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ABSTRACT 
 
Polycomb group (PcG) of proteins are a group of highly 

conserved epigenetic regulators involved in many biological 

functions such as embryonic development, stem cell self-

renewal, cell proliferation, and cancer. PHD finger protein 19 

(PHF19) is an associated factor of Polycomb Repressor 

Complex 2 (PRC2) that has been proposed to regulated its 

activity in embryonic stem cells. PHF19 has been shown to 

be up-regulated in different human cancers as well as cancer 

cell lines. In particular, myeloid leukemia cell lines show 

increased levels of PHF19, yet little is known about its 

function. Here, we have characterized the role of PHF19 in 

myeloid leukemia cell lines. We have demonstrated that 

PHF19 depletion decreases cell proliferation and induces 

erythroid differentiation. Mechanistically, we have 

demonstrated that PHF19 regulates the proliferation of 

chronic myeloid leukemia cell lines through its interaction with 

cell cycle regulator p21. Furthermore, we have observed that 

MTF2, a PHF19 homolog, occupies PHF19 target genes 

when PHF19 is depleted. Taken together, our results show 

that PHF19 is a key transcriptional regulator in myeloid 

leukemic cell lines and suggest that PHF19 inhibition could 

be a potential target to be explored for myeloid leukemia 

treatment. 
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El complejo de proteínas Polycomb (PcG), es un grupo de 

reguladores epigenéticos altamente conservados que 

participan en distintas funciones biológicas como el 

desarrollo embrionario, la auto renovación de las células 

madre, la proliferación y están involucradas también en 

cáncer. La proteína PHD finger 19 (PHF19), es un factor 

asociado al complejo represor Polycomb 2 (PRC2). PHF19 

ha sido propuesta como reguladora de la actividad de PRC2 

en células madre embrionarias. También se ha visto que esta 

sobreexpressada en diferentes canceres y líneas celulares 

cancerígenas. Nosotros hemos demostrado que la 

eliminación de PHF19 disminuye la proliferación de las líneas 

celulares mieloides cancerígenas. Hemos demostrado que la 

depleción de PHF19 en las células de leucemia crónica 

mieloide las induce a diferenciarse hacia eritrocitos. 

Mecánicamente, hemos demostrado que PHF19 regula la 

proliferación de esta línea celular mediante su interacción 

con el regulador de ciclo celular p21. Además, hemos 

observado que MTF2, un homólogo de PHF19, se deposita 

en aquellos genes donde previamente estaba PHF19. En 

conjunto, nuestros resultados muestran que PHF19 es un 

factor transcripcional clave en líneas celulares mieloides y 

sugieren que la inhibición de PHF19 podría ser una potencial 

diana para ser explorada para el tratamiento de la leucemia 

mieloide. 

 
 



VII 

Table of contents 
 

Pag 
Abstract        v 

List of figures       ix 

List of tables        xi 

INTRODCUTION       1 

1 Chromatin and Epigenetics      3 

1.1 Chromatin structure 3 

1.2 Epigenetics 6 

1.2.1 Histone modifications 6 

2 Polycomb Repressive Complex 8 

2.1 Polycomb Repressive Complex 2 9 

2.1.1 JARID 2 11 

2.1.1 AEBP2 12 

2.1.3 PALI 12 

2.1.4 EPOP 13 

2.1.5 PCL1/PHF1 13 

2.1.6 PCL2/MTF2 14 

2.1.7 PCL3/PHF19 16 

3 Leukemia 20 

3.1 Myeloid leukemia 21 

3.1 PRC2 in myeloid leukemia 25 

3.3 p21 in myeloid leukemia 29 

OBJECTIVES 33 

RESULTS 37 

1 PHF19 depletion impairs cell growth in AML cell lines 39 

2 PHF19 depletion promotes K562 erythroid differentiation 45 



VIII 

3 PHF19 regulates P21 expression 55 

4 PHF19 depletion promotes K562 erythroid differentiation through 

the regulation of WNT signalling pathway by MTF2 67 

DISSCUSSION 83 

1 PHF19, homeostasis and differentiation 85 

2 Epigenetic inhibition of p21 by PHF19 90 

3 Mechanism behind depletion of PHF19 93 

4 Targeting PRC2 for myeloid leukemia treatment 97 

CONCLUSIONS 101 

MATHERIALS AND METHODS 105 

1 Cell culture, infection, proliferation, apoptosis and differentiation 

methods 107 

2 Gene expression methods 112 

3 Protein analysis methods 113 

4 List of primers used 119 

5 List of antibodies used 121 

REFERENCES 123 

ABREVIATIONS 141 

ACKNOWLEDGEMENTS 147 

ANEX 155 

 
 

 
 

 
 
 



IX 

List of figures  
 

Pag 
INTRODCUTION 

Figure I.1. Chromatin structure      4 

Figure I.2. Histone modifications     7 

Figure I.3. PRC2 composition and its associated proteins           10 

Figure I.4. Domains of human PCL proteins             16 

Figure I.5. Recruitment of PRC2 by PHF19             18 

Figure I.6. PHF19 expression through hematopoietic development       29 

RESULTS 

Figure R.1. PHF19 expression data from cancerous cells            39 

Figure R.2. PHF19 depletion in myeloid leukemia cell lines            40 

Figure R.3. PHF19 depletion caused a decrease of cell growth            41 

Figure R.4. PHF19 depletion did not increase cell death             42 

Figure R.5. Color pellets after PHF19 depletion             43 

Figure R.6. PHF19 depletion arrested K562 cell cycle             44 

Figure R.7. PCA analysis of 12 RNA-seq samples of control and depleted 

PHF19 in K562                  46 

Figure R.8. GSEA analysis of ranked transcriptome of each knock down in 

comparison with the control situation               47 

Figure R.9. Gene ontology analysis of genes up-regulated following 

PHF19 knockdown                 49 

Figure R.10. PHF19 depletion deregulates cell cycle genes as well as 

erythroid differentiation genes                50 

Figure R.11. PHF19 depletion increases CD235a erythroid cell surface 

marker                   51 

Figure R.12. PHF19 depletion prevents megakaryocyte differentiation 

induced by PMA                 52



X 

Figure R.13. Cooperative effect of lower doses of Ara-C combined with 

depletion of PHF19                 53 

Figure R.14. Genome-wide distribution of PHF19 peaks             57 

Figure R.15. Validation of PHF19 peaks               58 

Figure R.16. Comparison of PHF19 target and PRC2 targets            59 

Figure R.17. Gene enrichment analysis of PHF19 target genes            60 

Figure R.18. GSEA of RNA-seq data against PHF19 target genes         61 

Figure R.19. Validation of p21 as PHF19 target              62 

Figure R.20. Increased p21 protein levels after PHF19 depletion            63 

Figure R.21. Decreased BrdU incorporation and increased cell death after 

p21 overexpression                 64 

Figure R.22. Correlation of PHF19 and p21 expression data in CML 

patients                   65 

Figure R.23. MTF2 expression after PHF19 knock-down            68 
Figure R.24. Venn diagram of MTF2 target genes by ChIP-seq analysis in 

control and upon PHF19 depletion               70 

Figure R.25. Correlation of PHF19 and MTF2 target genes            71 

Figure R.26. Gain of MTF2 signal after PHF19 depletion            72 

Figure R.27. Validation of MTF2 gain of signal on PHF19 target genes  73 

Figure R.28. H3K27me3 ChIP signal in PHF19 target genes            74 

Figure R.29. Gene ontology analysis of PHF19 target genes gaining 

MTF2 signal                  75 

Figure R.30. Comparative expression values of PHF19 target genes     76 

Figure R.31. Scatter plot distribution of ChIP-seq MTF2 CT and ChIP-seq 

MTF2 sh#2-PHF19                 77 

Figure R.32. MTF2 ChIP levels of TOP50 and BOTTOM50 genes         78 

Figure R.33. Comparative expression values of TOP50 and BOTTOM50 

genes                   79 



XI 

Figure R.34. PHF19 ChIP levels of TOP50 and BOTTOM50 genes       80 

DISCUSSION 

Figure D.1. Effect of PHF19 depletion in K562              92 

Figure D.2. PHF19-MTF2 turnover               96 

 



XII 

List of tables 
 

Pag 
INTRODCUTION 

Table I.1. General classification of leukemia              21 

Table I.2. FAB classification of AML               22 

RESULTS 
Table R.1. Summary of mapped reads, peaks and target genes identified 

for PHF19 using ChIP-seq                56 
Table R.2. Summary of mapped reads, peaks and target genes identified 

for MTF2 using ChIP-seq                69 

MATHERIALS AND METHODS 

Table MM.1. Antibodies and their applications            121 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 

 
INTRODUCTION



 



INTRODUCTION 

 3 

1. Chromatin and Epigenetics 
 
1.1 Chromatin structure 

 
Human genomic information is encoded in the DNA 

sequence. To fit all this information into the cell nucleus, 

almost two meters of DNA need to be well organized and 

tightly packaged, forming a macromolecular complex called 

chromatin. The first layer of DNA packing structure in the 

chromatin is the nucleosome: 147 base pairs of DNA are 

wrapped around octamers of histone proteins 1,2. The 

nucleosome is the basic repeated element of the chromatin, 

and two copies of H2A, H2B, H3 and H4 histones form it. 

Linker DNA and histone H1 connects nucleosomes between 

them and modulates its accessibility. Moreover, the N-

terminal chain of histones is suitable to suffer covalent 

modifications that can alter the structure of the chromatin. 

Then, depending on the modification, chromatin could be 

more or less accessible for the transcriptional machinery 3, 

Figure I.1. 
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Figure I.1. Chromatin structure. DNA is tightly packaged in the nucleus. The 
double helix is wrapped around the histones to properly fold and then acquire a 
higher order of complexity until reaching the chromosome conformation. The N-
terminal chain of histones is suitable to suffer covalent modifications that can alter 
the structure of the chromatin, then making the chromatin more or less accessible 
for the transcription machinery. Image from Sparmann 2006 4   
 
Chromatin organization is essential, not only for a proper 

DNA compaction but also for basic cellular functions such as 

DNA repair, transcription and replication. Proper control of 

gene transcription is essential in multicellular organisms. For 

example, cell identity is determined by sets of genes whose 

expression or repression should be tightly coordinated. 

