM for mRNA enrichment (poly-A capture) and sequencing.  

 

2.12.2 RNA-seq data analysis 

 Reads were processed by Salmon152 to generate gene-count tables. Read counts were 

tallied based on the reference transcriptome obtained from the Gencode database (Mouse M25, 

Human V39). The counts matrix underwent count filtering by removing genes with CPM less 

than 0.2 in at least 4 of 19 samples used, then removing rows with fewer than 200 total counts 

across all samples. Counts were then upper quartile normalized by EDA-seq153. RUV-seq154 

Figure 4. Gating strategy for flow cytometry in thymus, spleen, and bone marrow 
samples. Cells are first gated for living and dead cells. Thymocytes are then identified with 
Thy1.2. CD4 vs. CD8 then distinguishes sub-populations of DN, DP, SP4, SP8 thymocytes. 
The DN sub-population is then gated into DN1, DN2, DN3, DN4 using CD25 and CD44. Blue 
arrows indicate the population subset for the next gate. 
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was used to calculate covariates using RUVs and k=2. Note that conditions WT, PLK-early, 

PLK-late, and individual LKs were verified to cluster separately before RUVs unwanted 

variation correction. Conditions were also externally corroborated by CUT&Tag, ATAC-seq, 

and flow cytometry results. RUVs covariates were used in EdgeR155 for differential analysis. 

R code was adapted from these sources153–156. EdgeR glmTreat with lfc=log2(1.1) and genes 

with an adjusted p-value < 0.05 were reported as differentially expressed for each condition 

comparison. Normalized counts were converted to log2 scale for heatmaps and normalized 

expression graphs. Heatmaps were generated using pheatmap and clustered using K-means. 

Clustered genes were used for functional analysis using ClueGO146.  

  

2.13 Bacteria expression and purification of pA-Tn5 for use in CUT&Tag 

 2.13.1 Protein expression in E.coli 

 We recently published a STAR Protocols paper where I contributed an optimized 

protocol which was adapted from the CUT&Tag protocol157 for the expression of pA-Tn5 

transposase in E.coli, column-based protein purification, pre-annealing adapters to the 

transposase, and activity assay158. The 3XFlag-pA-Tn5-Fl plasmid (Addgene #124601) was 

transformed into T7 Express lysY/Iq E. coli (NEB C3013I) and plated onto agar containing 

ampicillin, then incubated overnight at 37°C. A single colony was transferred to 20 mL of LB 

Miller broth containing 100 µg/mL ampicillin and incubated for 6 hours at 37°C on an orbital 

shaker. The 20 mL starter culture was used to inoculate 1 L of LB Miller broth containing 100 

µg/mL ampicillin, then split into 5x 200 mL flasks. The flasks were monitored until the OD600 

reached 0.6, after which the flasks were placed in an ice bath for 30 minutes. A 1 mL aliquot 

was taken for “pre-induction,” centrifuged at 4000g for 5 minutes, media was aspirated, and 

the bacteria pellet was resuspended in 2X SDS-loading dye and boiled for 10 minutes. 
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Expression was induced with 500 µM IPTG and incubated overnight for 26 hours. The OD600 

was measured, and an aliquot was taken for “post-induction,” which was calculated to have 

the same size pellet as the “pre-induction” based on OD600. The aliquot was centrifuged at 

4000g for 5 minutes, the media was aspirated, and the bacteria pellet was resuspended in 2X 

SDS-loading dye and boiled for 10 minutes. The flasks were combined into 2x 500 mL 

centrifuge tubes and centrifuged at 5000g for 20 minutes at 4°C. Media was aspirated, and 

then the bacteria pellets were frozen and thawed twice, with 2 minutes in a dry-ice ethanol 

bath and then 10 minutes in an RT water bath. Pellets were stored at -20°C until purification, 

and pA-Tn5 expression was verified by Coomassie gel staining.  

 

 2.13.2 Protein purification 

 For transposase purification, each bacteria pellet (from 500 mL media) was thawed and 

resuspended in 40 mL HEGX Buffer (20 mM HEPES-KOH pH 7.2, 800 µM NaCl, 10% 

glycerol, 0.2% Triton X-100, 1 mM EDTA, and 1 Roche Complete EDTA-free protease 

inhibitor tablet per 50mL). Lysozyme (0.5 mg/mL final) was added and incubated on ice for 

30 minutes to break down the cell wall. The lysates were then sonicated in ice water using a 

Sonic Dismembrator Model 500 for 13 cycles of 45 seconds at a 50% duty cycle, allowing for 

1-2 minutes to cool down the lysates. Lysates were then centrifuged at 31,000g at 4°C for 30 

minutes using an Avanti centrifuge and JA25.50 rotor. During centrifugation, chitin columns 

were prepared using 4x 30 mL disposable columns (Bio-Rad 7321010) with 2.5 mL chitin 

slurry resin (NEB S6651S) in each. Each column was washed with 30 mL dH2O, then 20 mL 

HEGX buffer, and drained to the top of the resin bed. After centrifugation, an “SN” aliquot of 

100 µL was retained for SDS-PAGE gel, and 20 mL of the supernatant was distributed into 

each of the 4 columns. Columns were sealed and rotated overnight at 4°C. The lysate pellet 
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was resuspended in 10 mL HEGX, and 100 µL was retained as “pellet” for SDS-PAGE gel. 

The next day, columns were allowed to settle, and the unbound flow-through was collected, 

with 100 µL being retained as “FT” for SDS-PAGE. Columns were washed once with 20 mL 

HEGX buffer and drained to the top of the resin bed (~1mL). The remaining HEGX buffer 

above the resin bed was exchanged by adding 1 mL Chitin Elution buffer (HEGX buffer with 

100 mM DTT) and draining to the top of the resin bed. The resin from all 4 columns was 

combined by adding 6 mL Chitin Elution buffer to the first column, resuspending the resin, 

then transferring the contents to the next column; and this was repeated until all the resin was 

collected, then transferred to a 15 mL conical tube. The slurry was rotated at 4°C for 48 hours, 

then transferred to a clean 30 mL disposable column and allowed to settle. The first elution 

fraction was drained to the top of the column bed, and 50 µL was retained as “EL1”. Chitin 

Elution buffer (5 mL) was added slowly and drained to the top of the column bed as the second 

fraction, and 50 µL was retained as “EL2”. EL1 was transferred to 2x 10,000 MWCO Slide-

a-Lyzer™ 3 mL dialysis cassettes and dialyzed in 800 mL cold Dialysis buffer (100 mM 

HEPES-KOH pH 7.2, 200 mM NaCl, 20% glycerol, 0.2% Triton X-100, 0.2 mM EDTA, 2 

mM DTT) for 2 hours at 4°C on a magnetic stirrer. The dialysis buffer was replaced and 

dialyzed overnight at 4°C on a magnetic stirrer. EL1 eluate was combined from the cassettes 

and stored at 4°C.  

 Protein concentration was measured with parallel BSA standard by Coomassie gel 

stain. If the pA-Tn5 concentration was above 826ug/µL (11 µM), then the eluate was diluted 

using Dialysis buffer. If the concentration was below the target concentration, then it was 

concentrated using an Amicon Ultra-4 Centrifugal 30 K filter tube (Millipore UFC803024) at 

4000g at 4°C and corrected to the target concentration. After correcting the eluate 

concentration, an equivalent volume of 80% glycerol was added, so the final pA-Tn5 
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concentration was 5.5 µM in a 50% glycerol buffer. A 50 µL aliquot was retained for the 

activity assay (without MEDS adapters).  

 

 2.13.3 Pre-annealing MEDS adapters 

 To prepare ME-A and ME-B pre-annealed adapters, lyophilized MED oligonucleotides 

(ME-A, ME-B, and ME-rev) were each resuspended in annealing buffer (10 mM Tris-HCl pH 

8.0; 50 mM NaCl, 1 mM EDTA) to a concentration of 200 µM. Annealed-Pair A was prepared 

with 50% ME-A + 50% ME-rev (100 µM final), and Annealed-Pair B was prepared with 50% 

ME-B + 50% ME-rev (100 µM final). These were distributed into PCR tubes (50 µL max). 

PCR tubes were placed in a SimpliAmp Thermal Cycler (Applied Biosystems) with a heated 

lid, heated to 95°C for 5 minutes, then cooled over 45 minutes to RT at a slow ramp rate. 

Annealed-Pair A and B tubes were consolidated in separate 1.5 mL tubes. 

 

 2.13.4 Assembling transposome complex and activity validation. 

 To prepare the transposome complex, 80 µL of Pair A and 80 µL of Pair B were 

combined first to have a 1:1 ratio. The total 160 µL was then added to 1000µL of pA-Tn5, 

briefly vortexed, and then rotated for 1 hour at RT. This is the Tn5 glycerol stock, which has 

4.74 µM pA-Tn5 pre-annealed with an equal ratio of ME-A and ME-B for use in CUT&Tag 

paired-end sequencing. A 25 µL aliquot was retained to verify Tn5 activity, and the Tn5 

glycerol stock was stored at -20°C. A transposome activity assay was used to verify that the 

pA-Tn5 only cuts DNA and ligates adapters in the presence of MgCl2 (Figure 5). This was set 

up using 40 µL reactions with any large plasmid we had on hand; I used pTRIPz (~13kb). NEB 

3.1 was used as it contained 10 mM MgCl2 and 100 mM NaCl, which is a salt concentration 
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that allows pA-Tn5 to ligate adapters non-specifically to naked DNA. The following reactions 

were prepared: 

A. 1ug Plasmid + 1X NEB3.1; no activity without pre-annealed Tn5. 
B. 1ug Plasmid + NEB3.1 and un-annealed Tn5; no activity without adapters. 
C. 1ug Plasmid + dH2O + pre-annealed Tn5; no activity without MgCl2. 
D. 1ug Plasmid + NEB3.1 + pre-annealed Tn5; tagmentation expected. 
E. 1ug Plasmid + NEB3.1 + pre-annealed Tn5 (heat inactivated); no activity. 
 
 The reactions were then incubated for 15 minutes at 55°C to accelerate the reaction 

(pA-Tn5 is very thermostable). Afterward, 0.4 µL of 10% SDS was added and incubated for 

10 minutes at 55°C to release pA-Tn5 from the DNA. Proteinase-K (0.63 µL of 20 mg/mL) 

was added to degrade the pA-Tn5 and was incubated for 20 minutes at 55°C. Finally, 6X DNA 

loading dye was added (1X final), and 250 ng of DNA per reaction was loaded and migrated 

on a 1.2% agarose gel to assess tagmentation (Figure 5). 

 
 
  

Figure 5. pA-Tn5 activity validation assay. Agarose gel (1.2% w/v) loaded with 250 ng of 
each reaction (A - E) described above. Migrated at 120 V for 20 minutes. Tn5 activity is 
evident as a streak of tagmented plasmid DNA. 
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2.14 CUT&Tag workflow 

 2.14.1 CUT&Tag experiment 

 CUT&Tag was performed according to the original protocol157 with several 

modifications. Buffers were prepared fresh for each day of the experiment. Cells were 

harvested and counted, then centrifuged at 600g at RT. Media was aspirated, and cells were 

resuspended in 1 mL PBS. Formaldehyde (0.1% final) was added under light vortexing, and 

cells were inverted gently for 2 minutes. Crosslinking was quenched with 1.25 M glycine (6% 

v/v). Samples were then centrifuged at 800g for 5 minutes at 4°C, then resuspended in Wash 

buffer (20 mM HEPES-KOH pH 7.5; 150 mM NaCl, 0.5 mM spermidine, 0.1% BSA, 1X 

PIC). BioMag® Plus Concanavalin A magnetic beads (ConA beads) (Bangs Laboratories 

BP531) were washed with Binding buffer (20 mM HEPES-KOH pH 7.9; 10 mM KCl, 1 mM 

CaCl2, 1 mM MnCl2, 0.1% BSA). Cells were recounted and rotated with ConA beads for 20 

minutes at a ratio of 10 µL beads to 125k-175k cells per tube. The bead-bound cells were 

placed on a magnet stand, and the buffer was replaced with Antibody buffer (20 mM HEPES-

KOH pH 7.5; 150 mM NaCl, 0.5 mM spermidine, 0.1% BSA, 0.5% digitonin, 2 mM EDTA), 

then distributed into Lo-bind Eppendorf tubes with 125k-175k cells per tube. Primary 

antibodies were added at 1:100 or 1:50 dilution (determined empirically), and tubes were 

rotated overnight at 4°C. The next day, Antibody buffer was replaced with Dig-wash buffer 

(20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 0.1% BSA, 0.5% digitonin) 

containing 1:100 secondary antibody (guineapig-αRabbit), then rotated at RT for 1 hour. Bead-

bound cells were washed 3x with Dig-wash buffer, then rotated for 60 minutes in Dig-300 

buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 0.5 mM spermidine, 0.1% BSA, 0.5% 

digitonin) with 1:250 pre-annealed pA-Tn5. Cells were washed three times with Dig300 

buffer, then resuspended in 300 µL Tagmentation buffer (20 mM HEPES pH 7.5, 300 mM 
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NaCl, 0.5 mM spermidine, 0.1% BSA, 0.5% digitonin), then rotated for 60 minutes at 37°C. 

Tagmentation was stopped with 10 µL of 0.5 mM EDTA, 3 µL 10% SDS, and 5 µL Proteinase 

K (10 µg/µL), then incubated overnight at 37°C in a thermomixer at 300rpm. Samples were 

mixed with 300 µL phenol/chloroform/IAA 25:24:1 pH 8.0 (Fisher cat. BP1752I400), pulse 

vortexed at max for 15 seconds, then transferred to 1.5 mL MaXtract High-Density Tubes 

(Qiagen Cat.129046). Tubes were spun at 16,000g for 7 minutes, then 300 µL chloroform was 

added to the aqueous phase, mixed by inversion, and then spun at 16,000g for 7 minutes. The 

aqueous phase was transferred to 1.5 mL DNA LoBind® Tubes (Eppendorf Cat. 022431021), 

then 750 µL EtOH (anh.) and 30 µL 3M Na-Acetate pH 5.2 were added and chilled at -20°C 

for 1 hour. DNA was pelleted at max speed for 1 hour at 4°C, washed once with anh-EtOH, 

centrifuged for 20 minutes at 4°C, and then the EtOH was poured off. The pellet was dried for 

10 minutes in a vacuum centrifuge (Eppendorf 5301 Vacufuge Concentrator). The DNA pellet 

was solubilized in 27 µL of 1 mM Tris pH 8.0 overnight at 4°C.  

