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Abstract 
Cancer is a critical global health issue of our time. It 

encompasses a wide variety of diseases characterized by 

uncontrolled cell growth, often resulting from genetic mutations 

and epigenetic alterations. In recent decades, cancer research 

has led to the discovery of new biomarkers that improve both 

diagnosis and patient prognosis, and has paved the way for 

innovative targeted therapies. Despite these promising results, 

cancer remains as one of the leading causes of death worldwide. 

Therefore, further research into the molecular basis of cancer 

initiation and progression is still of paramount importance. 

Hematologic malignancies are among the most common 

forms of cancer. Within hematologic malignancies, acute myeloid 

leukemia (AML) is the second most common form of leukemia. 

Although cytogenetic aberrations and genetic mutations are 

involved in the development and progression of AML, this disease 

is also conditioned by aberrations in epigenetic mechanisms. 

Chromatin remodeling is one of the major epigenetic 

mechanisms. The mammalian switch/sucrose-non-fermenting 

(mSWI/SNF) complex family is one of the major chromatin 

remodeling families whose alterations have been found to be 

highly associated with cancer. B-Cell CLL/lymphoma 7 protein 

family member A (BCL7A) is a mSWI/SNF subunit which has been 

observed to be clearly related to hematologic disorders. In fact, 

in a previous research project carried out in our laboratory, BCL7A 
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was found to be recurrently mutated in diffuse large B-Cell 

lymphoma (DLBCL) patients’ samples and cell lines. The 

experimental approaches performed along this project showed 

that BCL7A plays a tumor suppressor role in DLBCL models. 

AML has been observed to be related to epigenetic 

disorders (including chromatin modifiers), and BCL7A has been 

strongly associated with hematologic disorders in previous 

studies. Therefore, we hypothesized that BCL7A may even play a 

role in this type of leukemia. Indeed, in a preliminary analysis of 

data from AML patients, we found that the BCL7A methylation level 

was inversely correlated with the BCL7A expression level. This 

downregulation by DNA methylation is a common tumor 

suppressor inactivation mechanism that is naturally selected by 

tumor cells. Furthermore, we performed phenotypic assays using 

AML cell models in which BCL7A was silenced by genomic DNA 

methylation. These assays suggest that BCL7A plays a tumor 

suppressor role in AML models both in vitro and in vivo.  

We also generated a Bcl7a conditional knock-out (KO) 

mouse model to study the putative effects of Bcl7a in hematologic 

cells and tissues in vivo. Nevertheles, Bcl7a ablation did not result 

in any phenotypic changes.  

On the other hand, using a clustered regularly interspaced 

short palindromic repeats (CRISPR) based molecular tool, we 

performed a targeted demethylation of the BCL7A locus in one of 

our human cell models to evaluate its phenotype after the 



29 

 

expected restoration of BCL7A expression. The slight BCL7A 

expression restoration yielded at messenger ribonucleic acid 

(mRNA) and protein levels might be the explanation for the 

absence of any phenotypic change in cell growth capability. 

The results obtained in this PhD thesis suggest that BCL7A 

plays a tumor suppressor role in AML. However, further research 

is necessary to provide more information to determine whether or 

not BCL7A is an AML useful biomarker in the diagnosis, 

classification and prognosis of AML patients. Ultimately, this 

research might yield valuable knowledge for the development of 

novel therapies to provide more promising outcomes for AML 

patients. 
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Resumen 
El cáncer es un grave problema de salud a nivel global en 

nuestra época. Engloba una amplia variedad de enfermedades 

caracterizadas por el crecimiento celular descontrolado, a 

menudo resultado de mutaciones genéticas y alteraciones 

epigenéticas. En las últimas décadas, la investigación en cáncer 

ha conducido al descubrimiento de nuevos biomarcadores que 

mejoran tanto el diagnóstico como el pronóstico del paciente, y 

ha abierto camino para terapias dirigidas innovadoras. A pesar de 

estos resultados prometedores, el cáncer sigue siendo una de las 

principales causas de muerte en todo el mundo. Entonces, la 

investigación acerca de las bases moleculares de la iniciación y 

progresión del cáncer sigue siendo de suma importancia. 

Las neoplasias hematológicas se encuentran entre las 

formas más comunes de cáncer. Dentro de estas, la leucemia 

mieloide aguda (AML, por sus siglas en inglés) es la segunda 

forma más común de leucemia. Aunque las aberraciones 

citogenéticas y las mutaciones genéticas están involucradas en el 

desarrollo y progresión de la AML, esta enfermedad también está 

condicionada por alteraciones en mecanismos epigenéticos. 

La remodelación de la cromatina es uno de los principales 

mecanismos epigenéticos. La familia de complejos mSWI/SNF 

(mammalian switch/sucrose-non-fermenting) es una de las 

familias principales de remodeladores de la cromatina cuyas 

alteraciones se han encontrado muy frecuentemente asociadas 
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con el cáncer. La proteína B-Cell CLL/lymphoma 7 (BCL7A) es una 

subunidad de mSWI/SNF que se ha observado está claramente 

relacionada con neoplasias hematológicas. De hecho, en un 

proyecto de investigación previo realizado en nuestro 

laboratorio, se descubrió que BCL7A estaba recurrentemente 

mutado en muestras de pacientes y líneas celulares de linfoma 

difuso de células B grandes (DLBCL, por sus siglas en inglés). Los 

experimentos llevados a cabo en este proyecto demostraron que 

BCL7A desempeña un papel de supresor tumoral en modelos de 

DLBCL. 

Se ha observado que la LMA está relacionada con 

trastornos epigenéticos (incluyendo modificadores de la 

cromatina), y BCL7A se ha encontrado muy asociado con 

neoplasias hematológicas en estudios previos. Por tanto, 

hipotetizamos que BCL7A también puede desempeñar un papel 

en este tipo de leucemia. De hecho, en un análisis preliminar de 

datos de pacientes con AML, encontramos que el nivel de 

metilación de BCL7A estaba inversamente correlacionado con el 

nivel de expresión de BCL7A. Esta regulación a la baja por 

metilación del ADN es un mecanismo común de inactivación de 

genes supresores tumorales seleccionado naturalmente por las 

células tumorales. Además, realizamos ensayos fenotípicos 

utilizando modelos de células AML en los que BCL7A estaba 

silenciado por metilación del ADN genómico. Estos ensayos 

sugieren que BCL7A desempeña un papel de supresor tumoral en 

modelos de AML tanto in vitro como in vivo. 
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También generamos un modelo de ratón Knock-out (KO) 

inducible de Bcl7a para estudiar los posibles efectos de Bcl7a en 

células y tejidos hematológicos in vivo. Sin embargo, la deleción 

de Bcl7a no dio lugar a cambios fenotípicos. 

Por otro lado, utilizando una herramienta molecular basada 

en CRISPR (repeticiones palindrómicas cortas agrupadas y 

regularmente interespaciadas), llevamos a cabo una 

desmetilación dirigida del locus de BCL7A en una de nuestras 

líneas celulares de origen humano para evaluar su fenotipo 

después de la esperada restauración de la expresión de BCL7A. 

La ligera restauración de la expresión de BCL7A a nivel de ARN 

mensajero (ARNm) y proteína podría ser la explicación de la 

ausencia de cambios fenotípicos en la capacidad de crecimiento 

celular. 

Los resultados obtenidos en esta tesis doctoral sugieren 

que BCL7A desempeña un papel de supresor tumoral en AML. Sin 

embargo, se necesitan más proyectos de investigación para 

obtener más información y determinar si BCL7A es o no un 

biomarcador útil para el diagnóstico, clasificación y pronóstico de 

pacientes de AML. En última instancia, esta investigación podría 

brindar conocimientos valiosos para el desarrollo de nuevas 

terapias y ofrecer resultados más prometedores para los 

pacientes con AML.  
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Objectives 
1. Study the B-Cell CLL/Lymphoma 7 Protein Family Member 

A (BCL7A) mutational and methylation status in external 

cohorts of acute myeloid leukemia (AML) patients. 

 

2. Use appropriate AML cell models to perform in vitro and in 

vivo phenotypic assays to assess the potential tumor 

suppressor role of BCL7A in AML. 

 

3. Evaluate the interactions of BCL7A protein with the rest of 

the mammalian switch/sucrose-non-fermenting 

(mSWI/SNF) complexes subunits in the context of AML. 

 

4. Generate a conditional Bcl7a knock-out mouse model to 

study the putative implications of Bcl7a on hematological 

tissues and cells in vivo. 

 

5. Perform an in vitro restoration of BCL7A expression in a cell 

model through targeted demethylation and assess whether 

there are phenotypic alterations. 
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Objetivos 
1. Estudiar el estado mutacional y de metilación de BCL7A en 

cohortes externas de pacientes con AML. 

 

2. Utilizar modelos celulares de AML apropiados para realizar 

ensayos fenotípicos in vitro e in vivo con el fin de evaluar el 

posible papel supresor tumoral de BCL7A en la AML. 

 

3. Evaluar las interacciones de la proteína BCL7A con el resto 

de subunidades de los complejos mSWI/SNF en el contexto 

de la AML. 

 

4. Generar un modelo de ratón knock-out condicional de 

Bcl7a para estudiar las posibles implicaciones de Bcl7a en 

tejidos y células hematológicas in vivo. 

 

5. Realizar una restauración in vitro de la expresión de BCL7A 

en un modelo celular mediante desmetilación dirigida y 

evaluar si existen alteraciones fenotípicas. 
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Chapter 1. Introduction 
 The main aim of this opening chapter is to provide a broad 

overview of the subjects to be studied within this doctoral thesis 

dissertation. The results chapters (Chapters 3 to 5) also include a 

brief background section that intends to introduce the reader to 

the data shown there. 

This section begins with a description of cancer, the 

hematologic malignancy and the acute myeloid leukemia (AML) 

from a molecular biology perspective. Then, it ends giving details 

about the main character of this PhD research project: the BCL7A 

gene. 

 

1.1 Cancer 

Cancer is a term that encompasses a group of diseases 

characterized by uncontrolled cell growth which can originate in 

almost any tissue. Carcinogenesis is a complex, multistage 

process mainly involving genetic mutations which also may 

harbor epigenetic changes that result in the transformation of a 

healthy cell into a cancerous one (epigenetics is explained in 

greater depth in section “1.5 Epigenetic mechanisms”). These 

variations enable the cancer cell to acquire specific 

characteristics that allow it to surpass the proliferative rate of a 

healthy cell, leading to the formation of a tumor or neoplasm. In 

addition to uncontrolled growth, cancer cells can even invade 
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other organs in a process known as metastasis, which is the 

leading cause of death in cancer patients (Massagué & Obenauf, 

2016). 

Variations in exposure to risk factors and life expectancy 

contribute to the global diversity in the most prevalent cancer 

types. However, cancers do not occur randomly throughout the 

body, and this distinction is particularly obvious when comparing 

pediatric and adult malignancies (see Figure 1). Pediatric cancers 

are relatively uncommon (affecting 1 in 440 children). They 

exhibit a relatively low genetic mutational burden and typically 

originate during embryonic development. In contrast, one out of 

every two adults develop cancer, characterized by a higher 

mutational burden, and predominantly arises within epithelial 

tissues after the age of sixty. These patterns strongly indicate that 

cancer is not a stochastic process but is instead influenced by 

consistent factors in the development and aging of tissues (Jassim 

et al., 2023). 

Figure 1. Adult and pediatric cancers incidences comparison. Adapted 
from (Jassim et al., 2023). 
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Worldwide, it's estimated that there were around 19.3 

million new cancer cases and nearly 10.0 million cancer-related 

deaths in the year 2020. In addition, the global cancer burden is 

on the rise, driven by factors such as population growth, aging, 

and shifting patterns of risk factors associated with socioeconomic 

development. There is a connection between cancer's incidence 

on premature mortality and a nation's social and economic 

development level (Sung et al., 2021).  

Cancer cells accumulate numerous genetic alterations over 

time, but only a selected few, known as driver mutations, are 

directly responsible for cancer progression and / or 

development. These driver mutations can differ between cancer 

types and individuals, sometimes remaining inactive for extended 

periods before becoming active at specific stages of cancer 

development. In some cases, they may only promote cancer when 

combined with other mutations. Identifying driver mutations is 

particularly difficult due to the significant heterogeneity in 

mutations, biochemical changes, and histological variations 

among tumors. Besides, the different types of cancer may present 

a different average number of driver mutations. For instance, in 

sarcomas, thyroid, and testicular cancers, typically one driver 

mutation per patient is identified, while bladder, endometrial, and 

colorectal cancers show an average of about four driver mutations 

per patient. The vast majority of driver mutations involve single-

nucleotide substitutions or point mutations (Ostroverkhoa et al., 

2023). 
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Also, the classical model that included "driver" and 

"passenger" mutations in cancer suggested that only the first 

mutations significantly impact tumor progression, while the last 

have no effect. However, recent research suggests that some 

putative passengers might have a subtle impact on tumor cell 

fitness by either promoting or inhibiting tumor growth. In other 

words, it has been observed that passenger mutations (which 

account for the largest number of mutations in cancer, around the 

99%) collectively contribute to tumorigenesis beyond the 

influence of typical driver mutations (Kumar et al., 2020). Thus, 

this means that there are several degrees of impact among driver 

mutations as well as among passenger ones. 

Among the cancer-associated genes identified through 

high-throughput sequencing and conventional methods, two key 

categories have garnered significant interest: tumor suppressor 

genes and oncogenes. In fact, tumor development can be driven 

by the activation of proto-oncogenes and / or by the loss of 

function of tumor suppressor genes. This interplay regulates the 

cell cycle mechanisms that promote tumor initiation and 

progression (Zhu et al., 2015). 

a) Oncogenes: 

In their wild-type (WT) condition, they are called proto-

oncogenes. In this condition, they naturally participate in the 

control of cell proliferation and differentiation since they may 

function as growth factors, transducers of cellular signals, and 
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nuclear transcription factors (Kontomanolis et al., 2020; Torry & 

Cooper, 1991). However, they may be activated (and become 

oncogenes) by mutation, structural rearrangement or gene copy 

number gains, and potentially trigger the initiation of the tumor 

development (Soh et al., 2009). Some examples of well-known 

proto-oncogenes are: Ki-ras2 Kirsten rat sarcoma viral oncogene 

homolog (KRAS) and neuroblastoma rat sarcoma viral oncogene 

homolog (NRAS), which code for GTP-binding proteins; and MYC 

Proto-Oncogene, BHLH Transcription Factor (C-MYC) or MYCN 

Proto-Oncogene, BHLH Transcription Factor (N-MYC), which are 

nuclear proteins (transcription factors) (Haschek et al., 2010).  

b) Tumor suppressor genes: 

The identification of genetically dominant, "activated" 

oncogenes contributed to the notion that a separate category of 

"antioncogenes" might restrain their actions and inhibit tumor 

formation. In fact, prior experiments had indicated the presence 

of genes capable of suppressing tumorigenicity which now are 

known as tumor suppressor genes. These genes play certain roles 

in regulating cell cycle checkpoints, signaling pathways related 

to cell growth, protein degradation, deoxyribonucleic acid (DNA) 

repair, responses to DNA damage, responses to low oxygen 

levels (hypoxia), and several stress responses. These metabolic 

pathways highlight the wide range of cell-autonomous processes 

that can be disrupted in cancer cells. Many well-known tumor 

suppressor genes have been discovered, such as tumor protein 

TP53 (TP53, nuclear transcription factor), phosphatase and tensin 
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homolog (PTEN) (modulates cell proliferation and apoptosis) and 

breast cancer type 1 susceptibility protein (BRCA1) (modulates 

cell cycle) among others. Usually, these genes need only one 

functional copy to exert their “cancer-preventive effects” (J. 

Sherr, 2004).  

 Maintaining a proper balance between proto-oncogenes 

and tumor suppressor genes is critical for normal cell function. 

External stimuli can promote or suppress the production and 

function of these proteins. Mutations that increase oncoprotein 

activity or inhibit tumor suppressor protein function can transform 

differentiated cells into cancer cells (Figure 2). This shift leads to 

uncontrolled growth and proliferation, which is a “metabolic 

switch” (Ghashghaeinia et al., 2019). 

 

 

 

Figure 2. Schematic 
representation of the 
transformation of a 
healthy cell into a 
tumor cell due to an 
imbalance in the 
activity of proto-
oncogenes and tumor 
suppressor genes. 
Adapted from 
(Ghashghaeinia et al., 
2019). 
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These two gene categories in oncogenesis may seem 

antithetical. Paradoxically, some genes can exhibit both 

oncogenic and tumor-suppressor functions depending on the 

context. For instance, Notch receptors, crucial components of the 

evolutionarily conserved Notch signaling pathway, can be 

categorized as both oncogenes and tumor-suppressor genes. 

They play an oncogenic role in T-lineage acute lymphoblastic 

leukemia while performing a tumor-suppressor function in 

squamous epithelial cells (Aster et al., 2017; Shen et al., 2018). 

Besides, in contrast to oncogenes, tumor suppressor genes 

typically adhere to the two-hit hypothesis. According to this 

theory, both alleles responsible for encoding a specific protein 

must be altered to give rise to an effect. If only one allele of the 

gene is damaged, the unaffected allele can still produce sufficient 

quantities of the correct protein to maintain its proper function. In 

simpler terms, mutant tumor suppressor alleles are generally 

recessive, while mutant oncogene alleles are usually dominant 

(Knudson, 1971). However, exceptions to the two-hit hypothesis 

for tumor suppressors exist, like specific mutations in the TP53 

gene. In such cases, mutated TP53 protein can act as a dominant 

negative, blocking the function of the natural protein produced by 

the non-mutated allele (Baker et al., 1990). 

Another type of cancer related genes are the DNA damage 

response related genes. Eukaryotic cells use various enzymatic 

activities, like nucleases, helicases, polymerases, and more, for 

DNA repair. The precise regulation of these tools is crucial as their 
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misuse or inappropriate access to DNA can damage its integrity. 

Cells have developed strategies (through evolution) to accurately 

recruit and activate these factors at the right time and location. In 

fact, their deregulation can increase the chances for the 

development of several diseases such as cancer, neurological or 

immunological disorders (Ciccia & Elledge, 2010). 

In an effort to try to provide a detailed definition of “what is 

cancer?”, the Hallmarks of Cancer were introduced as a group of 

functional abilities that human cells acquire during their transition 

from a normal condition to a neoplastic growth state. In fact, these 

functional abilities, are vital for their ability to develop malignant 

tumors. The purpose in defining these Hallmarks of Cancer was to 

establish a conceptual framework that can enable the 

rationalization of the intricate characteristics of diverse human 

tumor types and variations by relating them to a shared set of 

fundamental cellular factors (Hanahan & Weinberg, 2000, 2011).  

The first six defined Hallmarks of Cancer were: “resisting 

cell death”, “sustaining proliferative signaling”, ”evading growth 

suppressors”, ”enabling replicative immortality”, “activating 

invasion and metastasis” and “inducing angiogenesis” (Figure 3) 

(Hanahan & Weinberg, 2000).  

Eleven years later, these authors even included two 

emerging hallmarks: “deregulating cellular energetics” and 

“avoiding immune destruction” (Hanahan & Weinberg, 2011). 

Besides, at that time they also defined two “enabling 
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characteristics”: “genome instability and mutation” and “tumor-

promoting inflammation”.  Since these last two “hallmark traits” 

on their own do not encompass the complexities of cancer 

pathogenesis, which involve the specific molecular and cellular 

mechanisms enabling preneoplastic cells to undergo the process 

of tumor development and acquire these abnormal phenotypic 

characteristics during malignant progression, they were named 

as “enabling characteristics” (Figure 3) (Hanahan & Weinberg, 

2011). 

The two emerging hallmarks mentioned above 

(“deregulating cellular energetics” and “avoiding immune 

destruction”) have undergone enough validation, so they have 

been recently included within the fundamental set as Hallmarks of 

Cancer too (Figure 3) (Hanahan, 2022). 

  

Figure 3. The Hallmarks of Cancer. Here are shown the currently 
accepted eight hallmarks of cancer and two enabling characteristics. 
Adapted from (Hanahan, 2022), and made using BioRender.com. 
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The progression of cancer follows an evolutionary path. As 

cancer cells evolve, they face several barriers within the body, 

including the primary tumor, the bloodstream, and different 

metastatic sites. To prevent or restrain the progression of cancer, 

it's necessary to understand the molecular evolutionary processes 

involved (Somarelli et al., 2020). 

 

1.2 Hematologic malignancies 

Hematopoiesis is the process that generates all of the blood 

cellular components. The hematopoietic stem cells (HSCs), 

primarily located in the bone marrow (BM), give rise to all blood 

cell types. The blood is a highly regenerative and adaptable 

tissue that constantly replaces millions of "aged" blood cells with 

new ones every second throughout an individual's life (Rieger & 

Schroeder, 2012). 

The HSCs are able to carry out asymmetric and symmetric 

cellular divisions to achieve both self-renewal and the generation 

of differentiated blood cells. The equilibrium between these two 

modes of cell division is regulated by developmental and 

environmental signals, ensuring the generation of the required 

numbers of both stem cells and differentiated blood cells 

(Morrison & Kimble, 2006). 

Hematologic malignancies are a spectrum of disorders that 

result from the disruption of normal hematopoiesis, giving rise to 
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a cancer cell. Depending on the lineage of this cell of origin, the 

hematologic malignancies include lymphocytic and myeloid 

leukemias (see Supplementary Figure 1), and depending on the 

speed of development they can be classified in chronic (slower) 

and acute (faster). Therefore, leukemias in general can be 

classified in four major groups as follows: chronic lymphocytic 

leukemia (CLL), chronic myeloid leukemia (CML), acute 

lymphocytic leukemia (ALL) and acute myeloid leukemia (AML) 

(Figure 4) (Karagianni et al., 2021). 

              

Figure 4. Types of leukemias depending on lineage and progression 
rate: acute myeloid leukemia (AML), chronic myeloid leukemia (CML), 
acute lymphocytic leukemia (ALL) and chronic lymphocytic leukemia 
(CLL). Figure made using BioRender.com. 

Leukemia generally initiates within the BM and 

disseminates via the bloodstream (also considered as “liquid 

tumors”), whereas lymphoma typically begins in lymph nodes or 

the spleen (therefore, these are more similar to solid tumors) and 

disseminates through the lymphatic system.  
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While leukemia rates are decreasing worldwide, they are 

increasing in developed areas such as several European countries 

(for instance: France, Spain and Slovenia). Understanding the 

occurrence and mortality rates of hematologic malignancies is 

critical. This knowledge is vital for directing efforts towards 

prevention, enhancing clinical practices, and allocating research 

resources effectively (N. Zhang et al., 2023). Therefore, research 

projects focused on deciphering the molecular characteristics of 

hematologic disorders can lead to improvements in patient 

outcomes. 

 

1.3 Acute myeloid leukemia 

AML encompasses various hematopoietic malignancies 

originating from myeloid precursors and is associated with 

unfavorable outcomes. Although AML is not very frequently 

diagnosed, it represents approximately 1.1% of cancer patients 

and it stands as the second most prevalent leukemia form, 

contributing to about 1.9% of cancer-related deaths (considering 

the U.S. population) (Stubbins et al., 2022). Typically, to diagnose 

AML, the patient should present at least 20% blasts in the BM or 

peripheral blood (Döhner et al., 2010). 

Non-random cytogenetic abnormalities are the primary 

determinant of AML prognosis. In fact, the diagnostic karyotype 

allows the identification of the different AML subtypes and 

therefore the determination of their relative prognosis. These 
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cytogenetic alterations together with common AML genetic 

mutations are taken into account to decide the best risk-adapted 

treatment  (Grimwade et al., 2010; Mrózek et al., 2007). 

Besides, AML exhibits a relatively low mutational burden 

compared to other cancer types, indicating a significant reliance 

on epigenetic mechanisms like abnormal methylation and 

chromatin remodeling alterations (explanations in greater depth 

about DNA methylation and chromatin remodeling are included 

in sections “1.5 Epigenetic mechanisms” and “1.6 Chromatin 

remodeling” respectively) (M. S. Lawrence et al., 2013; The 

Cancer Genome Atlas Research Network, 2013). These epigenetic 

dysregulations occur because the epigenetic regulators are often 

altered in AML by chromosomal translocations, somatic 

mutations, or genomic amplifications. In fact, many of these 

alterations directly influence the development of AML. Mutations 

in these regulators are frequently found in the initial clone and 

persist after therapy, suggesting their potential role in creating a 

premalignant state that is susceptible to acquiring further 

mutations and becoming fully malignant (Y. Sun et al., 2018). 