Therefore, genes that have to be expressed are present in 

the euchormatin, or the region of the nucleus where 

chromatin is more open and accessible to the transcription 

machinery. On the other hand, those genes that should be 

repressed are situated in the heterochromatin, which is the 

highly condensed chromatin area of the nucleus, less 

accessible for the transcription factors and therefore silenced 
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5,6. Moreover, there is an extra layer of organization within the 

heterochromatin, the constitutive and facultative 

heterochromatin 7. Constitutive heterochromatin is this 

chromatin condensed, with poorly expressed genes, in all the 

cell types from a specific organism. Constitutive 

heterochromatin is mainly composed by tandem and 

transposon repeats. About a 6.5% of the human genome is 

considered to be constitutive heterochromatin. For instance, 

in humans, chromosome Y is known to have large regions of 

constitutive heterochromatin 8. Facultative heterochromatin, 

are regions of the DNA packaged that instead of being 

conserved in all cell types within an organism, the genes 

condensed in this region can vary its expression and 

chromatin status depending on the cell fate. The formation of 

facultative heterochromatin is often ligated to the 

morphogenesis and differentiation of the cell 9. An example of 

facultative heterochromatin is the chromosome X inactivation 

in female mammals, where one chromosome is packaged in 

facultative heterochromatin and the other X chromosome is 

conserved as euchromatin, and is expressed 10. Polycomb 

group of Proteins (PcG) are key players in this inactivation 

and maintenance of the facultative heterochromatin 9. 
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1.2 Epigenetics 
 
The epigenetic term per se defines the study of molecules 

and mechanisms that under the context of identical DNA 

sequence are able to alter the gene activity and be inherited. 

This broad definition includes different modifications, and is 

orchestrated by several converging processes such as DNA 

methylation, histone variants, histone post-transcriptional 

modifications or non-coding RNAs 11,12. Moreover, the 

concept is continuously being redefined, and recently, 

mechanisms such as 3D conformation, chromatin states or all 

those regulatory processes involving molecules known to 

participate in epigenetic inheritance, even not being in charge 

of the epigenetic memory per se, are considerate as well as 

epigenetic features 13. 

 
 
1.2.1 Histone modifications 
 
As it is mentioned above (Figure I.1), histone tails are 

suitable for a posttranscriptional modification (PTM), which in 

turn can alter the chromatin accessibility. Those modifications 

could happen in different residues and are mainly: 

acetylation, methylation, sumoylation, phosphorylation and 

ubiquitination (Figure I.2). It has been described that PTM 

combinations confer different characteristics to the chromatin, 

which can modify its accessibility to transcription factors or 

other chromatin modifiers 14,15. Some of these modifications 

are related with inactive chromatin, such as the tri-methylation 
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of the lysine 27 of the histone H3 (H3K27me3) or the tri-

methylation of the lysine 9 of the histone H3 (H3K9me3). On 

the other hand, other modifications, such as tri-methylation of 

the Lysine 4 of the histone H3 (H3K4me3) or acetylation of 

the Lysine 27 of the histone H3 (H3K27ac) are associated 

with active chromatin. The large number of histone 

modifications and the set of different multivalent proteins that 

have specific domains to recognize all these histone features, 

gives us an idea of how tight controlled is the gene 

expression. A picture of some of the histone modification is 

shown in Figure I.2.  

 
 

 
 

Figure I.2. Histone modifications. Some of the main histone modifications and 
the localizations are depicted in this figure including acetylation (ac), 
phosphorylation (ph), ubiquitination (ub1) and methylation (me). Figure from 
Bhaumik et al. 200715. 
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2. Polycomb Repressive Complex 
 
 
As mentioned above, regulation of gene expression by 

epigenetic mechanisms is one of most important features of 

cell identity and cell-fate choices during development. 

Polycomb group (PcG) of proteins is a group of evolutionarily 

conserved chromatin modifying factors, which maintains 

repressed gene expression states and is a key element for 

the proper orchestration of gene expression. Polycomb 

maintains the repression of the target genes via recognition 

and modification of histones tails, through its chromatin 

remodeling activity 16. Function of Polycomb was firstly 

described in Drosophila, where mutations in different 

members of this complex depicted anterior to posterior 

segment transformation due to ectopic expression of 

Homeobox (Hox) genes 17. Although first discoveries where 

obtained in Drosophila and related with Hox clusters genes, 

nowadays it is known that PcG of proteins regulate a great 

variety of processes such as chromosome X inactivation, cell 

cycle, proliferation, and it is involved in stem cell biology and 

cancer. Classically, PcG of proteins in mammals have been 

subdivided in 2 complexes, the Polycomb Repressive 

Complex 1 (PRC1) and Polycomb Repressive Complex 2 

(PRC2) 18. The classical model of action described for these 

complexes starts with PRC2 recognizing and depositing three 

methyl groups on the lysine 27 of the histone H3 

(H3K27me3), which is subsequently recognized by the 
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chromobox protein (CBX) members of the PRC1. Then, 

PRC1 catalyzes the mono-ubiquitination of lysine 119 of 

histone H3 (H3K119ub), which leads to chromatin 

compaction 19. Nonetheless, many others ways of PRC1 and 

PRC2 recruitment have been described in the last decade 18. 

The following section will be focused in the Polycomb 

Repressive Complex 2 and the different associated factors 

that modulate its recruitment to the chromatin. 

 

2.1 Polycomb Repressive Complex 2 
 
As mentioned before, PRC2 is a multiprotein complex 

responsible for depositing, through its catalytic subunit, the 

mono-, di-, and tri-methyl group on the lysine 27 of the 

histone H3. PRC2 is composed by three core components 

essential for the catalytic function, Embryonic Ectoderm 

Development (EED), Suppressor of Zester 12 (SUZ12) and 

Enhancer of Zester 2 (EZH2) or its closely related EZH1, 

which contains the catalytic domain 20-22. In Drosophila, 

Polycomb proteins are recruited to the DNA by recognizing 

the Polycomb Response Elements (PREs), regulatory 

sequences used as a platform for Polycomb binding 23. 

However, despite great efforts, there is no a clear consensus 

about PREs reported in mammals. In contrast, different ways 

of PRC2 recruitment have been proposed 24. The complexity 

underlying PRC2 in mammals resides in the different 

associated factors that may be able to modulate its 
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recruitment and activity. Together with RBBP4 or RBBP7, that 

have a lower stoichiometry and are not necessary for the 

methyltransferase activity 25,26, several associated factors 

have been described to interact with PRC2 22. Nowadays, 

PRC2 is thought to form two different subcomplexes (PRC2.1 

or PRC2.2), depending on the combination of the partners 

with whom it associates 27 (Figure I.3).  

 

 
 
Figure I.3. PRC2 composition and its associated proteins. Schematic 
composition of PRC2. PRC2 can form two alternative subcomplexes, where either 
it interacts with EPOP or PALI together with one of the Polycomb Like proteins 
(PCL), forming what is known as PRC2.1. Alternatively, it can associates with 
JARID2 and AEBP2 thus forming PRC2.2 27. 
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2.1.1 JARID2  
 
JARID2 is one of the most studied associated PRC2 factors. 

It is a member of the Jumonji family group 28, and was initially 

described as a nuclear protein essential for embryogenesis, 

heart development and neural tube formation 28,29. JARID2 

enhances H3K27 methylation activity and facilitates PRC2 

recruitment to its target genes 30. Additionally, it has been 

demonstrated that JARID2 depletion reduces the recruitment 

of PRC2 to the chromatin in mouse embryonic stem cells 

(mESCs) 31. Accordingly, it has also been described that 

JARID2 stabilizes the interaction of PRC2 with the chromatin 

due to its nucleosome-binding domain 32. In addition, more 

recently, it has been shown that JARID2 interacts with PRC2 

through EED, and that its depletion leads to an impaired 

orchestration of gene expression during cell lineage 

commitment 33. Other studies have been done with JARID2 

describing its implication in the recognition of the H2A119ub 

mark, which is deposited by PRC1 34. Moreover, its been 

described that PRC2 recruitment could be regulated by micro 

RNA and long non-coding RNA together with JARID2 35. 

Altogether, these evidences reflect the complexity 

surrounding the role of this protein and its function(s) within 

the PRC2.  
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2.1.2 AEBP2 
 
AEBP2, similar to JARID2, is a PRC2 associated protein, 

needed for an optimal enzymatic activity 36. AEBP2 has been 

purified together with PRC2 due to its interaction with SUZ12, 

EED and RBBP4/7 20. It has two isoforms, and both have a 

DNA-binding domain that links PRC2 with the chromatin 37. 

Deletion of AEBP2 has been performed in mESCs, and 

unexpectedly, it does not seem to be essential for PRC2 

function. Moreover, seems that its depletion in mESCs slightly 

increases H3K27me3 signal in PRC2 targets, suggesting an 

aberrant PRC2 function 38.  

 
2.1.3 PALI 
 
PRC2.1 shows more complexity than PRC2.2, since it has 

more associated factors that can be part of it. One of them is 

the PALI proteins family, which is composed by 2 homologs: 

PALI1 and PALI2, encoded by the LCOR and LCORL 

isoforms gene loci, respectively. PALI1 and PALI2 have a 

CTBP binding domain and a PALI interaction with PRC2 (PIP) 

domain. It is essential for mouse development and is reported 

to promote methyltransferase activity of PRC2 in vivo and in 

vitro 39. 
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2.1.4 EPOP 

EPOP is a new discovered PRC2 associated factor. EPOP 

was reported as PRC2 partner responsible for maintaining 

H3K27me3 at those lineage specific genes essential to be 

repressed in order to maintain ES cells pluripotency 40. 

Expression data also indicates a role of EPOP in the 

regulation of neuronal cell differentiation during embryonic 

development 41. In contrast with the classical function of 

PRC2 repressing genes, EPOP has been recently described 

as an Elongin BC linker to PRC2 that helps to sustains low 

levels of expression of PRC2 targets and modulates JARID2-

PRC2 occupancy 42,43. 