 Library cycles were determined by test amplification using a QuantStudio-3 (Applied 

Biosystems). A master mix of 200 nM i5 index primer and 200 nM i7 index primer in 1X 

PowerUp™ SYBR™ Green Master Mix (A25778) was prepared and distributed in a 96-well 

PCR plate (23.69 µL per well), and 1.31 µL of sample was added to each well. Conditions for 

qPCR: (1) 50°C for 5 min, (2) 72°C for 5 min, (3) 98°C for 1 min, (4) then 40 cycles of; 98°C 

for 10 sec, 63°C for 10 sec, (5) then final extension at 72°C for 1 min, (6) 98°C for 30 sec, (7) 

then melt curve from 60°C to 98°C. Library amplification cycles were determined by 

subtracting 3 cycles near the Ct.  

 For library amplification, 21 µL of the sample was combined with 2 µL i5 index (400 

nM), 2 µL of i7 index (400 nM), and 25 µL NEBNext® High-Fidelity 2X PCR Master Mix 

(NEB M0541L). PCR amplification in a SimpliAmp with a heated lid was carried out with 
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these steps: (1) 72°C for 5 min, (2) 98°C for 30 sec, (3) then cycles of; 98°C for 10 sec, 63°C 

for 10 sec, (4) then final extension at 72°C for 1 min. DNA concentration was measured with 

a Qubit-1 Fluorometer and Qubit dsDNA High-Sensitivity Assay Kit (Q32851). Downstream 

sample processing (size selection, bioanalyzer, etc.) was conducted by the IRCM and 

sequenced using Illumina NextSeq 500. 

 

 2.14.2 CUT&Tag data analysis 

Sequenced data was processed as described in Kaya-Okur 2019157 with minor modifications. 

Reads were trimmed using CutAdapt159 against Nextera transposase adapters with parameters: 

-m 25 -e 0 --no-indels.  Reads were aligned to mm10 or hg38 and E.coli-K12 using Bowtie2 

as recommended157. Picard was used to mark and remove duplicates, mitochondrial reads were 

removed, and properly paired reads with MAPQ > 30 were retained for downstream analysis. 

TLX1, BRG1, CTCF, RAD21 Peaks were called using MACS2 with parameters: -f BAMPE -

-gsize mm10/hg38 --nolambda --nomodel --keep-dup all. Sharp histones were called using 

with parameters: -f BAMPE --gsize mm10/hg38 --nolambda --nomodel --keep-dup all --max-

gap 1000. Broad histones were called using with parameters: -f BAMPE --gsize mm10/hg38 -

-broad --nolambda --nomodel --keep-dup all. The MACS2 “--qval” and “--bval” were adjusted 

per sample to account for signal-to-noise variability. MEME-ChIP150 was also used for motif 

analysis centered on peak summits. Poor-quality samples were removed before differential 

analysis due to very low read counts or poor signal-to-noise. DiffBind160,161 differential 

analysis using DESEQ2162 and RLE reads-in-peaks normalization was found to work best with 

our CUT&Tag data. Regions that had an adjusted p-value < 0.05 were reported as differentially 

enriched. Homer was used for overlap analysis and visualized using UpsetR163. 

ChipPeakAnno164 was used for genome annotations. Bigwigs for track visualization were 
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created using deepTools151 with CPM normalization for ALL-SIL and Patient T-ALL, or 

scaling factors calculated by DiffBind for mouse data160. Average signal bigwigs were made 

using WiggleTools165 for visualization in figures and heatmaps. K-means clustered heatmaps 

were generated with deepTools151. Bigwigs were visualized using IGV166.  

 

2.15 ATAC-seq workflow 

 2.15.1 ATAC-seq sample preparation 

 Crosslinked cells from the CUT&Tag protocol (0.1% formaldehyde for 2 minutes) 

were also used for ATAC-seq on the same day using a protocol developed by the IRCM. We 

found that ATAC-seq with lightly crosslinked cells had superior signal-to-noise than non-

crosslinked cells. This protocol used the Illumina Tagment DNA Enzyme and Buffer Small 

Kit (20034197), followed by DNA column purification using Zymo DNA Clean & 

Concentrator™-5 kit (R1013) according to manufacturer instructions.  

 Briefly, 50,000 cells were centrifuged at 800g for 5 minutes at 4°C. Wash buffer was 

aspirated, and cells were resuspended in Lysis buffer (10 mM Tris pH7.4; 10 mM NaCl, 3 mM 

MgCl2, 0.1% NP-40). Nuclei were spun at 500g for 10 minutes at 4°C, and the supernatant 

was removed. Nuclei were resuspended in 25 µL Transposase buffer (12.5 µL 2X TD buffer, 

5 µL Transposase TDE1, 7.5 µL nuclease-free dH2O) and incubated for 30 minutes at 37°C. 

Following incubation, 180 µL of DNA Binding buffer was added to the 25 µL sample, washed 

according to kit instructions, and then eluted with 16.5 µL Elution buffer. Downstream sample 

processing (index adapter ligation, PCR amplification, fragment size selection, bioanalyzer) 

was conducted by the IRCM and sequenced using Illumina NextSeq 500. 
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 2.15.2 ATAC-seq data analysis 

 Reads were processed similarly to CUT&Tag as they both use Tn5 transposase 

tagmentation to generate DNA fragments. MACS2 was used for peak calling using default 

settings and --llocal 50000. Downstream analysis was performed in the same way as 

CUT&Tag. 

 

2.16 HiC workflow 

 2.16.1 Cell crosslinking for HiC 

 Between 10-30 million cells were centrifuged at 500g for 5 minutes. Media was 

aspirated, and cells were resuspended in 10 mL PBS and immediately crosslinked using 1% 

formaldehyde for 10 minutes with rotation. Crosslinking was quenched with 200 mM glycine 

and incubated for 5 minutes at RT, then on ice for 15 minutes. Cells were centrifuged at 800g 

for 5 minutes at 4°C, PBS was aspirated, and cells were resuspended with 5 mL cold PBS with 

0.1% BSA. Cells were counted and distributed into 1.5 mL tubes at 1x106 cells per tube. Tubes 

were centrifuged at 800g for 5 minutes at 4°C, and the supernatant was removed. Tubes were 

snap-frozen in liquid nitrogen and stored at -80°C until Arima HiC. 

 

 2.16.2 Arima HiC+ experiment 

 The Arima HiC+ kit (Arima Genomics A410031) was used for HiC library preparation. 

First, 0.5M crosslinked cells were lysed, and the DNA yield per 1M cell was estimated. 

Approximately 3.5 ug of total DNA was used for input. The cross-linked cell pellet was treated 

with lysis buffer and incubated for 15 minutes at 4°C. The extracted DNA from lysed cells 

was digested with the restriction enzyme cocktail included in the kit for 30 minutes at 37°C 

and then incubated for 20 minutes at 65°C. The 5’-overhangs were end-repaired and labeled 
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with biotinylated nucleotides. The digested end of DNA was treated with ligase and incubated 

at 25°C for 15 minutes. The ligated DNA was purified with DNA purification beads (AMPure 

XP Beads, Beckman Coulter), and the DNA concentration was measured by Qubit. Purified 

DNA (1 µg) per sample was sheared by sonication using a Bioruptor with default parameters 

(30 seconds ON, 30 seconds OFF pulse intervals) to obtain an average 400 bp fragment length. 

Fragmented DNA was size-selected to have a size distribution between 200-600 bp. After the 

enrichment of biotinylated DNA, library preparation was performed with the KAPA Hyper 

Prep Kit (Roche KK8504). Final libraries were checked by BioAnalyzer (Agilent) and 

submitted for paired-end sequencing of 100 bp length on an Illumina Novaseq. 

 

 2.16.3 HiC data analysis 

 Reads were trimmed using CutAdapt against Illumina Truseq adapters with 

parameters: -e 0 --no-indels -m 40 -u 5 -U 5. Trimmed reads were aligned to mm10 or hg38 

using BWA with parameters: -v 2 -T0 -SP5M, and bam files were generated using SAMtools167 

with parameters: -m 3G -h -b -S. Pairtools was used to parse ligations, then duplicated ligations 

were marked and removed. Unique and rescued ligations were retained as a pairs file. Regions 

with low mappability or high background were removed. Retained reads were then converted 

to pre-cooler or pre-juicer formatted files. 

 Juicer168 pre was used to make hic files with canonical chromosomes excluding chrY 

and chrM and reads with MAPQ > 10 with parameters: -r 5000, 10000, 20000, 25000, 40000, 

50000, 100000, 250000, 500000, 1000000, 2500000, 5000000, 10000000 -q 10 -k VC, 

VC_SQRT, KR, SCALE.  Juicebox101 and GENOVA169 were used for visualization. Juicer hic 

files were used for calling and differential analysis of AB compartments, loops, TADs, and 

visualization. Loops were called at 5kb using Mustache170 with parameters: --r 5000 -d 
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2000000 --pThreshold 0.1 --sparsityThreshold 0.80 --normalization SCALE, and mustache-

diff was used for differential looping with an FDR of 1e-4. OnTAD171 was used to call TADs 

and sub-TADs with parameters: “10000 -hic_norm NONE -penalty 0.20 -ldiff 1.96 -maxsz 200 

-sz 3 -lsize 5”. DiffDomain172 was used at 25kb resolution with otherwise default settings. 

Differential AB compartment analysis was performed with dcHiC173 at 50kb resolution and 

otherwise default settings.  

 Cooler cool files were made using reads with MAPQ > 10, and cooler matrix mcool 

files were balanced with parameters: “--balance --balance-args '--tol 0.00001 --nproc 20 --

ignore-diags 0 --mad-max 10 --min-nnz 1000'”, with the same resolutions as the HIC files. 

The mcool files were used for SV analysis using EagleC105 and NeoLoopFinder104. Note: 

blacklisted regions were not removed prior to this analysis but were checked afterward and 

omitted if they were identified as false positives. 

 

2.17 BRG1 protein degradation assay using ACBI-1 

 ALL-SIL cells were seeded on Day 0 in a 24-well plate in 1 mL media. Seeding was 

calculated to have enough cells for RIPA buffer extraction for subsequent days. On Day 0, 

each well had 200 nM of ACBI-1 added, and T0 cells were harvested. For subsequent days 1 

to 7, cell concentration and media volume were recorded, and cells were harvested. Harvested 

cells were centrifuged at 600g for 5 minutes at 4°C, washed once with cold PBS+PIC, and 

centrifuged at 800g for 5 minutes at 4°C. The supernatant was aspirated, and the pellet was 

frozen at -20°C. RIPA buffer extraction of pellets was done together.  Western blot lanes were 

loaded with equal total protein. Western blot images were incubated with BRG1, TLX1, and 

TFIIB antibodies. 
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2.18 Cell-Titer Glo cell proliferation drug assay 

 The drug assay was performed in a 384-well plate, where wells containing cells in 50 

µL media were centered, and a 3-well border of dH2O with 1% Pen-Strep was added to stop 

evaporation. On Day 0, ALL-SIL cells were seeded at 12,500 cells per well, which was 

determined empirically beforehand to not over-grow during the assay. Plates were incubated 

for 24 hours, and drugs ACBI-1 (MedChemExpress HY-128359) and BRG1/BRM Inhibitor-

1 (MedChemExpress HY-119374) were added on Day 1 in 3-fold serial dilutions (0.5 nM to 

10 µM). Plates were incubated for the next 7 days in an incubator designated not to be opened 

for that time to minimize evaporation (cells were checked briefly on Day 5 under a 

microscope).  

 CellTiter-Glo® Luminescent Cell Viability Assay (Promega G7571) was used 

according to manufacturer instructions. Briefly, assay reagents were warmed to RT in a water 

bath for 30 minutes, and plates were removed from the incubator for 30 minutes on Day 8. 

Assay reagents were combined into a master mix, and 50 µL of the master mix was added to 

each well. Plates were incubated for 10 minutes and then centrifuged at 100g for 2 minutes to 

remove any bubbles. Luminance was measured using a SpectraMax M at a range of gain 

settings, ensuring media blank and max signal were within the dynamic range. GraphPad was 

used for statistical analysis. Outliers were removed using ROUT < 5%, and then absolute IC50 

was calculated using the average media blank signal as 0% and average max concentration 

signal as 100% for each drug. 
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3.1 Optimizing immunoprecipitation with TLX antibodies. 

 We first had to find an efficient TLX1 antibody for immunoprecipitation experiments, 

as the antibody used in previous TLX1 studies (Santa Cruz sc-880) was discontinued. What 

we had remaining would not be enough for future experiments, so we had to find a 

replacement. I tested several antibodies for TLX1 and TLX3 by western blot first, as I was 

studying both T-ALL subtypes at the time. I tested several antibodies with nuclear extracts 

from ALL-SIL (TLX1+), DND41 (TLX3+), and Jurkat (TAL1+) T-ALL cell lines.  

 ALL-SIL is a cell line derived from a 17yo male with relapsed T-ALL. These cells 

have a TLX1-TCRδ translocation and express full-length TLX1. DND-41 is a cell line derived 

from a 13-year-old male with T-ALL and expresses full-length TLX3 due to its translocation 

to the highly active BCL11B locus57. Jurkat is a cell line derived from a 14-year-old male with 

relapsed T-ALL that ectopically expresses TAL1 and was used here as a negative control as it 

did not express TLX1 or TLX3. These transcription factors are specific to each cell line, with 

no expression in the others. 

 TLX1 antibodies ab78498 and NB100-56424SS worked similarly to the discontinued 

sc-880 (Figure 6A). I then optimized antibody crosslinking to Dynabeads and TLX1 IPs. I 

found that using ab78498 and NB100-56424SS together during co-IP efficiently bound TLX1, 

as seen in the western blot IP verification for the mass spectrometry sample (Figure 7B). 

Notably, TLX3 17454-1-AP enriched both TLX3 in DND-41 and TLX1 in ALL-SIL by 

western blot (Figure 6B). This made sense as TLX3 17454-1-AP is a polyclonal rabbit 

antibody targeting full-length TLX3, which shares 56% homology with TLX1. At the time, I 

proceeded with mass spectrometry using the two TLX1 antibodies. I later found it more 

effective to use TLX3 17454-1-AP in ALL-SIL nuclear extract for western blot cofactor 

validation (Figure 8A), as it worked efficiently for TLX1 IPs. Using this antibody was 



49 

appropriate in ALL-SIL nuclear extracts because TLX2 and TLX3 were not confounding 

variables. I did a similar antibody test when optimizing sets of antibodies for CUT&Tag, and 

TLX3 17454-1-AP worked effectively for TLX1 CUT&Tag as well. 

 

 
  

A 

B 

Figure 6. Testing specificity of TLX1 and TLX3 antibodies in ALL-SIL, DND-41, and 
Jurkat nuclear extracts by western blot. A) Nuclear extracts incubated with TLX1 
antibodies. B) Nuclear extracts incubated with TLX3 antibodies. Each lane was loaded with 
40ug of nuclear extract for Jurkat, ALL-SIL, or DND-41. After western blot migration and 
transfer, blots were cut and incubated with their respective antibodies and then re-aligned for 
imaging. Dotted lines represent membrane cut lines. Optimal exposures per antibody are 
shown. 
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3.2 Identifying TLX1 cofactors by immunoprecipitation.  