Therefore, despite the low mutational burden in AML, the genes 

involved in epigenetic modulation are usually dysregulated in this 

cancer type, promoting AML development and / or progression. 

 With the technological advancements and the knowledge 

provided by the omic sciences, the classification of the different 

subtypes of AML has been undergoing several modifications and 

updates since the 1970s. However, before this, in the 1970s, a 
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consortium of leukemia experts from France, the United States, 

and the United Kingdom (FAB) classified AML into 9 distinct 

subtypes based on the cell of origin and the level of cellular 

maturity, relying on the visual appearance of leukemia cells under 

routine staining with a microscope (Table 1). 

 

Table 1. The French-American-British (FAB) classification of AML. 
Adapted from www.cancer.org . 

 Due to the important advances in biomedical research 

technology (next-generation sequencing [NGS] and flow 

cytometry, among other technologies) in the last decades, it has 

become evident that the genetic characteristics of each case of 

AML must also be taken into consideration in order to establish its 

most accurate prognosis and to decide the most promising 

specific treatment. In fact, a group of authors with extensive 

expertise in the clinical, pathological, and genetic aspects of these 

conditions, recently formulated the International Consensus 

Classification (ICC) of myeloid neoplasms and acute leukemias 

FAB subtype
M0
M1
M2
M3
M4

M4 eos
M5
M6
M7

Acute myelomonocytic leukemia with eosinophilia
Acute monocytic leukemia
Acute erythroid leukemia
Acute megakaryoblastic leukemia

Name
Undifferentiated acute myeloblastic leukemia
Acute myeloblastic leukemia with minimal maturation
Acute myeloblastic leukemia with maturation
Acute promyelocytic leukemia (APL)
Acute myelomonocytic leukemia
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(Daniel A. Arber et al., 2022). The ICC aims to streamline the 

diagnosis and prognosis of these neoplasms, improve the 

treatment of affected patients, and enable the development of 

innovative clinical trials.  

Simultaneously, the World Health Organization (WHO) 

recently published the 5th edition of the WHO Classification of 

Haematolymphoid Tumours. This classification method is based 

on the integration of morphological (cytology and histology), 

immunophenotypic, molecular, and cytogenetic data (Alaggio et 

al., 2022; Khoury et al., 2022). The authors here state that the 

disease types are still defined and diagnosed using various 

clinicopathologic parameters, but the focus is now on refining 

diagnostic criteria and identifying actionable biomarkers for 

treatment and prognosis (Khoury et al., 2022). 

In short, each of these two cutting-edge classifications 

include by far more than 9 subtypes of AML, since they have been 

developed considering molecular and clinical data. However, 

there is a small proportion of AML cases that still do not have a 

clear or accurate subtype assignment with the consequences that 

this implies when deciding the treatment. 

Besides, it is important to define here the myelodysplastic 

syndrome (MDS) due to its close relationship to AML. MDS is a 

hematological malignancy which is among the most prevalent 

ones. According to the definition, patients with MDS typically have 

a myeloblast count below 20%. However, around 30% of MDS 
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patients eventually develop AML (commonly termed “secondary 

AML to MDS”), which is diagnosed when the blast count increases 

to 20% or more of total nucleated cells in the BM (Menssen & 

Walter, 2020). 

 MDS has been observed clearly associated to advanced 

age individuals and to prior exposure to chemotherapy and 

radiation. It is characterized by cytopenias (a decrease in the 

amount of mature blood cells) and morphological dysplasia. 

Furthermore, AML originated from pre-existing MDS can be 

distinguished from de novo AML by the presence of distinct 

mutations, such as those affecting splicing factors and specific 

epigenetic regulators (Sperling et al., 2017). 

Despite the usual low mutation burden of AML compared to 

other cancer types (M. S. Lawrence et al., 2013), NGS has revealed 

numerous frequently occurring somatic mutations in AML 

patients. The recurrently mutated genes in AML are fms-like 

tyrosine kinase 3 (FLT3), nucleophosmin 1 (NPM1), DNA 

methyltransferase 3 alpha (DNMT3A), isocitrate dehydrogenase 

(NADP(+)) 1 (IDH1), isocitrate dehydrogenase (NADP(+)) 2 

(IDH2), tet methylcytosine dioxygenase 2 (TET2), Runt-related 

transcription factor 1 (RUNX1), TP53, NRAS, CCAAT enhancer 

binding protein alpha (CEBPA) and WT1 transcription factor 

(WT1). Mutations of many of them are currently considered 

relevant molecular risk factors in AML (Kantarjian et al., 2021; 

Metzeler et al., 2016).  
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The FLT3 gene encodes a receptor tyrosine kinase which is 

mainly found in hematopoietic progenitor cells. This receptor 

mediates the proliferation and differentiation of these cells, and it 

is one of the most mutated gene in AML. Approximately 25% of 

adult AML patients will exhibit FLT3 internal tandem duplication, 

and 10% will have FLT3 tyrosine kinase domain point mutations or 

deletions (Sandhöfer et al., 2016; J. C. Zhao et al., 2022). 

Regarding the NPM1 gene, it encodes a ubiquitous 

multifunctional protein that is mainly present within the nucleolus. 

Notably, NPM1 mutations are prevalent in adult AML, affecting 

around to 30% of cases. In normal conditions, the NPM1 protein is 

involved in ribosome synthesis, genomic stability, DNA repair, 

cellular proliferation and stress response. A hallmark 

characteristic of NPM1 mutants is their aberrant presence in the 

cytoplasm. This fact allowed the researchers to detect this 

mutation through immunohistochemistry before the NGS era. The 

presence of NPM1 mutations in a population of cells showing 

clonal hematopoiesis seems to be enough for the development of 

AML (Falini et al., 2020; Hindley et al., 2021; Zarka et al., 2020).  

Furthermore, a better understanding of key molecular 

characteristics, such as genes with tumor suppressor properties 

in AML, can refine the classification of AML patients and, 

consequently, treatment approaches for this devastating disease 

(Wallwitz et al., 2021). 
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Genes related to DNA methylation (an epigenetic 

mechanism), such as DNMT3A, IDH1, IDH2, and TET2, exhibited 

frequent mutations, particularly in cytogenetically normal 

karyotype AML cases. DNA methylation, that yields the silencing 

of tumor-suppressor genes, has been related not only to the 

development of leukemia but also to the clonal progression from 

MDS to AML. Around 20% of the AML cases present mutations in 

DNMT3A, IDH1 or IDH2, while TET2 is mutated in approximately 

the 10%. IDH1 and IDH2 are metabolic enzymes whose mutations 

affect alpha-ketoglutarate dependent enzymes such as the TET 

family enzymes and lysine demethylases, resulting in a 

characteristic hypermethylated phenotype (Ferrone et al., 2020; 

Issa & DiNardo, 2021; Park et al., 2020). 

The transcription factor RUNX1 is critical for normal 

hematopoiesis development. This gene is generally regarded as 

a tumor suppressor in myeloid neoplasms. Inactivating mutations 

in RUNX1 are frequently identified in individuals diagnosed with 

MDS and cytogenetically normal AML (Goyama et al., 2013). In 

addition, TP53 activity is related to cell cycle control and DNA 

damage response. TP53 mutations are present in around 10% of 

AML cases, constituting an independent subtype associated with 

an unfavorable prognosis (Grob et al., 2022). 

Among the above-mentioned genes, some have been 

shown to act as tumor suppressor genes specifically in AML, such 

as WT1, TET2 and the promyelocytic leukemia (PML) gene.  The 

WT1 transcription factor plays a critical role in cell growth and 
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development, with varying levels of expression at different stages 

of cell development. In normal human BM, WT1 has low 

expression in HSC and acts as a tumor suppressor gene 

(Kavianpour et al., 2016; Ogawa et al., 2002).  

Regarding PML, it functions as a tumor suppressor gene in 

normal cells, forming nuclear structures known as PML nuclear 

bodies. These bodies play various intracellular roles, including 

cell cycle regulation, inhibition of cell growth, promotion of 

apoptosis, and modulation of transcription, among others. In acute 

promyelocytic leukemia (APL, M3 in the FAB classification), the 

PML gene fuses with the retinoic acid receptor alpha (RARA) gene 

to form the t(15;17) fusion protein found in 97% of APL patients. 

This PML-RARA fusion protein inhibits the differentiation of 

myeloid hematopoietic cells. Currently, the presence of this 

fusion protein generally indicates a favorable prognosis. 

Detection of the PML-RARA fusion gene is critical for the diagnosis 

of APL and the identification of minimal residual disease, allowing 

the prediction of relapse even in the absence of t(15;17) by 

methods such as karyotyping and fluorescent in situ hybridization 

(Kavianpour et al., 2016; Salomoni & Pandolfi, 2002). 

Mutations in TET2, often seen as deletion or uniparental 

disomy, increase the self-renewal capacity of leukemic stem cells. 

These mutations result in impaired hematopoiesis, monocytosis, 

and the occurrence of hematopoiesis outside the BM. They are 

associated with older patient populations, higher white blood cell 

and blast cell counts, decreased platelet counts, normal 
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chromosomal structure, intermediate risk cytogenetics, and 

concurrent mutations in NPM1 and in additional sex combs like 

transcriptional regulator 1 (ASXL1). Notably, TET2 mutations are 

usually found in association with IDH genes mutations, as TET2 

mutations are sometimes caused by neomorphic IDH mutations 

(Kavianpour et al., 2016; Moran-Crusio et al., 2011). 

Some other genes that have been observed to play a tumor 

suppressor role in AML are DNMT3A, ASXL1, TP53, NPM1, CEBPA, 

enhancer of zeste 2 polycomb repressive complex 2 subunit 

(EZH2) and GATA binding protein 2 (GATA2) (Panuzzo et al., 

2020). 

Besides, ASXL1 is a chromatin-binding protein that belongs 

to the polycomb group and may play a role in epigenetic 

regulation. This gene is frequently mutated in various myeloid 

malignancies such as AML, MDS, myeloproliferative neoplasms 

and chronic myelomonocytic leukemia. These mutations are often 

associated with aggressive disease behavior and poor clinical 

prognosis (Fan et al., 2021). 

The Cancer Genome Atlas Research Network in 2013, as 

well as Grimwade and colleagues, outlined nine categories of 

genes commonly mutated in AML patients that affect basic cellular 

functions. On average, each patient had mutations in 13 genes, 

with the most common mutations occurring in genes involved in 

signaling activation pathways (Figure 5) (Grimwade et al., 2016; 

The Cancer Genome Atlas Research Network, 2013). 
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Figure 5. Classification of frequently mutated genes and their 
frequencies among AML patients. Since most AML cases involve 
mutations in at least two genes, the percentages indicate the prevalence 
of occurrence. Adapted from (Wallwitz et al., 2021). 

In regard to the AML treatments, the progress in 

comprehending the pathophysiology and advancing AML therapy 

has accelerated in the last decades. For instance, the introduction 

of cytarabine and anthracyclines in the 1970s, combined into the 

"7+3 regimen” was a longstanding standard of care, yielding 

long-term cures for 30-40% of younger AML patients. The 

following figure displays AML outcomes at MD Anderson for 

patients over the period from 1970 to 2017 (Figure 6) (Kantarjian 

et al., 2021). 
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Figure 6. Survival rates improvement of de novo acute myeloid 
leukemia (AML) at MD Anderson from 1970 until 2017 in AML patients 
under 60 years old. Adapted from (Kantarjian et al., 2021). 

This improvement in the survival of AML patients over the 

last few decades demonstrates the relevance of the results of 

biomedical research in this field. 

Currently, ongoing research and recently approved 

treatments for AML patients encompass: 

• Combining epigenetic therapy with hypomethylating 

agents (HMAs) like azacitidine and decitabine (DAC), 

along with venetoclax, a B-Cell CLL/Lymphoma 2 (BCL2) 

inhibitor BCL2 being an apoptosis regulator, for older or 

less fit patients. For younger and healthier patients, 
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combinations of intensive chemotherapy and venetoclax 

are being explored. 

• Researching on the use of FLT3 inhibitors, such as 

gilteritinib, midostaurin, sorafenib, quizartinib, crenolanib, 

and others, in conjunction with intensive chemotherapy or 

low-intensity therapy for FLT3-mutated AML. 

• Studying the addition of IDH inhibitors (ivosidenib for IDH1 

and enasidenib for IDH2) and / or venetoclax for AML with 

IDH1/2 mutations. 

• Exploring the roles of the anti-cancer agent APR-246, a TP53 

modulator, and magrolimab, an anti-CD47 monoclonal 

antibody that enhances macrophage-mediated 

phagocytosis, in TP53-mutated AML. 

• Assessing menin inhibitors for mixed-lineage leukemia 

(MLL1)-rearranged acute leukemia. 

• Evaluating the combination of small-molecule targeted 

therapies, with or without standard intensive chemotherapy 

or HMAs, to extend survival and potentially improve cure 

rates in previously incurable AML subsets. 

• Establishing maintenance therapy as a crucial strategy in 

AML, similar to ALL. 

• Developing oral anti-AML treatments like oral decitabine 

and oral azacitidine to replace and enhance the effects of 

injectable therapies. 

• Enhancing T-cell immune responses to AML through 

approaches such as Bi-specific T-cell engagers (BiTEs), 
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checkpoint inhibitors, and chimeric antigen receptor 

(CAR)-T-cell therapies (Kantarjian et al., 2021). 

Remarkably, 30% of the AML cases have mutations in 

chromatin modifiers, and 44% of them have an aberrant DNA 

methylation (see Figure 5). Therefore, studying these molecular 

features to better understand the complexity of AML basis may 

lead to an improvement in the clinic for the diagnosis and 

classification of AML patients.  

 In addition, recent advancements in single-molecule 

resolution technologies reveal that fluctuations in transcription 

dynamics (gene expression) and resulting transcript numbers 

contribute to cell-to-cell variability, perhaps affecting tissue 

homeostasis and diseases, including cancer and AML (Wheat & 

Steidl, 2021).  

 

1.4 Chromatin and gene expression regulation 

In usual circumstances, all the diverse cell types in the 

human body share identical genetic material. The DNA serves as 

an adaptable resource for responding to various environmental 

and developmental cues through different gene expression 

patterns. To manage this, eukaryotic cells present a highly 

dynamic DNA storage system known as chromatin, where DNA is 

organized into nucleosomes by wrapping it around histone 

proteins  (Gibson et al., 2023). 
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A nucleosome core is formed when two sets of each histone 

protein (H2A, H2B, H3, and H4) come together to create an 

octamer. This core structure consists of approximately 145-147 

base pairs (bp) of DNA wrapped around it. This nucleoprotein 

complex is highly conserved and appears approximately every 

200 ± 40 bp within all eukaryotic genomes (Luger et al., 1997).  

The technological advances in genomics and high-

throughput techniques have revealed that the nucleosome-free 

regions are a distinctive feature of actively transcribed genes, 

particularly when their regulatory elements (promoters and 

enhancers) are exposed and accessible (Lai & Pugh, 2017). 

Therefore, the arrangement of nucleosomes plays a crucial role in 

regulating access to genetic information, affecting various cellular 

processes that require DNA unwinding, such as replication, DNA 

repair, and transcription (Luger et al., 2012). 

Gene expression is the conversion of genetic information 

into function. This takes place through the transcription of 

ribonucleic acid (RNA), which can code for proteins or serve other 

roles as functional non-coding RNA (ncRNA) such as ribosomal 

RNA (rRNA), transfer RNA (tRNA) and small RNAs among others 

(Doug Chung & Le Roch, 2013).  

Gene expression regulation is a pivotal phenomenon in 

many fundamental biological processes, from the development of 

organisms and cellular differentiation to maintenance of tissue 

homeostasis, immunity processes and responses to cellular stress. 
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Besides, gene expression can be subject to regulation and 

modulation at various stages, including transcription initiation, 

splicing and alternative splicing, messenger RNA (mRNA) 

stability, post-transcriptional regulation, and, ultimately, through 

translational and post-translational mechanisms (Doug Chung & 

Le Roch, 2013). 

Over the past two decades, substantial progress has been 

achieved in the knowledge of the molecular basis of transcription, 

the significance of chromatin and its modifications, and the roles 

of enhancers and non-coding RNAs (Pope & Medzhitov, 2018). In 

fact, emerging technologies such as single-cell approaches 

(single cell Assay for Transposase-Accessible Chromatin using 

sequencing [scATAC-seq] and single cell RNA sequencing 

[scRNA-seq], among others) have provided deeper insights into 

genome functionality and the mechanisms underlying gene 

expression patterns spanning diverse cell types and tissues 

(Heumos et al., 2023). However, these innovative approaches 

gave rise to new inquiries regarding the same subject (Pope & 

Medzhitov, 2018). 

Various diseases and syndromes, such as cancer, 

autoimmune disorders, neurological diseases, diabetes, 

cardiovascular issues, and obesity, can result from mutations in 

regulatory regions. These mutations may affect the transcription 

factors, co-factors, chromatin regulators, and ncRNAs that interact 

with these genomic elements, showing the huge relevance of the 
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gene expression regulation molecular mechanisms over disease 

development (Lee & Young, 2013). 

 

1.5 Epigenetic mechanisms 

In 1942, Waddington introduced the term 'epigenetics,' 

defining it as alterations in phenotype that occur independently of 

genotype changes. This concept aimed to elucidate 

developmental aspects that lacked detailed mechanistic 

explanations (Waddington, 1942). Currently, we understand that 

epigenetic processes facilitate the transmission of gene 

expression patterns without modifying the DNA sequence. 

Instead, they modify chromatin, the dynamic structure of our 

genetic information. In healthy cells, the epigenetic mechanisms 

complement the DNA code, ensuring the stability of gene 

expression profiles and the determination of cell identities. 

Although the significance of epigenetic regulation has been 

acknowledged for some time, the precise enzymatic 

characterization of distinct chromatin states that activate or 

suppress gene functions was previously absent (Allis & Jenuwein, 

2016). 

In fact, technological advancements, including techniques 

like chromatin immunoprecipitation followed by NGS (ChIP–seq) 

and its variants, have facilitated the precise analysis of the 

epigenome down to the base-pair level. This has enabled 

comprehensive 'epigenomic profiling' in both healthy and 
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diseased cells and tissues. Essentially, many of the known 

chromatin epigenetic modifications are reversible, offering 

significant potential for therapeutic interventions that harness the 

dynamic nature of epigenetic control (Allis & Jenuwein, 2016). 

It is known that epigenetics encompasses a range of 

covalent modifications affecting nucleic acids and histone 

proteins that modulate gene function, expression, and chromatin 

structure. This epigenetic control happens on multiple levels, 

comprising DNA methylation, histone modifications, chromatin 

remodeling, and the modulation of ncRNAs (Figure 7) (Y. L. Wu et 

al., 2023).  

 

Figure 7. Schematic representation of the main epigenetics 
mechanisms: DNA methylation, histone modifications, chromatin 
remodeling and ncRNAs’ regulation.  Adapted from  
www.whatisepigenetics.com and www.foghorntx.com . 

Regarding DNA methylation, the methylation of the fifth 

carbon of cytosines (5-methylcytosine) is an ancient modification 
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found in bacteria and early eukaryotes, mainly in the context of 

cytosine-guanine (CpG) dinucleotides. In mammals, this 

modification plays a role in transcriptional repression, genomic 

imprinting, and X-chromosome inactivation. CpG methylation is 

widespread, and its dysregulation is linked to various diseases, 

especially cancer. DNA methylation also serves to repress 

transposons, control germline-specific genes, and is enriched in 

certain repetitive sequences and gene bodies, although its exact 

functions in these contexts remain unclear. During 

embryogenesis, the mammalian genome undergoes two waves of 

CpG methylation reprogramming, post-fertilization and after 

germline cell specification. Recent advancements in genetics and 

epigenomics research have shed light on the dynamics of DNA 

methylation during development, and precise epigenome editing 

tools are increasingly being used to study its locus-specific 

functions (Greenberg & Bourc’his, 2019).  

Besides, a CpG island is a DNA region spanning at least 200 

base pairs, exhibiting a GC content exceeding 50%, and having a 

CpG ratio (observed versus expected) equal to or greater than 0.6 

(Gardiner-Garden & Frommer, 1987).  While CpG sites included 

in CpG islands are typically not methylated in mammalian 

genomes, CpG sites in other genomic regions are predominantly 

methylated and are less abundant due to the high mutation rate at 

5-methylcytosine (Antequera & Bird, 1999). Remarkably, tumor 

suppressors’ promoter CpG islands hypermethylation is a 

prevalent feature observed across all types of human cancers, 

impacting diverse cellular pathways with a distinct profile for 
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each tumor type. In addition to classical tumor-suppressor and 

DNA repair genes, this hypermethylation affects genes associated 

with premature aging and microRNAs that possess growth-

inhibitory functions (Esteller, 2007; Lopez-Serra & Esteller, 2012; 

Nishiyama & Nakanishi, 2021). Moreover, methylation within gene 

promoters has received considerable attention because it is 

typically associated with downregulation or silencing of gene 

expression. Recently, however, it has also been observed that 

methylation within the first intron is often negatively correlated 

with gene expression (Anastasiadi et al., 2018). 

Concerning histone modifications, the nucleosome core is 

formed by histones' globular regions, while their amino terminal 

domain (N-terminal) tails protrude and are rich in 

posttranslational modifications. These modifications can occur on 

the nucleosome core's lateral surface which is in contact with the 

DNA, impacting chromatin structure by changing histones' 

charge, interactions between nucleosomes, and recruiting 

specific proteins. Histone modifications are modulated by 

enzymes and may be produced in response to internal and / or 

external cues. These modifications may affect chromatin 

compaction, nucleosome dynamics, and gene transcription. 

Dysregulation of these processes are commonly detected in 

human cancers, since they can disrupt the balance of gene 

expression through gene gain or loss of function, increased 

expression, suppression through promoter hypermethylation, 

chromosomal translocations, or mutations affecting histone-

modifying enzymes or even the modification site of the histone. 



69 

 

Additionally, mutations in chromatin-bound proteins are 

frequently found in cancer, and some may drive cancer 

progression. Overall, this dysregulation can lead to uncontrolled 

cell growth, invasion, metastasis, and resistance to treatment (M. 

Lawrence et al., 2016; Z. Zhao & Shilatifard, 2019). 

On the other hand, most of the human transcriptome 

consists of ncRNAs originating from intergenic, antisense, or 

overlapping regions with protein-coding genes. ncRNAs make up 

the vast majority of the human genome (around the 98%). For a 

long time, these ncRNAs were considered as "transcriptional 

noise". However, advances in RNA sequencing and bioinformatics 

have unveiled their substantial roles in gene expression 

regulation. In fact, recent comprehensive transcriptomic analyses 

of ncRNAs in tissues and circulating fluids of cancer patients have 

revealed these RNAs as promising biomarkers. Thus, ncRNAs 

hold potential for enhancing cancer diagnosis and prognosis (Le 

et al., 2021). 

In addition, epigenetic dysregulation, triggered by 

recurrent translocations or mutations in transcription factors and 

chromatin regulators, is a hallmark of AML. Hence continued 

research and advancement in epigenetic therapies could 

significantly enhance outcomes for AML patients (Fennell et al., 

2019). 

Last but not least, chromatin remodeling consists of 

modifications in the nucleosomes leading to changes in the 
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chromatin compaction degree, hence affecting DNA transcription, 

enabling or preventing the binding of transcription factors and 

other DNA-interacting proteins that regulate gene expression 

(Tang et al., 2010). In the following section, we describe chromatin 

remodeling in greater depth since it is one of the main topics 

related to this doctoral thesis. 

 

1.6 Chromatin remodeling 

Chromatin allows DNA compaction, but it also plays a 

crucial role in regulating DNA transcription, as described earlier. 