 
2.1.5 PCL1/ PHF1 
 
Polycomb like protein (PCL) was reported in Drosophila in the 

early 80s, showing to be involved in recruiting Ez, the 

paralogue of the mammal EZH2, and required for H3K27me3 

at PRC2 targets 44-46. In Drosophila, PCL contains two PHD 

domains and a non-functional Tudor domain. There are three 

orthologous in mammals: PCL1/PHF1, PCL2/MTF2 and 

PCL3/PHF19, all of them having a functional Tudor domain 

able to recognize the H3K36me3, two PHD domains, an 

Extended Homology (EH) domain and a C-terminal domain or 

also called chromo-like domain 47. PHF1 was the first PCL 

orthologous being identified in humans based on its similarity 

with the Drosophila sequence 48. Although PHF1 is not 
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reported to be the main PRC2 recruiter, it is well 

demonstrated that localizes with PRC2 targets and its 

depletion reduces levels of methylation on its target genes, 

thus leading an increase of expression. Moreover, it 

contributes to increase the enzymatic activity of PRC2 in in 

vitro assays 49,50. Furthermore, as the others PCL protein 

does, it has been shown to recruit the PRC2 complex to CpG 

islands 51. The Tudor domain of PHF1 is known that interact 

with H3K36me3 52, but also was described that could interact 

with H3K27me3, thus having a dual role in relation with PRC2 
53. Since PHF1 is not expressed in mESCs 54, most of the 

studies has been performed in adult cell lines, where has 

been observed different functions, such as interaction with 

DNA damage 55. Moreover, PHF1 has been described to 

have a role in cancer, preventing the expression of the tumor 

suppressor like HIC (Hypermethylated in Cancer) and also 

p53 in osteosarcoma cell lines 56,57. 
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2.1.6 PCL2/ MTF2 
 
Among the three PCL proteins existing in mammals, MTF2 is 

the most expressed in mESCs 54. Since MTF2 is homologous 

of the others PCL proteins, MTF2 shares all the same 

domains of PHF1 and PHF19 (described in the next section). 

In contrast with what it is expected from a Polycomb related 

protein, depletion of MTF2 in mESCs promotes self-renewal 

and an undifferentiated state. Moreover, the differentiation 

capacity is impaired. Knock-down of MTF2 was reported to 

increase general protein levels of EZH2 and H3K27me3. But 

in contrast, in the chromatin and especially on MTF2 direct 

target genes, the depletion causes decrease of PRC2 

members and consequent reduction of H3K27me3 mark 54. 

Other studies have revealed that MTF2 is necessary for the X 

chromosome silencing, and that its depletion reduces the 

PRC2 members presence independently of the Xist RNA 58. 

In relation with the recruitment of PRC2 to chromatin through 

MTF2, it has been recently shown that MTF2 can bind 

unmethylated CpGs, distinguishing those chromatin regions 

that are less twisted because of the lack of methyl group 59. In 

vivo, a recent report has shown that MTF2 is essential during 

the process of the hematopoietic development, in particular 

for erythroid differentiation. MTF2 KO mice were not able to 

born because of a severe anemia. Mechanistically, it has 

been proposed that MTF2 inhibits some key genes of the 

WNT pathway. This WNT inhibition is required for complete 

erythropoiesis 60. 
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2.1.7 PCL3/ PHF19 
 
PHD finger protein 19 (PHF19) was the last PCL member 

identified. Even though, it has been widely studied its relation 

with PRC2. PHF19, in humans have two main isoforms, so-

called short and long PHF19. As described for the other PCL 

proteins, PHF19 has two PHD domains, a Tudor domain, an 

Extended Homology (EH) domain and a C-terminal domain, 

also called chromo-like domain (Figure I.4). The short PHF19 

isoform only contains the Tudor domain and one PHD domain 
61. Further studies demonstrated that both isoforms could 

interact in HEK293 with EZH2 through the Tudor and the 

PHD2 domain 62. As for the other PCL family members, the 

mechanistic role of PHF19 has been studied in mESCs. I was 

described that PHF19 is an associated protein of PRC2 but 

without JARID2 63,64. 

 
Figure I.4. Domains of human PCL proteins. All the PCL proteins have the 
same domains although the length of each one is different; crystal conformation 
varies as well between them as Li and Liefke described in 2017 51. 
 

Genome wide studies have demonstrated that most of PHF19 

targets are also targets of the PRC2 member SUZ12, and are 

decorated with H3K27me3 mark 63-65. Notably, its depletion in 

mESCs reduces the SUZ12 binding on those targets in 
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common with PHF19 and, consequently, generates a 

reduction in the H3K27me3 mark deposition 64. 

With regard to the phenotype that mESCs acquires upon 

depletion of PHF19, it was reported a spontaneous 

differentiation and thus a decrease of pluripotency markers 63-

65. However, the function of PHF19 in differentiation has 

created further debate. Brien et al 2012 and Ballaré et al 

2012, found defects in the embryoid body formation when 

PHF19 was depleted. Moreover, Ballaré et al 2012 found that 

the teratomas formed, when PHF19 was depleted, were 

smaller than the control, furthermore teratomas contained 

tissues representative of the three germ layers but with an 

over-representation of ectoderm tissue. On the other hand, 

Hunkapiller et al 2012 63, did not found these differences in 

embryoid body formation neither in the three germ layers 

formation. 

Regarding the mechanism of how PHF19 links PRC2 with the 

chromatin, it was described that the Tudor domain contains 

an aromatic cage essential for the functionality of the PRC2 

that joins and subsequently deposit of the H3K27me3 mark 
63. Moreover, this Tudor domain is able to recognize the 

H3K36me3 mark, a well-known mark associated to active 

transcription. Notably, the recognition of this transcription 

mark was found to be necessary for the deposition of the 

repressive mark H3K27me3 64-66. Apart from the recognition 

of the H3K36me3 mark and the deposition of the H3K27me3, 

it was shown that PHF19 also interacts in mESCs with 
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demethylase proteins, such as NO66 or KDM2b, suggesting 

that those demethylases are needed for erasing the active 

mark H3K36me3, thus permitting PRC2 to deposit the 

H3K27me3 mark (Figure I.5) 64,65. 

 
Figure I.5. Recruitment of PRC2 by PHF19. Schematic picture of PHF19 
bringing PRC2 and KDM2B to the chromatin. The Tudor domain of PHF19 
recognizes the active mark H3K36me3, and then the demethylase erases this one 
in order to let PRC2 deposit the consequent repressive mark H3K27me3. Image 
modified for Ballaré et. al. 2012 64. 
 

Regarding the role of PHF19 in human diseases, both 

isoforms has been observed to be overexpressed in many 

different cancers and cell lines 61,62. In melanoma, it has been 

described that PHF19 control the balance between the 

growth and the invasiveness, since depletion of PHF19 

reduces the proliferation rate, but increases the trans-

endothelial migration capacity 67. Moreover, PHF19 has also 

been found to be overexpressed in patient tumors data in 
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Glyoblastoma multiforme 68. In Glioblastoma has also been 

reported recently that PHF19 is enrolled in the regulation of 

the WNT signaling pathway. Moreover, depletion of PHF19 

reduces the proliferation and migration capacity of 

glyoblastoma cells 69. Other studies in Hepatocellular 

Carcinoma (HCC), showed that PHF19 is overexpressed and 

that its targeting with microRNAs reduces in vitro and in vivo 

the migration capacity, invasion and proliferation 70. A recent 

study shows PHF19 potential role in avoiding senescence 

when it is activated through AKT pathway in the context of 

CD8+ T cells 71. All these studies reflect the different roles that 

PHF19 could have depending on the cellular context.  
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3. Leukemia 
 
 
Hematological malignancies are a group of diseases related 

with the blood system. Among them, leukemia is the generic 

name for all types of cancers related with the accumulation of 

undifferentiated cells called blasts, either in the blood system, 

in the bone marrow or in the lymph nodes 72. According to 

WHO, leukemia can be subdivided depending on the cell 

lineage of origin in myeloid or lymphoid, and depending on 

the aggressiveness and the speed of development, can be 

acute or chronic 73 (Table I.1).  

 

Myeloid leukemias are types of leukemias where the 

cancerous cells derive from the myeloid precursors. Myeloid 

precursors give rise, in normal condition, to erythrocytes, 

platelets, monocytes or granulocytes. On the other hand, 

Lymphocytic leukemias the origin of cell are the precursors of 

the lymphocytes 74.   

 

Acute leukemia is characterized by the fast growth of 

immature blood cells. These cells go into the bloodstream 

and disseminate to other organs. An immediate treatment 

reaction is needed because of the faster capacity of those 

cells to collapse the bone marrow. Children are the most 

common patients of this type of leukemia. Regarding chronic 

leukemia, it is characterized by an abnormal increase of 

relatively mature blood cells that slowly accumulates in the 
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bone marrow or hematopoietic organs. Usually, a chronic 

phase of a leukemia leads to a blast crisis over the years, 

resembling to an acute leukemia. Chronic is more common in 

older patients, although it can also affect at young ages 75,76.  

 
Table I.1 General classification of leukemia 
 

 

3.1 Myeloid leukemia 
 
As is mentioned before myeloid leukemias give rise from 

myeloid precursors. Myeloid leukemia basically includes 

acute myeloid leukemia (AML) and chronic myeloid leukemia 

(CML). 

 

AML is an heterogeneous clonal disorder characterized by 

infiltration of the bone marrow, blood, and other tissues by 

proliferative, clonal, abnormally differentiated and immature 

myeloid progenitors cells 75. The classification of AML is 

always under-revision and continuously appears new 

classifications, depending on the morphology, phenotype and 

genetic background. One of the most commonly used is the 

Cell of origin Acute Chronic 

Myeloid precursors Acute myeloid 
leukemia (AML) 

Chronic myeloid 
leukemia (CML) 

Lymphoid precursors 
Acute 

lymphoblastic 
leukemia (ALL) 

Chronic 
lymphoblastic 
leukemia (CLL) 
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French-American-British (FAB) group classification (Table I.2) 
77.  

 
 
Table I.2. FAB classification of AML. 
 

The disease incidence increases with age, having adult 

patients poorer outcome than younger patients. Treatment 

has not changed substantially in the last years. Induction of 

chemotherapy with differentiation agents like cytarabine and 

anthracycline are the main approach. Nonetheless, new 

treatments with higher doses of daunorubicin are under 

study. Moreover, since new scientific advances are being 

achieved, treatments against new agents depending on the 
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AML genetic landscape are now a day a major challenge 75. 

An important genetic characteristic of AML is the high 

prevalence of chromosomal rearrangements that usually 

gives a prognostic significance. These translocations are 

traduced in abnormal fusion proteins, usually transcription 

factors, which cause differentiation arrest. This feature in 

combination with other genetic mutations that disrupts genes 

controlling proliferation, results in the uncontrolled growth of 

immature cells 78. 