 After identifying appropriate antibodies for TLX1 IP, I proceeded with IP mass-

spectrometry to identify possible cofactors that may be interacting with TLX1 (Figure 7A). 

This involved western-blot verification of TLX1 pull-down using part of the eluted proteins 

from the TLX1 and IgG control IPs (Figure 7B). The rest of the eluted proteins were separated 

by SDS-PAGE gel and then silver-stained to verify cofactor co-immunoprecipitation (Figure 

7C). The silver-stained gel was then cut and sent for mass spectrometry at the OHRI 

Proteomics Core. 

 After filtering proteins for known contaminants and higher abundance in IgG, I used 

ClueGO to identify possible candidate complexes (Table 1). Previously identified TFs were 

identified, like PBX2 and RUNX1 (Supplemental Table 1). We found several epigenetic 

complexes were enriched at lower quantities, like the repressive NuRD and PcG complexes 

and the H3K4 methylating MLL complexes. Notably, many subunits of the BAF complex 

were highly enriched in the TLX1 IP. I reasoned that it would be most effective to decide on 

a candidate complex using both the completeness of the complex and the abundance of spectra 

for each subunit. Previous research also suggested that ALL-SIL was not sensitive to HDAC 

inhibition6, and changes in H3K4me1 were not driven by TLX15,  which is expanded on in the 

discussion. The completeness of the subunits identified and their high abundance pointed to 

the BAF complex as the best candidate to pursue further. We also identified CTCF and 

cohesin, which are involved in chromatin looping. Chromatin looping is partially regulated by 

DNA accessibility, which involves the BAF complex. 
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A 

D 

C 

B 

Figure 7. Immunoprecipitation of TLX1 and mass spectrometry analysis identifies 
candidate cofactors. A) Depiction of workflow, IP proteins are eluted and migrated on SDS-
PAGE gel. Gel is silver-stained then processed and analyzed by mass spectrometry. B) Western 
blot validation for TLX1 immunoprecipitation samples sent for mass spectrometry. C) Silver 
stain gel image of mass spectrometry samples. D) Summary of proteins of interest, line 
thickness indicates total unique peptide counts. 
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Table 1. Significantly enriched complexes identified by ClueGO in TLX1 IP. All proteins 
found exclusively or with 2-fold higher abundance in the TLX1 IP (910 total) were inputted 
into ClueGO using the GO_CellularComponent database GO terms. A total of 155 GO terms 
with an adjusted pValue < 0.05 were output. P-values are corrected with Bonferroni-Hochberg 
(p<0.05). Terms identifying specific complexes are shown, and BAF complexes are in bold. 

 
  

Term 
Proteins 
identified 

% 
Associated 

Proteins 
BH corrected  

p-Value 
BAF superfamily-type complex 68 66.0 1.24E-63 
MLL1 complex 27 79.4 4.00E-29 
SAGA-type complex 28 70.0 1.44E-27 
BAF complex 23 74.2 9.11E-24 
Sin3 complex 20 76.9 2.48E-21 
PcG protein complex 24 49.0 1.11E-18 
NuRD complex 16 72.7 1.43E-16 
SAGA complex 17 65.4 2.36E-16 
nBAF complex 13 76.5 4.39E-14 
Ino80 complex 13 76.5 4.39E-14 
npBAF complex 12 80.0 1.84E-13 
Swr1 complex 11 78.6 2.78E-12 
GBAF complex 11 73.3 9.60E-12 
transcription factor TFIID complex 17 39.5 1.09E-11 
bBAF complex 8 72.7 9.39E-09 
NSL complex 8 72.7 9.39E-09 
Set1C/COMPASS complex 9 56.3 2.38E-08 
PRC1 complex 8 50.0 5.21E-07 
MLL3/4 complex 7 50.0 2.81E-06 
ISWI-type complex 6 42.9 4.42E-05 
SLIK (SAGA-like) complex 3 100.0 1.82E-04 
U2AF complex 4 50.0 4.94E-04 
NURF complex 4 50.0 4.94E-04 
RNA polymerase II, core complex 5 33.3 7.51E-04 
cohesin complex 4 25.0 7.99E-03 
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3.3 Western-blot verifies TLX1 protein-protein interactions with cofactors. 

 The mass spectrometry data analysis suggested that TLX1 interacted with the BAF 

complex, as well as CTCF and cohesin. Reciprocal IPs and western blotting are important for 

mass-spectrometry validation of interactions, as interactions should be identified when 

immunoprecipitating the opposite protein.  

 To confirm TLX1-cofactor interactions, I validated binding by western blot from the 

TLX1 IP and reciprocal IPs for BRG1, CTCF, and RAD21. The TLX1 IP was enriched for 

BRG1, CTCF, and RAD21, and the reciprocal IPs all verified interactions with TLX1 (Figure 

8A-D). These data strongly suggest that TLX1 physically interacts with BRG1, CTCF, and 

RAD21 in nuclear extracts. However, this does not necessarily mean they interact together on 

the genome. We next focused on genomic colocalization in the TLX1-expressing cell line 

ALL-SIL to see if the proteomic analysis translated to colocalization on the genome. 
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A B 

C D 

Figure 8. Western blot validation of TLX1 and cofactor interactions. A) TLX1 IP with 
validation for TLX1, BRG1, RAD21, CTCF. B) BRG1 reciprocal IP with validation of BRG1 
and TLX1. C) CTCF reciprocal IP with validation of CTCF and TLX1. LE = Long exposure, 
which was needed to see depletion of CTCF in “CTCF SN”. D) RAD21 reciprocal IP with 
validation of RAD21 and TLX1. 
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3.4 TLX1 colocalizes with CTCF and RAD21 using ChIP-seq. 

 I wanted to see if TLX1 colocalized on the genome with CTCF, RAD21, and BRG1. I 

performed ChIP-seq on TLX1 in ALL-SIL and then did a motif analysis to identify which 

transcription factors likely colocalized with TLX1.  

 Motif analysis of TLX1 peaks in ALL-SIL identified RUNX1 and ETS1 motifs, which 

were identified in previous literature8, but CTCF was notably the most enriched motif (Figure 

9A). I then performed ChIP-seq for CTCF, RAD21, and BRG1. The BRG1 ChIP-seq did not 

work well, as the BAF complex does not have a defined DNA binding motif, and sonication 

likely sheared it from its interacting sites. CTCF and RAD21 ChIP-seq worked very well. 

Combined CTCF and RAD21 peaks colocalized at 30% of TLX1 peaks, RAD21 alone 

colocalized at 24% of TLX1 peaks, while 44% of TLX1 peaks did not overlap with CTCF or 

RAD21 (Figure 9B). CTCF alone only colocalized at 3% of TLX1 peaks.  

 Taken together, this reinforced the mass-spectrometry data suggesting that TLX1 

interacts with both CTCF and RAD21 on the genome. Notably, TLX1 also colocalized to a 

high degree with RAD21 independent of CTCF, suggesting that TLX1 may be binding in 

regions that block cohesin loop extrusion independent of CTCF. With this preliminary 

evidence, we modified the hypothesis and objectives to investigate whether TLX1 establishes 

and maintains leukemic cells partly through the recruitment of complexes that mediate 

chromatin loop formation, resulting in the dysregulation of 3D chromatin structures. 
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3.5 CUT&Tag in ALL-SIL and Patient T-ALL shows strong colocalization of TLX1 

and its cofactors at accessible chromatin.  

 We decided to continue the project with CUT&Tag as it had several advantages over 

ChIP-seq. CUT&Tag requires far fewer cells per antibody target (50k - 500k), so I could 

prepare fewer cells and use a larger panel of antibodies. CUT&Tag is performed in situ with 

cells that are lightly cross-linked and bound to magnetic beads, then incubated with primary 

and secondary antibodies, and then with pA-Tn5. Excess pA-Tn5 is washed away, so DNA 

sites enriched for the target are ligated with library adapter sequences. No sonication is 

necessary, so targets like the BAF complex were effectively interrogated. The signal-to-noise 

ratio of CUT&Tag is far better than ChIP-seq, so we were able to get similar information with 

A B 

Figure 9. TLX1 binding sites are enriched for CTCF motifs and colocalize strongly with 
CTCF and cohesin. A) MEME motif analysis of all TLX1 binding sites. B) Peak overlap 
analysis for TLX1, CTCF, and RAD21. Red outlines show which peak files were used for 
each cluster. Heatmap is CPM normalized. 
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fewer sequenced reads. We also found that it worked well for both TFs and histone 

modifications, and the lightly crosslinked cells could be used for ATAC-seq as well. 

 Therefore, I expressed and purified the pA-Tn5158 (Figure 5), optimized antibodies for 

CUT&Tag using the ALL-SIL cell line, and made some modifications to the original 

CUT&Tag protocol157. We included a second TLX1 T-ALL in the analyses going forward. 

Patient T-ALL 05H080 was acquired from a 39-year-old male with 99% of blasts expressing 

TLX133. I then characterized the binding of TLX1 with its cofactors and a panel of histones 

encompassing the main regulatory states, including repressed regions (H3K27me3), promoters 

(H3K4me3), enhancers (H3K4me1), active states (H3K27ac), and actively transcribed gene 

bodies (POL2-ser2P). 

 TLX1 peaks in ALL-SIL have very strong colocalization with CTCF, cohesin, and the 

BAF complex at accessible regions (Figure 10A). Colocalization was also consistent in the 

Patient T-ALL (Figure 10B). Notably, motif analysis is consistent with the ChIP-seq data as 

RUNX and ETS family TF motifs were enriched along with CTCF (Figure 10A/B). These 

CUT&Tag data validated the initial findings of the ChIP-seq data where TLX1 colocalizes 

with CTCF and RAD21 on the genome. CUT&Tag allowed the characterization of BRG1 as 

well, which also strongly colocalized with TLX1. Almost all TLX1 peaks were present in 

accessible chromatin based on ATAC-seq. 

  

  



58 
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Patient: 15954 peaks 

ALL-SIL: 19043 peaks 

Figure 10. TLX1 overlaps with CTCF, Cohesin, and BAF Complex at accessible 
chromatin. A) Upset plot of TLX1 peaks and CTCF, RAD21, BRG1, and ATAC-seq in TLX1-
expressing patient leukemia (left), and significant motif families at TLX1 peaks (right). B) 
Upset plot of ALL-SIL TLX1 peaks overlapping with CTCF, RAD21, BRG1, ATAC-seq (left), 
and significant motif families (right). Upset plots only show cofactor combinations that overlap 
with TLX1 peaks. 
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3.6 TLX1 binds similarly at regulatory regions in both T-ALL samples. 

 TLX1 has been characterized as predominantly binding to promoters and enhancers8. 

I used the CUT&Tag histone data and genome annotations to see if this was consistent in both 

natively expressing TLX1 T-ALLs.  

 Genome annotations at TLX1 binding sites in both T-ALLs show that about half of 

TLX1 peaks are at or near promoters (Figure 11A/B). Another quarter appear in introns, and 

about 12% in distal intergenic regions. Almost all TLX1 binding occurs at poised or active 

promoters and enhancers, and about half of these regions have TLX1 present (Figure 11C/E). 

K-means clustering of TLX1 peaks showed binding at active promoters (C3/C5) and active 

enhancers (C4/C6). TLX1 also does not appear to overlap repressed H3K27me3 regions 

(Figure 11D/F).  

 Taken together, these results agree with previous research showing that TLX1 

predominantly binds to enhancers and promoters and does not bind often within repressed 

regions. It is well understood that most chromatin loop anchors and TAD/sub-TAD boundaries 

exist near promoters and enhancers as part of their gene regulatory function. To interrogate 

this aspect, I next analyzed the 3D chromatin organization of ALL-SIL and the patient T-ALL.  
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A ALL-SIL  Patient 05H080 B 

C D 

E F 

Figure 11. TLX1 overlaps active regulatory regions in both TLX1 leukemias. A) Genome 
annotations for Patient TLX1 binding sites. B) Genome annotations for ALL-SIL TLX1 
binding sites C) Venn diagram of Patient TLX1 at H3K4me3-promoters and H3K4me1 D) 
Patient T-ALL K-means clustered heatmap at TLX1 sites and histone marks. E) Venn diagram 
of ALL-SIL TLX1 at H3K4me3-promoters and H3K4me1. F) ALL-SIL K-means clustered 
heatmap at TLX1 sites and histone marks.  
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3.7 TLX1 binds at many TAD boundaries and loop anchors with its cofactors. 

 Chromatin loop anchors and TAD/sub-TAD boundaries exist near promoters and 

enhancers as part of their involvement in gene regulation. TADs are usually demarcated on 

both ends by a CTCF-RAD21 site and tend to have one to several genes within them. TADs 

tend to have several nested sub-TADs, which signifies regions of high promoter-enhancer 

interactions relative to other sub-TADs and tend to be demarcated by CTCF-RAD21 sites as 

well (see section 1.7).  

 I used HiC to characterize ALL-SIL and Patient 05H080 chromatin organization to 

determine the extent of TLX1 binding at TAD boundaries and loop anchors. OnTAD171 was 

used to identify TADs and sub-TADs, and Mustache170 was used to identify chromatin loops 

(example region Figure 3). For the Patient T-ALL, TLX1 bound near 37% of TAD and sub-

TAD boundaries and 39% of loop anchors (Figure 12A). Most of the remaining boundaries 

and loop anchors overlapped with some combination of CTCF, RAD21, and BRG1. Similarly, 

TLX1 bound near 41% of TAD and sub-TAD boundaries and 27% of loop anchors in ALL-

SIL (Figure 12B).  

 Taken together, TLX1 consistently colocalized with CTCF, RAD21, and BRG1 at a 

large proportion of TAD boundaries and loop anchors. However, these CUT&Tag and HiC 

analyses are correlative at the leukemia stage, which also have additional secondary mutations. 

These data show that TLX1 binds at regulatory regions relevant to chromatin looping. 

However, to show whether TLX1 alters chromatin looping during transformation, we used the 

TLX1 transgenic mouse model to characterize these changes. HiC tools provided additional 

information regarding structural variants in cancers, which we thought were important to 

characterize for TLX1 T-ALLs in the next section. 
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Figure 12. TLX1 overlaps cofactors at TAD boundaries and loop anchors.  
A) Upset plots of TAD and sub-TAD boundaries (left), and loop anchors (right) overlapped 
with TLX1 and cofactors in Patient sample. B) Upset plots of TAD and sub-TAD boundaries 
(left), and loop anchors (right) overlapped with TLX1 and cofactors in ALL-SIL. Upset plots 
are sub-sets for only TAD boundaries or only loop anchors. Upset plots are in descending order 
and limited to first 7 largest groups for brevity. 
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3.8 ALL-SIL and Patient T-ALL share the same breakpoint at the TCRδ locus. 