Specifically, in eukaryotic organisms, the expression of certain 

genes is restricted until they become accessible to the RNA 

polymerase and transcription factors. Hence, to enable gene 

expression, chromatin must undergo a process referred to as 

"chromatin remodeling" to open up and allow access to RNA 

polymerase and transcription factors (Jiang et al., 2023). 

Chromatin remodeling complexes, also known as 

chromatin remodelers, are large multi-protein assemblies. 

Typically, these complexes consist of multiple subunits and use 

energy from adenosine triphosphate (ATP) hydrolysis to alter 

nucleosome structure and / or relocate nucleosomes yielding 

DNA accessibility during processes such as transcription, DNA 

replication and DNA repair (Centore et al., 2020; Clapier et al., 

2016; Jiang et al., 2023; Tang et al., 2010). In general, their function 

is to enable the transcription machinery to access DNA. However, 
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certain chromatin remodelers are associated with transcriptional 

repression, hence these hinder DNA accessibility such as the 

mammalian Polycomb repressive complexes (Piunti & Shilatifard, 

2021). 

 Nowadays, the ATP-dependent chromatin remodelers are 

classified into four distinct families based on the similarities and 

differences between their ATPase subunits and other subunits: 

switch/sucrose-non-fermenting (SWI/SNF), imitation switch 

(ISWI), chromodomain-helicase-DNA binding (CHD) and inositol 

requiring 80 (INO80) (Figure 8). Each subfamily specializes in 

achieving specific chromatin outcomes: assembly, access, or 

editing (Clapier et al., 2017; Reyes et al., 2021; Tyagi et al., 2016). 

 

Figure 8.  Diagram showing the major domains present in the different 
families of chromatin remodelers. All families contain DEXX and HELICc 
domains (helicase activity) within their ATPase modules. Adapted from 
(Tyagi et al., 2016). 
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Several chromatin remodelers functions have been 

unveiled so far: moving nucleosomes along the DNA, rearranging 

DNA around the histone octamer, removing part of the histone 

octamer (especially the H2A/H2B dimers), exchanging histone 

variants within the nucleosomes and removing the whole 

nucleosome from a DNA sequence (Figure 9) (Bracken et al., 

2019). 

 

Figure 9. Described activities of the chromatin remodeling complexes. 
Adapted from (Bracken et al., 2019). 

It is essential to point out that, extensive research over the 

past two decades has demonstrated that the aberrant activity of 

chromatin remodelers contributes significantly to genome 

reprogramming, that can lead to cancer development or even to 

resistance to cancer therapies (Y. Li et al., 2021; F. L. Zhang & Li, 

2022).  

Furthermore, in the context of AML, several studies have 

demonstrated the involvement of chromatin remodelers. For 

instance, the Chromodomain Helicase DNA Binding Protein 4 
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(CHD4) was found to be essential for cell growth of myeloid 

leukemic cells (Heshmati et al., 2018), and the Bromodomain PHD 

Finger Transcription Factor (BPTF) subunit of the Nucleosome 

Remodeling Factor (NURF) complex (part of the ISWI family), was 

observed to play a crucial role in regulating the survival of AML 

cells (Radzisheuskaya et al., 2023). Therefore, the knowledge at 

the molecular level of chromatin remodelers in myeloid disorders 

may guide the development or use of targeted enzyme inhibitors 

to address maturation defects that drive myeloid malignancies 

(Kongkiatkamon Sunisa et al., 2021). 

 

1.7 The SWI/SNF complex 

The SWI/SNF family of chromatin remodeling complexes 

was first identified in yeast (Saccharomyces cerevisiae) through 

independent screenings searching for mutations affecting the 

mating-type switching (SWI) and sucrose fermentation (Sucrose 

Non Fermenting [SNF]) pathways (Sudarsanam Priya & Winston 

Fred, 2000; Workman & Kingston, 1998). Also, a genetic screening 

looking for suppressive mutations of SWI/SNF phenotypes 

revealed that various histones and chromatin components were 

affected, indicating the potential involvement of these complexes 

in histone binding and chromatin organization (Winston Fred & 

Carlson Marian, 1992).  

Notably, it has been observed that the SWI/SNF chromatin 

remodeling complexes represent a highly conserved group of 
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proteins found across various eukaryotic organisms (Hernández-

García et al., 2022). Mammalian SWI/SNF (mSWI/SNF) complexes 

are large, weighing around 1 to 1.5 megadaltons. The latest 

studies have demonstrated that these complexes are composed of 

proteins encoded in 29 genes, some of which have multiple 

paralogs, resulting in a wide range of possible compositions 

(Mashtalir et al., 2018). In fact, up to 15 of these subunits can form 

part of a single mSWI/SNF complex (Kadoch et al., 2017). 

Therefore, this high combinatorial potential gives rise to tissue-

specific and context-dependent mSWI/SNF complexes (Lessard 

et al., 2007; Ryme et al., 2009).  

 As of today, 3 subtypes of mSWI/SNF complexes have been 

discovered, taking into account which of the 29 subunits are 

specifically constituting one complex: canonical BRG1/BRM-

associated factor (BAF), polybromo-associated BAF (PBAF) and 

non-canonical BAFs (ncBAF). Besides, the assembly order of these 

3 subtypes of complexes has been described (Figure 10). Each 

mSWI/SNF complex always includes one ATPase subunit, 

specifically either SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily A, member 4 

(SMARCA4, also known as BRG1) or SWI/SNF related, matrix 

associated, actin dependent regulator of chromatin, subfamily A, 

member 2 (SMARCA2, also called BRM) (Mashtalir et al., 2018).  
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Figure 10. Assembly order (shown with black arrows from left to right) 
of the 3 mSWI/SNF complexes subtypes: canonical BRG1/BRM-
associated factor (cBAF), polybromo-associated BAF (PBAF) and non-
canonical BAFs (ncBAF).  Adapted from   (Mashtalir et al., 2018). 

On the other hand, regarding the nomenclature of the 

mSWI/SNF subunits, it remains controversial and exhibits 

variability in its use within the literature. However, the SWI/SNF- 

related, matrix- associated, actin- dependent regulator of 

chromatin (SMARC) nomenclature was established and adopted 

by the Human Genome Organization (HUGO), and this 

nomenclature now is widely used around the bibliography (see 

Supplementary Table 1) (Mittal & Roberts, 2020). 

In addition, mSWI/SNF complexes have called significant 

attention due to the notably high mutation rates in the genes 

encoding their subunits, spanning various human diseases, 

including cancer and neurological disorders. In fact, previous 

exome sequencing studies unveiled that more than 20% of human 

cancers carry mutations in genes encoding mSWI/SNF subunits 

(Kadoch et al., 2013). However, more recent deep sequencing 
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studies have shown that the mSWI/SNF complexes are among the 

most recurrently mutated functional elements across all tumor 

types in human, reaching an overall mutation rate of 25% (Mittal 

& Roberts, 2020).  Along with this data, there is even increasing 

evidence suggesting that the mSWI/SNF complex plays a broad 

tumor suppressor role in cancer (Lu & Roberts, 2013; Tolstorukov 

et al., 2013).  

Besides, several mSWI/SNF subunits have been more 

widely studied and better characterized than others. For instance, 

two well characterized subunits are the ATPase subunit SMARCA4 

and AT-rich interaction domain 1A (ARID1A). SMARCA4 has been 

found to be mutated in approximately 5% to 7% of human cancers, 

and it is known that this gene acts as a tumor suppressor in several 

cancer types, such as lung, colon, bladder, and breast cancers 

among others (Mardinian et al., 2021; Medina et al., 2008). 

Regarding ARID1A, it stands out as the most commonly mutated 

SWI/SNF subunit in cancer (Mittal & Roberts, 2020; M. Zhou et al., 

2021). Interestingly, despite the fact that ARID1A has been already 

observed acting as a tumor suppressor gene in many different 

cancer types (J. N. Wu & Roberts, 2013), it has been also found 

playing a dual role in liver related cancers acting as a tumor 

suppressor or as an oncogene depending on the context (Otto & 

Kadoch, 2017; X. Sun et al., 2017; S. Zhao et al., 2021). These 

findings supported the novel idea of a putative dual role 

(oncogenic and tumor suppressor) of already known cancer-

related genes, depending on the context. 
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Along with the previous details, recent research has 

identified recurrent mutations in the mSWI/SNF subunits ARID1A, 

AT-Rich Interaction Domain 1B (ARID1B), SMARCA2, and AT-Rich 

Interaction Domain 2 (ARID2) in myeloid neoplasms (MDS and 

AML) (Madan et al., 2016; Yao et al., 2022). Moreover, despite the 

well-known widespread tumor suppressor role of mSWI/SNF 

complexes in cancer, several studies have found that these 

chromatin remodelers are also associated with the maintenance 

of AML (Buscarlet et al., 2014; Shi et al., 2013). Taking into account 

all the above information present in the literature, there is a 

straightforward relationship between mSWI/SNF complexes and 

AML.  

Therefore, further studies for the understanding in depth of 

the roles of mSWI/SNF complexes in the development of myeloid 

neoplasias harbor a huge relevance. In fact, these research 

projects can provide useful data for the improvement of 

diagnostic and prognostic tools, based on patients' molecular 

details. In addition, these may even lead to the development of 

myeloid neoplasia targeted molecular therapies targeting 

mSWI/SNF subunits. 

 

1.8 The mSWI/SNF subunit BCL7A 

The mSWI/SNF subunit B-Cell CLL/Lymphoma 7 Protein 

Family Member A (BCL7A), the subject of study in this PhD thesis, 

is found among the not very well characterized subunits. In fact, 
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the specific molecular function of BCL7A protein remains 

unknown. 

In 1996, the BCL7A gene was described (and named) for the 

first time when a research group cloned a complex molecular 

translocation present in the Wien 133 cell line (a Burkitt lymphoma 

cell model) and sequenced it to identify the unknown involved 

genes in the mentioned translocation (Zani et al., 1996). 

Later in 1998, two other human genes of the BCL7 gene 

family, whose encoded proteins share 90% identity with the first 

51 amino acids of human BCL7A, were first described: BCL7B and 

BCL7C (Jadayel et al., 1998) (see Supplementary Figure 2). They 

are paralogous genes of BCL7A, that are also known members of 

mSWI/SNF complexes (Kadoch et al., 2013). BCL7A, BCL7B and 

BCL7C are shared subunits of the 3 mSWI/SNF complexes 

subtypes (Supplementary Table 1), meaning that every 

mSWI/SNF complex harbor one subunit that belongs to the BCL7 

gene family (Figure 10) (Mashtalir et al., 2018; Mittal & Roberts, 

2020). Regarding this gene family, in several human tissues, like 

lung, liver, skeletal muscle, brain, and kidney, the expression of 

BCL7A, BCL7B, and BCL7C mRNA remains consistently low 

(Jadayel et al., 1998). 

So far, two isoforms of the human BCL7A protein have been 

described. They are produced due to an alternative splicing in 

exon 5 (Figure 11). 
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Figure 11. Diagram shownig human BCL7A gene genomic organization. 
Untranslated regions are colored in yellow and exons are colored in 
dark blue. The differential region within exon 5, distinguishing between 
short and long isoforms, is highlighted in light blue. Adapted from 
(Baliñas-Gavira et al., 2020). 

After the BCL7A gene discovery, it has been reported in 

several occasions in the literature that the alterations of BCL7A are 

related to hematological disorders. In fact, a previous study that 

analyzed 44 published genome and / or exome sequencing 

studies to compare the mutation frequencies of the mSWI/SNF 

subunit genes found that BCL7A presented mutations in 19.7% of 

non-Hodgkin lymphomas and 21.7% of multiple myelomas 

(Kadoch et al., 2013). 

Besides, it has been observed that, in the B-cell lineage, 

BCL7A is notably expressed in the germinal center (GC) reaction 

(Gao, 2007), a specific micro-environment found in secondary 

lymphoid tissues during T-cell-dependent antibody responses 

(Maclennan, 1994). However, it's absent in naive or memory B-

cells. In contrast, BCL7B and BCL7C present uniform low-level 

expression across naive, GC, and memory B-cells (Klein et al., 

2003). 

In a previous research project developed by our research 

group, BCL7A was found to be clearly implicated in the 
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pathogenesis of Diffuse Large B-Cell Lymphoma (DLBCL), as 

BCL7A was experimentally shown to play a tumor suppressor role 

in in vitro and in vivo approaches. Furthermore, in a large cohort 

of DLBCL patients (N = 1575), our group found that there was a 

recurrent mutation in the first splice donor site of BCL7A (a 

previously overlooked non-coding mutation). This mutation 

results in a truncated protein (termed Δ27-BCL7A) that lacks its 

first 27 amino acids from its N-terminal domain and is unable to 

bind the rest of the mSWI/SNF complex. Notably, it must be 

pointed out that this Δ27-BCL7A variant does not play the tumor 

suppressor role shown by the WT BCL7A protein variant (Baliñas-

Gavira et al., 2020; Carlos Baliñas-Gavira, 2020).  

Furthermore, the results of the project described above 

highlighted the relevance of non-coding mutations. Hence, it 

prompted an additional study performed in our laboratory which 

showed that several key DLBCL genes frequently undergo splice 

site mutations. These mutations yield a predicted resulting 

aberrant mRNA in several cases (Andrades et al., 2022), giving a 

higher relevance to the usually overlooked mutations that are not 

within the gene coding sequences. 

Along with our studies described above, the results from 

multiple previous research lines have also suggested that BCL7A 

may have significant roles in B-cell related malignancies (Blenk et 

al., 2007; Chapman et al., 2011; Kadoch et al., 2013; Ramos-Medina 

et al., 2013). In addition, there are several studies that have found 

alterations of BCL7A (such as gene deletion or gene silencing due 
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to genomic DNA methylation) related to cutaneous T-cell 

lymphoma (CTCL), and also related to the most frequent CTCL 

subtype: mycosis fungoides. Therefore, the authors of some of 

these studies suggest the putative tumor suppressor role of BCL7A 

in this cancer type (Carbone et al., 2008; Litvinov et al., 2013; 

Martinez-Delgado et al., 2004; Tracey et al., 2003; Van Doorn et 

al., 2005).  

Overall, the literature has shown that there is a clear 

relationship between BCL7A expression and alterations in healthy 

and malignant lymphoid tissues (Baliñas-Gavira et al., 2020; 

Litvinov et al., 2013; Ramos-Medina et al., 2013). Nevertheless, 

regarding the relationship between BCL7A and the myeloid 

hematologic lineage, only one previous study suggested that 

BCL7A loss may be involved in CML progression and drug 

resistance based on the evidences observed in one CML patient 

(Yu et al., 2017).  

Therefore, the BCL7A tumor suppressor role in hematologic 

malignancies has been previously well characterized in our 

research group (DLBCL) and in other research groups (CTCL) 

where BCL7A was found to be silenced by promoter methylation 

(Baliñas-Gavira et al., 2020; Van Doorn et al., 2005). Moreover, it 

is noteworthy that the gene silencing through DNA methylation is 

a common feature of tumor suppressors (Lopez-Serra & Esteller, 

2012; Nishiyama & Nakanishi, 2021). Considering that the 

epigenetic mechanisms, chromatin modifiers and tumor 

suppressor genes are frequently altered in AML development, we 
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hypothesized that the BCL7A subunit of the mSWI/SNF complex 

may also play a relevant role in AML. 

 Then, novel research projects to study the BCL7A activity 

in the myeloid hematologic context were necessary to address 

several scientific questions, including functional approaches to 

complement the sequencing data. Eventually, these projects 

might provide relevant and useful knowledge for the 

development of innovative diagnostic and prognostic methods 

and / or new molecular therapies for patients with myeloid 

malignancies. 
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Chapter 2. Materials and Methods 
 In this section we included a detailed description of the 

materials and methods that have been used to perform all of the 

scientific experiments and analyses that yielded the results of this 

PhD thesis project. 

 Regarding the Chapter 5, as the Clustered regularly 

interspaced short palindromic repeats (CRISPR)- DNMT1-

interacting RNA (CRISPR-DiR) platform methods are part of the 

authors' and Harvard University's intellectual property, we cannot 

provide a detailed description here. However, the methods may 

be extrapolated from (Y. V Liu et al., 2020). 

 

2.1 In silico analysis of BCL7A in AML patients and 

cell lines 

To assess the frequency of mutation of the BCL7A gene in 

the external AML datasets, data from the Dependency Map 

(DepMap) Portal (https://depmap.org/portal/; data version 22Q2; 

disease subtype "AML", N = 53), the Cancer Genome Atlas 

Program (TCGA) Acute Myeloid Leukemia Project (TCGA-LAML: 

N = 160), and Therapeutically Applicable Research to Generate 

Effective Treatments (TARGET) (TARGET-AML: N = 17) were used. 

TCGA and TARGET data were obtained through the Genomic Data 

Commons (GDC) Data Portal (Data Release 31.0). Taking into 
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account these three cohorts together, a total of 230 patients (N = 

230) were collected. 

The BCL7A mRNA expression (RNA Seq V2 RSEM) and 

methylation (Illumina HM450 Bead-Chip) data of 160 AML patients 

from the TCGA-LAML were obtained through the cBioPortal 

database (https://www.cbioportal.org). Likewise, the gene 

expression and methylation data were downloaded from the 

TARGET-AML cohort using the R package ‘TCGAbiolinks’, as well 

as from Glass et al. cohort (Glass et al., 2017) from Gene 

Expression Omnibus (GEO; accession IDs: GSE6891 for gene 

expression, GSE98350 for methylation). In each case, the 

methylation values were obtained as the beta value of the probe 

or genomic position whose expression was most anticorrelated 

with the BCL7A expression, previously restricting the analysis to 

the BCL7A locus ± 400 bp.  

Gene expression and reduced-representation bisulfite 

sequencing (RRBS-Seq) data of 32 AML cell lines were obtained 

from the DepMap Portal database. Negative correlations between 

expression and beta values of individual CpGs were evaluated 

using the Pearson correlation coefficient and p-values were false 

discovery rate (FDR) corrected for multiple comparisons. 
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2.2 Statistical analyses 

Unless specified otherwise, all of the statistical analyses 

were performed using R (version 3.6.1). Normality of continuous 

data was evaluated using Q-Q plots and Shapiro–Wilk tests and 

the subsequent statistical tests were chosen in accordance with 

the previous tests. 

 

2.3 Cell culture 

The NB4 (FAB M3: APL) and M07e (FAB M7: acute 

megakaryoblastic leukemia, [AMKL]) cell lines were obtained 

from the German Collection of Microorganisms and Cell Cultures 

(Cat# ACC 207 and ACC 104 respectively, Deutsche Sammlung 

von Mikroorganismen und Zellkulturen, DSMZ, 

https://www.dsmz.de/).  

These cell lines were grown in a cell culture incubator at 37 

°C within a 5% (v/v) CO2 atmosphere. They were cultured in 

Roswell Park Memorial Institute (RPMI) 1640 cell culture medium 

(Cat# L0498-500, Biowest, Riverside, MO, USA) always 

supplemented with 10% (v/v) of Fetal Bovine Serum (FBS) (Cat# 

10,270–106, Gibco™ Thermo Fisher Scientific, Waltham, MA, 

USA), 1% (v/v) of L(+)-Glutamine (Cat# X0550-100, VWR, Radnor, 

PA, USA), 100 U/mL of penicillin and streptomycin using a ready-

to-use solution (Cat# P0781-100ML, Sigma Aldrich / Merck KGaA, 

Darmstadt, Germany) and with 1% (v/v) of amphotericin B (Cat# 
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L0009-100, VWR, Radnor, PA, USA). From now on this culture 

medium will be called supplemented RPMI. 

The NB4 and M07e cell lines underwent mycoplasma 

contamination analysis using Venor GeM-qEP (Minerva Biolabs, 

Berlin, Germany) yielding negative results. 

All of the procedures including live cell lines were carried 

out inside a cell culture hood to ensure a sterile environment and 

prevent culture contaminations. 

 

2.4 Bacterial transformation for plasmid 

amplification 

When it was necessary to amplify a DNA plasmid, a 

bacterial transformation protocol was performed.  

Here, the DH5α strain chemically competent Escherichia 

coli (E. coli.) that are cryopreserved in 200 µL aliquotes at -80ºC 

in 1.5mL tubes (Cat# MCT-150-C, Axygen) was first thawed on ice. 

Then, at least 10 µL of a 0.1 ng/µL aqueous solution was prepared 

diluting the plasmid to be amplified using ultrapure distilled 

water (Water Purification system - Milli Q®, Merck Life Sciences, 

Darmstadt, Germany) 

Once the bacteria were totally thawed, 10uL of the 

previously described plasmid dilution was added over the 
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bacteria and gently mixed by finger flicking the tubes (avoiding 

mixing by pipetting, since it can impair the bacteria). Then we 

incubated the mixture 30 min on ice. 

The following step was the thermal shock at 42ºC for 40-45s, 

using a waterbath without shaking the tubes to allow the artificial 

bacterial transformation (exogenous plasmidic DNA uptake). This 

step was followed by a 2 min incubation on ice to allow the 

bacteria to recover after the heat shock. 

Afterwards, 100 µL of Luria–Bertani (LB) medium without 

antibiotics is added, followed by incubation of the samples for 30-

45 min at 37ºC, shaking at 600 revolutions per minute (rpm). 

 Next,100 µL of the previous bacterial culture is plated in a 

LB agar plate including 100 µg/mL of ampicillin, since all of the 

plasmids used for this project featured the Ampicillin Resistance 

cassette (sequence encoding for a β-Lactamase) (Cumming et al., 

2022). The liquid bacteria culture was spread on the plate using a 

disposable spreader L-shaped (Cat# 612-1561, VWR, Radnor, PA, 

USA), followed by overnight (o/n) incubation at 37ºC placing the 

plate upside down in the bacteria incubator shelf. 

 The following day, the plate with the bacteria colonies may 

be sealed using Parafilm® M (Cat# 291-1212, VWR, Radnor, PA, 

USA) and stored at 4 ºC.  

The LB mediums and the LB agar plates with ampicillin were 

prepared by the General Services Unit of our research center 
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(Pfizer-University of Granada-Junta de Andalucía Center for 

Genomics and Oncology Research, GENYO). 

 

2.5 Plasmid amplification by miniprep or 

maxiprep 

Upon having the plate with the transformed clones of 

bacteria, the proceedings were continued through single colony 

picking using one 100 µL micropipette tip per colony, and placing 

each within a disposable culture tube (Cat# 211-0085, VWR, 

Radnor, PA, USA) with 3-5 mL of liquid LB medium including 

ampicillin 100 µg/mL. Then, incubate at 37 ºC o/n shacking at 260 

rpm.  

Depending on the amount of plasmid DNA needed 

miniprep (Cat# 21.222-4212, Biotools B & M Labs Ltd., Madrid, 

Spain) was performed for little amounts, or maxiprep (Cat# 

NA0310-1KT, Merck Life Sciences, Darmstadt, Germany) for 

larger amounts to amplify it, following their corresponding 

protocols.  

From this 3-5 mL culture, miniprep can be directly 

performed, but to do a maxiprep, a 300 mL bacteria culture has to 

be produced. Therefore, to generate this larger bacteria culture, 

it is needed to pour the previous 3-5mL preculture in 300 mL of 

liquid LB medium including ampicillin 100 µg/mL contained in a 
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1L Erlenmeyer flask and incubate it at 37 ºC o/n shacking at 260 

rpm. 

In general, the yield of a miniprep is around 100-600 ng/ µL 

in a total of 30 µL of ultrapure distilled water, and the common 

yield of a maxiprep is around 700-1300 ng/ µL in a total of 1-2 mL 

ultrapure distilled water. The different yields depend on each 

plasmid.  

The concentration and purity of the amplified plasmids are 

always determined using a NanoDrop™ 2000 spectrophotometer 

(Cat# ND-2000, Thermo Fisher Scientific, Waltham, MA, USA). 

 

2.6 Genomic DNA bisulfite conversion 

To perform the genomic DNA bisulfite conversion, the EZ 

DNA Methylation-Gold™ Kit (Cat# D5005, Zymo Research, Irvine, 

CA, USA) was used. In addition, two commercial human genomic 

DNAs that were totally methylated (gDNA Meth) and 

unmethylated (gDNA Unmeth) (Cat# 59,695, QIAGEN, Hilden, 

Germany) were purchased to be used as controls. 