 

CML is a clonal disorder of the hematopoietic system 

characterized by the unregulated growth of non-functional 

myeloid, erythroid, and platelets in the peripheral blood, and a 

marked myeloid hyperplasia in the bone marrow 76. CML 

accounts for 15–25% of all adult leukemias and 14% of 

leukemias overall (including the pediatric population, where 

CML is less common). CML was the first type of leukemia 

associated to a chromosomal translocation, the Philadelphia 

chromosome (t(9;22)(q34;q11.2)). The translocation resulted 

in a fusion protein so called BCR-ABL, which generates a 

tyrosin-kinase activity that activates signaling cascades in 

charge of regulation cell cycle, speeding the cell division. 

Nonetheless, BCR-ABL also inhibits DNA repair, making the 

cell more susceptible to have extra genetic mutations 79. CML 

disease is often divided in three phases. (1) The chronic 

phase, which is the asymptomatic phase and where most of 

the patients are diagnosed (around the 90%). (2) The 
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accelerated phase, in this stage patients have some 

symptoms such as increase white blood, thrombocytosis, 

unusual number of blasts in the peripheral blood, co-

occurrence of more mutations a part of the fusion protein, and 

resistance to the classical tyrosine kinase inhibitor (Imatinib). 

(3) The final phase is characterized by a blast crisis, where 

the disease behaves like acute myeloid leukemia with rapid 

progression and poorer survival. The mechanisms of 

progression, and cytogenetic evolution to blast crisis remain 

largely unknown. Genetic instability as a consequence of the 

Philadelphia chromosome translocation might be responsible 

for additional chromosomal aberrations or mutations 

frequently seen in blast crisis. As is mentioned before, 

Imatinib is nowadays the most selected drug for the chronic 

phase treatment 80, but new studies against other target 

genes mutated due to the genetic instability are under 

investigation 81. Moreover, almost 30% of the patients 

develop resistance to the tyrosine kinase inhibitor Imatinib, 

and it is in this context where a second line of treatment 

focused on epigenetic mutations has had more relevance in 

the last years 82. 

 

Although not being classified as leukemia per se, 

Myelodisplasic Syndromes (MDS) are a very heterogeneous 

group of myeloid disorders characterized by peripheral blood 

cytopenias and increased risk of transformation to acute 

myeloid leukemia (AML) 83. It is also an asymptomatic 
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disease in early stages. The progression of MDS to AML is a 

good example of the carcinogenesis multi-steps paradigm, in 

which a series of mutations occurs in an initially normal cell 

and transforms it into a cancer cell 84. Moreover, MDS is 

characterized by frequent epigenetic abnormalities, including 

mutations in DNA methylation controllers, such as DNMT3a 

or TET2, or histone modifiers, such as EZH2 85,86. Because of 

its epigenetic nature, treatments with DNA methylation 

inhibitors are highly responsive. In addition, other epigenetic 

acting drugs are being explored, such as inhibitors of histone 

deacetylases 87. 

 
 

3.2 PRC2 in myeloid leukemia 
 
As mentioned before, epigenetic mutations has been studied 

in the last years in the context of myeloid leukemias, 

particularly for a potential target treatment in cases of relapse 
82,87,88. PRC2 members are misregulated in many cancer 

types, and very often in leukemias, and its function can vary 

depending on the cellular context 89.  

EZH2 is one of the most studied proteins in the context of 

myeloid leukemia. Its location in the chromosome 7 of the 

genome is a hot spot placement for chromosomal deletions 

and somatic mutations 90. Moreover, EZH2 mutations have 

been observed in patients with myeloid malignancies, and 

epidemiologic data clearly correlates deletion of EZH2 with 

poorer outcome in MDS 91 92,93. This could reinforce the idea 
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of EZH2 being a tumor suppressor gene. On the contrary, it 

has also been reported that EZH2 is overexpressed in 

chronic myeloid leukemia initiating cells, and that its 

inactivation inhibits the cell growth 94. This result, together 

with another study claiming that EZH2 inhibitor sensitizes 

CML cells to Tyrosine Kinases inhibitors, open a research line 

where EZH2 could be used as a target for myeloid leukemia 

treatment 95. Further studies have been performed in this 

direction, and it has been recently reported that the oncogene 

MYCN regulates EZH2 expression in CML cells and this 

leads to a repression of p21, a well-characterized gene that 

arrests cell cycle, thus leading to an increase in proliferation 

and block in differentiation 96. Reinforcing the idea of EZH2 as 

an oncotarget, it was also described that in MLL-AF9 

rearrangement protein dependent leukemia, EZH2 is 

necessary for blocking the differentiation pathway, thus 

increasing the leukemogenicity 97,98. Altogether these results 

show that EZH2 can have different roles and it has to be 

considered in a different way depending on the cellular 

context. Both loss of function and gain of function of EZH2 

perturb the normal hematopoietic system, and the H3K27me3 

mark that EZH2 deposits must have tight a regulation for a 

proper cell behavior 99. In line with it, a novel study suggested 

that depending whether the AML is in an initial stage or in a 

maintenance phase, EZH2 could be a tumor suppressor or a 

facilitator of the disease in already established AML 100. 

Although there is still controversy about the targeting of 
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EZH2, in 2014, SKI-606 a drug inhibiting this PRC2 

component was approved for the treatment of adult patients 

positive for the Philadelphia chromosome CML and resistant 

or intolerant to the previous therapies 101. 

As happens with EZH2, SUZ12 has been also found to have 

a dual role depending on the type of disease. In 

myelodisplasic neoplasms, SUZ12 locus has been frequently 

found deleted, and loss of function mutations of SUZ12 has 

also been observed 102,103. On the other hand, the role of 

SUZ12 changes when the myeloid leukemia is due to the 

fusion protein PML-RAR. SUZ12 interacts with the fusion 

protein, and then leads to a repression on PML-RAR targets 

genes. Moreover, depletion of SUZ12 not only reduces the 

general methylation status of the chromatin, but also leads to 

a decrease in proliferation and an increased differentiation. In 

addition, when PML-RAR dependent cells are treated with 

retinoic acid, a standard treatment for PML-RAR dependent 

leukemia, SUZ12 levels are reduced at PML-RAR target 

genes, and there is a consequent reduction of H3K27me3 

thus leading to a cell differentiation 104.  

There is also controversy regarding the role of EED in 

myeloid leukemia. It has been described that mice knock-out 

for EDD are not viable, but its haploinsufficiency causes an 

MDS-like disease. Moreover, haploinsufficiency of EED 

confers a proliferative advantage that together with the 

overexpression of an oncogene like Evi1 promotes 
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progression to AML 105. In addition, point mutations in the 

aromatic cage responsible of the interaction of EED with 

EZH2, has been reported as recurrent in human myeloid 

disorders reducing the propagation of H3K27me3 mark 106,107. 

On the other hand, EED inactivation impaired ex vivo cell 

growth of hematopoietic precursors transfected with the MLL-

AF9 fusion myeloid leukemia oncoprotein. EED depletion up-

regulated tumor suppressor p16ink4a and p19arf, and at the 

same time indirectly downregulated MYC targets genes in 

MLL-AF9 leukemia 98. Noteworthy, other studies have found 

that also in MLL-AF9 system, not only depletion of EDD, but 

also EZH2 and SUZ12 induced cell cycle arrest and 

differentiation 108. So, although PRC2 core components are 

prone to be targeted for myeloid leukemia treatment, it is 

important to consider the specificity of each type of leukemia 

and its developmental stage.  

Relevant to for the PhD project presented here, during the 

development of normal hematopoietic system, PHF19 

expression decreases through differentiation, as is shown in 

Figure I.6. It is worth to remark that until now, the role of 

PHF19 in myeloid leukemia has not been assessed. 
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Figure I.6. PHF19 expression through hematopoietic development. Schematic 
picture showing the expression levels of PHF19 from the apex of the 
hematopoietic tree where resides the niche of the hematopoietic stem cells, to the 
differentiated subsequent cell types. Data extract from Bagger, F et.al. 2018109 in 
reference to the paper from Lara-Estiaso et.al. 2014110. 
 

 
3.3 p21 in myeloid leukemia 
 
One of the hallmarks of cancer is the misregulation of the cell 

cycle, which leads to cell over-proliferation and tumor 

overgrowth 111. In leukemia, the deregulation of cell cycle 

genes contributes to the development of acute and chronic 
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myeloid leukemia by promoting the hyperproliferation of 

undifferentiated blasts 112,113. Moreover, hyperproliferation 

bears an increased probability to accumulate genetic 

mutations that, as mentioned before, are key for the disease 

progression. Then, to better understand leukemogenesis, it is 

crucial to determine the role of proto-oncogenic pathways in 

charge of the regulation of cell cycle in myeloid malignancies. 

Regarding the cell cycle progression, it has been proposed 

that p53, the classic tumor suppressor, regulates, among 

others, the expression of p21, a major cell cycle regulator of 

the transition between G1 to S phase 114. In a tumor 

environment, the expression of p21 is repressed in order to 

facilitated self-renewal and cell division. It has been described 

that epigenetic inhibition carried by PRC2 over p21 is 

required for the tumor progression in many cancers but also 

in myeloid leukemia 96,115.  

In AML, it has been observed a misregulation of this p53-p21 

pathway 116. Moreover, it has been also reported that in AML 

patients and in patient derived cell lines, p53 is mutated or 

deleted 117,118. In this sense, it has been also shown that p21 

is frequently deleted in the AML1-ETO dependent AML, to 

promote leukemogenesis 119. In other systems like PML-RAR 

dependent AML, it has been observed that p21 is involved in 

the cell cycle arrest and cell differentiation when cells are 

treated with Retinoic Acid 120.  

The relevance of p21 in arresting cell cycle is not exclusive of 

AML, but it is also important in CML. Loss of function of p53 
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in CML patients appears to be a common feature and is 

associated with CML progression 121,122. Thus, upon the 

disruption of the p53-p21 pathway, CML cells can grow 

uncontrolled leading to a blast crisis 123. In addition, when p53 

losses his function, the cell cycle regulation to avoid tumor 

progression relies in p21 124-127. Therefore, when PRC2 

adopts its oncogenic role, multiple evidences highlight its 

mechanistically contribution in preventing the expression of 

p21 in CML 96. Then tackling PRC2 to induce the expression 

of p21 in CML could potentially be a treatment approach. 
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Research in our group focuses in the investigation of the 

epigenetic and transcriptional mechanisms involved in 

differentiation and cancer. Particularly, we are interested in 

understanding the role of Polycomb group of proteins and its 

associated factors in myeloid leukemia. We and others have 

described the role of PHF19 in ESC, but little is known 

regarding its role in leukemia. 