 TLX1 T-ALLs have been shown to consistently translocate to the TCRδ, TCRβ, or 

TCRα loci as the primary mutation that initiates TLX1 expression and leukemic transformation 

(Figure 13A). Additionally, the long latency of TLX1 T-ALL in mice8 suggests that secondary 

mutations are needed to progress leukemia, and recurring mutations are attributed to driving 

malignancy10. 

 We used EagleC to interrogate possible structural variants (SVs), which include 

deletions, insertions, inversions, duplications, and translocations. HiC is visualized using a 

reference genome, but alignment to the genome does not inform how a cancerous genome is 

necessarily arranged. EagleC scans HiC maps for characteristic patterns that are indicative of 

SVs105. NeoLoopFinder, developed by the same lab as EagleC, is built to work in conjunction 

with EagleC. NeoLoopFinder calculates copy number variation, which is used by EagleC 

along with the HiC map to identify SVs. The results are then passed back to NeoLoopFinder, 

which identifies neo-TADs and neo-loops, which result from local regulatory regions and 

CTCF sites reorienting themselves102. I used these tools for ALL-SIL, Patient T-ALL, and the 

mouse HiC data. 

 As a check for EagleC and NeoLoopFinder, I made sure the translocation event that 

places TLX1 at TCRδ, TCRβ, or TCRα was identified by the programs. Strikingly, the 

translocation breakpoint on chr14 for both T-ALLs was within 10kb of each other at the TCRδ 

locus (Figure 13B/C), between TRDV2 and TRDV3, suggesting this translocation happens in 

the DN2b/DN3a stage during TCRδ recombination. On chromosome 10, the breakpoints 

upstream of TLX1 were 25kb apart. Importantly, the recombination event also formed neo-

TADs and neo-loops between the TLX1 gene and TCRδ (Figure 13B/C). TLX1 itself appears 

to be a part of these interactions, signified by the TLX1 & RAD21 peaks at neo-loops. 
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Additionally, Figure 13D/E shows that the reciprocal translocation event also forms neo-

loops. This translocation event completely segregated the upstream and downstream ends of 

the TCRα locus by placing them on separate chromosomes, which may explain the block in 

differentiation. 

 The breakpoint upstream of the TLX1 gene in ALL-SIL is also consistent with previous 

literature that shows upstream sequences form G-quadruplex structures24. The patient T-ALL 

is farther upstream relative to the ALL-SIL breakpoint, suggesting additional G-quadruplex 

structures could exist near TLX1. This data shows where TLX1 translocation occurs at the 

TLX1 and TCRδ locus, and its presence in both ALL-SIL and Patient T-ALL underlines TCRδ 

recombination as an important mechanism in TLX1 T-ALL development.  
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Figure 13. Neo-TAD and neo-loop enhancer hijacking results in TLX1 expression. 
A) Diagram of chr10 and chr14 translocation resulting in TLX1 expression. B) Translocation 
A results in neo-TADs and neo-Loops forming between TCRδ and TLX1 loci in Patient T-
ALL. C) Translocation A results in neo-TADs and neo-Loops forming between TCRδ and 
TLX1 loci in ALL-SIL. D) Opposite translocation in Patient T-ALL results in TCRAJ-TRAC 
interacting with genes upstream of TLX1. E) Opposite translocation in ALL-SIL results in 
TCRDV3 to TRAC interacting with genes upstream of TLX1. Blue circles show neo-loops, 
blue lines show neo-TADs. Black dashed line represents breakpoint. 
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3.9 TLX1 T-ALLs harbor recurring and unique secondary mutations. 

 With the TLX1-TCRδ translocation identified by the programs, we looked at other SVs 

identified by EagleC and NeoLoopFinder. CDKN2A and CDKN2B are considered tumor-

suppressing genes that are frequently deleted in T-ALLs as they inhibit G1-S cell cycle 

progression23.  

 Both ALL-SIL and the patient sample had a complete deletion of CDKN2A and 

CDKN2B, but the region deleted in the patient T-ALL was much larger (Figure 14). In both 

cases, deletion of these cell cycle inhibitors may be an important step in leukemic 

transformation. Notably, the NUP214-ABL1 mutation was identified correctly in ALL-SIL 

but did not occur in patient T-ALL, underlining previous research that suggests it is a 

cooperating mutation but is not necessary for transformation5 (Supplemental Figure 1). 

Additional SVs are described in Supplemental Table 2-5, which include partial deletions of 

epigenetic complex subunits (such as MBD3 and DOT1L) in Patient T-ALL, as well as 

deletion of other cell cycle regulatory genes in ALL-SIL (RB1).  

 Diverse aneuploidy was also evident in ALL-SIL, Patient T-ALL, and the leukemia 

mouse (LK3) we did HiC analysis on as well (Supplemental Figure 2). Except for chr10 

triploidy and evidence of rearranged TCRβ and TCRαδ loci in LK3, no additional SVs were 

found in the pre-leukemia or LK3 mice that may have contributed to disease development 

(data not shown). 

 Taken together, the transformation process of T-ALLs produces varied secondary 

mutations that present challenges in treatment. Specific cooperating mutations have been 

studied previously5, and these additional mutations could be studied in the future. 
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Figure 14. Deletion of CDKN2A and CDKN2B in Patient and ALL-SIL cells. 
Example region that is deleted in both Patient 05H080 and ALL-SIL. Labelled genes are 
deleted from respective samples. Visualized using Juicebox, KR normalized, 5kb resolution. 
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3.10 Transgenic TLX1 mice models T-ALL progression 

 To study how cell populations and chromatin conformation changes in the thymus 

during leukemia progression, we harvested thymocytes from transgenic C57BL/6 mice that 

express p56Lck-TLX1 specifically in T-cell progenitors10. Here, the TLX1 gene is expressed 

under the dependence of the p56Lck proximal promoter, which is activated in DN2 cells 

onwards due to LCK upregulation.  

 We used a range of time points based on previous studies to characterize leukemia 

transformation8,10. We defined “early pre-leukemia” (PLK-early) as the early phase of the 

disease where transformation is likely not driven by secondary mutations and only TLX1 

contributes to altered gene expression (8 to 20 weeks). The leukemic phase (LK) was defined 

when the mouse showed severe signs of tumor burden and had to be harvested (Figure 15A).  

Age-matched littermate wild-type mice are used as the control condition (WT). The mouse 

thymus, spleen, and bone marrow were harvested, and thymus cells were isolated for RNA-

seq, HiC101, flow cytometry, CUT&Tag174, and ATAC-seq.  

 Nearly all TLX1+ mice developed leukemia, with the median age of overt leukemia at 

50 weeks, with TLX1+ mice developing leukemia as early as ~33 weeks and as late as 65 

weeks (Figure 15B). TLX1 expression was verified by western blot in mouse thymocytes 

(Figure 15C), consistent with RNA-seq expression (Figure 17B). WT and PLK thymus were 

approximately the same size and weight, while LK mice had an enlarged thymus and spleen 

(Figure 15D and Supplemental Table 6),  consistent with the proliferation of leukemic cells 

and infiltration into other organs.  

 These data are consistent with previous literature that previously used transgenic mice 

expressing TLX1 in early thymocytes10. Median death age is about 50 weeks, with leukemia 

occurring as early as 33 weeks. Pre-leukemic mouse thymi were the same size as Wild-type. 
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Leukemic thymi and spleens were enlarged due to the massive expansion of leukemic cells. 

The cell yields from WT and PLK thymus caused some issues when separating the cells for 

different experiments. Some experiments like HiC required 10M+ cells, so some mice were 

prioritized for HiC over other experiments.  Taken together, the mouse model recapitulated 

TLX1 T-ALL development. 
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Figure 15. Transgenic mouse model recapitulates T-ALL phenotype. A) Time course of 
mouse cohort used for sequencing experiments. PLK mice ranged from 8 to 33 weeks. LK 
mice were sacrificed at signs of tumor burden. WT littermate control mice were sacrificed 
across entire range. B) Survival curve of transgenic mice. Black hatches signify mice removed 
from study due to unrelated circumstances. C) Validation of TLX1 expression in mouse 
thymocytes, normalized to TFIIH-p89. D) Representative images of thymus and spleen from 
WT, PLK, and LK mice. 
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3.11 Flow cytometry analysis shows leukemic transformation and diverging leukemias. 

 Previous literature has shown that TLX1 T-ALL has a characteristic block in DN210. 

Using flow cytometry, we characterized thymocyte populations in the thymus across the stages 

of transformation to see if this was consistent in the mice as well. Figure 16 shows 

representative mice showing the progression of leukemia in the thymus at different time points; 

additional plots are shown in Supplemental Figure 3 and Supplemental Figure 4. WT and 

PLK-early had the same distribution of sub-populations, with most thymic cells in the DP state. 

The sub-populations are unchanged, but the PLK-early cells express a high level of TLX1 

(Figure 15 and Figure 17B). While differentiating thymocytes show changes in gene 

expression at each stage, bulk-cell analysis between WT and PLK-early thymocytes represents 

changes driven by TLX1 expression, as the sub-populations are unchanged, but TLX1 

expression is high in PLK-early (Figure 17B). Among the mice that were analyzed further, 

we saw increased DN2 as a proportion of DN around 20 weeks for PLK6 and PLK2 

(Supplemental Figure 4). Additionally, flow cytometry also highlights that leukemias tend to 

metastasize at either the DP or CD4+ stage. We did have one instance of leukemia that 

accumulated at the CD8+ stage (data not shown). 
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Figure 16. Flow cytometry analysis of mouse thymus across leukemia transformation. 
A) Upper panels show CD4 vs CD8 gating and lower panels show DN populations for WT7, 
PLK1, and PLK6. Representative examples of thymocyte sub-populations in mouse thymus 
are shown. B) CD4 vs CD8 gating for leukemia samples used in CUT&Tag and/or RNA-seq.  
Relative percent of each quadrant is shown. Gating strategy described in Section 2.11. 
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3.12 TLX1 disrupts gene expression early in transformation. 

 TLX1 is a transcription factor that has been shown to affect gene expression in T-ALL 

by binding to promoters and enhancers. As part of our multi-omics approach, we did RNA-

seq to characterize gene expression changes during leukemic transformation. For most mouse 

thymi we harvested, freezing cells in RNeasy lysis buffer was the first step before starting 

CUT&Tag and ATAC-seq experiments to ensure post-isolation gene expression changes were 

minimized. 

 PCA analysis of mouse RNA-seq shows a stepwise progression in thymocyte gene 

expression from WT and PLK mice, with a split into 4 very distinct leukemias (Figure 17A). 

Unexpectedly, we identified a second pre-leukemia phase, which we called “Pre-Leukemia 

Late.” PLK-late mice were harvested between 19 and 24 weeks, though most of the mice we  

harvested for the PLK condition in this age range did not show the PLK-late gene expression 

(3 of 14 based on RNA-seq). PLK-late is also the last cluster before the leukemia samples 

branch apart in their gene expression. With the survival data showing 95% penetrance of TLX1 

leukemias (Figure 15B), PLK-late may be a critical point during transformation that most 

leukemias eventually pass through.  Figure 17A also complements the differential CUT&Tag 

and ATAC-seq PCA plots in Supplemental Figure 5. This result prompted the separation of 

PLK mice into two groups, which reduced the number of replicates per condition for 

differential analyses. Normalized gene expression shows that TLX1 is not expressed in WT 

thymocytes and is highly expressed in PLK-early and PLK-late, with varied expression in the 

leukemias (Figure 17B). Upregulation of TLX1 in PLK-early resulted in upregulation of 591 

genes and downregulation of 540, with significantly more changes in PLK-late and subsequent 

leukemias (Figure 17C). Heatmap K-means clustering of significant PLK-early and PLK-late 

differential genes revealed several patterns (Figure 17D). Cluster 1/4 showed genes that were 
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upregulated in PLK-early and stayed upregulated in PLK-late relative to WT. Cluster 3/5 

shows genes are downregulated in PLK-early and remain or are further downregulated in PLK-

late. Cluster 2 represented genes that are not downregulated until PLK-late, and Cluster 6 

shows upregulation in PLK-late. Gene enrichment analysis of DEGs identified several critical 

processes, including regulation of T cell activation with subgroups, including differentiation 

and proliferation, regulation of apoptosis in leukocytes and neurons, TCR signaling, DNA 

replication, and ribosome biogenesis (Figure 17E). Notably, only DNA replication and 

ribosome biogenesis terms were associated to a specific cluster (C2) (Figure 17F), suggesting 

PLK-late cells undergo rapid proliferation and ribosome biogenesis hyperactivation, which is 

implicated in cancer175. The remaining terms were enriched across clusters, suggesting that 

these processes are dysregulated during transformation.  

 When looking at all conditions, K-means clustering of the 4000 most variable genes 

mainly clustered according to the PLK-late and LK columns due to the more extreme changes 

(Figure 18A). Several clusters did emerge that were unique between LK2/LK5 and LK3/LK8, 

which likely explains the branching in Figure 17A. However, clusters 7 and 5 contain genes 

that are upregulated in PLK-late onwards, while cluster 4 contains genes that are 

downregulated in PLK-late onwards, suggesting these leukemias still share common gene 

expression programs. Notably, genes involved in T-cell differentiation, including CD44, 

NOTCH1, RAG1/2, MYC, TCF7 (encodes TCF-1), and BCL11B, had mixed expression 

across conditions (Figure 18B). Also, cell-cycle regulators CDK6 and RB1, and anti-apoptotic 

genes PTEN, IL17RB, and GLP1R were differentially expressed as well. 

 The flow cytometry data (Figure 16) shows WT and PLK-early had the same sub-

populations. Therefore, any changes in gene expression seen should be due to direct or indirect 

effects of TLX1 activity as it is expressed across all thymocyte populations. Differentially 
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expressed genes identified in PLK-early are most likely the genes that drive transformation 

toward leukemia, and genes such as CDK6, PTEN, IL17RB, and GLP1R may indicate that 

cell cycle progression and cell survival signaling pathways are being promoted. PLK-late had 

notable upregulation of MYC and NOTCH1, which occurs in other T-ALLs. Their expression 

is also mixed in the LK mice along with TLX1, which may contribute to the mixed gene 

expression signatures for each.  We next characterized changes in TLX1, its cofactors, and 

histone modifications across these stages. 
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Figure 17. Mouse RNA-seq analysis shows stepwise changes in gene expression. A) PCA 
analysis of gene expression, groups are colored by condition, triangle represents males, circles 
represent females, first 3 principal components are shown. B) Normalized Log2 TLX1 gene 
expression. C) Differential genes identified at each stage of transformation.  D) K-means 
clustered heatmap of all differential genes identified in PLK-early and PLK-late using k = 6. 
E)  ClueGO gene enrichment analysis of k-means clusters from panel D. Groups are colored 
by leading term (bolded color text), not by k-means cluster. F) Panel E results colored by k-
means cluster specificity by ClueGO. GO-terms not enriched for a specific k-means group 
(mixed enrichment) are colored grey by ClueGO. Only C2 (yellow) had specific enrichment.  
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Figure 18. Leukemic Mice have distinct gene expression signatures. A) K-means clustered 
heatmap of top 4000 most variable genes across all conditions using k=8. B) Normalized gene 
expression counts across all conditions for genes of interest. Y-axis is adjusted to fit all data 
points. 
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3.13 CUT&Tag differential analysis shows genomic changes early in transformation. 