 

2.7 Methylation‑Specific PCR (MSP) 

The Methylation-Specific Polymerase Chain Reaction PCR 

(MSP) is a molecular method able to rapidly assess the 
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methylation status of virtually any group of CpG sites within a CpG 

island (Herman et al., 1996). 

Here, the MSP was performed using bisulfite converted 

genomic DNA as template. The two commercial genomic DNAs 

previously described (gDNA Meth and gDNA Unmeth) were 

included as controls. The kit KAPA HiFi Hotstart ReadyMix 1,25 mL 

(Cat# KK2601, 07958927001, Roche) was used. 

The sequences of the MSP primers were obtained from 

Okada et al. (Okada et al., 2013). The couple of primers (forward 

and reverse: FW and RV respectively) to amplify the methylated 

sequence (M) was:  

• MSP FW (M): 5’-GGTAGGCGACGTTTTAGTTC-3’  

• MSP RV (M): 5’-GAATTAAAAACACCGATTCG-3’  

And those to amplify the unmethylated sequence (U) were:  

• MSP FW (U): 5’-TGGGGTAGGTGATGTTTTAGTTT-3’  

• MSP RV (U): 5’-CCAAATTAAAAACACCAATTCAA-3’ 

The theoretical PCR (or MSP) product sizes were 110 bp for 

the (M) pair and 115 bp for the (U) pair due to primer length 

differences. Considering the (U) couple of primers, the exact 

genomic location of the amplicon is: chr12:122,459,288–

122,459,402, within the GRCh37/hg19 genome assembly. The 

same amplicon location relative to the BCL7A start codon is 688 bp 
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upstream for the 3’ end nucleotide of the FW primers, and 598 bp 

upstream for the first G closest to the 5’ end of the RV primers. 

These primers allow the evaluation of the methylation status 

of a total of 6 CpG sites, 3 CpG sites within the FW primer 

annealing sequence, and 3 CpG sites included within the RV 

primer annealing region.  

It was followed the next PCR program: 

 

The Orange DNA Loading Dye (6x) (Cat# R0631, Thermo 

Fisher Scientific, Waltham, MA, USA) was added to the PCR 

products to be able to run them on 2% (m/v) agarose (Cat# 

H350004, LONZA) in Tris-Acetate-Ethylenediaminetetraacetic 

acid (TAE) buffer gels. Afterwards, the DNA amplicons were 

stained using the DNA intercalating agent ethidium bromide and 

visualized under an ultraviolet (UV) illumination device (LIAS 

Slite140, Avegene Life Sciences, Taipei, Taiwan), allowing the 

capture of the images too. 
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2.8 Bisulfite sequencing 

Having the bisulfite converted DNA, we performed TA-

cloning(Holton & Graham, 1991; Marchuk et al., 1991; Mead et al., 

1991; M.-Y. Zhou & Gomez-Sanchez, 2000) was performed. The 

TA-cloning method was carried out to get quantitative bisulfite 

sequencing results. After bisulfite conversion, the DNA was 

amplified through PCR using the kit KAPA HiFi Hotstart ReadyMix 

1,25 mL (Cat# KK2601, 07958927001, Roche).  

A 579 bp long fragment was analyzed, whose exact 

genomic location is Chr12:122,459,192—122,459,770 considering 

the GRCh37/hg19 genome assembly (from 806 to 227 bp 

upstream from the BCL7A translation start codon). The primers 

were:  

• BiSeq FW: 5’-TAGAAAATTTTTTAGTATTTAAGGT-3’   

• BiSeq RV: 5’-TACACAAAACAAAAAAAACC-3’ 

This amplicon includes 61 CpG sites whose methylation 

status was evaluated.  

After PCR amplification, an agarose (Cat# H350004, 

LONZA) in TAE buffer gel purification of the PCR product was 

performed using GenElute™ Gel Extraction Kit (Cat# NA1111-

1KT, Merck Life Sciences, Darmstadt, Germany) followed by 3’ 

overhanging Adenine tailing (A-tailing) by incubating at 70 °C for 

35 min with the Taq DNA Polymerase (Cat# D4545, Merck Life 
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Sciences, Darmstadt, Germany), which naturally adds an A-

overhang to the insert (PCR product) in both 3’ ends.  

Then, a ligation protocol (TA-cloning ligation) was 

performed to include the insert into a T-overhanging vector using 

pGEM®-T Easy Vector Systems (Cat# A1360, Promega, Madison, 

WI, USA) followed by transforming DH5α strain chemically 

competent E. coli. and colony picking for plasmid extraction by 

Miniprep (Cat# 21.222–4212, Biotools B & M Labs Ltd., Madrid, 

Spain) (as described in methods section 2.5). 

Once the plasmid was amplified, Sanger sequencing (STAB 

VIDA Lda., Caparica, Portugal) was carried out to reveal the exact 

location of the methylated CpG sites by sequence alignment of the 

bisulfite treated DNA (insert sequence) and the genomic DNA 

sequence applying the pairwiseAlignment() function from the 

Biostrings R package (v2.52). CpG sites status with their 

sequencing errors or undetermined bases were marked as 

unresolved and these were excluded from the analysis. The 

methylation fraction of a given CpG site was calculated 

considering the number of methylated reads divided by the total 

sequencing coverage (9 inserts were sequenced, N = 9, 

Supplementary Figure 3). 
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2.9 Total protein extraction 

The total protein from the cell models was extracted using 

the radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM 

NaCl, 1% (v/v) NP-40, 0.5% (m/v) sodium deoxycholate, 0.1% 

(m/v) sodium dodecyl sulfate (SDS) and 50 mM Tris–HCl pH 7.5) 

supplemented with protease and phosphatase inhibitors: 0.2 mM 

phenylmethylsulfonyl fluoride (PMSF), 7 mM orthovanadate (VO4) 

and one complete Mini ethylenediaminetetraacetic acid (EDTA)-

free Protease Inhibitor Cocktail Tablet (Cat# A32955, Thermo 

Fisher Scientific, Waltham, MA, USA). 

 The cells were washed twice with phosphate-buffered 

saline (PBS) and pelleted in 1.5 mL tubes centrifuging for 5 min 

1200 rpm 4 ºC. Then, the pellet was resuspended and lysed by 

pipetting with the corresponding volume of the previously 

described lysis buffer (the proportion applied is 70 μL of lysis 

buffer for each 3 million of cells), and incubated for 15 min on ice 

mixing it by vortex every 5 min. After the incubation, the samples 

were centrifuged for 15 min 13,300 rpm 4 ºC. The supernatant 

(including the proteins) was moved into a new 1.5 mL tube and 

stored at -20 ºC. 

 The protein concentration in each lysate was estimated 

following the Bradford protocol described elsewhere (Bradford, 

1976). 
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2.10 Western blot 

To detect specific proteins, the Western blot (WB) 

technique was performed.  

To prepare each sample, 30-50 μg from the total protein 

lysate plus the corresponding amount of the WB loading buffer 4x 

(Tris-HCl: 0.2 M, Dithiothreitol [DTT]: 0.4 M, SDS: 277 mM, 8.0% 

(m/v), Bromophenol blue: 6 mM and Glycerol: 4.3 M) were mixed 

by pipetting in 1.5 mL tubes, heated for 5 min at 95ºC and then 

incubated on ice for 2 min to ensure protein denaturation. 

The prepared protein samples were loaded into a SDS 

protein acrylamide gel electrophoresis (SDS-PAGE) to separate 

the proteins depending on their molecular weight once an electric 

field was applied (usually constant 120 V for 90-120 min). 10x WB 

running buffer composition: 

 

Table 2. Recipe for 1L of 10x WB running buffer.  

It needs to be diluted to 1x (1/10 dilution) with ultrapure 

distilled water before use. 

Compound For 1L
Tris base 30.2 g

Glycine 144 g

10% (m/v) SDS solution 100 mL

Distilled water up to 1L
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Afterwards, the separated proteins were transferred to a 

polyvinylidene difluoride (PVDF) membrane applying again an 

electric field (usually constant 400 mA for 90 min). 10x WB transfer 

buffer composition: 

 

Table 3. Recipe for 1L of 10x WB transfer buffer. 

Here, to prepare 1L of 1x WB transfer buffer it is necessary 

to add 100 mL of the previous 10x WB transfer buffer + 200 mL of 

methanol + 700 mL of distilled water. 

After the transference, the membrane including the 

proteins was blocked for 1 h using 5% (m/v) powder non-fat milk 

and 0.1% (v/v) Tween-20 both dissolved in PBS. 

Then, the blocked membrane was incubated with the 

corresponding antibodies to reveal the proteins that were 

required to be studied. The primary antibodies used were: 

• Anti-BLC7A rabbit polyclonal antibody (Cat# HPA019762, 

Sigma Aldrich / Merck KGaA, Darmstadt, Germany). 

• Anti-β-actin mouse monoclonal antibody (Cat# A5441, 

Sigma Aldrich / Merck KGaA, Darmstadt, Germany), which 

was used as a WB loading control.  

Compound For 1L
Tris base 30.2 g

Glycine 144 g

Distilled water up to 1L
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• Anti-α-tubulin mouse monoclonal antibody (Cat# sc-23948, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

The secondary antibodies used were: 

• Anti-Rabbit goat polyclonal immunoglobulins conjugated 

with horseradish peroxidase (HRP) (Cat# P0448, Dako 

Agilent Technologies, Santa Clara, CA, USA). 

• Anti-Mouse goat polyclonal immunoglobulins conjugated 

with HRP (Cat# P0447, Dako Agilent Technologies, Santa 

Clara, CA, USA). 

The membranes were first incubated in darkness for 5 min 

with a commercial solution of the HRP substrate. The Clarity™ 

Western ECL Substrate kit (Cat# 1705060, Bio-Rad Laboratories, 

Hercules, CA, USA) was used to reveal large amounts of protein, 

and for reduced amounts of protein, the SuperSignal™ West 

Femto Maximum Sensitivity Substrate kit (Cat# 34095, Thermo 

Fisher Scientific, Waltham, MA, USA) was used. 

Then, to get the WB chemiluminescence images, the 

ImageQuantTM LAS 4000 device (General Electric Healthcare, 

Chicago, IL, USA) was used. The WB protein bands were 

quantified by ImageJ v1.52a software. The quantification data was 

normalized versus β-actin values. 
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2.11 Total RNA extraction 

 To extract the total RNA from the cell models, 0.5-1 mL 

(depending on the cells pellet size) of TRI Reagent® (Cat# T9424-

200ML, Sigma Aldrich / Merck KGaA, Darmstadt, Germany) was 

added. Subsequently, the cell pellet was resuspended by 

pipetting until it had a homogeneous appearance and the samples 

were incubated for 5 min at room temperature. 

 Then, 100-200 μL of chloroform was added (in proportion to 

the TRI Reagent® previously added), vigorously mixed by vortex 

for 15 s and incubated 3 min at room temperature. Then, a 

centrifugation was performed for 15 min 12,000 relative 

centrifugal force (rcf), 4 ºC, the upper phase was taken and moved 

into a new 1.5 mL tube, 250-500 μL of isopropanol were added 

(again in proportion to the TRI Reagent® previously added) and 

the samples were incubated for 30 min at -20ºC (or o/n for smaller 

amounts of RNA). 

 Later, the samples were centrifuged for 10 min 12,000 rcf 

4ºC and removed the supernatant. Now, the pellet was washed 

with 1 mL of 75% ethanol, briefly mixed it by vortex and 

centrifuged for 5 min 7,500 rcf 4ºC. 

 Finally, the supernatant was completely removed and 

gently resuspended by pipetting the RNA pellet in 15-30 μL of 

ultrapure distilled water. 
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2.12 Quantitative real‑time PCR 

To quantify the mRNA levels of the genes under analysis, 

quantitative real-time PCR assays (qRTPCR) were performed in a 

QuantStudio™ 3 Real-Time PCR System, 96-well device (Cat# 

A28136, Thermo Fisher Scientific, Waltham, MA, USA) using the 

KAPA SYBR® FAST kit (Cat# KK4618, Sigma Aldrich / Merck 

KGaA, Darmstadt, Germany).  

The template molecule for the qRTPCR was complementary 

DNA (cDNA) obtained from the total RNA from the cell models. 1 

μg of total RNA was used for reverse transcription with the 

RevertAid RT Kit (Cat# K1691, Thermo Fisher Scientific, Waltham, 

MA, USA) using random primers (provided in the kit) and 

following the manufacturer’s instructions to generate the 

mentioned cDNA. 

To specifically amplify the BCL7A mRNA by qRTPCR, the 

following primers were designed:  

• BCL7A-Fw: 5´-GTGACACATCCCTACGAATCTAC-3´  

• BCL7A-Rv: 5´-CACTTCTCGTCCTTGCCTTT-3´.  

Each qRTPCR reaction contained 30 ng of total cDNA, 5 μL 

SYBR Green (2x) and 0.2 μL of each primer at 10 μM. The qRTPCR 

conditions were 2 min at 50 ºC, 10 min at 95 ºC and 40 cycles of 15 

s at 95 ºC and 1 min at 60 ºC. The samples were always measured 

in three technical replicates.  
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For each experimental sample, the amount of BCL7A mRNA 

and the endogenous reference gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA were determined.  

To specifically amplify the GAPDH mRNA by qRTPCR, the 

primers detailed below were used:  

• GAPDHq-Fw: 5´-GAAGGTGAAGGTCGGAGTC-3´  

• GAPDHq -Rv: 5´-GAAGATGGTGATGGGATTTC-3´.  

The relative expression levels of BCL7A were obtained 

applying the 2ˆ(–delta delta CT) method (Rao et al., 2013). 

 

2.13 Decitabine treatment 

1.2×106 of cells (NB4 or M07e) per condition were used. 

They were cultured into T-25 flasks (Cat# 734-2311P, VWR, 

Radnor, PA, USA) in a final volume of 6.2 mL of supplemented RPMI 

1640 cell culture medium. The NB4 cells were treated with a final 

concentration of 2 μM 5-aza-2’-deoxycytidine (also known as 

decitabine, DAC), and the M07e cells were treated with final 

concentrations of 2 μM and 4 μM (two independent conditions) 

DAC (Cat# A10292-10, Quimigen, Madrid, Spain) resuspended in 

dimethyl sulfoxide (DMSO) (Cat# VWRC23486.297, VWR, Radnor, 

PA, USA) during 96 h. The culture medium with DAC or only DMSO 

(added on the control condition) were renewed every 24 h.  
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After the 96 h treatment, cell pellets were collected for total 

RNA and / or total protein extraction to assess BCL7A expression 

levels. 

 

2.14 Plasmids 

The plasmids Human Immunodeficiency Virus (HIV) 

packaging (psPAX2) and VSV-G envelope (pMD2.G) were 

obtained from Addgene repository (#12,260 and #12,259 

respectively, Addgene, Watertown, MA, USA) and they are 

described elsewhere (Naldini et al., 1996). The pMD2.G plasmid 

encodes the vesicular stomatitis virus (VSV) G glycoprotein and 

the plasmid psPAX2 encodes gag, pol, tat, and rev genes. 

The lentiviral vector (LV) pLVX-IRES-ZsGreen1 (Cat# 

632,187, Clontech, Shiga, Japan) used contains a human 

cytomegalovirus immediate early promoter (PCMVIE), which 

drives a bicistronic transcript including our insert and the 

fluorophore ZsGreen1 as reporter protein. The pLVXIRES-

ZsGreen1 vector also features the Woodchuck Posttranscriptional 

Regulatory Element (WPRE) and the central Polypurine Tract 

(cPPT).  

The plasmid pUltra-Chili-Luc was acquired from Addgene 

repository (Cat# 48,688, Addgene, Watertown, MA, USA) and was 

used to yield the stable expression of Luciferase in the NB4 cells 

used for the in vivo xenograft bioluminescence approach.  
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The pLVX-IRES-ZsGreen1 plasmid backbone was used to 

clone the wild-type (WT) and mutant BCL7A (Δ27-BCL7A) variants. 

Since BCL7A presents two isoforms (short and long isoforms), 

vectors including all of the variants and isoforms possible 

combinations were generated: 

• WT BCL7A short isoform 

• Δ27-BCL7A short isoform 

• WT BCL7A long isoform 

• Δ27-BCL7A long isoform 

 The previously mentioned inserts were generated via PCR 

by primers designed including XbaI and BamHI restriction 

enzymes sites adjacent to a start codon (ATG) and a stop codon 

(TGA) respectively. The inserts and the recipient plasmid were 

double digested with XbaI/BamHI and the cohesive ends ligation 

was performed with T4 ligase (Cat# EL0011, Thermo Fisher 

Scientific, Waltham, MA, USA). The specific DNA sequence of the 

different inserts is detailed in the Supplementary Figure 4. 

 

2.15 Lentiviral production 

The lentiviral production was carried out in HEK293T cells, 

obtained from the American Type Culture Collection (Cat# CRL-

11268, ATCC, Manassas, VA, USA). They were grown in 

Dulbecco's Modified Eagle Medium (DMEM) with L(+)-Glutamine 

(Cat# L0103-500, Biowest, Riverside, MO, USA) supplemented 
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with 10% FBS (Cat# 10,270–106, Gibco™ Thermo Fisher Scientific, 

Waltham, MA, USA), 100 U/mL streptomycin and penicillin using 

a ready-to-use solution (Cat# P0781-100ML, Sigma Aldrich / 

Merck KGaA, Darmstadt, Germany) and with 1% (v/v) of 

amphotericin B (Cat# L0009-100, VWR, Radnor, PA, USA). 

From now on this culture medium will be called supplemented 

DMEM. 

The day before transfection, the HEK293T were plated in 

10-cm tissue culture grade Petri dishes (Cat# SIAL0167, Sigma 

Aldrich / Merck KGaA, Darmstadt, Germany) to ensure 

exponential growth and 80% of cell confluence for the next day. 

The following steps are explained for the production of only 

one lentivirus (then considering one vector plasmid and using 

only one Petri dish of HEK293T cells). 

9μg of the vector plasmid, together with 6 μg of the 

packaging one (psPAX2) and 3 μg of the envelope (pMD2.G) 

plasmid (18 μg total DNA; plasmid proportions of 3:2:1, 

respectively) were resuspended in a total volume of 500 μL of 

DMEM without FBS in a 1.5mL tube. In another 1.5mL tube, a 

dilution of 45 μL of the LipoD293 transfection reagent (Cat# 

SL100668, Signagen Laboratories, Rockville, MD, USA) was 

prepared plus 455 μL DMEM without FBS. Then, the LipoD293 

dilution was added over the plasmids’ mixture, which was gently 

mixed by pipetting and incubated at room temperature for 20 min. 
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Afterwards, a Petri dish with 80% of cell confluence and 4 

mL of supplemented DMEM was at hand, where the “plasmids-

lipoD293” mixture was added by dripping over the cells and 

incubated for 5 h. Then, it was removed and replaced by gently 

adding 8 mL of supplemented DMEM. 

Finally, the supernatant containing the lentiviral particles 

was collected after 48 h (first supernatant collection) and filtered 

using a 0.45 mm of pore size filter (Cat# FPE404030, JET Biofil, 

Guangzhou, China), divided in 1 mL aliquots within 1.5 mL tubes, 

and quickly frozen at -80ºC. Then, 8 mL of supplemented DMEM 

were gently added to the same plate and the previously described 

process was repeated 24h later (second supernatant collection at 

72h after transfection). 

 

2.16 Lentiviral titration 

A lentiviral titration protocol was carried out based on the 

use of the highly permissive K-562 cell line, obtained from the 

ATCC (Cat# CCL-243, ATCC, Manassas, VA, USA). This cell line 

was cultured in supplemented RPMI. 

The following steps described belong to the titration of only 

one supernatant containing lentiviral particles. 

In a 24 well plate (Cat# 734-2325, VWR, Radnor, PA, USA), 

3 wells were seeded with 200 μL (500 cells / μL) of supplemented 
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RPMI containing 100,000 K-562 cells per well. Then, 5, 10 and 50 

μL of the supernatant to be tittered were added in each well 

respectively and completed with supplemented RPMI up to 300 μL 

of final total volume. The next table summarizes the previous 

information about each well preparation:  

 

Table 4. Volumes in μL needed to prepare the different wells in the 24 
well plate for the titration of one letiviral production. 

After incubating the plate 5h inside the cell culture 

incubator, 750 μL of supplemented RPMI was added to each well 

and incubated the plate for 48h in the cell culture incubator. Then, 

the cells were transferred to a plate with larger wells (12 or 6 well 

plates depending on the number of cells per well) (Cat# 734-2324 

and 734-2323 respectively, VWR, Radnor, PA, USA) and added a 

suitable volume of supplemented RPMI to allow cell growth during 

3 more days. 

5 days after the addition of the supernatant, the percentage 

of ZsGreen1+ cells was assessed from each condition by flow 

cytometry using a Becton, Dickinson and Company (BD) 

FACSCanto II ™ Flow Cytometer (Cat# 338962, BD, Franklin 

Well I II III

K-562 cells (500 
cells/ μL)

200 200 200

Supernatant 5 10 50

Supplemented 
RPMI 

95 90 50
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Lakes, NJ, USA). The percentage of transduced cells was 

determined according to ZsGreen1 reporter gene fluorescence.  

Viral titers (infective units / mL, [IU]) were calculated from 

the percentage of ZsGreen1+ cells detected in the linear range of 

a serial dilution of the supernatant, taking into account the 

condition with the highest percentage possible just under 20% 

and applying the following mathematical formula: 

𝐼𝐼𝐼𝐼 =
�𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍1 + % · 100.000 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

100 � · 1000 µ𝐿𝐿
𝑚𝑚𝑚𝑚

µ𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 

 

2.17 Lentiviral concentration 

 After a lentiviral production, if the lentiviral titer 

corresponding to one batch was below 106 IU / mL, a lentivirus 

concentration protocol was always performed. 

Up to 15 mL of the lentivirus containing supernatant was 

poured over a centrifugal filter 100-K (Cat# UFC910024, Merck 

Life Sciences, Darmstadt, Germany), centrifuged it for 30 min 4000 

rcf 4ºC and the eluate was aspirated. These steps were repeated 

until all of the supernatant was concentrated in the upper part of 

the centrifugal filter. 

The concentrated supernatant was homogenized by gently 

pipetting and then stored in 50-70 μL aliquots within 1.5 mL tubes 

at -80ºC and it was titrated as well. 
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2.18 Lentiviral cell transduction and competition 

cell growth assay 

The NB4 and M07e cell models were transduced with the 

lentiviral particles produced using the vector plasmid pLVX-

BCL7A-IRES-ZsGreen1 coding for WT BCL7A, Δ27-BCL7A or the 

empty vector (EV). The NB4 cells were transduced with both short 

and long isoforms of WT BCL7A and Δ27-BCL7A variants (see 

Supplementary Figure 4).  

The M07e cell line was transduced using only the long 

isoforms of the two mentioned BCL7A variants since it has been 

previously stated that, up to date, the phenotype produced in a 

cell model only depends on the variant (WT BCL7A or Δ27-BCL7A) 

and it is independent from the BCL7A isoform (short or long) 

(Carlos Baliñas-Gavira, 2020). 

Three consecutive cycles of transduction were performed 

applying a multiplicity of infection (MOI) = 2  (MOI = 1 for the short 

isoform and MOI = 1 for the long one for NB4 cells; MOI = 2 for 

M07e including here only the long isoform, to keep equal the total 

MOI between cell models) with the different lentiviral particles 

yielding the co-expression of the BCL7A variants together with the 

fluorochrome ZsGreen1 in the cell lines. Afterwards, the 

transduced ZsGreen1+ cells were sorted using a BD FACSAria™ 

Fusion Flow Cytometer (Cat# 656700, BD, Franklin Lakes, NJ, USA) 

and subsequently mixed with sorted non-transduced cells.  
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The co-culture of transduced and non-transduced cells (cell 

growth competition culture) was tracked by measuring the 

percentage of ZsGreen1+ population over time using the BD 

FACSCanto II ™ Flow Cytometer (Cat# 338962, BD, Franklin 

Lakes, NJ, USA). The percentage of ZsGreen1+ cells was 

normalized versus the percentage of ZsGreen1+ cells at the 

starting point. 