 

The general objective of this thesis is to describe the role of 

PHF19 in the context of myeloid leukemia. To achieve that 

we focused on the following main aims: 

 

1. Investigate the outcome of PHF19 depletion myeloid 

leukemia cell lines. 

2. Identify the mechanism by which PHF19 regulates 

transcription. 
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1. PHF19 depletion impairs cell growth in 
AML cell lines 
 
 
Previous works from several laboratories including ours have 

shown the potential therapeutic strategy of targeting PRC2 in 

myeloid leukemia 95,104. As mentioned in the introduction, the 

role PHF19 in myeloid leukemia has not been addressed yet. 

According to the Protein Atlas database, Myeloid Leukemia 

cell lines (above all K562, NB4 and HL60 cell lines) have a 

higher expression of PHF19 with respect to most of the other 

cancerous cell lines Figure R.1. 

 

 
Figure R.1. PHF19 expression data from cancerous cell lines. Average values 
of Transcript per Million (TPM) from 2 independent RNA-seq data set. Red arrows 
point to the three different cell lines used, NB4, HL60 and K562. Figure modified 
from Protein Atlas web page (www.proteinatlas.org). 

 
To explore the role of PHF19 in these cell lines, we generated 

two independent short-hairpin RNAs (shRNA) that efficiently 

reduced PHF19 mRNA levels, sh#1 and sh#2. We infected 

with lentiviruses the two independent shRNAs, and cells were 

selected with puromycin (Figure R.2).  
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Figure R.2. PHF19 depletion in Myeloid Leukemia cell lines. Panel of real time 
PCR (RT-PCR) analysis of control and PHF19 depleted myeloid leukemia cell 
lines. Expression values were normalized by the expression of housekeeping 
gene RP0 and is represented relative to shCT. Errors bars are the standard 
deviation (SD) of four independent experiments. 

 
Based on our previous experience on depletion of PRC2 core 

components in myeloid leukemia cell lines, we wondered 

whether the depletion of PHF19 similarly compromises the 

proliferation capacity of the myeloid cell lines. These results 

presented in Figure R.3 demonstrated that depletion of 

PHF19 affected cell growth of several myeloid cell lines.  
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Figure R.3. PHF19 depletion caused a decrease of cell growth. Accumulative 
growth curve of shCT, sh#1 and sh#2. Y-axis shows number of cells and X-axis 
shows days after selection. Data are means and standard deviation of three 
independent experiments. 
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To further understand the basis of the observed decrease in 

cell growth caused by the depletion of PHF19, and to 

investigate whether this decrease in proliferation could be 

due to an increase in cell death, we next assessed the 

staining of the apoptotic maker Anexin V by flow cytometry. 

We observed that PHF19 depletion did not induce apoptosis 

in myeloid leukemia cell lines, cell death control were the 

non-infected cells under selection of puromycin.  (Figure 
R.4).  
 

 
Figure R.4. PHF19 depletion did not increase cell death. Apoptosis assay 
assessed by Anexin V staining of shCT, sh#1, sh#2. Cell death control was the 
non-infected cells under the same selection of Puromycin, during 3 days. Y-axis 
shows percentage of positive Anexin V cells, in three independent experiments, 
and standard deviation between them. 
 
 
Among the three cell lines, K562 was the cell line with the 

highest PHF19 expression (Figure R.1). Moreover, the effect 

of PHF19 depletion in cell growth was more evident in this 

cell line (Figure R.3). Interestingly, we could observe that 

K562 PHF19 depleted pellets were reddish when compared 

to the control (shCT) Figure R.5 (see next section).  
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shCT sh#1 sh#2
 

Figure R.5. Color of pellets after PHF19 depletion. Picture taken after five days 
of selection with puromycin once have been infected with shRNAs. Pellets related 
to sh#1 and sh#2 are visually more reddish than the shcontrol after 2 washes of 
PBS. 
 

We thus decided to follow up with the experiments in K562 

cell line to further characterize the role of PHF19. We have 

observed that PHF19 depletion decreases cell growth of CML 

cell line K562, while the cell death percentage was not 

increased. To further characterize the phenotype caused by 

the depletion of PHF19, we assessed a BrdU staining and a 

cell cycle analysis (Figure R.6). The results obtained showed 

that PHF19 depletion triggers a cell cycle arrest and a 

decrease of BrdU incorporation. 
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Figure R.6. PHF19 depletion arrests K562 cell cycle. Left panel show the cell 
cycle profile of the K562 after being depleted by sh#1 and sh#2. Bars are the 
average of the different phases from the cell cycle (G1, S and G2/M) of five 
independent experiments. Error bars are the standard error of the mean (SEM). 
Significance has been proven by a paired student t-test. Right panel shows the 
mean + standard deviation (SD) of the percentage of cells incorporating BrdU in 
three independent experiments.  

 
Overall, our results showed that PHF19 depletion in myeloid 

cell lines, and especially in the chronic myeloid leukemia cell 

line K562, compromised the cell proliferation due to an arrest 

on the cell cycle, but without inducing apoptosis. 
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2. PHF19 depletion promotes K562 erythroid 
differentiation 
 
 
To better understand the molecular mechanisms underlying 

the effect of PHF19 depletion in K562, and to analyze the 

transcriptomic changes upon PHF19 depletion, we next 

performed RNA sequencing (RNA-seq) in PHF19-depleted 

and control K562. We sequenced RNA from two different time 

points (two days and four days after puromycin selection) of 

shCT, PHF19 sh#1 and sh#2 from two independent 

experiments. Figure R.7 shows the principal component 

analysis (PCA) from four replicates of each condition, which 

demonstrated the homogeneity between among replicates: all 

genes expressed led to a clustering of the samples in a PCA 

plot irrespectively of the time point, but depending on the 

shRNA used.  
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Figure R.7. PCA analysis of 12 RNA-seq samples of control and depleted 
PHF19 in K562. Each dot in the plot represents the expression of all genes in one 
RNA-seq experiment. According the PCA, replicates of the same condition were 
clustered in groups. For instance, replicates of sh#1 are depicted in blue while 
sh#2 samples are colored in red and the shCT in black. 
 

Since the conditions sh#1 and sh#2 determined the clustering 

in Figure R.7, we ranked the transcriptome according to the 

ratio between each knock-down (KD) and the corresponding 

control. For each shRNA, we performed a Gene Set 

Enrichment Analysis (GSEA). In Figure R.8 we reported 

several of the categories identified using the GSEA analysis. 

Notably, we observed that genes with enriched expression in 

the PHF19 depletion condition where related with hemoglobin 

metabolism and coagulation. It is worth to mention the visual 

phenotype we reported in Figure R.5, where it can be clearly 
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observed that cells upon knock-down acquired a reddish 

coloring. On the other hand, genes that were more expressed 

in the control condition, were related with targets of the well-

known proto-oncogene MYC and cell cycle transcription 

factor E2F. Regarding this last category, genes under 

regulation of E2F transcription factor, are more expressed in 

control condition than in KD. Since E2F is a cell cycle 

regulator, the fact that those genes regulated by E2F are less 

expressed in KD condition is in agreement with the cell cycle 

arrest and the reduction of proliferation that is observed in 

K562 cell line in the previous chapter (Figure R.3 and R.6).  
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Figure R.8. GSEA analysis of ranked transcriptome of each knock down in 
comparison with the control samples. Each condition (sh#1 and sh#2) is 
obtained from 4 replicates. Both conditions were interrogated against the Hallmark 
ontology with the GSEA software. In all cases p-value was lower than 0,001. 
 
 
To study more in detail the results observed in Figure R.8, 

we performed a differential gene expression analysis of sh#1 

and sh#2 against shCT RNA-seq data (adjusted p-value <0,1 

and fold change 1,2). We observed that there were more 

genes up regulated (619 for sh#1 and 2112 for sh#2) than 

down regulated (398 for sh#1 and 526 for sh#2). Moreover, 

when overlapping differential express genes of each 

comparison, we identified 281 genes up-regulated, and 35 

down-regulated. Interestingly, ontology analysis done with 
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EnrichR platform 128,129 from up-regulated genes showed that 

depletion of PHF19 up regulates genes related with the 

erythroid differentiation, this was in line with previous results 

done with GSEA analysis Figure R.9. Furthermore, gene 

ontology (GO) analyses indicated that up-regulated genes 

scored as genes involved in categories, such as 

Daunorubicin metabolism involved in erythroid differentiation 

metabolism. Genes related with early erythroid differentiation 

(CD71+ cells) were also highlighted. In this category we find 

up-regulated genes relevant to erythroid differentiation such 

as GYPA or KEL. Moreover, genes under regulation of 

transcription factors GATA2 and GATA 1 where up regulated 

as well. Over all, RNA-seq data suggests that depletion of 

PHF19 could be involved in the differentiation of K562 cells 

towards the erythroid linage. 
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Figure R.9. Gene Ontology analysis of genes up-regulated following PHF19 
knockdown. Ontology from the Up-regulated genes was interrogated with 
EnrichR platform. p-values obtained from EnrichR 129 software are plotted as –
log10. 
 
 
In order to validate these initial results obtained by RNA 

sequencing, we performed quantitative PCR of genes related 

with erythroid differentiation and cell cycle. As predicted, 

genes related with cell cycle such as CDKN1A/p21 and Cyclin 

D1 were found to be miss-regulated. On the other hand, key 

genes for the erythroid differentiation pathway are up 

regulated, such as GYPA, KEL, TAL1 and γ-Globin Figure 

R.10.  

 

 

 
 
Figure R.10. PHF19 depletion deregulates cell cycle genes as well as  
erythroid differentiation genes. RT-PCR of key genes deregulated in cell cycle 
and erythroid differentiation pathways. Results are shown relative to shCT and 
normalized to the housekeeping gene RP0. Errors bars are the standard deviation 
(SD) of four independent experiments. 
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To further validate the erythroid differentiation pathway that 

K562 cells acquired upon deletion of PHF19, and to 

phenotypically corroborate that cells underwent 

differentiation, we performed FACS analysis for the erythroid 

specific cell surface marker CD235a 130 (Figure R.11). As a 

positive control we induced K562 cells with Ara-C, a well-

known compound that induces differentiation towards the 

erythroid linage in this cell line 131,132. These results 

corroborated our previous observations, indicating that 

PHF19 depletion causes a differentiation towards the 

erythroid linage.  
 