 Mouse thymus does not yield many thymocytes, especially for WT and PLK thymus.  

We took advantage of CUT&Tag to characterize the binding of TFs and histone marks with 

as few as 100k cells per tube. Similar to ALL-SIL and Patient T-ALL samples, I used 

CUT&Tag with mouse thymocytes to characterize the binding of TLX1, CTCF, RAD21 

(cohesin), BRG1 (BAF complex), and the main epigenetic histone modifications H3K4me1, 

H3K4me3, H3K27ac, H3K27me3. POL2-ser2P represents actively transcribing POL2 along 

the gene body. I then used DiffBind160 for differential analysis of CUT&Tag peaks between 

WT, PLK-early, PLK-late, and LK. TLX1 binding was identified at 25,850 sites in PLK-early. 

Figure 19 shows early changes that occur for CTCF, RAD21, and BRG1, as well as DNA 

accessibility and histone marks when comparing WT to PLK-early. Additional changes occur 

from WT to PLK-late and WT to LK. The DiffBind PCA plots of these datasets are in 

Supplemental Figure 5 and show a similar trajectory to the RNA-seq data with the available 

mouse samples (Figure 17A).  

 We found it appropriate to compare all conditions to WT as it is the baseline genomic 

distribution of targets. Differential analysis also had better statistical power with multiple 

replicates per condition. However, using a single PLK-late replicate (PLK6) proved difficult 

to show statistically significant changes between PLK-early and PLK-late and PLK-late to LK. 

Notably, ATAC-seq had PLK2 and PLK6 for the PLK-late condition, which also clustered 

together between PLK-early and the LK branches like the RNA-seq analysis (Supplemental 

Figure 5). Taken together, thymocytes that express TLX1 in PLK-early had altered DNA-

accessibility and histone PTM enrichment, as well as initial changes in CTCF, cohesin, and 

BAF complex binding.  
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Figure 19. Differential analysis of CUT&Tag targets at WT, PLK-early, PLK-late, and 
LK. Total differential peaks are shown relative to WT condition. Peaks were called individually 
for all samples. Diffbind merges these peaks into a union set, counts were normalized and 
analyzed using DEseq2. Differential peaks with an FDR < 0.05 are reported. Note: H3K27ac 
worked well in ALL-SIL antibody optimization but the mouse data had high variability which 
hindered differential analysis. 
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3.14 TLX1 colocalization alters the binding of CTCF, cohesin, and the BAF complex. 

 The strong colocalization of TLX1 in ALL-SIL and the Patient T-ALL suggested an 

interplay between TLX1, the BAF complex, and chromatin looping. We wanted to see if TLX1 

colocalization affected the binding patterns of its cofactors.   

 Differential analysis of WT to PLK-early showed that TLX1 binding was associated 

with increased and decreased BRG1, RAD21, and CTCF peak intensity (Figure 20A). 

Changes in cofactor binding suggest TLX1 can promote and disrupt the occupancy of all three 

individually and together. TLX1 also appears to predominantly stabilize CTCF (290+27) and 

RAD21(150+27) without increasing BAF complex strength, and 63 sites were strengthened 

together with the BAF complex. Overlap analysis by heatmap at these 63 sites also shows 

stronger signals in ATAC-seq as well (Figure 20B).  

 TLX1 has been described as both an activator and a repressor, and these disparate roles 

may be due to context-specific local interactions or additional cofactors not studied here. 

Chromatin looping is also a dynamic process where rates of CTCF binding and cohesin loading 

and unloading are dependent on several variables. TLX1 binding may enhance or disrupt 

CTCF binding or cohesin loop extrusion through direct local interactions on DNA. However, 

the precision of CUT&Tag peaks relative to the antibody target’s actual binding location does 

not allow for high-resolution analysis of these interactions. 
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Figure 20. Differential analysis of cofactors shows TLX1 colocalization in PLK-early  
A) Upset plot of differential peaks identified by Diffbind. Peaks are a subset of differential 
RAD21, CTCF, BRG1 peaks with or without PLK-early TLX1 peaks. Peaks are overlapped 
using Homer and visualized using UpsetR. Orange bars signify cofactor enrichment with 
TLX1 co-occupancy. Blue bars signify cofactor depletion with TLX1 co-occupancy. Black 
bars are differential enrichment independent of TLX1. Peak set labelled “B” were used to 
produce heatmap. B) Heatmap of TLX1 peaks upregulating BRG1, CTCF, RAD21. ATAC-
seq signal is included. Tracks used are average normalized signal per condition. 
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3.15 Early pre-leukemia shows minor AB compartment changes. 

 HiC allows the characterization of AB compartments, TADs, and chromatin loops. The 

next sections unpack the changes in chromatin organization during leukemic transformation 

using HiC data of WT6, PLK5 (PLK-early), and LK3. As the PLK-late condition was 

unexpected, crosslinked cells were never prepared for HiC. Therefore, these sections focus on 

the changes in chromatin organization that occur in thymocytes expressing TLX1 (WT to 

PLK-early) and the major reorganization that occurs in one of the leukemias (LK3). I used 

dcHiC173 to characterize compartmental changes, which compares the 3 conditions as a time 

course and identifies significant changes between each stage. In PLK-early, A compartments 

are much more frequently occupied by TLX1 than B compartments (Figure 21A). Across all 

conditions, 11% of all genomic bins (5357 of 48836) undergo a switch or flip across WT, PLK-

early, and LK3 (Figure 21B). A small subset of changing bins undergo compartment switching 

from WT to PLK-early (9.5% of 5357), with most of those being weakA/weakB changes. 

However, major AB compartment switches occur in LK3 in both directions.  

 Generally, it does not appear that TLX1 is involved in AB compartment regulation and 

instead only binds in A compartments. Figure 21C shows an example region that shows TLX1 

binds exclusively within A compartments and does not change the AB compartments in PLK-

early. In LK3, TLX1 binding is lost when there is an A-to-B switch at EX1 and EX2. In 

addition, there are only a few examples of TAD changes being associated with AB 

compartment changes, and TLX1 is not found in these regions. Instead, TLX1 disappears in 

A-to-B transitions, signifying its binding activity can be overcome by compartment switching. 

Overall, AB compartment switching does not appear to be a main component of 

transformation, and TLX1 does not appear to be part of this level of chromatin organization. 
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Figure 21. Mouse differential AB compartment strength analysis using dcHiC.  
A) PLK-early summary of AB compartment bins and percentage occupied by at least 1 TLX1 
peak. B) AB compartment strength categorized into strength levels by dcHiC where A2 > A1 
> A0 and B0 < B1 < B2. Note: this is not related to AB letter codes in section 1.7.1 . Significant 
changing bins are shown (5357 of 48836 bins at 50kb). C) Example regions of LK3 AB 
compartment switch at EX1 and EX2. TLX1 tracks are normalized, and WT and PLK-early 
tracks are average bigwigs. Normalized dcHiC principal components are shown, A is colored 
orange and B is colored purple. dcHiC HMM categorized regions, A is colored red, and B is 
colored blue. Gene annotations are colored by differential expression from WT to PLK-early 
to LK3 where black is unchanged, red is upregulated, blue is downregulated. 
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3.16 TAD changes occur early in transformation. 

 The next levels of chromatin organization are TADs, sub-TADs, and chromatin 

looping. The mechanisms involved are understood to act independently of AB compartment 

regulation, but B-to-A switches allow for the subsequent formation of TADs, sub-TADs, and 

chromatin loops. B compartments are mostly devoid of these structures. I used DiffDomain172 

to identify changing TADs. TAD changes are difficult to classify as they can signify a change 

in TAD strength or a reorganization of TADs and sub-TADs. Therefore, counting reads within 

a TAD does not necessarily capture what is occurring in the sub-structures of a TAD. 

DiffDomain identifies changing TADs and classifies them as strength, merge, loss, split, zoom 

(or shift), or complex, which involve overlapping structural changes172. 

 Significant TAD changes occur in PLK-early, suggesting TLX1 expression influences 

TAD organization early in transformation (Figure 22A). Like AB compartments, LK3 shows 

more TAD changes. DiffDomain can call several overlapping TADs as statistically significant, 

which could double-count the data, so I consolidated the regions by merging significant 

regions and subtracting them from non-significant TADs for a mutually exclusive comparison. 

This consolidated the 486 TADs and sub-TADs into 221 significant regions (9.2%) (Figure 

22B). When looking at gene expression changes between WT and PLK-early, 67% of 

differential TADs had gene expression changes within them, which was more frequent than 

randomly sampled unchanged TADs (avg. 23%) (p<2.2e-16). Among all differentially 

expressed genes, 26% were within significantly changing TADs, which was more likely than 

randomly sampled unchanged TADs (avg. 6%) (p<2.2e-16). When normalizing for total genes 

in TADs, changing TADs were also more likely to have more differential genes than non-

significant TADs (p<5.349e-8). The PTEN locus is shown as an example region where TLX1 

binding in the region results in reorganizing long-range interactions while sub-TADs are 
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strengthened (Figure 22C/D). Moreover, GO-term analysis of genes that are differentially 

regulated within changing TADs are enriched for pathways related to T-cell differentiation, 

signaling pathways, cancers, and neuron developmental (Figure 22E/F). Taken together, 

TLX1 expression in thymocytes results in TAD reorganization and changes in gene 

expression. The genes that are within these TADs are implicated in critical cell developmental 

pathways that may be involved in early transformation. 
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Figure 22. TLX1 expression in thymocytes results in significant TAD reorganization.  
A) Summary of TAD reorganization from WT6 to PLK5, and PLK5 to LK3. B) Summary of 
merging strategy for statistical analysis. Significantly changing TADs are in orange. C) HiC 
plot of PTEN locus using normalized contact counts with overlays. Diffbind significant region 
is highlighted in orange. TLX1 tracks correspond to average WT and average PLK-early signal 
(black). Purple lines are TADs and sub-TADs identified by OnTAD. D) Differential HiC plot 
of PTEN locus using Z-score normalized subtraction (PLK5 minus WT6) with the same 
overlays. HiC plots are generated by GENOVA. E) ClueGO analysis of significant genes in 
changing TADs colored according to leading GO-term. F) ClueGO analysis in panel E colored 
based on specificity toward upregulated genes (orange) or downregulated genes (blue).  
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3.17 TLX1 binding perturbs chromatin loop formation early in transformation. 

 Changes in TAD organization are largely associated with changes in chromatin looping 

both at TAD boundaries and within TADs. Chromatin looping is highly dynamic and is 

influenced by several factors, including POL2 activity, CTCF and other transcription factor 

binding, and DNA accessibility, among other mechanisms.  

 We assessed the impact that TLX1 had on chromatin looping first by identifying 

differential chromatin loops by mustache-diff and a stringent FDR (1e-4), then overlapping 

TLX1 binding sites with differential loops in PLK-early. Overall, 2816 of loops (15.5%) were 

significantly impacted between WT and PLK-early, with local TLX1 binding at 64% of loops 

(1791 of 2816) (Figure 23A). APA analysis verifies differential loop strength and shows that 

loop anchors affected by local TLX1 binding are both strengthened and weakened in PLK-

early (Figure 23B). Figure 24 shows an example region where TLX1 binding causes changes 

in BRG1, CTCF, and RAD21 peak intensity, which coincides with changes in chromatin loops, 

TAD intensity, and gene expression. Notably, not all loops that were influenced by TLX1 

binding also indicated changes in BRG1, CTCF, or RAD21 binding. This could indicate that 

TLX1 in interacting with other cofactors at certain sites, or TLX1 binding could be changing 

the pausing of RAD21 during loop extrusion. The intensity of the “dot” on HiC data signifies 

the frequency of a chromatin loop existing at that site by paused cohesin loop extrusion. 

Cohesin pausing is not influenced by CTCF alone as other factors influence cohesin activity. 

Loop “dots” also form independent of CTCF or RAD21, but our analysis is limited to the 

targets we interrogated. Moreover, changes in a chromatin loop can influence the intensity of 

other local chromatin loops, causing a knock-on effect at other anchors within a TAD. Taken 

together, differential loop analysis shows that a large proportion of chromatin loops are 

perturbed by TLX1 binding, which can result in gene expression changes and TAD changes. 
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Figure 23. TLX1 binding perturbs chromatin looping in PLK-early. A) Summary of 
differential loops overall and overlapping TLX1. B) Aggregate peak analysis of differential 
loops that overlap with TLX1 at either end. P2LL is the “ratio of the central pixel to the mean 
of the mean of the pixels in the lower left corner”. Values significantly above 1 indicate 
enrichment. ZscoreLL is the Z-score of the central pixel relative to all the pixels in the lower 
left corner. Values significantly above zero indicate enrichment. 
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Figure 24. Example region of TLX1 binding perturbing cofactors and chromatin 
organization in PLK-early. CUT&Tag tracks represent average signal across WT and PLK-
early replicates tracks. Red arrows within cofactor tracks represent upregulated peaks called 
by DiffBind. Black arcs represent loops in WT6 and PLK5. Blue and red arcs represent gained 
and lost differential loops. Significantly changing TADs are highlighted in red with non-
changing TADs in black. For gene expression, upregulated genes are red and downregulated 
are blue, with non-differentially expressed active genes in black. 
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3.18 Ectopic expression of TLX1 results in differential loop formation. 

 To determine if acute ectopic expression of TLX1 could induce changes in chromatin 

structure, we generated stable clones of Jurkat with Dox-inducible TLX1. Jurkat is a T-ALL 

cell line with TAL1 as its primary oncogene. Regarding these experiments, the Day 2 HiC data 

and the Day 2/4 CUT&Tag were performed at different times but with the same stable clone. 

 Western blot of cell lysates validates the expression of TLX1 at 48 and 96 hours post-

induction (Figure 25A). TLX1 protein levels on Day 4 were weaker than in ALL-SIL and 

Patient cells. Notably, differential loop calling identified 1290 loops being gained and 927 

loops lost, and half of these loops were co-occupied by TLX1 (Figure 25B). APA analysis 

shows strengthening and weakening loops near TLX1 binding sites (Figure 25C). Taken 

together, this suggests TLX1 ectopic expression in a separate T-ALL cell line can acutely 

perturb chromatin looping. 
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Figure 25. Expression of TLX1 results in differential loop formation. A) Western blot of 
Jurkat-TLX1, ALL-SIL, and Patient for comparison. Lanes equalized to 15ug whole cell lysate 
except for patient which was 11ug. B) Summary of differential loops overall and overlapping 
TLX1 peaks. C) Aggregate Peak Analysis of TLX1-overlapping loops. P2LL is the “ratio of 
the central pixel to the mean of the mean of the pixels in the lower left corner”. Values 
significantly above 1 indicate enrichment. ZscoreLL is the Z-score of the central pixel relative 
to all the pixels in the lower left corner. Values significantly above zero indicate enrichment. 
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3.19 ALL-SIL is sensitive to ACBI-1 and BRG1/BRM Inhibitor-1 

 Anti-cancer epigenetic drugs are an active area of research, as different types of cancers 

have been shown to have unique epigenetic dependencies because of their mutations.  We 

tested whether the TLX1-expressing cell line ALL-SIL was sensitive to disruption of the BAF 

complex function by using a PROTAC degrader or dual BRG1/BRM ATPase inhibitor.  