 

2.19 BCL7A immunoprecipitation and liquid 

chromatography with tandem mass 

spectrometry (LC–MS/MS) analysis 

 Here, the immunoprecipitation of BCL7A was performed in 

our facilities and the resulting samples were sent to the proteomic 

unit of the “Centro Nacional de Investigaciones Oncológicas” 

(CNIO, Madrid, Spain) to be analyzed by liquid chromatography 

with tandem mass spectrometry (LC–MS/MS). 

 

2.19.1 BCL7A immunoprecipitation 

The NB4 cell line was transduced with lentiviral particles 

packaged using the pLVX-IRES-ZsGreen1 constructs expressing 

the WT BCL7A or Δ27-BCL7A (only the short isoform in both 

cases). Cells were transduced during three consecutive cycles 

using a MOI=1 for each condition. After five days, the cells were 
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sorted using a BD FACSAria™ Fusion Flow Cytometer (Cat# 

656700, BD, Franklin Lakes, NJ, USA) to obtain a pure ZsGreen1+ 

population and cultured until a suitable cell number was obtained.  

Afterwards, total protein was extracted from the previously 

described cell models and quantified it following the 

methodology depicted in the “2.10 Western blot” methods 

section. For the LC/MS-MS analysis, 4mg of protein from each of 

the conditions was immunoprecipitated overnight at 4°C using 

1μg of anti-BCL7A antibody (#HPA019762, Sigma-Aldrich) per mg 

of total protein. For each of the conditions, one sample that was 

incubated with an irrelevant anti-rabbit Immunoglobulin G (IgG) 

antibody was included to assess the nonspecific binding. The 

immunocomplexes were pulled-down adding 200μL of 

Dynabeads Protein G (Cat# 10004D, Thermo Fisher Scientific, 

Waltham, MA, USA) and incubating the samples for 3 hours at 

room temperature under agitation in a rotatory wheel. 

Subsequently, the beads were washed for 3 times in a row with 

PBS containing protease inhibitors. A two steps elution was 

performed, adding in each step 600μL of an 8M urea solution in 

0.1M Tris-HCl at pH8, incubating the samples at 26°C and shaking 

at 1400rpm for 10 minutes. 

 

2.19.2 Sample preparation for the proteomic analysis 

The eluates were digested using the standard Filter Aided 

Sample Preparation (FASP) protocol (Wiśniewski et al., 2009). The 
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proteins were reduced (TCEP 15mM, 30 min, at room 

temperature), alkylated (CAA 50mM, 20 min in the dark, at room 

temperature) and then digested with Lys-C (FUJIFILM Wako 

Chemicals, Neuss, Germany) (protein:enzyme ratio 1:50, 

incubation overnight at room temperature) and trypsin (Promega, 

Madison, WI, USA) (protein:enzyme ratio 1:100, 6h at 37°C). Then, 

we desalted the resulting peptides using C18 stage-tips. 

 

2.19.3 Mass Spectrometry (Q ExactiveTM) 

The LC-MS/MS process was performed using an UltiMate 

3000 High-performance liquid chromatography (HPLC) system 

coupled to a Q Exactive Plus mass spectrometer (both devices 

obtained from Thermo Fisher Scientific, Waltham, MA, USA). The 

peptides were loaded into a trap column (Acclaim™ PepMap™ 

100 C18 LC Columns 5 μm, 20 mm length, Thermo Fisher Scientific, 

Waltham, MA, USA,) during 3 minutes at a flow rate of 10 μL/min 

in 0.1% Formaldehyde (FA).  

Then, the peptides were transferred to an analytical column 

(PepMap RSLC C18 C18 2 μm, 75 μm x 50 cm, Thermo Fisher 

Scientific, Waltham, MA, USA,) and separated by a 90 min 

effective linear gradient (buffer A: 4% Acetonitrile (ACN), 0.1% 

FA; buffer B: 100% ACN, 0.1 % FA) at a flow rate of 250 nL/min. 

The gradient applied was: 0-5 min 4% B, 5-7.5 min 6% B, 7.5-60 

min 17.5% B, 60-72.5 min 21.5% B, 72.5-80 min 25% B, 80- 94 min 



113 

 

42.5% B, 94-100 min 98% B, 100-104.5 min 4% B, 105-110 min 0% 

B. 

The mass spectrometer was operated in a data-dependent 

mode, with automatic switching between MS scans (350-1400 m/z) 

and MS/MS scans and applying what is termed the "Top 15 

method" (threshold signal intensity ≥ 3.9E4, z ≥2). The MS spectra 

were acquired on the Orbitrap at a resolution of 70,000 Full Width 

at Half Maximum (FWHM) (200 m/z) and MS/MS spectra at a 

resolution of 17,500 FWHM (200 m/z). It was applied an active 

exclusion time of 26.3 seconds. Peptides were isolated using a 2 

Th window and fragmented using high-energy collision 

dissociation (HCD) with a normalized collision energy of 27. Ion 

target values were 3E6 for MS (maximum injection time of 25ms) 

and 1E5 for MS/MS (maximum injection time of 90ms). 

 

2.19.4 Computational analysis of the LC-MS/MS 

generated data 

The raw data was processed using the bioinformatics tool 

MaxQuant (v 1.6.2.6a) (Cox & Mann, 2008) with the standard 

configuration and using as reference a human protein database 

(UniProtKB / Swiss-Prot, 20,373 sequences) supplemented with 

contaminants. The quantification by Label-free quantification 

(LFQ) was performed by run-to-run matching (0.7 min matching 

window and 20 min alignment window). The 

carbamidomethylation of cysteines was set as a fixed 
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modification, whereas the oxidation of methionines and protein 

acetylation at the amino-terminal end were set as variable 

modifications. The minimum peptide length was set to 7 amino 

acids and a maximum of two missed tryptic cleavages were 

allowed. The obtained results were filtered applying a 0.01 FDR 

(at both peptide and protein level). 

Subsequently, the file "proteinGroup.txt" was loaded into 

the software tool ProStar (v 1.12.12)(Wieczorek et al., 2017) for 

further statistical analysis. A minimum of two valid LFQ values per 

group was required for quantification. Missing values were 

imputed using the standard settings in ProStar (i.e. SLSA for POV 

and Det quantile for MEC). Analysis was then performed using 

Limma and p-values were adjusted using the Benjamin-Hochberg 

method. Only proteins with a p-value <0.05 and a sample/control 

ratio with log2 value > 1.5 were considered as possible 

interactors. In all cases, the resulting FDR was less than 5%. 

 

2.20 Xenograft in vivo bioluminescence imaging 

An in vivo bioluminescence study was carried out strictly in 

accordance with the recommendations in the Guide for the Care 

and Use of Laboratory Animals of the Bioethical Committee of the 

University of Granada and all of the procedures were approved 

by the Committee on the Ethics of Animal Experiments at the 

University of Granada. All of the protocols with experimentation 

animals (mice) were developed under isoflurane inhalation 



115 

 

anesthesia, and every possible effort was made to minimize 

animal suffering. 

To generate the necessary NB4 cell models to perform this 

approach, the same lentiviral transduction protocol described 

above (methods section “2.18 Lentiviral cell transduction and 

competition cell growth assay”) was carried out. The lentiviral 

particles packaged with the luciferase construct were produced 

using the lentiviral plasmid pUltra-Chili-Luc, which was provided 

by Malcom Moore’s laboratory (Addgene #48688). After the NB4 

cells transduction with the pUltra-Chili-Luc lentiviral particles, 

they were sorted using a BD FACSAria™ Fusion Flow Cytometer 

(Cat# 656700, BD, Franklin Lakes, NJ, USA) to generate a pure 

population of luciferase expressing NB4 cells. Then, these cells 

were transduced with wild-type BCL7A/ZsGreen1 (both short and 

long BCL7A isoforms) or EV pLVX-IRES-ZsGreen1 (see 

Supplementary Figure 4), and again sorted to provide us pure 

populations of the different NB4 models. 

Eight-week-old male NOD.scid Il2rgtm1Wjl/SzJ (NSG) 

mice (provided by the Animal Experimentation Service, 

University of Granada) were intravenously tail vein injected with 

our NB4 cell models (5 × 106 cells per mice) that simultaneously 

steadily expressed luciferase and wild-type BCL7A/ZsGreen1 

(both short and long BCL7A isoforms) or luciferase and EV pLVX-

IRES-ZsGreen1. Two groups of mice were produced, including six 

per group.  
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For bioluminescence imaging, the mice were 

intraperitoneally injected with a D-Luciferin Monosodium Salt 

solution (Cat# 88292, Thermo Fisher Scientific, Waltham, MA, 

USA) diluted in PBS at a dose of 150 mg / kg body weight. After 5 

to 8 min, the animals were anesthetized inside a dark chamber 

using 3% (v/v) isoflurane in the air at 1.5 L / min and O2 at 0.2 L / 

min / mouse, and they were imaged in a chamber connected to a 

camera (IVIS Spectrum, Cat# 124262, Perkin Xenogen, Alameda, 

CA, USA).  

The exposure time was 3 min in large binning, and the light 

emission quantification was obtained in photons / s using the 

Living Image software (Perkin Xenogen). The growth of the 

injected cells was monitored on days 0, 7, 14, and 21 by in vivo 

imaging and bioluminescence measurement performed in ventral 

and dorsal positions. 

 

2.21 RNA sequencing 

Total RNA extraction was performed using the mirVana™ 

miRNA Isolation Kit, with phenol (Cat# AM1560, Thermo Fisher 

Scientific, Waltham, MA, USA), since the RNA purity needed for 

RNA-seq is higher than that yielded by the described protocol in 

“2.11 Total RNA extraction” methods section.  

Here, total RNA was extracted from 3×106 of NB4 cells of 

each condition (WT BCL7A and Δ27-BCL7A, described previously 
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in the “2.18 Lentiviral cell transduction and competition cell 

growth assay” methods section) per sample. Two samples per 

condition were prepared (technical duplicates). The RNA 

concentration and quality were measured using QubitTM 4 

Fluorometer (Cat# Q33238, Thermo Fisher Scientific, Waltham, 

MA, USA) and 2100 Bioanalyzer Instrument (Cat# G2939BA, 

Agilent Technologies, Santa Clara, CA, USA) respectively. 

The total RNA samples were stored at -80ºC until they were 

shipped to Genewiz (a division of Azenta Life Sciences) facilities, 

where the RNA-seq was performed using a NovaSeq (2×150 bp 

configuration) (Illumina, San diego, CA, USA).  

The quality control of the raw FASTQ files was performed 

using FastQC (v0.11.8). The reads were aligned to the human 

genome assembly GRCh38.d1.vd1 (downloaded from https:// 

gdc.cancer.gov/about -data/data-harmonization -and -

generation/gdc -reference -files) using STAR (version 2.7.10b) in 

“two-pass mode”.  

The annotation reference used was GENCODE v36. The 

multi-sample BAM was split into single-sample BAMs. The quality 

of the BAM files was evaluated applying Picard (v1.4.2) and 

QualiMap (v2.2.1) in combination with multiqc (v1.6). It was 

checked that the rRNA contamination was below 1% and 

Integrative Genomics Viewer software was used to confirm the 

presence of the expected BCL7A mutations at the RNA level. 
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The read counts per gene were obtained applying htseq-

count (v0.6.1p1) with the following options: “-m 

intersectionnonempty -f bam -t exon -i gene_id -r pos -s reverse”. 

Additional analyses were performed using R (version 3.6.3, 

Bioconductor version 3.10) and the ‘edgeR’, ‘DESeq2’ and 

‘EnhancedVolcano’ packages. Hierarchical clustering and 

principal component analysis were performed to assess and 

confirm the similarities among conditions and replicates.  

DESeq2 was used for the differential expression analysis 

testing for abs(logFC) > log2(1.5) specifying a threshold of alpha 

= 0.01. logFC values were shrunk using the ashr method while 

preserving the original p and adjusted p values. Gene ontology 

(GO) enrichment analysis was carried out using the gene 

annotation and analysis resource Metascape (http:// metas cape. 

org/ gp/ index. html) (Y. Zhou et al., 2019), including the top 400 

differently expressed genes according to their p-adjusted value. 

 

2.22 Bcl7a conditional Knock-out (KO) mouse 

model development 

It was available in our animal facility the UBC-Cre-ERT2 

(ubiquitin C [UBC] promoter, Cre recombinase fused to a 

G400V/M543A/L544A triple mutation of the human estrogen 

receptor ligand binding domain [ERT2]) mouse model (Indra et 

al., 1999) that was obtained from The Jackson Laboratory (Strain 
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#:007001, The Jackson Laboratory, Bar Harbor, ME, USA) for the 

development of other projects that were being developed in our 

research group. This model expresses Cre recombinase in its 

whole body upon receiving via intraperitoneal injection four 

doses of 100 mg tamoxifen per kg of mouse during four 

consecutive days (Cat# J63509.06, VWR, Radnor, PA, USA). For 

this purpose, a 10 mg/mL tamoxifen solution was prepared in corn 

oil (Cat# C8267-500ml, Merck Life Sciences, Darmstadt, 

Germany) to be able to inject 10 µL / g mouse (100 mg tamoxifen 

per kg of mouse) using a hypodermic needle 23G - stainless steel 

epoxy resin adhesives (Cat# 300800, BD, Franklin Lakes, NJ, USA) 

and a 1mL syringe (Cat# 303172, BD, Franklin Lakes, NJ, USA). 

On the other hand, in response to our request Dr. Bano 

kindly provided us with the Bcl7afl/fl mouse model (Wischhof et al., 

2017), which presents the mouse Bcl7a gene exon 2 flanked by two 

LoxP sequences (“floxed”) in both alleles, then being able to be 

deleted once the Cre recombinase is present (Austin et al., 1981; 

Nat Sternberg & Daniel Hamilton, 1981).  

Subsequently, the necessary selective breeding was 

performed to generate the mouse model including both features: 

UBC-Cre-ERT2-Bcl7afl/fl. In short, the Bcl7a inducible KO mouse 

model was generated, whose Bcl7a may be inactivated once its 

exon 2 is deleted (knocked-out) upon receiving the tamoxifen 

dose described above. The main background of the generated 

mouse model was the strain C57BL/6. 
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2.23 Genotyping to establish a mouse colony of 

the Bcl7a conditional KO mouse model 

 To generate a mouse colony of the Bcl7a conditional KO 

model it was necessary to assess which alleles of Bcl7a (WT or 

floxed) or whether the Cre-ERT2 cassette was present or not in 

each animal. For this purpose, the PCR products, obtained using 

specific primers and the mice genomic DNA as template (2 µL per 

PCR reaction, without previous DNA quantification), were 

analyzed through an agarose in TAE buffer gel electrophoresis. 

The polymerase used here was the DreamTaq Green PCR Master 

Mix (2X) (Cat# K1082, Thermo Fisher Scientific, Waltham, MA, 

USA). 

 

2.23.1 Mouse genomic DNA extraction 

 The small ear piece taken from the mice for its labelling was 

used to extract mice genomic DNA. This piece was placed in a 1.5 

mL tube, immersed in 250 µL of 50 mM NaOH and mixed it by 

vortex followed by a 30 min incubation at 98ºC in a thermo block. 

Then, 25 µL of 1M Tris-HCl pH8 were added to neutralize the 

solution and the tube was centrifuged for 10 min at 13,000 rpm at 

4ºC. The last step was to take the supernatant (where the genomic 

DNA is) into a new 1.5 mL tube and the genomic DNA (ready for 

standard PCR amplification) was stored at -20ºC. This protocol is 

not a “clean” DNA extraction, but the DNA quality is good enough 

for the standard PCR amplification needed for mice genotyping. 
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2.23.2 Primers and PCR conditions for mouse 

genotyping  

 The primers to evaluate the presence of the Cre-ERT2 

cassette were: 

• FW CRE: 5’-CCCGCAGAACCTGAAGATGT-3’ 

• RV CRE: 5’-GTTCGAACGCTAGAGCCTGTTT-3’ 

In this case, another couple of primers was added in each 

PCR reaction to amplify as a positive control a region which is 

always present in the mouse genomic DNA in order to be able to 

tell a negative result (absence of the Cre-ERT2 cassette) from a 

PCR that did not work properly. These primers were: 

• FW IL2: 5’-CTAGGCCACAGAATTGAAAGATCT-3’ 

• RV IL2: 5’-GTAGGTGGAAATTCTAGCATCATCC-3’ 

This second couple of primers targets the mouse 

interleukin 2 gene locus yielding a larger (324 bp) PCR product 

compared to the one given by the FW CRE and RV CRE couple 

(220bp), to be able to observe the two independent amplicons 

from each sample. 

To genotype the Cre-ERT2 cassette the PCR conditions 

applied were 1min 95ºC and then 35 cycles of 30s 95ºC, 30s at 

60ºC and 1 min at 72ºC. 

The primers used to genotype the mice Bcl7a locus to 

distinguish the floxed allele from the WT allele were: 
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• FW Bcl7a fl: 5’-GGCTTCTATCCTGTGGGAGTTTAGAG-3’ 

• RV Bcl7a fl: 5’-AACGGTCACCCATTTCTTCTCCCT-3’ 

The PCR conditions were: 1min 95ºC and then 35 cycles of 

30 s 95ºC, 30 s at 55ºC and 45 s at 72ºC. The amplicons sizes were 

474 bp for the WT Bcl7a allele and 532 bp for the floxed Bcl7a 

allele. 

The primers used to distinguish the Bcl7a KO allele from the 

WT Bcl7a or floxed Bcl7a alleles were: 

• FW Bcl7a KO: 5’-GGCTTCTATCCTGTGGGAGTTTAGAG-3’ 

• RV Bcl7a KO: 5’-AACGGTCACCCATTTCTTCTCCCT-3’ 

The PCR conditions were: 1min 95ºC and then 35 cycles of 

30 s 95ºC, 30 s at 65ºC and 1 min at 72ºC. The amplicons sizes were 

261 bp for the Bcl7a KO allele, 732 bp for the WT Bcl7a and 930 bp 

for the floxed Bcl7a. Here, the genomic DNA used for these PCRs 

was extracted from a little piece of mouse tail taken at least 10 

days after the tamoxifen intraperitoneal injection. 

 In every case, the PCR amplicons were evaluated through 

a 2% (m/v) agarose in TAE buffer gel electrophoresis (85 V during 

1 h). To provide these results with a reference of DNA size, the 

VWR® EZ-Vision®, DNA Ladder, 100 bp (Cat# N856-300UL, VWR, 

Radnor, PA, USA) was used. 

 



123 

 

2.24 Mice blood collection and analysis 

 The blood from the mouse tail was extracted, following a 

protocol that consisted of making a very little perpendicular cut in 

one of the mouse tail veins using a blade (Cat# 233-0025, VWR, 

Radnor, PA, USA) and collecting the blood drops up to 40 µL with 

a 100 µL micropipette. Mice tails were previously cleaned with a 

spray of ethanol 70% (v/v) and paper to avoid infections. The 

blade and the tip of the micropipette should have been previously 

dipped in 0.5 M EDTA, pH 8 (Cat# 15575020, Thermo Fisher 

Scientific, Waltham, MA, USA) to prevent blood coagulation while 

blood collection. In addition, the 40 µL of blood were placed in a 

1.5 mL and mixed by pipetting with 20 µL 0.5 M EDTA, pH 8 (blood 

dilution 2/3) that had been previously added to the tubes. 

After mice blood collection, these samples were 

immediately analyzed using the automated hematology analyzer 

Mythic 22CT C2 Diagnostics (Cat# M22/UM/SP/001, Orphée, 

Geneva, Switzerland). 

To prevent the mice from weakening, the blood collection 

from each mouse was carried out only every 3 months. 

 

2.24.1 Mice cohort details 

A mice cohort was generated, including a 25 Bcl7a KO mice 

group and a 19 Bcl7afl/fl mice group without the Cre-ERT2 cassette, 

so the tamoxifen injection in the latter did not generate Bcl7a KO 
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mice (control group). The total size of the study cohort included 

44 mice. These two mouse models were engendered 

simultaneously due to mendelian segregation from the same 

breeding that included one Bcl7afl/fl progenitor with the Cre-ERT2 

cassette and the other Bcl7afl/fl without it to avoid the generation of 

mice with more than one copy of the Cre-ERT2 cassette. 

Both mice groups included males and females. The Bcl7a 

KO group had 16 males and 9 females (25 in all), and the control 

group had 13 males and 6 females (19 in all). Since the mice 

belonged to different litters, the age span was 7 months. 

The tamoxifen injections were carried out approximately 2 

months after the birth date of each mouse. The collection of little 

pieces of tail to check by genotyping the Bcl7a deletion was 

performed one month after the tamoxifen injection (in both mice 

groups). The first blood collection was carried out 3 months after 

the tamoxifen injection, and the following ones were performed 

every 3 months. Since some mice from both conditions randomly 

died sooner than it was naturally expected for unknown causes, 

and since the preliminary results obtained from the blood tests of 

the oldest litters showed non-significant differences at any time 

point (with a representative sample size), the corresponding 

blood collections were not carried out at all of the time points for 

all of the litters to reduce the avoidable animal suffering. 
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2.24.2 Data analysis 

 The blood test results were analyzed using the software 

GraphPad Prism (version 8.0.1). This software was used to 

perform the statistical analysis and to generate the plots including 

the results from the above mentioned blood tests. 

 Normality tests were performed and revealed that the 

blood tests results followed a normal distribution (when the 

sample size was enough to perform these tests). Then, these 

results were statistically analyzed assuming that characteristic. 

 The analyses were performed taking together males and 

females within each condition (Bcl7a KO or control), since there 

were similar proportions of males and females within each 

condition and it was observed that the little differences between 

the total number of white blood cells (WBC) per 1 µL between 

males and females are independent from the condition (Bcl7a KO 

or control). Males usually have a larger count of WBC per 1 µL than 

females in general (in both conditions, see Supplementary 

Figures 5-10). Therefore, taking the genders together in each 

condition would not be concealing any trend in the data. 
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Chapter 3. BCL7A implications in 

AML 
3.1 Background 

In this chapter, we include the main results of this doctoral 

thesis. Most of them are part of the published research article 

related to this PhD thesis (Patiño-Mercau et al., 2023). Besides, we 

included here some other interesting results that were generated 

along but were not encompassed in the mentioned article. 

These results also motivated the side project described in 

Chapter 5. This side project was developed during the PhD 

internship, that took place at Annalisa Di Ruscio’s laboratory. 

 

3.2 Results 

3.2.1 The expression of BCL7A mRNA is modulated 

through promoter methylation in AML patients 

 First, to assess the putative involvement of the mSWI/SNF 

complex subunit BCL7A in AML, we examined its mutation 

frequency in AML patients’ public data. In accordance with the 

known reduced mutational burden of AML, we discovered a very 

low frequency of BCL7A mutations in AML patient samples (< 1% 

non-synonymous coding mutations; N = 230; see methods section 
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2.1), thus discarding the genetic mutations as a mechanism of 

BCL7A inactivation in the context of AML.  

Therefore, we evaluated whether an epigenetics 

mechanism might yield expression inactivation by studying the 

BCL7A genomic locus methylation levels in three independent 

AML patient cohorts: TCGA-LAML (N = 160), TARGET-AML (N = 

188), and (Glass et al., 2017) (N = 111). We found a statistically 

significant inverse correlation (Pearson’s correlation coefficient) 

between the BCL7A promoter methylation level and the BCL7A 

mRNA expression level in the previously mentioned AML patient 

cohorts (Figures 12-14), suggesting that the differential 

methylation of the BCL7A locus may impact on the BCL7A mRNA 

expression level in AML (Patiño-Mercau et al., 2023). 

 

Figure 12. Significant negative correlation (Pearson’s correlation 
coefficient) between methylation and expression of BCL7A in the TCGA-
LAML patient cohort. Figure made by courtesy of Maria S Benitez-
Cantos. 
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Figure 13. Significant negative correlation (Pearson’s correlation 
coefficient) between methylation and expression of BCL7A in the 
TARGET-AML patient cohort. Figure made by courtesy of Maria S 
Benitez-Cantos. 

 

Figure 14. Significant negative correlation (Pearson’s correlation 
coefficient) between methylation and expression of BCL7A in the Glass 
et al. patient cohort. Figure made by courtesy of Maria S Benitez-Cantos. 
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We also assessed BCL7A expression at mRNA level in the 

different FAB AML subtypes within the same three cohorts 

mentioned above. The only consistent observation across the 

three cohorts is the higher expression of BCL7A mRNA in the M1 

(acute myeloblastic leukemia with minimal maturation) subtype 

compared to the other subtypes (Supplementary Figures 11-13). 