 
Figure R.11. PHF19 depletion increases CD235a erythroid cell surface 
marker. Left panel shows a representative plot of the gain of signal when PHF19 
is depleted. Right panel shows the average of the median CD235a intensity 
staining normalized to the control after 72h of selection. Positive control is induced 
by 1uM of Ara-C. Error bars correspond to the standard deviation (SD) of three 
independent experiments.  
 
 
K562 cell line can also differentiate into the megakaryocyte 

lineage 133. In order to investigate whether PHF19 depletion 

causes a general differentiation process, or whether it is 
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specific for erythroid lineage, we differentiated K562 cells into 

the megakaryocyte lineage, by treating with phorbol myristate 

acetate (PMA) 132. After treating K562 with PMA for 24h we 

wanted to evaluate the levels of CD61, a cell surface marker 

specific for megakaryocyte lineage induced under PMA 

treatment 130. Results presented in Figure R.12 point out that 

cells depleted for PHF19 reached lower level of 

megakaryocyte marker CD61 than the control did when 

treating with PMA. These results suggested that PHF19 

depletion not only differentiate K562 towards the erythroid 

pathway, but also prevents the differentiation towards 

megakaryocyte lineage. 

 

 
 
Figure R.12. PHF19 depletion prevents megakaryocyte differentiation 
induced by PMA. Left panel shows a representative plot of the reduction level of 
CD61 staining when PHF19 is depleted after induction of PMA. Right panel shows 
the average of the CD61 median intensity staining normalized to the shCT after 
24h of 1nM PMA treatment. Error bars correspond to the standard deviation (SD) 
of three independent experiments.  

 
To further investigate the potential therapeutic effect of 

depleting PHF19 in K562, we wondered whether lower doses 

of Ara-C combined with PHF19 depletion could reach the 
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levels of differentiation that 1uM of Ara-C does. We then 

treated the cells with 10nM concentration of Ara-C during 

72h, and then by FACS we interrogated the CD235a intensity 

staining level. The results presented in Figure R.13 indicate a 

cooperative effect when we treated PHF19 depleted K562 

cells with 100 times less of Ara-C than our control of 1uM of 

concentration.  

 

 
Figure R.13. Cooperative effect of lower doses of Ara-C combined with 
depletion of PHF19. Right panel shows a representative plot of the gain of signal 
when PHF19 is depleted and 10nM of Ara-C is added. Left panel shows average 
of the median intensity of staining of CD235a normalized to the control situation 
after 72h of Ara-C treatment and PHF19 depletion. Positive control is induced by 
1uM of Ara-C. Error bars correspond to the standard deviation (SD) of three 
independent experiments.  
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3. PHF19 regulates p21 expression 
 
 
As an interactor of PRC2, PHF19 is a chromatin associated 

factor. We thus reasoned that chromatin localization of 

PHF19 could help us to better understand the phenotype 

previously observed (i.e. decreased proliferation, erythrocyte 

differentiation). We took advantage of the chromatin 

inmunnoprecipitation followed by deep-sequencing (ChIP-

seq) technique to identify PHF19 target genes. Since 

attempts to inmunoprecipitate PHF19 using protocols 

established in ESC cells did not work for K562 cell line, we 

used a commercial kit (ChIP-IT high sensitivity kit, Active 

Motif), which is optimized to give superior results when 

performing ChIP against low abundant proteins or antibodies 

with low binding affinities. We performed ChIP-seq adding 1% 

of Drosophila chromatin from the total IP to use it as spike-in 

in order to reduce the technical variation and sample 

processing bias (see methods), for both knockdowns and the 

control. Sequencing results with number of reads and genes 

are summarized in Table R.1. 

 
 
 
 
 
 



RESULTS 

56 

 
Table R.1. Summary of mapped reads, peaks, and target genes identified for 
PHF19 using ChIP-seq. First row shows mapped Human (H) and Drosophila (F) 
reads. Second row shows the number of peaks observed after peak calling. Third 
row shows the number of genes where PHF19 is localized after association of 
peaks to genes.  

 
After the sequencing, we processed the reads with peak 

calling program MACS1 against the input. We then processed 

the reads with the same peak calling but this time against our 

condition sh#2, which had the lowest levels of PHF19 when 

analyzing the mRNA levels. Moreover, since we sequenced 

the knock-down samples, we considered that “true” peaks 

could be identified as those were PHF19 is absent upon 

knock-down, rather than using the input, which presented 

higher background. To refine our peak identification, we did a 

manual curating selection of peaks, and we selected those 

peaks that had a TAG value (average number of reads per 

peak) higher than 100. We ended up with 5621 peaks that 

according to the gene association algorithm followed (see 

material and methods section), from -2.5 Kb upstream of the 

transcription start site (TSS) until the transcription ending site 

(TES), corresponded to 888 target genes. PHF19 
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preferentially localized at the transcription start site (TSS) of 

genes, including proximal, distal regions and 5’UTR (Figure 
R.14).  

 
Figure R.14. Genome-wide distribution of PHF19 target genes. Left panel 
shows a graphical distribution of genes signal, normalized by the number of reads, 
5 kb upstream and downstream of TSS for PHF19 target genes. Right panel 
shows the peak distribution of PHF19 across the genome. 
 

Once we obtained the final list of PHF19 target genes, we 

wanted to confirm the specificity of the peaks by ChIP-qPCR 

experiments. We thus prepared chromatin from independent 

experiments, and inmunoprecipitated PHF19. We also 

included Drosophila chromatin to avoid sample processing 

bias. We validated several PHF19 targets that had a strong 

enrichment when visual inspection was performed. Among 

the 888 genes, we choose for validation BMI1, ATF3, 

NODAL, FZD3. We also selected GATA2 gene as a negative 

control since this gene was not present in the final list of 

PHF19 targets. We also used an intergenic region as a 

negative control (Figure R.15). 
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Figure R.15. Validation of PHF19 peaks. The panel above shows validation of 
several PHF19 target genes. Average values of the % of input normalized to 
Drosophila gene pbgs of at least 2 independent experiments. Error bars show the 
standard deviation (SD). The panels below show some examples from the UCSC 
genome browser. 
 
To further analyze the genome distribution of PHF19, but also 

its function(s), we tested whether PHF19 target genes were 

also PRC2 targets genes. We took advantage of ENCODE 

ChIP-seq available data in K562 for PRC2 core components 

and for H3K27me3 histone modification. As reported in 

Figure R.16, we observed 7822 common genes between 

EZH2, SUZ12 and H3K27me3. When we overlapped the 

common PRC2 target genes with the PHF19 targets genes 

we observed that 94% of PHF19 target genes (833/888) were 

also targets of PRC2 core components, and had the 

repressive mark too. This suggested us that PHF19 function 

is directly connected with the PRC2 function. 

 

 
Figure R.16. Comparison of PHF19 targets and PRC2 targets. Left panel 
shows the intersection between EZH2, SUZ12 and H3K27me3 targets genes. 
Right panel shows a diagram with the intersection of previous targets in common 
from left panel, called PRC2, and PHF19 target genes.  
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Then, in order to better understand the functionality of PHF19 

target genes, we interrogated with EnrichR platform the gene 

ontology of the 888 PHF19 target genes (Figure R.17). 
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Figure R.17. Gene enrichment analysis of PHF19 target genes. PHF19 targets 
were enriched in differentiation pathways and implicated in the WNT signaling 
pathway or in its regulation. p-values obtained from EnrichR129 software were 
plotted as –log10. Categories are obtained from Wikipathways, GO Biological 
process and Panther resources. 
 
 
Since most of PHF19 target genes were also PRC2 targets, 

as expected we obtained categories related with 

differentiation processes. Some of the PHF19 target genes 

belonging to these categories were: SHH, PDGFB, PDGFA, 

NODAL or FGFR1. 

Moreover, PHF19 target genes are also involve in the 

regulation of the WNT signaling pathway, which has been 

recently demonstrated to be important during the final steps 

of erythropoiesis 60. Some of these genes were: FZD1, FZD3, 

CTNNB1, WNT2B or NOTUM.  
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Altogether, gene enrichment analysis indicated that PHF19 

together with PRC2 regulated several of the key genes 

related with the differentiation of K562 cell line. 

In order to further characterize the PHF19 target genes, we 

investigated whether their expression was affected by PHF19 

depletion. We took advantage of GSEA, using PHF19 target 

genes as a geneset to evaluate changes in expression. As 

reported in Figure R.18, PHF19 target genes are mainly up-

regulated upon knock-down, according to a classical 

repressive role of PRC2. 

 

 
 
Figure R.18. GSEA of the RNA-seq data against PHF19 target genes. Ranked 
RNA-seq genes from both knockdowns where interrogated against the subset of 
PHF19 target genes. In both cases p-value was lower than 0,001. NES sh#1: 
1,688. NES sh#2: 1,589. 
 
 
Notably, from the top25 target genes of PHF19 that have 

higher expression upon PHF19 depletion, we found 

CDKN1A/p21 gene. Since p21 is one of the major cell cycle 

regulators, we validated its expression levels by qPCR, as 
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well as PHF19 occupancy by ChIP-qPCR, upon PHF19 knock 

down (Figure R.19). 

 
Figure R.19. Validation of p21 as PH19 target. Left panel shows the mRNA 
expression levels of p21 after PHF19 depletion relative to RPO gene. Error bars 
are the standard deviation (SD) of 5 independent experiments. Right panel shows 
average values of the % of input, normalized to the Drosophila gene pgsb, of 
PHF19 ChIP-qPCR for p21 genes and GATA2 as a negative control gene. Error 
bars are the standard deviation (SD) of two independent experiments.  
 

Moreover, although p21 is a direct target of PHF19 and its 

depletion increases p21 expression, we wondered if its 

increased expression correlates with an increase at the 

protein level. As reported in Figure R.20 we validated that 

p21 increased at the protein level by western blot in PHF19 

depleted K562 cells compared with shCT. 
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Figure R.20. Increased p21 protein levels after PHF19 depletion. Western blot 
of K562 cell line, in control and PHF19 depleted cells. Tubulin was used as a 
loading control.  
 
 
We next wondered whether the overexpression of p21 was 

the direct trigger for the differentiation of K562 cells upon 

depletion of PHF19 (see results reported in Section2). To test 

that, we overexpressed in K562 p21 using a pBABE plasmid 

with the aim of assessing whether this was sufficient to trigger 

erythroid differentiation. As reported in Figure R.21, we 

observed similar overexpression level of p21 than those 

observed when PHF19 was depleted. Moreover, some key 

genes related to cell cycle where also miss-regulated. Then 

we checked the BrdU incorporation and the cell death. 