 We used BRG1/BRM inhibitor-1, which allosterically binds to the catalytic region of 

both core subunits. We also used ACBI-1, a BRG1/BRM degrader PROTAC, which binds to 

BRG1 or BRM and marks them for proteasome degradation. Cell viability was measured using 

the Cell-Titer Glo assay. The addition of 200nM ACBI-1 efficiently depleted BRG1 after a 

single addition of the drug, and BRG1 remained depleted for the entire time course (Figure 

26A). When assessing cell viability after 7 days, ACBI-1 had an IC50 of 73.4nM, and 

BRG1/BRM inhibitor-1 had an IC50 of 15.9nM (Figure 26B). ALL-SIL was also more 

sensitive to the inhibitor than the degrader. 

 Taken together, this suggests that degrading or inhibiting the core proteins of the BAF 

complex BRG1 and BRM could be a possible therapeutic strategy that warrants further 

investigation. In ALL-SIL, drug inhibition or degradation disrupts TLX1 activity that involves 

the BAF complex as well as activity independent of TLX1. These results show that the BAF 

complex is important for TLX1-expressing T-ALL cell line survival. 
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Figure 26. ALL-SIL is sensitive to ACBI-1 and BRG1/BRM inhibitor-1. A) Validation of 
BRG1 degradation by western blot of ALL-SIL cell lysate treated with ACBI-1 on Day 0. 
Each lane loaded with 10ug total protein. TFIIB is used as loading control. B) Absolute IC50 
of ALL-SIL at day 7 for both drugs. Left: Average signal with standard deviation. Right: All 
replicates shown for mean value in left panel. Each drug curve is normalized separately from 
0 to 100%. Zero line represents blank media control wells, and 100 represents the strongest 
mean signal point for each curve. 
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Chapter 4 - Discussion  
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4.1 A note about antibodies. 

 In this study, we first set out to identify possible cofactors for TLX1 in its T-ALL cell 

line ALL-SIL. One of the realities of research is that antibodies can be discontinued. In my 

case, previous research had repeatedly cited5,8,45,55,176,177 the same antibodies for TLX1 and 

TLX3 that were no longer available for purchase. After characterizing panels of antibodies for 

western blot (Figure 6), immunoprecipitation, and CUT&Tag, I found a set of antibodies that 

worked very well for each experiment. Namely, I found that the polyclonal rabbit TLX3 

17474-1-AP antibody efficiently immunoprecipitated TLX3 and TLX1 and worked in ALL-

SIL CUT&Tag for TLX1 as well. It is being addressed here that using an antibody designed 

for one protein to characterize another may be unconventional; this was viewed as a special 

case for several reasons. TLX1, TLX2, and TLX3 share high homology, and the TLX branch 

of HOX genes are a unique sub-group that shares very little homology with other HOX TFs. 

Therefore, any expression of other HOX TFs would be unlikely to cross-react, and we did not 

see evidence of this in western blots. In the T-ALL contexts interrogated, RNA-seq verified 

that TLX2 and TLX3 were not expressed in ALL-SIL and neither passed the read count 

filtering cutoff for the mouse analysis. TLX2 was expressed at very low read counts in Jurkat 

and Patient 05H080 as well. Taken together, we determined that using the TLX3 antibody was 

appropriate for characterizing TLX1 due to the mutually exclusive expression of possible 

cross-reacting proteins. If there had been clear evidence of cross-reactivity, other antibodies 

would have been used. 
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4.2 Pursuing the BAF complex and chromatin looping in TLX1 T-ALL. 

 Using co-immunoprecipitation of TLX1 followed by mass spectrometry, we used a 

semi-quantitative approach combined with GO-term analysis to identify candidate interacting 

cofactors (Figure 7). We checked for cofactors previously suggested for TLX1. Previous 

studies have shown that TLX1 colocalizes with RUNX1, ETS1, and PBX in the leukemia 

context6. Structurally, TLX1 contains an FPWME motif, which is a known PBX-interacting 

motif present in many HOX transcription factors55,178. Another study had also shown TLX1 

complexed with PBX2 and MEIS1179. Our TLX1 IP did find peptides for RUNX1, RUNX3, 

and PBX2, but not ETS1 or MEIS1 (only MEIS2 was expressed in ALL-SIL) (Supplemental 

Table 1). While this corroborated the motif analysis of TLX1 (Figure 9 and Figure 10), our 

focus was identifying TLX1 interacting cofactors that could explain TLX1 activator and 

repressor activity. Colocalizing TFs may cooperate with TLX1 and specific complexes and 

that may warrant future investigation. 

 Our discovery-based approach initially identified the NuRD and BAF complexes as 

the likeliest candidates. We did find subunits of the HDAC-containing NuRD complex. 

However, Dadi et al. 2012 mentioned they had seen no change in TLX1/TLX3 repressing 

activity when treating with HDAC inhibitor6. This ruled out the NuRD complex as a relevant 

cofactor to TLX1 function that could be exploited. They also suggested PcG complexes may 

be involved as with other HOX TFs, but we did not see significant enrichment for those 

complex subunits, and TLX1 binds almost exclusively in accessible regions6.  

 Several lines of evidence pointed to pursuing the BAF complex further as a TLX1 

cofactor in relation to chromatin looping. The TLX1 ChIP-seq analysis showed motif 

enrichment of CTCF and strong colocalization of CTCF and RAD21 (Figure 9), which was 

seen in the CUT&Tag data as well (Figure 10). The BAF complex is a key regulator of 
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nucleosome occupancy and DNA accessibility at promoters and enhancers, which is where 

TLX1 is largely bound (Figure 11). Importantly, the BAF complex is needed for proper 

nucleosome occupancy at CTCF binding sites78,81,82,129. It is also a critical epigenetic complex 

in thymocyte differentiation, and its subunits are often mutated in cancers, including 

leukemias94,180,181. Thymocytes undergo varying degrees of chromatin reorganization at each 

stage of differentiation, and dysregulation is implicated in several disease contexts, including 

cancers116,182. TLX1 has not yet been implicated in chromatin organization in T-ALL nor its 

normal embryonic functions, but other HOX TFs have been associated with CTCF motifs41. 

PBX, a previously characterized cofactor of TLX1179, also interacts with the BAF complex183. 

Taken together, we reasoned that there could be a relationship between TLX1, the BAF 

complex, and chromatin organization that warranted further investigation.  

 Further analysis of ALL-SIL and Patient 05H080 using ATAC-seq, CUT&Tag, and 

HiC supported the association of TLX1 and chromatin organization. CUT&Tag overlapping 

was consistent with ChIP-seq in motif analysis with enrichment of ETS, RUNX, and CTCF 

motifs, among others, and the strong colocalization of TLX1 and its cofactors remained 

(Figure 10). Notably, HiC analysis showed that TLX1 occupied a large proportion of both 

TAD boundaries and loop anchors in the T-ALL context (Figure 12). Adding to previous 

research studying TLX1 in ALL-SIL, CUT&Tag allowed us to analyze the epigenetic 

landscapes of these T-ALLs. We verified that TLX1 predominantly binds to promoters and 

enhancers in ALL-SIL and Patient 05H080 (Figure 11). Chromatin loop anchors exist at 

promoters and enhancers as well as distal intergenic regions, which makes colocalization with 

TLX1 likely. Characterization of TLX1 binding in ALL-SIL and Patient 05H080 provided 

validation of the initial proteomics data, though this analysis only correlated TLX1 with these 
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sites in the leukemia stage of the disease. The mouse model was used to characterize the 

changes in chromatin organization at earlier stages of leukemia transformation.  

 

4.3 Structural variants in human TLX1 T-ALLs. 

 Previous studies have shown that the TLX1 translocation occurs in the early cortical 

stage to the TCRδ,β, or α loci6. Our HiC data identified that both ALL-SIL and Patient 05H080 

had their breakpoints within 10kb of each other at the TCRδ locus, between TRDV2 and 

TRDV3 (Figure 13). The precise location of these breakpoints is significant as it may identify 

the likely moment of translocation early in TCR recombination. Previous research has shown 

where likely regions upstream of the TLX1 gene form G-quadruplex structures on 

chromosome 10. The ALL-SIL cell line had this breakpoint upstream of the TLX1 promoter, 

but the Patient T-ALL breakpoint was 25kb upstream, suggesting another possible G-

quadruplex structure not previously identified. Contrary to previous research suggesting 

TLX1/3 represses TCRα-enhanceosome function6, our HiC data shows that the breakpoint in 

TCRδ completely separates the upstream and downstream portions of TCRα onto separate 

chromosomes, thereby blocking TCRα recombination and progression of T-cell 

differentiation. Regarding secondary mutations, apart from the deletion of CDKN2A and 

CDKN2B, the TLX1 T-ALLs had mostly unique SVs (Supplemental Table 2,3,4,5) and had 

varied aneuploidy between the two T-ALLs (Supplemental Figure 2), supporting previous 

work showing TLX1 T-ALLs have consistent and unique mutations. Many SVs were 

unproductive through translocations or deletions in gene-poor regions (data not shown).  

 The SV analysis also identified the NUP214-ABL1 episome in ALL-SIL but not 

Patient 05H080. This episome appears as a very strong TAD in HiC data but is really several 

copies of the same segment of DNA, which is also evident in the background signal of the 
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CUT&Tag data (Supplemental Figure 1). The NUP214-ABL1 oncogene is recurrently 

almost exclusively in TLX1 and TLX3 T-ALLs5,59. This produces an episome, which is an 

extrachromosomal circularized segment of chromatin and can have several copies per cell59. 

The NUP214-ABL1 fusion creates a constitutively active tyrosine kinase with the C-terminus 

of ABL1, which aberrantly phosphorylates several downstream targets, including STAT55,59. 

BCR-ABL1,  EML1-ABL1, and DEK-NUP214 fusion genes have also been found in other 

leukemias5,59. Vanden Bempt 2018., characterized the recurrent secondary mutation NUP214-

ABL1 and how its downstream effects synergize with TLX1 activity in mice5. They showed 

that mice expressing TLX1 and NUP214-ABL1 exhibited significantly faster leukemia 

development than TLX1 alone. Colocalization of TLX1 and STAT5 at enhancers was also 

shown to synergize and drive overexpression of genes such as MYC and BCL25. T-ALLs that 

have this mutation have mixed success with imatinib treatment, which inhibits several tyrosine 

kinases, including ABL15. As Patient 05H080 did not have this mutation, it supports the 

finding that this secondary mutation can synergize with TLX1 activity but is not necessary for 

leukemia development5. Treatment with imatinib may also not be effective for this specific T-

ALL. 

 We did not investigate further how specific genes affected by deletions, amplifications, 

translocations, and possible new fusion proteins contribute to TLX1 T-ALL development. 

However, HiC analysis of other TLX1 patient samples could identify additional SVs not seen 

previously and could identify additional recurring mutations that may warrant further 

investigation. 
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4.4 TLX1 mouse modeling of T-ALL progression. 

 The mouse model effectively modeled leukemic transformation by expression of TLX1 

in developing thymocytes, and the onset of the leukemia is consistent with previous 

findings10,184. Our results show that TLX1 is expressed at a high level in PLK-early across the 

thymocyte stages (where LCK is highly expressed). Previous research suggests that the initial 

leukemia cells arise from the DN2 stage10, and we saw this in PLK-late to varying degrees. 

Among WT thymocytes, the entire DN population represents a very small fraction (<2%) of 

thymus cells, and cell yields after sorting would not have been sufficient for the experiments 

used here. However, PLK-early represents thymocytes with an altered gene expression 

program driven by TLX1 either by direct modulation or secondary effects. They are also the 

pool of cells that transformed blasts eventually arise from. While the leukemia-initiating cells 

are likely to arise from DN2 thymocytes, that may not always be the case. Therefore, the genes 

that TLX1 disrupts in PLK-early are the most likely candidates that promote transformation 

through various possible mechanisms.  

 Unexpectedly, our flow cytometry, RNA-seq, and CUT&Tag data together identified 

the PLK-late stage, which bridged PLK-early and leukemia samples. These mice were 

harvested at 19, 20, and 24 weeks, but this pattern was seen in less than 20% of PLK mice 

harvested between 19 and 33 weeks. Moreover, the flow cytometry data showed an 

accumulation of DN2 cells in PLK2 and PLK6. The three mice also had mixed CD4, CD8, 

and DP populations. Importantly, the gene expression signatures in PLK-late strongly 

clustered together independent of cell sub-population distribution (Figure 17A), suggesting 

that PLK-late are rapidly proliferating transformed thymocytes that follow a consistent gene 

expression program. PLK-late, in fact, represents two situations occurring at the same time: 

the rapid proliferation of successfully transformed cells and the depletion of normal developing 
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thymocytes. This complicated the expression analysis as it is difficult to attribute which gene 

is changing in which sub-population in bulk RNA-seq of a heterogeneous population. 

However, the color gradient seen from PLK2 to PLK8 to PLK6 in Figure 17D showed that 

the transformed cell population is increasing, with subsets of genes being increasingly 

upregulated or downregulated. The changes were strong enough that they were treated as their 

own condition in the analysis.  

 Our mice cohort showed that leukemia burden has a wide window of 35 to 70 weeks 

(Figure 15B). However, the tight clustering of PLK-late gene expression suggests the 

transformed cells follow a consistent path that each leukemic mouse may follow before 

developing further into leukemias with mixed sub-populations. Heatmap clustering of 

differential genes in PLK-early and PLK-late highlighted a late strong upregulation of terms 

relating to ribosome biogenesis and DNA replication, suggesting these cells are in a state of 

rapid proliferation or ribosome hyperactivation (Figure 17). Indeed, hyperactivation of 

ribosome biogenesis is associated with a range of cancers, including T-ALL and AML175, and 

this might be a key indicator of late transformation. The other GO-terms (T-cell activation, 

regulation of apoptosis, etc.) had genes distributed across heatmap clusters that were both 

upregulated and downregulated. This could mean that these processes are dysregulated, as 

some genes are overexpressed and others repressed, which could result in dysregulated 

signaling pathways or incomplete cellular mechanisms. The rate of leukemia development 

likely depends on various factors as well, including when secondary mutations occur and what 

they could be, as some may influence the speed of proliferation or enhance survivability. Many 

of the SVs were also seen in WT6 and PLK5, suggesting these to be artifacts from unofficial 

blacklisted regions or the genetic background of the mouse line itself (data not shown). 