Nevertheless, due to the substantial variability in BCL7A levels 

within each subtype and the unequal sample sizes, BCL7A 

expression levels might not serve as a reliable marker for AML 

patients’ classification here. 

 

3.2.2 BCL7A mRNA expression comparison between 

myeloid and DLBCL cell models 

The involvement of BCL7A in DLBCL has been already well 

described (Andrades et al., 2022; Baliñas-Gavira et al., 2020; 

Carlos Baliñas-Gavira, 2020) and the tumor suppressor genes 

(BCL7A being one of them in DLBCL) tend to be naturally 

downregulated during the tumor development (L. H. Wang et al., 

2019). Therefore, we assessed the differences in the BCL7A mRNA 

expression levels between the AML (N = 44) and DLBCL (N = 29) 

cell models reanalyzing the data from the DepMap Portal (version 

22Q2, cell lines detailed in Supplementary Table 2). Here, the 

AML cell lines consistently presented lower BCL7A mRNA 

expression than the DLBCL cell lines (Figure 15) (Patiño-Mercau 

et al., 2023).   
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Figure 15. BCL7A mRNA expression level of the AML and DLBCL cell 
lines from the DepMap Portal database (version 22Q2). The AML cohort 
shows a lower BCL7A expression level (fold change = -4.6, p = 2.8 × 10-
9). The three cell models of each group with the lowest expression are 
tagged. Cell lines detailed in Supplementary Table 2. 

Moreover, to study the observed trend in a different cell 

lines cohort and with our own materials, we evaluated through 

qRTPCR the differential expression levels of the BCL7A mRNA 

between the DLBCL and myeloid leukemia (AML and CML) cell 

models that we had in our laboratory (Supplementary Table 3). As 

a result, the trend observed (Figure 16) matched the previous 

approach (Figure 15), showing in both cases that the myeloid 

models present a lower average BCL7A mRNA expression level 

compared to the DLBCL models. Here, the DLBCL cell line HBL-1 

was included as a known negative control of BCL7A expression 
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since it is known that it has a homozygous deletion of the BCL7A 

gene at genomic DNA level (Baliñas-Gavira et al., 2020; Carlos 

Baliñas-Gavira, 2020). 

 

Figure 16. BCL7A mRNA expression levels in our cell lines cohort 
measured by qRTPCR. The grey horizontal bars show the median values 
for each group. The cell line HBL-1 (DLBCL) was included in the 
experiment since it is a known negative control for BCL7A expression to 
show the lowest level we could assess by our qRTPCR. The cell lines 
included in this graph are detailed in the Supplementary table 3. Figure 
made by courtesy of Alvaro Andrades. 

 

3.2.3 The expression of BCL7A is inactivated in an AML 

cell line model by promoter methylation 

Once we discovered the clear relationship between the 

BCL7A genomic methylation and its expression downregulation in 
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external AML patient cohorts, we searched for a suitable cell line 

model to study the activity of BCL7A in the AML context.  

For this purpose, we analyzed the data from all of the AML 

human cell lines that have been included in the DepMap Portal 

database. This analysis showed that the NB4 (FAB M3: APL) human 

cell line model featured the highest BCL7A promoter methylation 

level as well as the third lowest BCL7A mRNA expression level 

compared to the rest of the DepMap Portal AML cell lines (Figure 

17). Furthermore, during this analysis we found several CpG sites 

whose methylation status was significantly inversely correlated 

with the BCL7A expression (Figure 18) (Patiño-Mercau et al., 

2023). 

 

Figure 17. Methylation fraction 1 kb upstream of the BCL7A transcription 
start site (TSS) and BCL7A expression of the AML cell lines from the 
DepMap Portal database (22Q2 version). The different French-
American-British (FAB) AML subtypes are shown in different colors. 
Here, the NB4 cell line shows the highest methylation level as well as 
low BCL7A expression. 



 

Figure 18. CpG sites methylation profile around the transcription start site (TSS) of BCL7A in AML cell lines. 
Methylation fraction measured by reduced representation bisulfite sequencing (RRBS-seq) data from the DepMap 
Portal is shown along with our bisulfite sequencing results of the NB4 cell line (upper row). Those CpG sites whose 
methylation status were inversely significantly correlated with the BCL7A expression (FDR < 0.05) are highlighted 
with a grey background and their Pearson’s correlation coefficient is shown above. The transcription start site of 
BCL7A is indicated by a vertical black line. Figure made by courtesy of Maria S Benitez-Cantos.



To evaluate whether the low BCL7A expression observed in 

the NB4 cell line was related or not to a genetic alteration, we 

sequenced the BCL7A coding sequence at the genomic DNA level 

using previously published protocols and primers (Baliñas-Gavira 

et al., 2020; Carlos Baliñas-Gavira, 2020). With this approach, we 

did not find any mutations in the BCL7A coding sequence, ruling 

out the genomic mutations as a putative mechanism underlying 

BCL7A inactivation in this model. Then, we assessed the 

methylation status of the BCL7A promoter region in the NB4 cell 

model by several independent approaches.  

First, as an initial step applying a quick approach, we 

followed a MSP protocol previously described by Okada et al. 

(Okada et al., 2013) (see methods section 2.7). Our MSP results 

showed that the BCL7A promoter region was methylated in NB4 

cells (Figure 19).  

 

Figure 19. Agarose gel showing the MSP results. There are included the 
positive controls of the gDNA Meth and gDNA Unmeth (see methods 
section 2.6), showing in each case amplification only with the expected 
couple of primers. Also, there is a negative control adding no template 
DNA. 

Afterwards, we performed bisulfite sequencing over a 

genomic DNA region within the BCL7A proximal promoter which 

included 61 CpG sites. The 33.52% of the sequenced CpG sites 
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were methylated (upper row of Figure 18 and Supplementary 

Figure 3).  

In accordance with the DepMap Portal, our results showed 

that the BCL7A promoter is methylated in the NB4 cell line. Here, 

our bisulfite sequencing approach covered all of the CpG sites 

included within the proximal promoter region, while the DepMap 

Portal database coverage was not complete. Nevertheless, our 

experimental results closely matched the DepMap Portal data for 

the NB4 cell line in all CpG sites covered by the database. 

Additionally, taking into account the methylation and the 

expression data of BCL7A featured in the DepMap Portal, we were 

also able to determine that the methylation status of 17 CpG sites 

presented a significant negative correlation with BCL7A genetic 

expression at mRNA level (Figure 18). Several of these CpG sites 

were located in the proximal promoter region while others were 

placed within the first intron sequence. In fact, the methylation of 

the first intron is a phenomenon noted to be usually negatively 

correlated with the gene expression (Anastasiadi et al., 2018). 

To further study the relationship between promoter DNA 

methylation and the BCL7A expression silencing in NB4 cells, we 

evaluated whether the BCL7A expression can be restored by the 

addition of a demethylating agent such as decitabine. In fact, the 

expression of the BCL7A mRNA and protein was restored after 

decitabine treatment (Figure 20 and Supplementary Figure 14).  

 



139 

 

 

 

Figure 20. BCL7A expression restoration in NB4 cells at mRNA (left, 
qRTPCR results) and protein (right, WB results) levels after 2µM 
decitabine treatment for 96h. See Supplementary Figure 14. 

Overall, all of the previously described results confirmed 

that the BCL7A silencing in NB4 cells was due to promoter 

methylation. Besides, when BCL7A expression is silenced due to 

DNA methylation in its genomic locus, its mRNA and protein 

expression can be pharmacologically restored in vitro (Patiño-

Mercau et al., 2023). 

 

3.2.4 BCL7A presents a tumor suppressor role in AML 

cell models in vitro  

We considered whether the BCL7A protein expression 

restoration may restrain the tumoral phenotype in an AML cell 
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models. To evaluate this, we performed a cell growth competition 

assay upon BCL7A expression restoration. 

For this purpose, we transduced the NB4 cell line with 

lentiviral particles packaged using constructs which lead to the 

co-expression of the reporter protein ZsGreen1 together with 

different BCL7A variants: a) WT BCL7A b) mutant BCL7A (Δ27-

BCL7A) (Baliñas-Gavira et al., 2020; Carlos Baliñas-Gavira, 2020); 

and c) an empty vector (EV) (Supplementary Figure 4). The Δ27-

BCL7A variant was used as a protein expressing control because 

it lacks the first 27 amino acids which are needed for BCL7A to 

bind to SMARCA4 (a mSWI/SNF ATPase subunit) and assemble to 

the mSWI/ SNFcomplex (Baliñas-Gavira et al., 2020; Carlos 

Baliñas-Gavira, 2020; Mashtalir et al., 2020). 

The NB4 cells transduced with either of the three different 

constructs were co-cultured with non-transduced cells. The NB4 

cell line expressing the WT BCL7A presented a reduced 

competitive growth capability when co-cultured with non-

transduced cells compared to the cells expressing either mutant 

BCL7A (Δ27-BCL7A) or the EV (Figure 21). These results support 

that the unaltered BCL7A protein plays a tumor suppressor role in 

the NB4 myeloid cell line in vitro (Patiño-Mercau et al., 2023). 
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Figure 21. Competitive cell growth assay of non-transduced NB4 cells 
vs NB4 cells transduced with either pLVX-IRES-ZsGreen1 plasmid 
expressing wild-type BCL7A, mutant BCL7A (Δ27-BCL7A), or empty 
vector. All constructs were evaluated in a time course of ZsGreen1+ % 
measurements on days 1, 5, 12, 19, and 26. This assay involves the co-
culture of an NB4 model transduced with one of the plasmids together 
with non-transduced NB4 cells. 

 

3.2.4.1 BCL7A as tumor suppressor in another AML 

subtype in vitro 

To extend the previous results to an additional cell model 

from a different AML subtype we used M07e (FAB M7: AMKL) 

which presents average levels of BCL7A promoter methylation 

(“Methylation fraction 1kb upstream TSS” dataset) and BCL7A 

expression (“Expression Public, 22Q2 version” dataset) 

according to the AML DepMap Portal collection (Figure 22).  
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Figure 22. Methylation fraction 1 kb upstream of the BCL7A transcription 
start site (TSS) and BCL7A expression of the AML cell lines from the 
DepMap Portal database (22Q2 version). The different French-
American-British (FAB) AML subtypes are shown in different colors. 
Here, the M07e cell line displays average levels of BCL7A promoter 
methylation and of BCL7A expression. 

Then, we assessed in our laboratory the M07e BCL7A mRNA 

expression level and whether BCL7A protein expression may be 

restored treating these cells with decitabine since we found 

several differentially methylated CpG sites around the BCL7A 

intron one region in the “BCL7A/ CpG Methylation/ Context: 

Acute Myeloid Leukemia” dataset from DepMap Portal. We found 

a similar BCL7A mRNA expression level compared to NB4 in our 

qRTPCR approach (Supplementary Figure 15 and Supplementary 

Table 3), and we observed a strong BCL7A protein expression 

restoration after both 2µM and 4µM decitabine treatments for 96h 

(Figure 23 and Supplementary Figure 16). 
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Figure 23. WB results showing the BCL7A expression restoration in 
M07e cells at protein level after 2µM and 4µM decitabine treatment for 
96h in both cases. See Supplementary Figure 16. 

 These results revealed that the M07e cell line is an AML 

model from a different subtype compared to NB4, but that shares 

some similarities with NB4 cells regarding the BCL7A expression 

downregulation, that might be due to BCL7A genomic locus DNA 

methylation. 

Furthermore, we performed a competition cell growth 

assay with the M07e cell line. This experiment showed very 

similar results to those observed in NB4: the expression of WT 

BCL7A in M07e cells significantly decreased its competitive 

growth capability in comparison with the EV and mutant BCL7A 

(Δ27-BCL7A) (Figure 24) (Patiño-Mercau et al., 2023).  
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Figure 24. Competition cell growth assay after BCL7A variants 
expression restoration in vitro. Competition cell growth assay of non-
transduced M07e cells vs M07e cells transduced with either pLVX-IRES-
ZsGreen1 plasmid expressing wild-type BCL7A, mutant BCL7A (Δ27-
BCL7A), or empty vector. All constructs were evaluated in a time course 
of ZsGreen1+ % measurements on days 0, 3, 9, 12, 18, 23 and 26. This 
assay consists of a co-culture of an M07e model transduced with one of 
the plasmids together with non-transduced M07e cells. Here, we were 
not able to carry out a statistics analysis since we have only one 
replicate. 

 

3.2.4.2 The BCL7A subunit binds to the mSWI/SNF 

complex through its amino-terminal domain in NB4 cells  

 In a previous project developed in our research group, we 

demonstrated that the BCL7A subunit binds the rest of the 

mSWI/SNF complex through its N-terminal in the DLBCL cell 

model HBL-1, which does not have any endogenous BCL7A 

expression since this cell line presents a homozygous deletion of 



145 

 

the BCL7A genomic locus (Baliñas-Gavira et al., 2020; Carlos 

Baliñas-Gavira, 2020). 

 Therefore, we assessed whether the N-terminal domain of 

BCL7A was also crucial for its binding to the mSWI/SNF complex 

in the NB4 cell model, being the main cell model used in this 

doctoral thesis project. For this purpose, we performed a BCL7A 

immunoprecipitation followed by a LC-MS/MS analysis with the 

NB4 cells transduced with WT BCL7A and Δ27-BCL7A. 

Our approach showed that the WT BCL7A presents more 

interactions (higher Z-score) with the rest of the mSWI/SNF 

complex subunits compared to the Δ27-BCL7A mutant variant 

condition (Figure 25), which is known to be unable to bind the 

mSWI/SNF complex in a DLBCL model (Baliñas-Gavira et al., 

2020). Therefore, these results show that BCL7A depends on its N-

terminal to bind the rest of the mSWI/SNF complex also in this 

myeloid cell model. 
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Figure 25. LC/MS-MS analysis of the mSWI/SNF complex subunits. 
Immunoprecipitates were purified using anti-BCL7A in NB4 cells 
transduced with wild-type BCL7A or Δ27-BCL7A (only short isoforms). 
Two biological replicates were performed for each condition 
(immunoprecipitation [IP] and irrelevant IgG), with each replicate run 
twice. "Label-free Quantification" (LFQ) values were represented after 
Z-Score normalization. Adapted figure, made by the proteomic unit of 
the “Centro Nacional de Investigaciones Oncológicas” (CNIO, Spain). 
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3.2.5 BCL7A presents a tumor suppressor role in an AML 

cell model in an in vivo context 

Since the in vivo approaches provide more reliable results 

to the scientific community because they reproduce better the 

natural conditions compared to the in vitro ones, we designed an 

in vivo xenograft approach to assess the putative tumor 

suppressor activity of BCL7A. 

At the ontset, we generated sorted pure populations of two 

different NB4 cell models that simultaneously stably co-expressed 

luciferase and wild-type BCL7A/ZsGreen1 (both short and long 

BCL7A isoforms) or luciferase and EV pLVX-IRES-ZsGreen1. 

Then, we intravenously injected five million of NB4 cells per 

mouse, giving rise to two groups of six NSG immunodeficient 

mice: one group with NB4 cells co-expressing luciferase and WT 

BCL7A, and the other one of NB4 expressing luciferase and 

carrying the EV (control cells).  

Then, we applied in vivo imaging technologies (IVIS-

Spectrum) to evaluate the bioluminescence. 21 days after the 

injection, the mice group injected with the luciferase and WT 

BCL7A co-expressing NB4 cells presented a significantly lower 

bioluminescence compared to the mice group injected with 

control cells (Figures 26-27).  
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Figure 26. Mice bioluminescence signal captured 21 days after the 
injection of the NB4-luciferase-transduced cell models. The wild-type 
BCL7A NB4 injected mice group (n = 6) shows a significant (p < 0.05, 
Wilcoxon test, N = 12) bioluminescence reduction compared to the 
empty vector-transduced NB4 mice group (n = 6; control group). 

 

 

Figure 27. Bioluminiscence signal captured from two representative 
mice of each group of the in vivo xenograft approach.  Image obtained 
using in vivo imaging technologies (IVIS-Spectrum). 
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The bioluminescence signal reduction in the WT BCL7A 

mice group revealed a lower tumorigenic ability of the NB4 cells 

in the presence of WT BCL7A, confirming its tumor suppressor 

role in an in vivo context too. Consequently, our in vivo approach 

endorsed that the BCL7A expression restoration promotes a tumor 

suppressor phenotype in NB4 cells (Patiño-Mercau et al., 2023). 

 

3.2.6 The restoration of BCL7A expression in NB4 cells 

affects to the expression of key AML genes 

To study in greater depth the molecular changes yielded 

by restoring BCL7A expression, we performed RNA-seq in the 

NB4 cell line.  

Here, we compared the transcriptomes from the WT BCL7A 

and Δ27-BCL7A transduced NB4 cell models. We identified 1151 

differentially expressed genes (adjusted p-value < 0.001; Figure 

28).  

 

Figure 28. Volcano plot 
showing the differentially 
expressed genes in NB4 
cell line in the 
comparison between NB4 
transfected with WT 
BCL7A and Δ27-BCL7A. 
NS: non-significant. The 
established thresholds 
are: FC: +log2(1.5) and - 
log2(1.5); and p: -
log10(0.01). Figure made 
by courtesy of Maria S 
Benitez-Cantos. 
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To know whether the previously mentioned genes cluster 

in any functional pathway, we performed a GO enrichment 

analysis including the top 400 genes with better-adjusted p-value 

and using the algorithm Metascape (Y. Zhou et al., 2019). Those 

most significantly enriched pathways (p < 1 × 10–10) were related 

to protein synthesis, cell cycle, and mitotic cell cycle (Figure 29), 

which may underlie the molecular explanation of the tumor 

suppressor phenotype observed in the WT BCL7A transduced 

NB4 cells. 

In the comparison between the NB4 cells transduced with 

WT BCL7A vs Δ27-BCL7A, the most differentially downregulated 

gene according to its adjusted p-value was 3-Hydroxy-3-

Methylglutaryl-CoA Synthase 1 (HMGCS1) (p-adjusted value = 

9.12 × 10–82, 13.63-fold change of downregulation; Figures 28 and 

30). In fact, the HMGCS1 gene codes for a key enzyme of the 

mevalonate pathway of the cholesterol synthesis and it has been 

found dysregulated in AML patients, where it was also observed 

to be overexpressed in recently diagnosed and 

relapsed/refractory patients (C. Zhou et al., 2021). Moreover, 

these authors hypothesized that HMGCS1 can potentially be 

involved in the survival of AML cells. 

 



 

Figure 29. Enriched terms across the top significant (p adjusted) 400 differentially expressed genes when comparing 
NB4 transduced with WT BCL7A and Δ27-BCL7A. 

 

 



Besides, the most differentially upregulated genes 

according to their adjusted p-value were the H1.0 Linker Histone 

(H1-0) (p-adjusted value = 8.36 × 10–54, 9.02-fold change; Figures 

28 and 30) and the Interferon regulatory factor 7 (IRF7) (p-adjusted 

value = 8.75 × 10–34, 14.58-fold change; Figures 28 and 30).  

 

Figure 30. Gene expression values from our RNA-seq data of three 
selected genes: HMGCS1, IRF7, and H1-0. Log2 of variance-stabilized 
transformed (VST) gene counts was obtained with DESeq2 in R. The 
mean value is represented with the red horizontal lines. 

The H1-0 gene encodes a linker histone (H1.0) involved in 

the formation of supra-nucleosomal chromatin higher-order 

structures. Here, the detected changes in H1-0 expression levels 

may be related to alterations in cell proliferation and 

differentiation, since H1-0 has been found to act as an epigenetic 

regulator of gene expression  (Di Liegro et al., 2018).  

On the other hand, the IRF7 gene has been described to 

have a tumor suppressor role in in vivo AML models. In fact, the 

IRF7 loss enhances AML progression while IRF7 overexpression 



153 

 

decreases the leukemia stem cell levels and cell proliferation (H. 

Wang et al., 2022). 

Overall, our results suggest that BCL7A modulates the 

expression of key genes that can be linked to a tumor suppressor 

phenotype in the AML context (Patiño-Mercau et al., 2023). 

 

3.3 Discussion 

 BCL7A has previously been widely described in the context 

of lymphoid lineage disorders (Baliñas-Gavira et al., 2020; 

Carbone et al., 2008; Gao, 2007; Litvinov et al., 2013; Ramos-

Medina et al., 2013; Van Doorn et al., 2005), but despite the article 

describing the case of a single patient with BCL7A-associated CML 

(Yu et al., 2017), our results included in this chapter confirm that 

BCL7A also plays a tumor suppressor role in the myeloid lineage 

through experimental evidences (Patiño-Mercau et al., 2023). 

 When we analyzed the data from the external cohorts of 

AML patients: TCGA-LAML (N = 160), TARGET-AML (N = 188) and  

(Glass et al., 2017) (N = 111); we found too few mutations and even 

that the expression of BCL7A was inversely correlated with its 

methylation level (Figures 12-14). This inverse correlation 

between methylation and gene expression is the most common 

trend, as DNA methylation controls gene expression either by 

attracting proteins associated with gene repression or by 

blocking the binding of transcription factors to DNA (Moore et al., 
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2013). However, in certain circumstances DNA hypermethylation 

has been found to be associated with increased gene expression, 

challenging the conventional view where DNA methylation is 

consistently associated with the inhibition of gene expression 

(Rauluseviciute et al., 2020). Despite that, our results here 

determined that BCL7A follows the usual trend between its DNA 

locus methylation and gene expression downregulation which is 

a common feature of tumor suppressors (Lopez-Serra & Esteller, 

2012). 

Moreover, when analyzing BCL7A expression between the 

different AML subtypes in the same cohorts mentioned above 

(Supplementary Figures 11-13), we observed that the M1 FAB 

subtype (acute myeloblastic leukemia with minimal maturation) 

presented a slightly higher BCL7A expression compared to the 

rest of the subtypes, but considering the large variability in BCL7A 

levels within each subtype and the uneven distribution of sample 

sizes, using BCL7A expression levels for classification of AML 

patients might not be accurate. 

Based on our experience and knowledge about BCL7A in 

DLBCL models, we as well studied the comparison of BCL7A mRNA 

expression between AML and DLBCL cell models. Here, the 

results from the external data and our own cell models showed the 

same trend: the AML models showed a lower BCL7A expression 

level compared to the DLBCL models (Figures 15-16). In fact, the 

tumor suppressor genes are often downregulated in cancer 

(Gregory & Copple, 2023). Thus, the lower BCL7A expression in 
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the AML models supported our hypothesis about the putative 

tumor suppressor role of BCL7A in AML, as this role had been 

previously determined in B-cell derived hematologic 

malignancies (Baliñas-Gavira et al., 2020). However, the different 

hematologic lineages (myeloid and lymphoid) exhibit different 

genetic expression profiles (Miyamoto et al., 2002), which may 

even provide an explanation to this lower BCL7A expression in 

myeloid models as a physiological characteristic. 

Then, when looking for suitable AML models to study 

BCL7A in this hematologic disorder, we searched for a model with 

reduced or absent BCL7A expression, since the BCL7A-deficient 

cell lines may be used to restore the expression of this gene and 

to evaluate the functional impact of BCL7A on the tumor 

phenotype. Among the models included in the DepMap Portal 

database and in our own collection, we first found the NB4 (FAB 

M3) and then the M07e (FAB M7) cell lines. Both showed BCL7A 

expression downregulation compared to other myeloid lineage 

cell lines (Figure 16), due to methylation of the BCL7A genomic 

locus. We evaluated this feature in both cell lines by treatment 

with decitabine (HMA) followed by analysis of the expected 

restoration of BCL7A protein expression (Figures 20 and 23). In 

NB4, we were also able to assess this feature by MSP and bisulfite 

sequencing, giving us a more detailed view for this cell model 

(Figures 18-19). We then used these two models for our study as 

they were already present in our collection. 
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Since the NB4 cell line (FAB M3, APL) was initially our main 

cell model, we looked for other AML subtype cell models because 

APL (about 10-15% of all AML cases) has a very specific 

cytogenetic feature: the reciprocal translocation between 

chromosomes 15 and 17: t(15:17). This made our APL model 

controversial for some authors, since this feature makes APL 

behave differently compared to other AML subtypes. Therefore, 

we chose M07e (FAB M7), which belongs to a different AML 

subtype, as a secondary model for this project. Acute 

megakaryoblastic leukemia (FAB M7) does not have a high 

incidence among AML patients. It represents about 1% of adult 

leukemia cases, and 3% to 10% of childhood leukemia cases 

(Dima et al., 2017). Nevertheless, the M07e cell line had the 

necessary characteristics (in common with NB4) to be suitable for 

our project. 