Despite the similar expression levels of p21, the BrdU 

incorporation was completely different between p21 

overexpressed condition and PHF19 depletion. There was 

almost no BrdU incorporation in p21 overexpressed condition, 

in contrast with the BrdU incorporation obtained with PHF19 

knock-down cells.  Moreover, p21 overexpression led to a 

massive cell death in contrast of PHF19 depletion effect, as 
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measuted by Anexin V staining, a specific marker of cell 

death. 

 
Figure R.21. Decreased BrdU incorporation and increased cell death after 
p21 overexpression. Top panels show mRNA expression levels of PHF19, p21, 
Cyclin D1, and CDK4, error bars are the standard deviation (SD) of two 
independent experiments. Lower left panel, BrdU incorporation of PHF19 depleted 
cells and P21 overexpressed cells, error bars show the standard deviation (SD) of 
two independent experiments. Lower right panel shows a cell percentage of 
Anexin V incorporation of an individual experiment. 

 
In this section we have reported the genomic localization of 

PHF19, demonstrated how PHF19 directly regulates p21 

expression, and how this potentially leads to the impairment 

of the cell cycle previously described in the Section 1. It is 

worth to notice that after the analysis of some human data 

available from patients with chronic myeloid leukemia and 

acute myeloid leukemia, we have found a clear anti-
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correlation between the expression of PHF19 and the 

expression of P21 in patients with CML independently on the 

stage of the disease 134 (Figure R.22).  

 

 
Figure R.22. Correlation of PHF19 and p21 expression data in CML patients. 
Microarray expression values of CML patients from Abraham S.A et al 2016 134 
(GSE47927). 

 
Moreover, we have also shown that the p21 overexpression 

induces a cell cycle arrest and cell death. This axis of 

regulation between PRC2, PHF19, and p21 locus, is 

highlighting the role of Polycomb in regulation the cell cycle in 

K562 cells. We then hypothesized that the overexpression of 

p21 after depletion of PHF19 could lead to the erythroid 

differentiation. Since we obtained massive cell death upon 

overexpression of p21 in K562 cell line, we wondered 

whether an additional mechanism (and thus not only p21 
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overexpression) was triggered by PHF19 depletion, which 

leaded to erythroid differentiation. 
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4. PHF19 depletion promotes K562 erythroid 
differentiation through the regulation of WNT 
signaling pathway via MTF2 
 
 
We have shown in Section 3 that PHF19 regulates p21 locus, 

which may account for the cell cycle arrest in K562 upon 

PHF19 depletion. However, it is still unclear how this 

depletion of PHF19 also leaded to erythroid differentiation, as 

mentioned in Section 2. Recently, Rothberg JLM et al 2018 60 

have reported that in the mouse hematopoietic system, MTF2 

is necessary for terminal differentiation of the erythroid 

lineage. Moreover, they showed that MTF2 regulates this 

process through the inhibition of the WNT signaling pathway. 

Therefore, we analyzed the expression levels of MTF2 after 

depletion of PHF19 (Figure R.23). We could observe that the 

RNA levels of MTF2 were not increased when PHF19 was 

depleted. Of note, the PHF19 homolog PHF1 is not 

expressed in this cell line based on our RNA-seq data.  
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Figure R.23. MTF2 expression after PHF19 knoc-kdown. RT-PCR analysis of 
control and PHF19 depleted K562 cell line. Expression values were normalized by 
the expression of housekeeping gene RPO and are depicted relative to shCT. 
Errors bars are the standard deviation (SD) of four independent experiments. 

 

Since MTF2 had not a significant increase at expression 

level, we wondered if its genomic localization was different 

after depletion of PHF19. We performed a ChIP-seq analysis 

of MTF2, adding 1% of Drosophila chromatin as a spike-in 

control to compare between control and PHF19 depleted 

conditions (see Matherial and Methods section). Sequencing 

results with number of reads and genes are summarized in 

Table R.2.  
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Table R.2. Summary of mapped reads, peaks, and target genes identified for 
MTF2 using ChIP-seq. First row shows mapped Human (H) and Drosophila (F) 
reads. Second row shows the number of peaks measured after peak calling. Third 
row shows the number of genes where PHF19 is localized after associate peaks 
to genes. First column shows the numbers for the shCT samples and second 
column shows the numbers for sh#2 PHF19 samples. 
 
We processed the reads with MACS1 program against the 

Input and IgG to obtain the peaks. Finally, since input 

samples presented higher background, we decided to use the 

peaks obtained running the peak caller against the IgG. Our 

first observation was that there were more peaks and genes 

in the PHF19 KD condition than in control condition. As 

expected, the majority of the genes in the control situation 

(3027) were present in knock-down condition (Figure R.23).  
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Figure R.24. Venn diagram of MTF2 target genes by ChIP-seq analysis in 
control and upon PHF19 knockdown. Venn diagram shows the intersection of 
MTF2 target genes in control and upon PHF19 KD situation. 3027 genes were in 
common. 
 

Then we wondered whether the PHF19 target genes were 

also target genes of MTF2. In Figure R.24 we overlapped the 

PHF19 target genes with the MTF2 target genes obtained 

when PHF19 was depleted. We observed that the majority 

(90.6%) of PHF19 targets genes were also bound by MTF2. 

Moreover, Figure R.24 showed that there was a general gain 

of MTF2 signal in the PHF19 target genes when PHF19 is 

depleted. 
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Figure R.25. Correlation of PHF19 and MTF2 targets genes. Upper panel 
shows the intersection between PHF19 target genes and MTF2 target genes (805 
in common). Lower panel shows MTF2 signal in PHF19 target genes upon PHF19 
depletion. 
 
We visually inspected in the USCS genome browser the 

increase of MTF2 signal in those PHF19 target genes (Figure 
R.26). 
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Figure R.26. Gain of MTF2 signal after PHF19 depletion. UCSC screenshots of 
PHF19 and MTF2 ChIP-seq profile in shCT or sh#2-PHF19 K562 cells. In black 
PHF19 ChIPseq of the shCT. In red PHF19 ChIPseq of sh#2-PHF19. In green 
MTF2 ChIPseq of shCT. In Yellow MTF2 ChIPseq of sh#2-PHF19. Numbers at 
the top left of each graph represent the number of reads for each ChIP-seq in the 
given gene.  
 

Moreover, in order to confirm the specificity of MTF2 gain of 

signal, we validated by ChIP-qPCR several genes where the 

increase of MTF2 was observed. We prepared chromatin 

from a biological replicate experiment, also using Drosophila 

spike-in to avoid technical bias. We checked NOTUM, FZD3, 
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PDGFRA, GATA3, CXCR4 genes. We used GATA2 and an 

intergenic region as negative controls (Figure R.27) 
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Figure R.27. Validation of MTF2 gain of signal on PHF19 target genes. ChIP-
qPCR validation of several PHF19 target genes. Percentage of input normalized to 
Drosophila gene pbgs of an independent experiment.  
 
We then wondered whether the increase of MTF2 signal 

could affect the levels of the histone mark H3K27me3. For 

this, we performed ChIP-sequencing of H3K27me3 in control 

and PHF19 knock-down situation. Indeed, ChIP-seq data 

reported in Figure R.28 indicated that PHF19 target genes 

presented increased levels of H3K27me3. 
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Figure R.28. H3K27me3 ChIP signal in PHF19 target genes. Boxplot showing 
ChIP signal of H3K27me3 was compared between control condition and PHF19 
knockdown in the PHF19 target genes. P-value was obtained with a Wilcoxon 
non-parametric t-test. 
 
We next performed gene ontology analysis of those genes 

that gained MTF2 signal after PHF19 depletion. There were 

232 genes out of 888 target genes with increased MTF2 

signal of at least 1,3 of fold change (FC). As reported in 

Figure R.29, we observed that the majority of genes were 

related to regulation of WNT signaling pathway. Some of the 

genes belonging to this category were: FZD1, FZD3, 

CTNNB1, WNT4, WNT2B or NOTUM. 
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Figure R.29. Gene ontology analysis of PHF19 target genes gaining MTF2 
signal. PHF19 target genes that gained MTF2 (of at least 1,3 FC) upon PHF19 
depletion are enriched in WNT signaling pathway. P-values obtained from 
ENRICHR software are plotted as –log10. Categories are obtained from GO 
Biological process, using the tool Enrichr 129. 
 
In sum, PHF19 target genes gained MTF2 and H3K27me3 

signal upon PHF19 depletion. Although these results were in 

line with previous publications from Rothberg JLM et al 2018 
60 reporting that MTF2 repression of WNT targets is needed 

for complete erythropoiesis, they are in contrast with the 

general up-regulation of PHF19 targets observed in Figure 
R.18 from Section 3. We next analyzed more in detail the 

expression levels of the PHF19 target genes. Although GSEA 

(Figure R.18) pointed towards to an up-regulation of PHF19 

targets, most of these genes were very weakly expressed 

(RPKM<1) (Figure R.29).  
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Figure R.30. Comparative expression values of PHF19 target genes. Boxplot 
showing the expression values of PHF19 target genes in control and PHF19 
knockdown situation from RNA-seq data. P-value was obtained using a Wilcoxon 
non-parametric t-test. 
 
Interestingly, not all the genes accumulated MTF2 after 

PHF19 depletion. For instance, CDKN1A that we previously 

showed as significatively up-regulated (Figure R.19) did not 

reveal any significant change in MTF2 signal upon depletion 

of PHF19 (Figure R.31).  
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Figure R.31. Scatter plot distribution of ChIPseq MTF2 CT and ChIPseq MTF2 
sh#2-PHF19. Each point indicates the maximum value for the normalized number 
of reads of the MTF2 ChIPseq in the shCT situation, and the MTF2 ChIPseq in 
sh#2-PHF19 situation, within the region -2.5 upstream of the TSS until the end of 
the gene. In red, we represent this value of the full set of genes annotated in hg19 
by RefSeq. In yellow we highlighted the PHF19 target genes in the same plot. 
CDKN1A is highlighted in blue.  
 