Aneuploidy was a factor, however, as NeoLoopFinder identified trisomy-10 in LK3 
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(Supplemental Figure 2). The gene expression programs of the leukemia mice also indicated 

extensive heterogeneity between leukemias (Figure 18A).  

 

4.5 Possible mechanisms of transformation promoted by TLX1. 

 TLX1 binds almost entirely at promoters and enhancers (Figure 11), and our analyses 

show that TLX1 also localizes to many TAD boundaries and loop anchors (Figure 12). The 

mouse model showed that TLX1 expression resulted in differentially expressed genes, with a 

large proportion of these genes residing within significantly changing TADs (Figure 22). 

Importantly, genes found in changing TADs in PLK-early were enriched for terms related to 

neuron and T-cell differentiation, suggesting these processes have common genes that are 

being dysregulated in early thymocytes expressing TLX1. Genes found in PLK-early 

differential TADs were also enriched for signaling pathways such as NOTCH and WNT 

signaling, as well as terms related to other cancers. While differential TAD organization is 

associated with changes in gene expression and changes in chromatin loop anchor sites, not 

all genes are necessarily affected within a changing TAD or a changing loop as there are 

additional levels to regulation for gene expression (example Figure 24). TLX1 binds to 

promoters and enhancers, but TLX1 binding alone does not necessarily alter gene expression, 

suggesting additional context-specific variables at play. A summary of the mechanisms 

elucidated here is summarized in Figure 27. 



102 

 

Leukemia Transformation 

Molecular Mechanism 

Figure 27. Model of TLX1 driven leukemia transformation. Leukemic transformation by 
TLX1 is characterized by aberrant gene expression resulting in dysregulation of critical 
processes that promote the accumulation of secondary mutations while evading apoptosis and 
blocking differentiation. This results in formation of leukemia cells that rapidly proliferate in 
the thymus while accumulating additional mutations and outcompeting normal thymocytes. 
Over time these cells develop into heterogeneous cell populations that enlarge the thymus and 
infiltrate into other organs. Lower: Part of TLX1 activity identified in this work is the interplay 
between TLX1, the BAF complex, and CTCF and cohesin. TLX1 has the capacity to alter 
chromatin accessibility at CTCF sites, resulting in TAD reorganization and activation of genes. 
In other cases, TLX1 can bind at chromatin looping sites and sub-TAD boundaries found at 
promoters and enhancers, resulting the reorientation of sub-TAD interactions and changes in 
gene expression. Figure partially created with BioRender.com . 
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 Several notable genes were differentially expressed in PLK-early or PLK-late and had 

mixed expression in the leukemia samples. These genes were associated with local TLX1 

binding with or without differential TAD changes and looping. Together with CDK4, CDK6 

is involved in cell-cycle progression and entry into S-phase through partial phosphorylation of 

RB185,186. This releases RB from transcription factor E2F1, which can then activate 

downstream genes for cell-cycle progression185,186.  CDK6 is upregulated in PLK-early and 

remained upregulated in all subsequent phases (Figure 18B). TLX1 binding at CDK6 results 

in changes in local chromatin looping. Upregulation of this gene may enhance the 

phosphorylation of RB, leading to aberrant S-phase transition and enhanced proliferation. 

Overexpression of CDK6 is implicated in various myeloid and lymphoid leukemias186,187. 

CD44 is normally expressed in the DN1/DN2 stage but was upregulated 3-fold in PLK-early 

and remained upregulated (Figure 18B). Flow cytometry in PLK-early did not show a larger 

proportion of DN1/DN2 cells, suggesting CD44 is upregulated in DN2 cells expressing TLX1. 

CD44 function is associated with cell migration, proliferation, and anti-apoptotic signaling and 

is upregulated in other cancers188. Notably, CD44, RAG1, and RAG2 shared the same 

differential TAD identified between WT and PLK-early, but RAG1 and RAG2 were only 

downregulated in PLK-late onwards. BCL11B, which is normally upregulated in DN2 and is 

critical for thymocyte differentiation88, was also downregulated 1.4-fold in PLK-late (Figure 

18B). BCL11B is a known repressed gene targeted by TLX1 in ALL-SIL and is a subunit of 

the BAF complex6,10,58. While PLK-early did not show statistically significant downregulation 

(1.1-fold), the TAD for BCL11B was identified as significantly changing, which may have 

more pronounced effects later in transformation. Additionally, the core BAF complex subunit 

SMARCA2 (BRM) was downregulated 1.6-fold in PLK-early with a differential TAD. The 

BAF complex can either have BRM or BRG1, which may suggest more BRG1-containing 
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BAF complexes are present in PLK-early. Whether a change in composition influences 

transformation could warrant future investigation. PTEN was upregulated 1.8-fold in PLK-

early with differential TAD rearrangement (Figure 18B), and its activity is associated with the 

PI3K-AKT pathway189–191. PTEN is a negative regulator of the PI3K-AKT pathway, which is 

involved in promoting cell proliferation, cell survival, and metabolic programming, among 

other functions191. This pathway is also involved in T-cell differentiation checkpoints as well 

as transcription factor regulatory networks190. PTEN deletion has been studied extensively in 

T-ALL as uncontrolled PI3K-AKT signaling is leukemogenic191. PTEN is a well-known tumor 

suppressor protein that is frequently deleted or repressed in some cancers, including T-ALLs, 

but is needed for cell survival and proliferation in others189–191. Overexpression of PTEN in 

PLK-early may play a role in blocking initial differentiation. Inhibition of the PI3K/AKT 

pathway in developing thymocytes has been shown to block the DN-to-DP transition192. PTEN 

is notably downregulated in LK5 among leukemias. NOTCH1 was significantly upregulated 

in PLK-late (4.1-fold) (Figure 18B). Notably, its main TAD was significantly changing due 

to sub-TAD reorganization downstream and related differential gene expression in PLK-early. 

Aberrant NOTCH1 activity is associated mostly with activating point mutations in T-ALLs. 

Our results may suggest TLX1 modulates or promotes NOTCH1 upregulation indirectly 

through local TAD changes that result in gene expression changes later in transformation. 

MYC had no change in expression in PLK-early, but the TAD was called as differential, and 

TLX1 binding showed differential BRG1, CTCF, and RAD21 binding as well. It was strongly 

upregulated in PLK-late (2.8-fold), but we do not have the HiC data to verify if these initial 

changes prime MYC for upregulation in PLK-late. This also suggests that other transcription 

factors are involved in late transformation. MYC was upregulated in PLK-late, LK2, LK3, and 

LK8, but not LK5. NOTCH1 was also elevated PLK-late, LK3, LK8, but not LK2 or LK5. 
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This underscores the heterogeneity of these leukemias and suggests that different transcription 

factors drive the unique leukemia gene expression programs. The relevance of TLX1 at this 

stage of leukemia could be more relevant in some leukemias than others, as activation and 

repression of other transcription factors may synergize or antagonize TLX1 activity. IL-17RB 

is strongly upregulated in PLK-early (4.4-fold) and shares a differential TAD and loops with 

upregulated CHDH and CACNA1D. The IL-17RB signaling pathway has been implicated in 

tumorigenesis by promoting cancer cell proliferation, migration, and cell survival through 

activation of the ERK/NF-KB pathway193. Elevated expression of IL-17RB is found across 

different cancers and is associated with poorer prognoses193. Early upregulation of IL-17RB 

may be an additional signal for cell survival in TLX1-expressing thymocytes. Gene enrichment 

analysis of GO-terms highlighted dysregulated processes associated with differentiation, 

development, and apoptotic signaling. Dysregulation of these programs by TLX1 in 

thymocytes in combination with dysregulated signaling pathways may promote cell cycle 

progression and survival while inadvertently driving the accumulation of secondary mutations 

and transformation towards leukemia.  
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4.6 Targeting the BAF complex in TLX1 T-ALL. 

 At the writing of this thesis, a preprint was published showing that Jurkat and other T-

ALL cell lines were also sensitive to treatment with drugs targeting the BAF complex187,194. 

Our drug treatment of ALL-SIL with ACBI-1 and BRG1/BRM inhibitor-1 (Figure 26) adds 

additional evidence for T-ALL cell line sensitivity to BAF complex disruption and its 

importance to the leukemia gene expression program. Indeed, the BAF complex is critical to 

proper T-cell differentiation, and previous work has shown an important link between the BAF 

complex and RUNX1 binding sites187,195. In the context of ALL-SIL, TLX1 interactions with 

the BAF complex may be critical to the survival of the cells by directing BAF to specific genes, 

and future studies could look at this further. As T-ALL cell lines driven by other oncogenic 

transcription factors have been shown to be sensitive as well, disruption of BAF complex 

activity likely impacts gene expression programs critical to cell proliferation and apoptosis187. 

 The BAF complex operates in opposition to other complexes, including PcG 

complexes79. BAF complex subunits have also been found to be frequently mutated across 

cancer types74. BAF subunit mutations can result in dependence on certain combinations of 

subunits that promote altered transcriptional programs74. Alternatively, mutations in the PRC2 

complex have been shown to cause dependence on the BAF complex for cancer cell survival 

(synthetic lethality)74. Further characterization of BAF complex function in T-ALL and 

targeted disruption of related pathways warrant further investigation. 
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4.7 Limitations  

 Our HiC analysis provided a wealth of information regarding the organization of the 

samples analyzed, but HiC has limitations that newer methods try to address. The resolution 

that HiC analysis can be analyzed at is directly related to read depth. This is partly why we 

opted to sequence WT6, PLK5, and LK3 at a higher read depth than sequence several samples 

at a lower read depth. Loop interactions exist at shorter distances than what HiC can achieve, 

which is about 40kb. Several protocols have been developed recently to acquire more 

information from HiC-like data, such as HiCAR108, Hi-TrAC109, or Micro-C196. Some of these 

methods can analyze data at much higher resolution (<1kb) and excel in identifying high-

fidelity chromatin loop sites. Our HiC data was able to identify up to ~20,000 chromatin loops 

and performed very well in this case. Newer methods improve the signal-to-noise ratio of HiC 

data and show that total chromatin loops can be well in upwards of 75,000 - 200,000 sites. 

 Using bulk-cell analysis of thymocyte populations was another possible limitation 

(RNA-seq, CUT&Tag, ATAC-seq, HiC). This complicated data analysis to some degree as it 

is not possible to distinguish whether a change in a type of data set (gene expression, peak 

height, TAD signal) was a major change in a sub-population or consistent change across all 

thymocytes. We were fortunate that the WT and PLK-early conditions had a consistent 

distribution of cell populations seen by flow cytometry and focused more on characterizing 

this transition than PLK to LK, partly for this reason. This allowed us to assume all changes 

occurring in PLK-early were from TLX1 expression, whether direct or indirect. There was 

some evidence of non-leukemia immune cell infiltration in the leukemia samples that could 

not be parsed out. FACS isolation of leukemic cells may have mitigated that but may have also 

excluded unknown sub-populations. Single-cell RNA-seq may have been useful if we were 
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focusing on specific differences between leukemic sub-populations, but this was not the focus 

of this work.  

 CUT&Tag is a recently developed protocol that allowed us the opportunity to do an in-

depth analysis of both TFs and histone modifications across model systems. As a new protocol, 

we also found it required extensive optimization for the protocol itself and the data analysis. 

We learned that the nature of CUT&Tag, specifically sample-to-sample variability and valid 

peaks generally having low read counts, was suitable for identifying major changes in peak 

intensity. Peak calling and differential analysis tools that address these aspects of CUT&Tag 

are likely being developed that address these challenges. We found in our testing that MACS2 

did a better job at peak calling than SEACR197 or GoPeaks198 for our datasets, and DiffBind 

with DEseq2 differential analysis worked well for our purposes as well. Higher read counts 

and more consistent sequencing results may have identified more changes. 
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Chapter 5 - Conclusion  
 
 This thesis sought to determine if TLX1 established and maintained leukemic cells by 

dysregulating chromatin loop formation through interactions with CTCF, the cohesin complex, 

and the BAF complex. Our work showed that, in addition to TLX1 binding at promoters and 

enhancers, TLX1 binding also perturbed chromatin structures early in the leukemic 

transformation process both independently and together with its cofactors, which was 

associated with dysregulated gene expression at critical genes. Our work also identified that 

TLX1 T-ALL (ALL-SIL) is sensitive to treatment with ACBI-1 and BRG1/BRM inhibitor-1, 

which warrants further research into T-ALL and the BAF complex. These experiments provide 

new insights into the mechanism of TLX1-mediated leukemia transformation and possible 

avenues for targeted treatment for T-ALL in the future. 
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Supplemental Data 

Supplemental Table 1. TLX1 IP mass spectrometry total spectra for proteins of interest. 
Total spectra counts for proteins identified in TLX1 IP in Figure 7, as well as additional 
proteins related to previous research for TLX1 interactions and other proteins implicated in 
chromatin looping. The BAF complex has several alternative names, which are included as an 
additional column. Proteins not identified in IP samples are not included.  

Protein Name Alternate Names Relationship IgG IP 
Total Spectra 

TLX1 IP 
Total Spectra 

TLX1 HOX11 IP Protein 2 28 
PBX2 - TF 0 41 
RUNX1 - TF 0 36 
RUNX3 - TF 0 25 
ACTB - BAF 74 396 
ACTL6A BAF53A BAF 35 232 
ARID1A BAF250A, SMARCF1 BAF 58 475 
ARID1B BAF250B, SMARCF2 BAF 0 76 
ARID2 BAF200, SMARCF3 BAF 7 42 
BCL11B CTIP2, SMARCM2 BAF 4 117 
BCL7A SMARCJ1 BAF 0 44 
BCL7B SMARCJ2 BAF 0 14 
BICRA GLTSCR1 BAF 0 29 
BICRAL GLTSCR1L BAF 0 18 
BRD7 SMARCI1 BAF 0 36 
BRD9 SMARCI2 BAF 0 12 
DPF1 BAF45B BAF 0 9 
DPF2 BAF45D,REQU BAF 24 233 
DPF3 BAF45C BAF 0 32 
PBRM1 BAF180, SMARCH1 BAF 8 83 
PHF10 BAF45A, SMARCG4 BAF 0 11 
SMARCA2 BRM BAF 0 121 
SMARCA4 BRG1 BAF 18 199 
SMARCB1 BAF47 BAF 14 109 
SMARCC1 BAF155 BAF 17 293 
SMARCC2 BAF170 BAF 26 224 
SMARCC2 BAF170 BAF 25 212 
SMARCD1 BAF60A BAF 13 162 
SMARCD2 BAF60B BAF 15 178 
SMARCE1 BAF57 BAF 11 228 
SS18 SMARCL1 BAF 0 31 
CTCF - Looping TF 0 4 
HCFC1 - Looping TF 0 75 
MAU2 - Cohesin Loading 0 4 
NIPBL - Cohesin Loading 0 11 
PDS5A - Cohesin Unloading 0 3 
RAD21 - Cohesin Complex 0 26 
SMC1A - Cohesin Complex 0 28 
SMC3 - Cohesin Complex 2 22 
WIZ - Looping TF 0 3 
YY1 - Looping TF 0 16 
ZNF143 - Looping TF 2 17 
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Supplemental Figure 1.  NUP214-ABL1 mutation in ALL-SIL but not Patient T-ALL. 
HiC pyramids using raw counts at the ABL1 NUP214 locus. This region forms episomal 
copies in ALL-SIL that express the fusion oncogene NUP214-ABL1. Diagram depicts 
regions on canonical genome and how it recombines into an episome. Figures were 
generated using NeoLoopFinder with CPM-normalized histone mark tracks and copy 
number tracks. Genes between ABL1 and NUP214 are not shown for clarity.  
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Supplemental Figure 2. Copy number variation calculated by NeoLoopFinder. Copy 
number results per chromosome for human ALL-SIL (male), Patient 05H080 (male), and 
female mice WT6, PLK5, and LK3 are shown. Log2(copy number) is normalized against the 
diploid genome (default settings) at 50kb resolution, ploidy indicated on y-axis. Note: ALL-
SIL is known hyper-tetraploid (90-95 chromosomes). 
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Supplemental Table 2. Fusion-gene analysis of Patient 05H080. Possible gene fusions 
created by SVs identified by NeoLoopFinder. A window within 10kb of each breakpoint 
outputs all possible gene fusions with overlapping genes. These genes are not necessarily 
expressed or functional.  