The t(15:17) translocation results in a fusion between the 

PML and RARA genes, giving rise to the PML-RARA fusion gene. 

This defines the current generalized APL treatment, which 

consists of the combination therapy of All-Trans Retinoic Acid 

(ATRA) and Arsenic Trioxide (ATO). These agents induce the 

differentiation of leukemic promyelocytes present in the BM of 

APL patients, thereby preventing the accumulation of these 

leukemic promyelocytes. Historically, APL has the highest 

mortality rate among leukemia subtypes due to severe 

coagulopathies. However, with the introduction of combined 

ATRA-ATO therapy, APL now has a more favorable outcome 
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compared to other AML subtypes (Chale et al., 2019; H. Y. Wang 

et al., 2022; Z.-Y. Wang & Chen, 2008).  

In fact, NB4 cells have been shown to be differentiated by 

ATRA in vitro (Idres et al., 2001; Khanna-Gupta et al., 1994). The 

underlying metabolic changes in ATRA-treated NB4 appear to be 

the activation of the aerobic glycolysis pathway and the reduction 

of oxidative phosphorylation dependent ATP production. These 

changes may be related to the differentiation of these APL cells in 

vitro. Then, further study of these metabolic changes may provide 

new insights for the development of modern therapeutic 

approaches (Albanesi et al., 2020). 

 Furthermore, during our analysis of the AML cell models 

present in the DepMap Portal, we found that the OCI-AML3 cell 

line (FAB M4, acute myelomonocytic leukemia) was the cell model 

with the lowest BCL7A mRNA expression level. These data focused 

our attention on this model of another AML subtype to plan further 

research on the role of BCL7A in AML using this cell line. 

 The decitabine treatment of the NB4 and M07e cell lines 

showed that BCL7A expression at the protein level can be restored 

in vitro while using this HMA, which has already been approved 

by the United States Food and Drug Administration (FDA) for the 

treatment of certain AML patients in the clinic (Kantarjian et al., 

2021). Therefore, this restoration of BCL7A expression revealed a 

part of the metabolic changes that may be responsible for the 

improvement in the condition of AML patients. In fact, the BCL7A 
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expression restoration is supposed to lead to the assembly of a 

functional SWI/SNF (including BCL7A) that might infer in several 

metabolic pathways. However, it is important to note that these 

HMAs are non-specific demethylating agents that act genome-

wide and that can promote the activation of some proto-

oncogenes as it has been previously noted (Grimm & Binder, 

2022; Y.-C. Liu et al., 2022). 

 Then, our experimental approaches performed with the 

two selected cell lines, NB4 and M07e, showed that restoration 

and overexpression of WT BCL7A protein resulted in a 

competitive growth reduction compared to both the mutant 

variant Δ27-BCL7A and the EV (Figures 21 and 24). These results 

suggested that BCL7A plays a tumor suppressor role in AML cell 

models in vitro.  

To provide a broader perspective, we also performed an in 

vivo xenograft approach using the NB4 cell line, which again 

showed that restoration of WT BCL7A protein overexpression 

promoted decreased growth of NB4 cells in vivo compared to the 

EV condition, supporting that BCL7A plays a tumor suppressor 

role not only in vitro but even in vivo (Figures 26-27). Although 

animal models have some drawbacks, such as the ethical 

implications, variations in biokinetic parameters and the 

challenge of extrapolating results to humans, they are generally 

considered more reliable than in vitro approaches (Saeidnia et al., 

2016). For this reason, in vivo support of in vitro results is currently 

preferred to provide sound research information. 
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 Regarding the results obtained by immunoprecipitation 

followed by LC-MS/MS of the BCL7A subunit from protein extracts 

of the NB4 models (WT BCL7A and Δ27-BCL7A), we have here 

confirmed that the BCL7A subunit binds the rest of the mSWI/SNF 

complex through its N-terminal domain (Figure 25). This 

confirmed that this fact also occurs in the context of a myeloid 

lineage cell model (NB4), as this phenomenon has been 

previously described in lymphoid models (HBL-1 cell line, 

DLBCL) (Baliñas-Gavira et al., 2020). Moreover, this finding was as 

well observed by another research group using a different 

technique (cross-linking mass-spectrometry: CX-MS) and model 

(HEK293F cells) (Figure 31) (Mashtalir et al., 2020). Therefore, we 

hypothesize that the binding of BCL7A to the rest of the mSWI/SNF 

complex occurs through its N-terminal domain in a tissue-

independent manner. 

 

Figure 31. Protein-protein interactions between the SWI/SNF subunits 
BCL7A and SMARCA4 as determined by Mashtalir et al. (Mashtalir et al., 
2020). There are numbers indicating the positions of each amino acid 
that interact with each other (solid lines). The region from BCL7A exon 
1 that is deleted in splice site mutant BCL7A (Δ27-BCL7A) variant 
(Baliñas-Gavira et al., 2020) is marked in dark red. There are also 
marked the already known domains of SMARCA4 as described in 
UniProt. 

Furthermore, the fact that the mSWI/SNF subunits BCL7A, 

BCL7B and BCL7C share the same N-terminal domain (see 

Supplementary Figure 2) suggests a common function for this 
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domain, which may be the binding of these three subunits to the 

mSWI/SNF complex (Carlos Baliñas-Gavira, 2020). 

An interesting comparison arises from the results of BCL7A 

subunit immunoprecipitation followed by LC-MS/MS in the NB4 

(Figure 25) and HBL-1 cell models (Baliñas-Gavira et al., 2020). 

While in NB4 BCL7A is strongly downregulated by genomic DNA 

methylation, the HBL-1 cell line has a homozygous deletion of the 

BCL7A gene. Therefore, in the HBL-1 results, there are no 

differences between the immunoprecipitation and irrelevant IgG 

(negative control) signals in the Δ27-BCL7A transduced HBL-1 

cells. However, in the Δ27-BCL7A transduced NB4 cells, there is a 

slight signal in the immunoprecipitation compared to the 

irrelevant IgG, which may be explained by the existence of a 

residual expression of BCL7A. This means that the methylation 

might not lead to a complete silencing of the gene expression in 

NB4. This observation is consistent with the expression of BCL7A 

at the mRNA level (see Figure 16) in our qPCR results, where HBL-

1 has a much lower expression than NB4. 

 In addition, we analyzed and compared the transcriptomes 

of both WT BCL7A and Δ27-BCL7A transduced NB4 cell models 

and identified 1151 genes with differential expression (Figures 

28). Also, the most altered metabolic pathways were related to 

protein synthesis and cell cycle (Figure 29), which may provide a 

molecular explanation for the tumor suppressor phenotype 

observed in the WT BCL7A transduced NB4 cells. Among the most 

differentially expressed genes, we found HMGCS1, H1-0 and IRF7 
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(Figure 30), which have been observed to be involved in AML (Di 

Liegro et al., 2018; H. Wang et al., 2022; C. Zhou et al., 2021). Thus, 

their altered expression levels may explain, at least in part, the 

tumor suppressor phenotype conferred by restoration of WT 

BCL7A protein expression in NB4 cells (Figures 21, 26 and 27). 

 Besides, for the future scope of this project, which aims to 

provide a complete description of the mSWI/SNF complex BCL7A 

subunit in models of AML (NB4) (Patiño-Mercau et al., 2023) and 

DLBCL (OciLy1) (Baliñas-Gavira et al., 2020), we have recently 

planned to perform ChIP-seq and ATAC-seq approaches. We 

expect that these techniques will provide additional data about 

the specific genomic binding sites of the mSWI/SNF complex as 

well as information about relevant changes in chromatin 

accessibility at different genomic loci in the presence or absence 

of WT BCL7A. Subsequently, these results may further explain the 

tumor suppressor phenotypes observed in NB4 and OciLy1 upon 

restoration of WT BCL7A protein expression. 

Currently, the clinical interest in the activity of the 

mSWI/SNF complexes has increased due to the identification of 

several synthetic lethal interactions among its subunits, paving 

the way for targeted therapies (Michel et al., 2018; Santiago 

Schiaffino-Ortega et al., 2014; Sasaki & Ogiwara, 2020). In 

addition, there has been significant research about precision 

therapies targeting mSWI/SNF subunits in AML. In fact, a recent 

report has supported the notion of targeting the mSWI/SNF 

catalytic subunits (SMARCA4 and SMARCA2) as a potential 
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therapeutic strategy in AML (Rago et al., 2022). Additionally, a 

specific targeted drug that inhibits the BRD9 subunit has been 

developed, which yields an anti-tumor phenotype in AML in both 

cell models and in vivo models (Martin et al., 2016). While these 

findings suggest potential, further research is needed to 

determine the full impact of the mSWI/SNF complexes on AML and 

their potential clinical significance. 

Here, our results provide the first experimental evidence 

that BCL7A plays a role in AML models in in vitro and in vivo 

models, acting as a tumor suppressor gene in this context. 

However, further research is needed to increase the knowledge 

of BCL7A involvement in AML. These studies may clarify whether 

the expression level of BCL7A can be considered as a diagnostic 

or prognostic biomarker for the classification of AML patients. 
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Chapter 4. Bcl7a conditional knock-

out mouse model 
4.1 Background 

 In this chapter we show the results from a long-term in vivo 

approach in which we generated in our animals facility an original 

Bcl7a inducible KO mouse model.  

 Here, since the SWI/SNF chromatin remodeling complexes 

subunits are a remarkably conserved set of proteins present in a 

wide range of eukaryotic organisms (Hernández-García et al., 

2022), and since the mouse Bcl7a protein has a very high 

sequence homology with the human BCL7A protein (see 

Supplementary Figure 17), we expected that the mouse Bcl7a 

gene has identical or very similar biological functions compared 

to the human BCL7A gene. However, we can not discard the 

putative functional differences among these two orthologous 

genes. 

Our main aim in this in vivo approach was to study the 

possible alterations in hematologic cells (not only myeloid 

lineage cells) and tissues yielded by Bcl7a inactivation, since 

BCL7A alterations have been found very related to hematologic 

disorders (Baliñas-Gavira et al., 2020; Carlos Baliñas-Gavira, 

2020; Kadoch et al., 2013; Patiño-Mercau et al., 2023). 
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 In a previous external study, it was reported that a 

ubiquitous Bcl7a KO mouse model (C57BL/6 background), in 

which Bcl7a was deleted already during the mouse embryonic 

development, resulted in pre-weaning mortality and the 

researchers speculated that this phenotype might be related to a 

failure in the initiation of a proper feeding or a normal respiration 

(Wischhof et al., 2017).  

Therefore, we knew that to study the effects of Bcl7a 

inactivation in a mouse model in this same background (C57BL/6), 

we needed the Bcl7a gene to be functional during the embryonic 

development and then have the possibility to inactivate this gene 

to develop our project. For this purpose, we generated our Bcl7a 

inducible KO mouse model, to be able to delete Bcl7a once the 

mice were already weaned and close to the adulthood and thus 

preventing them from dying before weaning. 

 

4.2 Results 

 These results have not been published yet. 

4.2.1 Bcl7a inducible KO mouse model generation 

 We performed the necessary selective breeding between 

our UBC-Cre-ERT2 (ubiquitous Cre expression inducible by 

tamoxifen) mouse model (Indra et al., 1999) and the Bcl7afl/fl 

mouse model (Wischhof et al., 2017) to generate the desired 
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model including both features: UBC-Cre-ERT2-Bcl7afl/fl (the Bcl7a 

inducible KO mouse model). 

 In addition, we checked that this model worked as 

expected, yielding the whole body Bcl7a inactivation only after 

the intraperitoneal injection of the corresponding tamoxifen dose. 

For this purpose, we genotyped 5 UBC-Cre-ERT2-Bcl7afl/fl mice 

where 4 were intraperitoneally injected with tamoxifen and one 

was not injected (control mouse) (see methods section 2.23) 

(Figure 32). 

 

Figure 32: Example of an agarose gel electrophoresis results from mice 
genotyping PCRs showing the expected amplicons when our UBC-Cre-
ERT2-Bcl7afl/fl mice models are given the suitable dose of tamoxifen. C-: 
PCR negative control without template DNA; fl/fl: Bcl7a floxed allele (930 
bp amplicon) of the control mouse; KO: Bcl7a KO allele (261 bp 
amplicon), LD: 100 bp DNA ladder.   
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4.2.3 Blood tests results of the Bcl7a KO mice models 

  Some phenotypical effects given by a hematologic cells 

disorder are visible to the naked eye, such as weight loss, a 

reduction of the physical activity or an abdominal enlargement (as 

a result of splenomegaly or a swollen lymph node) among other 

features. 

 Indeed, we visited our animals facility weekly and 

evaluated each mouse conditions. We monitored mice weigh, 

behavior, abdominal size and whether they presented any other 

visible anomaly. However, we did not find any differences in the 

simple view phenotype between the two mice groups (Bcl7a KO 

and control) up until they were approximately two years old and 

all of them were getting weaker due to the age.  

 Simultaneously, we performed blood collections and blood 

tests of each mouse to assess whether they presented differences 

in the count of WBC per 1 µL in the peripheral blood, since the 

previous knowledge showed that Bcl7a has been seen usually 

related to hematologic disorders associated with this subgroup of 

blood cells (Baliñas-Gavira et al., 2020; Carlos Baliñas-Gavira, 

2020; Patiño-Mercau et al., 2023).  

Our results showed non-significant differences in the WBC 

count between the two conditions (Bcl7a KO and control) at any 

timepoint (Figures 33-35). Also, we observed a slightly higher 

WBC count in male mice than in female mice in general 
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(Supplementary Figures 5-10) and a decrease in total WBC per 1 

µL as the age of the mice increased (Figures 33-35).  

                      

Figure 33. White blood cells (WBC) count per 1 µL 3 and 6 months after 
tamoxifen injection. No significant (ns) differences were found between 
the control and Bcl7a KO mice groups (p > 0.05, unpaired T-test, N = 38 
at 3 months, N = 39 at 6 months). 

 

            

Figure 34. White blood cells (WBC) count per 1 µL 9 and 12 months after 
tamoxifen injection. No significant (ns) differences were found between 
the control and Bcl7a KO mice groups (p > 0.05, unpaired T-test, N = 15 
at 9 months, N = 15 at 12 months). 
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Figure 35. White blood cells (WBC) count per 1 µL 15 and 18 months 
after tamoxifen injection. No significant (ns) differences were found 
between the control and Bcl7a KO mice groups (p > 0.05, unpaired T-
test, N = 42 at 15 months, N = 32 at 18 months). 

Besides, we analyzed the WBC / red blood cells (RBC) 

proportion (Figures 36-38) and the count of total platelets per 1 µL 

(Figures 39-41). We did not find any significant differences 

between the two conditions for these two parameters.  

     

Figure 36. White blood cells (WBC) / Red blood cells (RBC) proportion 
3 and 6 months after tamoxifen injection. No significant (ns) differences 
were found between the control and Bcl7a KO mice groups (p > 0.05, 
unpaired T-test, N = 38 at 3 months, N = 39 at 6 months). 
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Figure 37. White blood cells (WBC) / Red blood cells (RBC) proportion 
9 and 12 months after tamoxifen injection. No significant (ns) differences 
were found between the control and Bcl7a KO mice groups (p > 0.05, 
unpaired T-test, N = 15 at 9 months, N = 15 at 12 months). 

 

      

Figure 38. White blood cells (WBC) / Red blood cells (RBC) proportion 
15 and 18 months after tamoxifen injection. No significant (ns) 
differences were found between the control and Bcl7a KO mice groups 
(p > 0.05, unpaired T-test, N = 42 at 15 months, N = 32 at 18 months). 
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Figure 39. Platelets count per 1 µL 3 and 6 months after tamoxifen 
injection. No significant (ns) differences were found between the control 
and Bcl7a KO mice groups (p > 0.05, unpaired T-test, N = 38 at 3 months, 
N = 39 at 6 months). 

      

Figure 40. Platelets count per 1 µL 9 and 12 months after tamoxifen 
injection. No significant (ns) differences were found between the control 
and Bcl7a KO mice groups (p > 0.05, unpaired T-test, N = 13 at 9 months, 
N = 15 at 12 months). 
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Figure 41. Platelets count per 1 µL 15 and 18 months after tamoxifen 
injection. No significant (ns) differences were found between the control 
and Bcl7a KO mice groups (p > 0.05, unpaired T-test, N = 40 at 15 
months, N = 33 at 18 months). 

 Overall, there were no significant differences between the 

Bcl7a KO and control mice groups between the 3 months and 18 

months time points when assessing the WBC counts per 

microliter, the WBC / RBC proportion and the platelets counts per 

microliter. 

 

4.3 Discussion 

As mentioned above, we developed an inducible Bcl7a KO 

mouse model because in the C57BL/6 strain, a previous study 

showed that Bcl7a inactivation during the embryonic 

development lead to pre-weaning lethality. The authors of this 
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study generated the Bcl7a KO mouse model through a gene 

targeting method that incorporated LoxP sites flanking exon 2 of 

the Bcl7a gene (“floxed” Bcl7a) and applying the Cre-LoxP 

recombination system, deleting the mentioned exon and 

therefore avoiding the synthesis of any transcript that can produce 

a functional Bcl7a protein in the mouse whole body (Wischhof et 

al., 2017). 

Therefore, when inducing Bcl7a ablation (tamoxifen 

mediated) in our inducible Bcl7a KO mice, once they were already 

weaned and close to entering into adulthood (around 2 months 

after birth), all of them were able to survive as much as the control 

mice. Nevertheless, all of the results presented above suggested 

that the deletion of Bcl7a in our mice study cohort did not yield any 

clear phenotype related to hematologic disorders that we could 

detect in mice peripheral blood in this mouse background (or 

strain: C57BL/6).  

Since the SWI/SNF subunits are highly conserved among 

eukaryotic organisms (Hernández-García et al., 2022), and mouse 

Bcl7a and the human BCL7A protein sequences are very similar 

(see Supplementary Figure 17) we were expecting that the 

inactivation of mouse Blc7a may have promoted any 

hematological disorder related to the lymphoid lineage, because 

human BCL7A has been seen clearly related to B-cell and T-cell 

derived lymphomas (Baliñas-Gavira et al., 2020; Carbone et al., 

2008; Litvinov et al., 2013; Ramos-Medina et al., 2013; Van Doorn 

et al., 2005). More specifically, the results from previous projects 
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developed in our laboratory suggested that BCL7A inactivation 

might be very related to B-cell lymphomas, more specifically, to 

the DLBCL progression, in in vitro and in vivo when performing 

experiments using human DLBCL cell models (Baliñas-Gavira et 

al., 2020; Carlos Baliñas-Gavira, 2020).  

On the other hand, another study harbored within a 

doctoral thesis project carried out in Dr. Riccardo Dalla-Favera 

research group (Columbia University, NY, U.S.) used a different 

mouse strain (129Sv/Ev) and even a different Bcl7a inactivation 

molecular mechanism. Technically speaking, it means that it is a 

different in vivo model that yields a Bcl7a KO mouse model (named 

Bcl7a-/- by the authors). These mice were born at the expected 

mendelian rate and showed normal development (Gao, 2007) 

instead of dying at early ages, as it was seen in the C57BL/6 

background Bcl7a KO mouse model (Wischhof et al., 2017).  

The different phenotypes shown by the two mouse strains 

mentioned above might be due to the several generations of 

inbreeding that have led to significant variations among the 

different mouse strains used in in vivo research approaches. In 

fact, the diversity in strains implies that each one may respond 

differently to an introduced mutation, which may subsequently 

interact uniquely with the mouse's surroundings (Doetschman, 

2009). 

In the research project developed at Columbia University 

mentioned above, they as well studied Bcl7a in the lymphoid 
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lineage. The Bcl7a deficient mouse model developed by these 

authors (Bcl7a-/-), was generated to study Bcl7a in normal 

development and specifically in B-cells. However, these Bcl7a-/- 

mice exhibited typical development and functionality of lymphoid 

organs. This included regular formation of GCs and immune 

responses dependent on T-cells. Thus, the role of Bcl7a in the 

lymphoid lineage might be subtle, not readily detectable through 

standard tests, or substituted by an alternative pathway in Bcl7a-/- 

mice (Gao, 2007). 

Getting back to our study, the UBC-Cre-ERT2-Bcl7afl/fl 

mouse model without tamoxifen injection (without the Bcl7a 

induced deletion) could have been an appropriate model to use 

as a negative control since it is genetically identical to the study 

condition mouse model (Bcl7a KO). However, due to time 

constraints we used the Bcl7afl/fl without Cre-ERT2 cassette as the 

negative control for our experiments, since it was expected to 

have the Bcl7a expression unaltered and it was generated 

simultaneously (and hence faster) by the same breeding, that 

produced both UBC-Cre-ERT2-Bcl7afl/fl and Bcl7afl/fl mouse 

models. 

Besides, the research group that provided us with the 

Bcl7afl/fl mouse model, after observing the pre-weaning lethality 

phenotype, they generated a mouse model where Cre 

recombinase expression was controlled by the neuronal-specific 

Synapsin promoter. This model was generated to try to prevent 

the pre-weaning lethality and hence to be able to have adult mice 
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to study the phenotype given when inactivating Bcl7a only in 

neurons. In fact, they observed that Bcl7a plays a role in Purkinje 

cell function and motor coordination (Wischhof et al., 2017). 

 Some other previous in vivo studies, in which the authors 

were assessing the predicted role of a gene using KO mouse 

models for that specific gene, the results found did not confirm 

those predicted activities, which is a similar outcome to ours, that 

may be related to the huge multiparametric complexity inherent 

to the research involving mouse models. For instance, the G-Patch 

Domain Containing 2 (Gpatch2) KO mouse model showed that 

Gpatch2 ablation is not critical for the control of Tumor Necrosis 

Factor (Tnf) expression, when this gene was predicted to act as a 

putative Tnf expression repressor by a CRISPR screen using a Tnf 

reporter system (Dalseno et al., 2023). Also, the DnaJ Heat Shock 

Protein Family (Hsp40) Member B4 (Hlj1) was found to be 

expressed in platelets and megakaryocytes, but the Hlj1 KO 

mouse model, which had Hlj1 inactivated did not show any role as 

a regulator of blood coagulation under physiological conditions 

(Hsu et al., 2022). 

Based on the information we have from the literature and 

our own results, we suggest that in this in vivo context (C57BL/6 

mouse strain harboring the UBC-Cre-ERT2-Bcl7afl/fl genetic 

characteristics detailed in methods section 2.22), when Bcl7a 

function is ablated, it might be replaced by some other metabolic 

pathway avoiding any hematologic disorder development. 
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Since no clear phenotypic changes in our Bcl7a KO mice 

were observed, the future perspectives in our research group 

regarding this in vivo project comprise the combination of this 

mouse model with other models which present a specific 

oncogenic stimulation of the hematologic lineage. Then, this 

approach may “enhance” the putative phenotypic alterations (and 

make them detectable) when inactivating Bcl7a, hence allowing 

us to understand in which pathways Bcl7a may be involved in. In 

fact, since Bcl7a is expected to play a tumor suppressor role, it 

may be subjected to the two-hit hypothesis (Knudson, 1971). 

Therefore, an additional genetic alteration might be necessary to 

generate a pathological mouse phenotype, not produced when 

only Bcl7a was inactivated. 

These additional mouse models to combine with our 

inducible Bcl7a KO are VavP-Bcl2, which undergoes an onset of 

follicular lymphoma after presenting GC hyperplasia (Egle et al., 

2004); Eµ-myc, that carries the myc oncogene linked to the 

immunoglobulin heavy-chain enhancer (Eµ) and displays 

aberrant B-lymphocyte development and eventually develop B 

lymphoid tumors (Alexander et al., 1987); and the conditional 

Ezh2Y641N knockin. In this last one, when the mutant Ezh2Y641N 

variant is expressed, it triggers GC hyperplasia and enhances the 

development of lymphoma in collaboration with Bcl2 (Béguelin et 

al., 2013). Moreover, with these combined models and with the 

uncombined UBC-Cre-ERT2-Bcl7afl/fl, further experiments are 

planned to evaluate the putative effects of Bcl7a ablation from 

additional perspectives. For instance, sheep red blood cells 
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(SRBC) mice immunizations will be performed with all of the 

mentioned above mouse models to evaluate whether or not the 

GC formed in the spleen and lymph nodes are developed 

normally. 
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Chapter 5. BCL7A targeted 

demethylation in vitro in an AML 

cell model 
5.1 Background 

In this chapter it is described the project carried out during 

my internship at Dr. Annalisa Di Rusio’s laboratory, located at Beth 

Israel Deaconess Medical Center / Harvard Medical School 

(Boston, MA, U.S.). 

The Clustered regularly interspaced short palindromic 

repeats (CRISPR)/CRISPR-associated (Cas) systems provide 

bacteria and archaea with adaptive immunity against viruses and 

plasmids since it specifically silences the invading nucleic acids. 

After this discovery, researchers developed a molecular tool 

based on CRISPR-Cas which includes its corresponding single 

guide RNA (sgRNA) whose sequence allow the targeted genome 

editing. So far, this technology is considered among the most 

relevant tools for genome editing and engineering, with such a 

huge impact on basic biomedical research that it has been 

applied in several clinical trials (Jinek et al., 2012; T. Li et al., 2023; 

Mojica et al., 2005). In fact, the Nobel Prize in Chemistry 2020 was 

awarded to the developers of this genome editing molecular tool 

based on CRISPR-Cas. 
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At Di Ruscio’s laboratory we worked with a CRISPR-dead 

Cas9 (dCas9) based platform called CRISPR-DiR (DNMT1-

interacting RNA) (Di Ruscio et al., 2013), whose specially edited 

sgRNAs (sgDiRs) inhibit the DNA methyltransferase 1 (DNMT1) 

activity in a locus-specific manner, therefore promoting a 

targeted genomic locus demethylation (Y. V Liu et al., 2020). The 

CRISPR-DiR platform methods belong to the authors and Harvard 

University’s intellectual property, hence we are not allowed to 

disclose the detailed methods here. Despite this, the methods can 

be extrapolated from (Y. V Liu et al., 2020). 

Since the BCL7A locus in the NB4 cell line is methylated 

yielding its gene expression silencing, here we designed sgDiRs 

targeting 3 regions (3 sgDiRs per region) around BCL7A’s TSS to 

apply the CRISPR-DiR platform to study the phenotype given upon 

the expected BCL7A protein expression restoration in NB4 cells. 

Also, we designed an additional a scrambled sgDiR (without any 

specific targeting) to include a negative control in our 

experiments. 

 

5.2 Results 

Due to a time limitation, the experiments carried out during 

this internship provided us with a screening of the CRISPR-DiR 

activity over BCL7A expression restoration in NB4 cells at different 

time points. Thus, we were able to perform only one biological 
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replicate of each experiment, preventing us to make any statistical 

analyses here. 

The qRTPCR, WB and cell competitive assays were 

performed following protocols much alike those described in the 

methods section of this PhD dissertation. 

 

5.2.1 NB4 CRISPR-DiR models  

 We generated 5 different cell models from the NB4 cell line: 

• NB4 scrambled: NB4 with the scrambled sdDiR (negative 

control). 

• NB4 PreTSS: NB4 with three sgDiRs targeting the region 

close upstream BCL7A TSS. 

• NB4 5’UTR-Exon 1: NB4 with three sgDiRs targeting a region 

that encompasses the 5’ Untranslated Region (5’UTR) and 

the Exon 1 of BCL7A. 

• NB4 Intron 1: with three sgDiRs targeting the beginning of 

BCL7A’s Intron 1. 

• NB4 ALL: NB4 with the combination of the 9 sgDiRs of the 

previous three models (NB4 PreTSS, NB4 5’UTR-Exon1 and 

NB4 Intron1). 
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5.2.2 BCL7A expression level evaluation upon 

application of CRISPR-DiR 

To determine when the CRISPR-DiR showed the highest 

activity in NB4 cells (the highest BCL7A expression restoration), 

we assessed the BCL7A expression level at mRNA and protein 

levels through qRTPCR and WB respectively in the five NB4 cell 

models described above at different time points (Figures 42-48). 

 

Figure 42. BCL7A relative expression at mRNA level normalized versus 
the Scrambled condition assessed via qRTPCR. GAPDH was used as 
endogenous reference for data normalization of each sample. Samples 
from the same time point were normalized versus the scrambled 
condition. CRISPR-DiR seems to promote the highest BCL7A mRNA 
expression restoration at 18 and 28 days after its activation compared to 
the scrambled condition. We had only one biological replicate, so no 
statistics were performed. The standard deviation among each two 
technical replicates are shown by the thin grey error bars. 
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 In the following WB results (Figures 43-48), the different 

samples are named by their abbreviated name: SCR (NB4 

scrambled), PT (NB4 PreTSS), EX (NB4 5’UTR-Exon1), INT (NB4 

Intron 1) and ALL (NB4 ALL). 

 

Figure 43. WB results showing BCL7A expression in NB4 cells at protein 
level 10 days after CRISPR-DiR activation. 

 

Figure 44. WB results showing BCL7A expression in NB4 cells at protein 
level 14 days after CRISPR-DiR activation. 
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Figure 45. WB results showing BCL7A expression in NB4 cells at protein 
level 22 days after CRISPR-DiR activation. 

 

Figure 46. WB results showing BCL7A expression in NB4 cells at protein 
level 28 days after CRISPR-DiR activation. 
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Figure 47. WB results showing BCL7A expression in NB4 cells at protein 
level 32 days after CRISPR-DiR activation. 

 

Figure 48. WB results showing BCL7A expression in NB4 cells at protein 
level 39 days after CRISPR-DiR activation. 

 At protein level, BCL7A showed the highest expression 

levels (compared to the scrambled condition) at days 10, 14 and 

28 after CRISPR-DiR activation. 
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 In general, we observed a light restoration of BCL7A 

expression both at mRNA and protein levels after CRISPR-DiR 

activation at several time points. However, at day 28 we found the 

common highest expression level of the mRNA and protein levels. 

 

5.2.3 Cell competition assay of NB4 CRISPR-DiR models 

 Ten days after CRISPR-DiR activation we set a cell growth 

competition assay including the 5 NB4 models described above 

(Figure 49). 

 

Figure 49. Competition cell growth assay of the 4 different CRISPR-DiR 
NB4 cell models including the scrambled NB4 model as negative 
control. This competitive assay was performed following the protocol 
described in the methods section. We performed only one biological 
replicate due to time constraints, so no statistics were performed. 
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 Here, all of the different cell models (including the negative 

control, the scrambled condition) showed very similar 

competitive growth capabilities. Therefore, it seems that the 

expected CRISPR-DiR activity over the BCL7A genomic locus in 

NB4 was not able to yield any differences in cell competitive 

growth. 

 

5.3 Discussion 

The approach described in this section aimed to replicate 

better the “natural” BCL7A expression level after its expected 

locus demethylation by CRISPR-DiR, compared to the 

overexpression models that are usually used in basic biomedical 

research, like those that were mainly used for the development of 

the main research article related to this PhD dissertation (Patiño-

Mercau et al., 2023); which usually yield a larger expression level 

compared to the physiological levels (Prelich, 2012).  

However, we observed little fluctuations of the BCL7A 

mRNA and protein expression levels yielded by CRISPR-DiR in 

NB4. The highest expression levels of BCL7A mRNA were detected 

at days 18 and 28 after CRISPR-DiR activation. Regarding the 

BCL7A protein, the top levels were found at 10, 14 and 28 days 

after the platform activation. Therefore, the time point of the 

common highest expression level of both mRNA and protein was 

28 days. 
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Also, we did not observe any phenotypic changes among 

experimental conditions (including CRISPR-DiR) and controls in 

the cell growth competition assay (see Figure 49). This might be 

due to the little fluctuations over time of the BCL7A mRNA and 

protein expression levels (shown in section 5.2.2) after using 

CRISPR-DiR over the BCL7A locus of NB4 cells.  

 There are several DNA HMAs, such as decitabine or 

Azacitidine, that are now standard clinical use for AML and MDS 

patients. However, their exact mode of action, off-targets due to 

the genome-wide demethylation such as oncogene upregulation 

(Grimm & Binder, 2022; Y.-C. Liu et al., 2022), and the knowledge 

about the mechanisms of resistance to them are not fully 

described. In fact, a current research line is aiming to find 

treatment combinations (including HMAs) to overcome the 

disadvantages mentioned above when applying HMAs alone 

(Stomper et al., 2021). Thus, CRISPR-DiR may overcome the off-

targets effects disadvantage mostly, since it is an artificial 

targeted demethylating molecular platform.  

 In addition, several other experimental tools for targeted 

DNA demethylation based on CRISPR-Cas have been developed 

to date. They differ in their design and thus in their mode of action 

to achieve targeted DNA locus demethylation (Choudhury et al., 

2016; Hanzawa et al., 2020; Tejedor et al., 2023; Xu et al., 2016). 

Nevertheless, despite the fact that there is an increasing 

number of studies trying to develop targeted therapies for cancer 
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based on CRISPR-Cas, this technology still presents much trouble 

to use in patients. One of the most relevant inconveniences is the 

high immunogenicity caused by the foreign materials needed for 

this system activity. This is a critical difficulty that needs to be 

overcome to be able to apply this system in patients’ treatment in 

a safe manner (W. Liu et al., 2021). 

On the other hand, due to time constraints, we were not 

able to perform any approach, like bisulfite sequencing or 

combined bisulfite restriction analysis: COBRA (Xiong & Laird, 

1997); to directly reveal the methylation status of the CpG sites 

surrounding the sgDiRs binding regions within the BCL7A 

genomic locus in the different NB4 CRISPR-DiR cell models. 

Indeed, this is one of the main points to carry on with this project 

in the future, together with additional biological replicates of the 

experiments depicted in the previous sections 5.2.2 and 5.2.3. The 

results provided by these approaches might allow us to find 

compelling conclusions regarding the use of CRISPR-DiR over the 

BCL7A locus of NB4 cells. 
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Conclusions 
1. In three independent AML cohorts, BCL7A showed a 

significant inverse correlation between its locus 

methylation degree and its expression at the mRNA level. 

 

2. Based on the information obtained from external datasets 

(DepMap Portal) and also from our own models, the AML 

cell models showed a lower BCL7A expression at mRNA 

level compared to the DLBCL cell models. 

 

3. BCL7A mRNA expression in NB4, and BCL7A protein 

expression in NB4 and M07e, can be restored in vitro by 

decitabine treatment, as BCL7A expression is expected to 

be downregulated in both models due to DNA methylation 

at the BCL7A genomic locus. 

 

4. Restoration of WT BCL7A protein expression resulted in a 

competitive growth defect in both NB4 and M07e in vitro 

when compared to the mutant variant Δ27-BCL7A and to the 

empty vector control conditions. This result demonstrated 

the tumor suppressor role played by BCL7A in vitro. 

 

5. The binding of the BCL7A subunit to the mSWI/SNF 

complex occurs through its N-terminal domain in NB4 cells. 

Together with previous results, this suggests that this fact is 

not cell lineage or tissue dependent. 
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6. Restoration of WT BCL7A protein expression in NB4 cells 

yielded a reduced growth in an in vivo mouse xenograft 

model compared to the empty vector control condition, 

suggesting a tumor suppressor role for WT BCL7A in this in 

vivo model. 

 

7. Our Bcl7a conditional knock-out mouse model showed no 

clear phenotypic alteration upon Bcl7a ubiquitous deletion 

when assessing mouse hematologic parameter from mouse 

peripheral blood. 

 

8. Targeted demethylation by CRISPR-DiR within the genomic 

locus of BCL7A in the NB4 cell line resulted in a slight 

upregulation of both BCL7A mRNA and protein at some time 

points. This small increase in expression with fluctuations 

over time was not sufficient to reduce the competitive cell 

growth compared to the control condition. 
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Conclusiones 
1. En tres cohortes independientes de AML, BCL7A presentó 

una correlación inversa significativa entre el grado de 

metilación de su locus y su expresión a nivel de ARNm. 

 

2. Basándonos en la información obtenida de conjuntos de 

datos externos (DepMap Portal) y también de nuestros 

propios modelos, los modelos de células de AML 

mostraron una menor expresión de BCL7A a nivel de ARNm 

en comparación con los modelos de células de DLBCL. 

 

3. La expresión del ARNm de BCL7A en NB4, y la expresión de 

la proteína BCL7A en NB4 y M07e, pueden restaurarse in 

vitro mediante el tratamiento con decitabine, ya que la 

expresión de BCL7A parece estar regulada a la baja en 

ambos modelos debido a la metilación del ADN en el locus 

genómico de BCL7A. 

 

4. La restauración de la expresión de proteína BCL7A WT 

resultó en un defecto competitivo de crecimiento tanto en 

NB4 como en M07e in vitro en comparación con la variante 

mutante Δ27-BCL7A y con la condición control de vector 

vacío. Este resultado manifestó el papel de supresor 

tumoral desempeñado por BCL7A in vitro. 
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5. La unión de la subunidad BCL7A al complejo mSWI/SNF 

ocurre a través de su dominio N-terminal en las células 

NB4. Junto con resultados previos, esto sugiere que este 

hecho no depende del linaje celular o del tejido. 

 

6. La restauración de la expresión de proteína BCL7A WT en 

células NB4 produjo un crecimiento reducido en un modelo 

de xenotrasplante en ratones in vivo en comparación con la 

condición control de vector vacío, lo que sugiere un papel 

de supresor tumoral para BCL7A WT en este modelo in vivo. 

 

7. Nuestro modelo de ratón Bcl7a knock-out condicional no 

mostró ninguna alteración fenotípica clara tras la supresión 

en todo el organismo de Bcl7a al evaluar parámetros 

hematológicos en la sangre periférica de ratón. 

 

8. La desmetilación dirigida por CRISPR-DiR dentro del locus 

genómico de BCL7A en la línea celular NB4 produjo un 

ligero aumento tanto del ARNm como de la proteína BCL7A 

en algunos puntos temporales. Este pequeño aumento de 

la expresión con fluctuaciones en el tiempo no fue 

suficiente para reducir el crecimiento celular competitivo 

en comparación con la condición control. 
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Supplementary Figure 1. 
Simplified schematic 
representation of the 
hematological cells 
differentiation. Adapted 
from (Mahalingaiah et 
al., 2018).



 

Supplementary Table 1. SWI/SNF- related, matrix- associated, actin- 
dependent regulator of chromatin (SMARC) nomenclature by the 
Human Genome Organization (HUGO). Adapted from (Mittal & Roberts, 
2020).



  

 

Supplementary Figure 2. Alignment of human BCL7A, BCL7B and BCL7C protein sequences, including only the 
longest isoform variant of each protein. Red and blue letters highlight sequences’ identity. Alignment performed 
using the online software tool “MultAlin” (Corpet, 1988). Protein sequences obtained from the UniProt database 
(http://www.uniprot.org/)  (Bateman et al., 2015).  
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Supplementary Figure 3. Diagram displaying CpG-methylation status around the BCL7A transcription start site (TSS). 
Genomic DNA from the NB4 cell line was subjected to bisulfite conversion and used for subsequent TA-cloning. Then, 
nine independent amplicons were analyzed by Sanger sequencing. 61 CpG sites included in the 579 bp amplicon 
(chr12:122,459,192 - 122,459,770 GRCh37; hg19 genome assembly) were assessed. Figure made by courtesy of Maria 
S Benitez-Cantos. 



 

Supplementary Figure 4. Schematic representation of the different lentiviral plasmids used in the experimental 
procedures. The specific region of the long isoform of BCL7A is colored in blue. The specific region that is deleted in 
the BCL7A mutant (∆27-BCL7A) is colored in green. The Empty Vector (EV) has the pLVX-IRES-ZsGreen1 structure 
without any insert. 



 

Supplementary Figure 5. White blood cells (WBC) count per 1 µL 3 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 38). 

 

Supplementary Figure 6. White blood cells (WBC) count per 1 µL 6 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 39). 
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Supplementary Figure 7. White blood cells (WBC) count per 1 µL 9 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 15). 

 

Supplementary Figure 8. White blood cells (WBC) count per 1 µL 12 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 15). 
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Supplementary Figure 9. White blood cells (WBC) count per 1 µL 15 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 42). 

 

Supplementary Figure 10. White blood cells (WBC) count per 1 µL 18 
months after tamoxifen injection. No significant (ns) differences were 
found between the control and Bcl7a KO mice groups within each 
gender (p > 0.05, unpaired T-test, N = 32). 



 
Supplementary Figure 11. Differential expression of BCL7A mRNA among AML subtypes in TCGA-LAML. Significant 
differences based on Student’s t tests are marked with asterisks. **: FDR-adjusted p < 0.01; *: FDR-adjusted p < 0.05. 
Not Class: not classified. Figure made by courtesy of Alvaro Andrades. 
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Supplementary Figure 12. Differential expression of BCL7A mRNA among AML subtypes in TARGET-AML. Significant 
differences based on Student’s t tests are marked with asterisks. ****: FDR-adjusted p < 10-4; ***: FDR-adjusted p < 
10-3; **: FDR-adjusted p < 0.01; *: FDR-adjusted p < 0.05. NOS/Unk: Not Otherwise Specified / unknown. Figure made 
by courtesy of Alvaro Andrades. 
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Supplementary Figure 13. Differential expression of BCL7A mRNA among AML subtypes in (Glass et al., 2017). 
Significant differences based on Student’s t tests are marked with asterisks. ****: FDR-adjusted p < 10-4; ***: FDR-
adjusted p < 10-3; **: FDR-adjusted p < 0.01; *: FDR-adjusted p < 0.05. RAEB: refractory anemia with excess blasts; 
RAEB-t: Refractory anemia with excess of blasts in transformation. unk: unknown. Figure made by courtesy of Alvaro 
Andrades. 



           

Supplementary Table 2. Expression of BCL7A at mRNA level in 
log2(TPM+1) and subtype (AML or DLBCL) of the cell lines included in 
Figure 15. Data from DepMap Portal database (22Q2).  

Cell line Subtyp
e

BCL7A mRNA, 
log2(TPM+1)

OCI-AML3 AML 0,029
AML-193 AML 0,604
NB4 AML 1,007
BDCM AML 1,828
HEL AML 2,039
OCI-M2 AML 2,057
HEL 92.1.7 AML 2,342
NA AML 2,401
HL-60 AML 2,580
MUTZ-8 AML 2,587
NOMO-1 AML 2,587
TF-1 AML 2,733
F-36P AML 2,753
OCI-M1 AML 2,795
MOLM-14 AML 2,945
SHI-1 AML 3,016
OCI-AML4 AML 3,025
SKM-1 AML 3,027
CMK AML 3,082
NA AML 3,116
CMK-11-5 AML 3,123
SKNO-1 AML 3,149
MV4;11 AML 3,278
U-937 AML 3,353
PL-21 AML 3,491
KO52 AML 3,615
KASUMI-1 AML 3,626
ME-1 AML 3,636
SIG-M5 AML 3,708
EOL-1 AML 3,787
M-07e AML 3,882
OCI-AML5 AML 3,945
MONO-MAC-1 AML 3,956
P31/FUJ AML 3,958
NA AML 3,980
Set-2 AML 4,064
KG-1 AML 4,196
Kasumi-6 AML 4,240
MOLM-16 AML 4,268
THP-1 AML 4,283
MONO-MAC-6 AML 4,437
GDM-1 AML 4,468
MOLM-13 AML 4,627
OCI-AML2 AML 4,757

Cell line Subtyp
e

BCL7A mRNA, 
log2(TPM+1)

A4/Fuk DLBCL 1,251
A3/KAW DLBCL 2,387
OCILY-13 DLBCL 3,399
KML-1 DLBCL 3,777
SU-DHL-8 DLBCL 4,341
RC-K8 DLBCL 4,623
HT DLBCL 4,657
NU-DHL-1 DLBCL 4,895
OCI-LY3 DLBCL 4,905
WSU-NHL DLBCL 5,058
RL DLBCL 5,086
SU-DHL-5 DLBCL 5,298
OCI-LY-19 DLBCL 5,362
OCI-LY7 DLBCL 5,480
Farage DLBCL 5,482
OCI-LY18 DLBCL 5,561
NU-DUL-1 DLBCL 5,647
SU-DHL-4 DLBCL 5,935
Pfeiffer DLBCL 6,013
SU-DHL-10 DLBCL 6,316
DB DLBCL 6,465
WSU-DLCL2 DLBCL 6,594
Toledo DLBCL 6,599
VAL DLBCL 6,628
SU-DHL-6 DLBCL 6,657
DOHH-2 DLBCL 6,828
U-2904 DLBCL 6,874
KARPAS-422 DLBCL 6,913
RI-1 DLBCL 7,127
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Supplementary Table 3. BCL7A mRNA expression level (normalized 
versus GAPDH, median-centered, and log2-transformed) and subtype 
(AML, CML or DLBCL) of the cell lines included in Figure 16. Table made 
by courtesy of Alvaro Andrades. 

  

Cell line Subtype
Median-centered

Log2(BCL7A/GAPDH)
NB4 AML -3,6776
M07e AML -3,6311
HL60 AML -1,5233
U937 AML -1,1944
THP-1 AML -0,5316
MOLM-13 AML 1,0485
Ku812 CML -1,4647
K-562 CML 0,0000
HAP1 CML 0,1057
HBL-1 DLBCL -12,1130
Karpas-422 DLBCL -1,7313
RL DLBCL -0,1764
DB DLBCL 0,5422
U-2932 DLBCL 0,7400
SU-DHL-4 DLBCL 0,7936
OciLy7 DLBCL 0,9639
OciLy3 DLBCL 1,4982
OciLy1 DLBCL 1,8377
Ri-1 DLBCL 1,9173
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Supplementary Figure 14. Western blot including the decitabine (DAC) 
treatment over the NB4 cell line shown in Figure. 20. In this image, we 
have also shown the remaining lanes of this WB experiment that 
included a negative control for BCL7A expression (KM-H2 cell line, 
which has no BCL7A expression), and a positive control (Daudi cell line) 
which expresses average BCL7A levels. The band appearing in the KM-
H2 (quantification in red) sample is a nonspecific band due to 
nonspecific binding of the anti-BCL7A (Cat# HPA019762) that we used 
(Carlos Baliñas-Gavira, 2020). 
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Supplementary Figure 15. BCL7A mRNA expression levels in our cell 
lines cohort using qRTPCR pointing out the M07e cell model too. The 
median values for each group are represented by the grey horizontal 
bars. To illustrate the lowest level that our qRTPCR could detect, we 
included the HBL-1 cell line (DLBCL) as a known negative control for 
BCL7A expression. Detailed information about the cell lines featured in 
this graph can be found in Supplementary Table 3. Figure made by 
courtesy of Alvaro Andrades.  
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Supplementary Figure 16. Western blot including the decitabine (DAC) 
treatment over the M07e cell line shown in Figure 23. In this image, we 
have also included the remaining lanes of this WB experiment that 
included a negative control for BCL7A expression (KM-H2 cell line, 
which has no BCL7A expression), and a positive control (Daudi cell line) 
which expresses average BCL7A levels. The nonspecific band observed 
in the previous Supplementary Figure 14 is not shown here in the KM-
H2 sample lane because M07e cells express higher basal BCL7A protein 
levels than NB4. Therefore, the intensity of the chemioluminescence 
captured here was lower compared to the previous Supplementary 
Figure 14. 



 
 

Supplementary Figure 17. Alignment of mouse Bcl7a protein vs human BCL7A protein sequences, including both short 
and long isoforms from both species. Red and blue letters highlight sequences’ identity. Alignment performed using 
the online software tool “MultAlin” (Corpet, 1988). Protein sequences obtained from the UniProt database 
(http://www.uniprot.org/)  (Bateman et al., 2015).
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