Breakpoint #1 Breakpoint #2 Possible Fusions (+/- 10kb) 

chr10 50015000 chr10 50065000 
TIMM23B-AGAP6-WASHC2A 
AGAP6-WASHC2A 

chr12 10155000 chr12 14690000 OLR1-GUCY2C 

chr17 28715000 chr17 28950000 

RPL23A-SEZ6 
RPL23A-PHF12 
RPL23A-PIPOX 
TLCD1-SEZ6 
TLCD1-PHF12 
TLCD1-PIPOX 
PROCA1-SEZ6 
PROCA1-PHF12 
PROCA1-PIPOX 
RAB34-SEZ6 
RAB34-PHF12 
RAB34-PIPOX 

chr19 645000 chr19 2225000 

RNF126-DOT1L 
RNF126-PLEKHJ1 
FGF22-DOT1L 
FGF22-PLEKHJ1 

chr19 41225000 chr19 43470000 AXL-LYPD3 
AXL-PHLDB3 

chr1 25255000 chr1 25330000 RSRP1-RHD 
RSRP1-TMEM50A 
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Supplemental Table 3 Patient T-ALL genes affected by deletions and duplications. 
Verified SVs were annotated with an estimated degree of deletion or duplication and coding 
gene annotations.  

Chrom Start End Interpretation Genes within SV 

chr1 25255000 25330000 complete deletion RHD, RSRP1 

chr11 25975000 27370000 partial deletion 
0.5x ANO3, BBOX1, CCDC34, FIBIN, LGR4, MUC15, SLC5A12 

chr12 10155000 14690000 partial deletion 
0.5x 

APOLD1, ATF7IP, BCL2L14, BORCS5, CDKN1B, CREBL2, DDX47, DUSP16, 
EIF2S3B, EMP1, ENSG00000255641, ENSG00000275778, ETV6, FAM234B, 
GABARAPL1, GPR19, GPRC5A, GPRC5D, GRIN2B, GSG1, GUCY2C, HEBP1, 
KLRC1, KLRC2, KLRC3, KLRC4, KLRC4-KLRK1, KLRD1, KLRK1, LRP6, MAGOHB, 
MANSC1, OLR1, PLBD1, PRB1, PRB2, PRB3, PRB4, PRH1, PRH2, PRR4, 
SMIM10L1, STYK1, TAS2R10, TAS2R13, TAS2R14, TAS2R19, TAS2R20, TAS2R30, 
TAS2R31, TAS2R42, TAS2R43, TAS2R46, TAS2R50, TAS2R7, TAS2R8, TAS2R9, 
TMEM52B, YBX3 

chr14 106390000 106760000 complete deletion 
IGHV1-45, IGHV1-46, IGHV1-58, IGHV1-69, IGHV1-69-2, IGHV2-70D, IGHV3-38, 
IGHV3-43, IGHV3-48, IGHV3-49, IGHV3-53, IGHV3-64, IGHV3-66, IGHV4-39, IGHV4-
59, IGHV4-61, IGHV5-51, IGHV8-51-1 

chr16 16605000 18750000 partial deletion 
0.5x NOMO2, NPIPA8, NPIPA9, XYLT1 

chr17 28715000 28950000 duplication 
2.0x DHRS13, ERAL1, FAM222B, FLOT2, NEK8, PHF12, RAB34, RPL23A, TLCD1, TRAF4 

chr18 12775000 12890000 complete deletion PTPN2 

chr19 645000 2225000 partial deletion 
0.5x 

ABCA7, ABHD17A, ADAMTSL5, ADAT3, AP3D1, APC2, ARHGAP45, ARID3A, 
ATP5F1D, ATP8B3, AZU1, BTBD2, C19orf25, CBARP, CFD, CIRBP, CNN2, 
CSNK1G2, DAZAP1, DOT1L, EFNA2, ELANE, ENSG00000267059, FAM174C, 
FSTL3, GAMT, GPX4, GRIN3B, IZUMO4, KISS1R, KLF16, MBD3, MED16, MEX3D, 
MIDN, MISP, MKNK2, MOB3A, NDUFS7, ONECUT3, PALM, PCSK4, PLK5, PLPPR3, 
POLR2E, PRSS57, PRTN3, PTBP1, PWWP3A, R3HDM4, REEP6, REXO1, RNF126, 
RPS15, SBNO2, SCAMP4, STK11, TCF3, TMEM259, UQCR11, WDR18 

chr3 65305000 76670000 partial deletion 
0.5x 

ARL6IP5, CNTN3, EBLN2, EIF4E3, ENSG00000285708, EOGT, FOXP1, FRG2C, 
FRMD4B, GPR27, GXYLT2, KBTBD8, LMOD3, LRIG1, MAGI1, MDFIC2, MITF, 
PDZRN3, PPP4R2, PROK2, ROBO2, RYBP, SHQ1, SLC25A26, SUCLG2, TAFA1, 
TAFA4, TMF1, UBA3, ZNF717 

chr5 585000 685000 duplication 
2.0x CEP72, TPPP 

chr7 38255000 38330000 complete deletion TRGC1, TRGJ1, TRGJP, TRGJP1, TRGJP2, TRGV10, TRGV11, TRGV9 

chr7 142460000 142800000 complete deletion 
0x 

MTRNR2L6, PRSS1, PRSS2, TRBC1, TRBD1, TRBJ1-1, TRBJ1-2, TRBJ1-3, TRBJ1-
4, TRBJ1-5, TRBJ1-6, TRBJ2-1, TRBJ2-2, TRBJ2-2P, TRBJ2-3, TRBJ2-4, TRBJ2-5, 
TRBJ2-6, TRBJ2-7, TRBV10-3, TRBV11-3, TRBV12-3, TRBV12-4, TRBV12-5, 
TRBV13, TRBV14, TRBV15, TRBV16, TRBV17, TRBV18, TRBV19, TRBV20-1, 
TRBV23-1, TRBV24-1, TRBV25-1, TRBV27, TRBV28, TRBV29-1, TRBV5-4, TRBV5-5, 
TRBV5-6, TRBV5-7, TRBV6-6, TRBV6-7, TRBV6-8, TRBV7-6, TRBV7-7, TRBV7-9 

chr8 134685000 134890000 duplication 2.0x ZFAT 

chr9 20370000 22950000 complete deletion 
CDKN2A, CDKN2B, DMRTA1, ENSG00000264545, FOCAD, HACD4, IFNA1, IFNA10, 
IFNA13, IFNA14, IFNA16, IFNA17, IFNA2, IFNA21, IFNA4, IFNA5, IFNA6, IFNA7, 
IFNA8, IFNB1, IFNE, IFNW1, KLHL9, MLLT3, MTAP 
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Supplemental Table 4. Fusion-gene analysis of ALL-SIL Possible gene fusions created by 
SVs identified by NeoLoopFinder. A window within 10kb of each breakpoint outputs all 
possible gene fusions with overlapping genes. These genes are not necessarily expressed or 
functional. 

Breakpoint #1 Breakpoint #2 Possible Fusions (+/- 10kb) 

chr13 48405000 chr13 48495000 
RB1-RCBTB2 
LPAR6-RB1 
LPAR6-RCBTB2 

chr3 136140000 chr3 136970000 PPP2R3A-IL20RB 
MSL2-IL20RB 

chr7 32205000 chr7 32485000 PDE1C-LSM5 

chr8 103240000 chr8 103410000 
BAALC-SLC25A32 
BAALC-AC012213.5, 
BAALC-DCAF13 

chr9 130835000 chr9 131225000 ABL1-NUP214 

chr9 127580000 chr9 127785000 

NIBAN2-CDK9 
NIBAN2-FPGS 
NIBAN2-SH2D3C 
STXBP1-CDK9 
STXBP1-FPGS 
STXBP1-SH2D3C 
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Supplemental Table 5. ALL-SIL genes affected by deletions and duplications. Verified 
SVs were annotated with an estimated degree of deletion or duplication and coding gene 
annotations. 

Chrom Start End Interpretation Genes within SV 

chr13 48405000 48495000 total_deletion LPAR6, RB1, RCBTB2 

chr3 136140000 136970000 partial_duplication 
1.5x IL20RB, MSL2, NCK1, PCCB, PPP2R3A, SLC35G2, STAG1 

chr4 68505000 68620000 partial_deletion 
0.5x UGT2B17 

chr5 81745000 81855000 partial_duplication 
1.5x SSBP2 

chr5 177995000 178050000 total_deletion PROP1 

chr6 77220000 89045000 partial_deletion 
0.5x 

AKIRIN2, BCKDHB, C6orf163, CEP162, CFAP206, CGA,  
CNR1, CYB5R4, DOP1A, ELOVL4, ENSG00000213204,  
ENSG00000271793, GJB7, HMGN3, HTR1B, HTR1E,  
IBTK, IRAK1BP1, LCA5, ME1, MEI4, MRAP2, NT5E,  
ORC3, PGM3, PHIP, PRSS35, RARS2, RIPPLY2, RNGTT,  
RWDD2A, SH3BGRL2, SLC35A1, SMIM8, SNAP91,  
SNX14, SPACA1, SYNCRIP, TBX18, TENT5A, TPBG,  
TTK, UBE3D, ZNF292 

chr6 135170000 135360000 multi_fold_duplications AHI1, MYB 

chr7 142610000 142805000 total_deletion 

MTRNR2L6, PRSS1, PRSS2, TRBC1, TRBC2, TRBD1,  
TRBJ1-1, TRBJ1-2, TRBJ1-3, TRBJ1-4, TRBJ1-5,  
TRBJ1-6, TRBJ2-1, TRBJ2-2, TRBJ2-2P, TRBJ2-3,  
TRBJ2-4, TRBJ2-5, TRBJ2-6, TRBJ2-7, TRBV18,  
TRBV19, TRBV20-1, TRBV23-1, TRBV24-1,  
TRBV25-1, TRBV27, TRBV28, TRBV29-1 

chr8 103240000 103410000 partial_deletion 
0.5x CTHRC1, ENSG00000285982, FZD6, SLC25A32 

chr9 21495000 22635000 
compound 

partial_deletion_0.5x  
with  total_deletion_0x 

CDKN2A, CDKN2B, DMRTA1, ENSG00000264545, MTAP 

chr9 127580000 127785000 partial_duplication 
1.5x CFAP157, PTRH1, SH2D3C, STXBP1, TOR2A, TTC16 

chr9 130835000 131225000 multi_fold_duplications 
(episome copies) ABL1, AIF1L, FIBCD1, LAMC3, NUP214, QRFP 
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Supplemental Figure 3. Additional flow cytometry plots for WT and PLK-early mice. 
Representative flow cytometry of wild-type and PLK-early mice for gating strategy described 
in section 2.11. Mice shown were used in CUT&Tag and/or RNA-seq. There is no FACS for 
PLK5 or WT6 because it was prioritized for HiC and other experiments. 



136 

 

 

Supplemental Figure 4. Additional flow cytometry data for PLK-late and LK mice. Flow 
cytometry plots for all PLK-late and all LK mice used in CUT&Tag and/or RNA-seq. 
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Supplemental Figure 5. Diffbind PCA analysis of CUT&Tag targets in tgTLX1 mice. 
Diffbind PCA plots of targets at their respective peak sets. Samples are colored by 
condition. PC1 versus PC2 is shown. 
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Supplemental Table 6. Additional Mouse Information. The mouse name used in the thesis 
is provided, along with the conditions for the data analyses, mouse ID, sex, age in weeks, and 
the weight of thymus and spleen in grams. NR indicates that the weight was not recorded at 
the time of the experiment. 

Mouse Name Condition Mouse ID Sex Age Thymus 
Weight (g) 

Spleen 
Weight (g) 

WT2 WT 20MBS085_EN3 Female 44 0.16 0.11 
WT3 WT 21MBS018_EN2 Male 19 0.07 0.09 
WT4 WT 21MBS036_EN1 Male 8 0.06 0.07 
WT5 WT 21MBS036_EN2 Male 8 0.06 0.07 
WT6 WT 21MBS023_EN1 Female 19 NR NR 
WT7 WT 20MBS113_EN2 Male 48 0.06 0.07 
PLK1 PLK-early 20MBS073_EN2 Male 33 0.05 0.15 
PLK01NN PLK-early 21MBS026_EN3 Female 9 0.05 0.09 
PLK02NN PLK-early 21MBS026_EN4 Female 9 0.06 0.08 
PLK4 PLK-early 21MBS036_EN3 Male 8 0.06 0.06 
PLK5 PLK-early 21MBS023_EN4 Female 19 NR NR 
PLK17 PLK-early 22MBS014_EN1 Female 27 0.11 0.14 
PLK18 PLK-early 22MBS014_EN2 Female 27 0.09 0.11 
PLK2 PLK-late 21MBS018_EN3 Male 19 0.07 0.09 
PLK6 PLK-late 21MBS023_EN5 Female 20 0.06 0.06 
PLK8 PLK-late 22MBS018_EN1 Female 24 0.13 0.13 
LK1 LK 20MBS072_EN1 Female 33 0.23 0.13 
LK2 LK 20MBS085_EN1 Female 44 0.56 1.72 
LK3 LK 20MBS085_EN2 Female 53 0.41 0.15 
LK5 LK 21MBS057_EN5 Female 47 0.70 0.16 
LK8 LK 21MBS065_EN5 Female 47 0.66 0.48 
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