To obtain a further insights for the changes occurring upon 

PHF19 depletion, we selected the top 50 genes gaining 

MTF2 signal upon depletion of PHF19 (TOP50), as well as 

the bottom 50 genes, those that lost MTF2 signal upon 

depletion of PHF19 (BOTTOM50) (Figure R.32).  
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Figure R.32. MTF2 ChIP levels of TOP50 and BOTTOM50 genes. Boxplot 
showing MTF2 ChIP levels in the subset of TOP50 genes gaining MTF2 after 
PHF19 depletion, and the BOTTOM50 genes gaining MTF2 after PHF19 
depletion. 
 
 
We next analyzed the expression values of these two subsets 

of genes generated based on the MTF2 increase or decrease 

of signal after depletion of PHF19. As reported in Figure 
R.33, genes that gained more MTF2 were those genes less 

expressed initially and which expression was actually not 

altered after depletion of PHF19. On the other hand, when we 

focused on those genes that strongly lost MTF2 after PHF19 

depletion, we observed that these genes were initially more 

expressed (above the 1RPKM threshold), and also were 
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having a tendency to be more expressed when PHF19 was 

depleted.  

 

 
Figure R.33. Comparative expression values of TOP50 and BOTTOM50. 
Boxplot showing the expression values of the TOP 50 PHF19 target genes gaining 
MTF2 signal after PHF19 depletion, and BOTTOM 50 target genes loosing MTF2 
signal after PHF19 depletion. 
 
 
More interestingly, we analyzed in detail the PHF19 levels of 

these TOP50 and BOTTOM50 genes in the basal situation: In 

Figure R.34 we observe that TOP50 genes gaining MTF2 

had more PHF19 than BOTTOM50 genes.  
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Figure R.34. PHF19 ChIP levels of TOP50 and BOTTOM50. Boxplot showing 
PHF19 basal ChIP levels of the TOP50 and BOTTOM50 genes gaining MTF2 
after PHF19 depletion. P-value was obtained doing Wilcoxon non-parametric t-
test. 
 

Of note, the BOTTOM50 subset of genes that loose MTF2 

after PHF19 depletion, initially also had lower levels of PHF19 

signal. One of the genes observed in this group was p21 that 

as we have reported before, was up-regulated after PHF19 

depletion.  

 

Thus, in this section we have observed that PHF19 depletion 

in K562 cell line do not increase the expression of its 

homolog MTF2, but it has an impact of on MTF2 redistribution 
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at PHF19 target genes. Interestingly, MTF2 tends to increase 

in those target genes that had a very low level of expression, 

and which are precisely related with erythropoiesis. On the 

other hand, in higher expressed PHF19 target genes, MTF2 

increased occupancy was not detected, and gene 

derepression was observed. 
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1. PHF19, homeostasis and differentiation  
 

PHF19 is an associated PRC2 protein, which has been 

mainly studied in the context of mESCs. It has been 

described that PHF19 interacts with PRC2 and helps to the 

proper deposition of the repressive mark H3K27me3 63,64. 

Moreover, PHF19 depletion caused spontaneous 

differentiation in mESCs. In contrast, depletion of PRC2 core 

members do not trigger this spontaneous differentiation, but 

their presence is important for a proper differentiation 135,136. 

When PHF19 is analyzed in the context of adult homeostasis, 

we and others have observed that the expression of PHF19 is 

mainly localized in adult stem cells, and decreases in more 

committed progenitors or differentiated cells 110,137,138. This 

downregulation of PHF19 is also observed in the 

hematopoietic system, where the hierarchy of differentiation 

is well characterized (Figure I.6) 110.  

There are several hypotheses on the origin of the cancer 

stem cells and tumor formation, but the main consensus is 

that cancer cells resemble in some features, such as self-

renewal, or the capacity to give raises specialized cells, to 

normal stem cell 139,140. In this regard, one of the main 

characteristics of the cancer cells is the mis-regulation of the 

cell cycle, which consequently leads to acquisition of high 

proliferative status. Furthermore, this capacity of growing in a 

non-regulated manner, also leads to a decreased capacity of 

differentiation 111. In this sense, some of the therapies for 
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treating cancer patients are focused on elimination of these 

over-proliferating cells, but also forcing the cancer cells to 

differentiate. Of note, this therapeutic approach is very 

relevant for leukemia treatment 141. 

Apart from anti-proliferative and differentiating strategies, 

another level of research in the field of leukemia has been 

focused on those cells that are escapers (i.e. resistant to the 

conventional treatments). It has been proposed that those 

cells that lead the relapse in leukemia are the ones that apart 

from being resistant to classical treatment, accumulate 

multiple genetic mutations. These acquired mutations provide 

to cancer cells with new genetic characteristics that should be 

considered for the following rounds of treatment 142-144. 

Epigenetic factors have an impact on the chromatin and 

therefore on gene expression. With the aim of tackling cancer 

cells, drugs targeting epigenetic factors are nowadays 

hotspot in research. Indeed, there are several drugs targeting 

PRC2 core component EZH2, which are already under study 

for treating not only leukemia, but also other types of cancer 
145. Related with that, in our lab we have observed that 

targeting SUZ12 could be a strategy for treating myeloid 

leukemia dependent on PML-RARa oncoprotein, in 

combination with the retinoic acid treatment 104.  

All these results leaded us to hypothesize that PHF19 could 

be also used as a target in myeloid malignancies. Moreover, 

since we observed that PHF19 is overexpressed in myeloid 

leukemia cell lines (Figure R.1). We thought that using these 
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cell lines would be a great system to understand the role of 

PHF19 in myeloid leukemia. 

We took advantage of the acute and chronic myeloid 

leukemia cell lines HL60, NB4 and K562, and our first 

observation was that myeloid leukemia cell lines were 

growing less when PHF19 was depleted. Then we wanted to 

investigate that this decrease in cell growth was not due to an 

increase of cell death. This was done because sometimes 

infections with lentiviruses could lead to an off-target cell 

death, masking the real results. We observed that cells were 

not dying because of the depletion of PHF19, but they were 

indeed proliferating less. Moreover, to our surprise, we 

noticed that K562 cells pellets presented a reddish color 

when PHF19 was depleted, even after several PBS washes. 

Since one of the differentiation pathways that K562 cells 

could take is erythrocyte, we wanted to further investigate the 

possibility that K562 cells were not only arresting the cell 

cycle, but also differentiating after PHF19 depletion. 

We further validated that PHF19 depletion was decreasing 

the cell growth rate by analyzing the cell cycle profile. 

Moreover RNA-seq data, and RT-PCR analysis validated this 

observation: we indeed demonstrated that key cell cycle 

genes were misregulated.  

When analyzing the RNA-seq data we also noticed that K562 

cells were differentiating towards the erythroid lineage. 

Indeed, we could corroborate that some genes related with 

erythroid differentiation were up-regulated. A part from gene 
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expression, we functionally validated the erythroid 

differentiation using cell surface markers (Figure R.11). 

Interestingly, the differentiation was specific, since forced 

megakaryocyte differentiation was partially impaired in PHF19 

knock down cells (Figure R.12).  

Our data support that PHF19 is indispensable for K562 

aberrant growth as its depletion triggers cell cycle arrest and 

enhances differentiation. With these evidences regarding the 

role of PHF19 in K562, we also tried to force differentiation 

towards the erythroid lineage treating K562 cells with Ara-C 

while depleting PHF19, to explore the combinatorial 

therapeutic capacity of targeting PHF19. We could observe 

that there was not a synergistic effect but an additive effect 

(Figure R.13).   

All the experiments were done in a cell line that, although 

resembles a myeloid leukemia, is an immortalized cell line 

with its obvious limitations. Further investigation is needed to 

corroborate that PHF19 inhibition could be used as a target 

for a leukemic treatment. In this sense, we tried to perform 

initial experiments with a xenograft model trying to validate in 

vivo what we observed in vitro. Our aim was to corroborate in 

an in vivo model that, after depletion of PHF19, K562 cells 

were not able to grow and/or invade adult organs. Although is 

not reported in this thesis, we used stable K562 cells lines 

with a luciferase reporter, and we injected them in an 

inmunodepresive C57BL/6 mouse. Due to manipulation 
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issues, we could not properly report the effect of PHF19 

depletion in a xenograft model.  

Worthy of note, our lab has generated a mouse PHF19 

knockout to study the role of PHF19 in normal homeostasis 

(see ANNEX). In order to further investigate the role of 

PHF19 in leukemogenesis we could purify hematopoietic 

precursors from bone marrow of PHF19 knockout mice and to 

transduce them with oncoproteins, such as PML-RAR or 

BCR-ABL, as Minucci et al reported in 2002 146. This will 

allow us to study the effect of PHF19 deletion in transformed 

hematopoietic precursors. Moreover, these cells can be 

transplanted into recipient mice in order to investigate 

whether the lacking of PHF19 modulates in vivo the 

oncogenic capacity of these cells. In this regard, viruses to 

transfect hematopoietic precursors cells has been already 

generated, and preliminary experiments are now being 

carried on in the lab.  

It is worth to note that although this experiment would inform 

us on the role of PHF19 in the leukemia formation, this still 

would not resemble what we are observing in vitro with 

already leukemic established cell lines. An alternative 

experiment that could be performed is to generate an 

inducible knockout for PHF19, and then after infecting bone 

marrow cells with leukemic oncogenes, triggering the deletion 

of PHF19. This would allow us to study ex vivo and in vivo the 

phenotype of depleting PHF19 in a more solid leukemic 

system. 
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2. Epigenetic inhibition of p21 by PHF19. 

 

It has been reported that Polycomb in homeostasis regulates 

key target genes related with cell cycle and therefore is 

important for controlling cell fate and development 4. 

Moreover, in cancer, since the cell cycle is misregulated, it 

has been described that Polycomb could inhibit the 

expression of cell cycle regulators and tumor suppressor 

genes 147. It has also been described that leukemic cancer 

cells can be treated by inhibiting their cell cycle progression. 

Then, arrested cells can undergo either senescence or 

differentiation 112,114. 

When we analyzed the RNA-seq data obtained in K562 cell 

line upon PHF19 depletion, we realized that in accordance 

with what we previously described phenotypically, cell cycle 

genes were misregulated. To further understand 

mechanistically how depletion of PHF19 leads to cell cycle 

arrest and differentiation, we performed a ChIP-seq analysis. 

Most of the PHF19 target genes had the tendency to increase 

their expression after PHF19 depletion, and among them p21 

was one of the most overexpressed. We validated p21 

overexpression at protein level, and, more importantly, the 

enrichment of PHF19 at p21 locus. This suggests that there is 

a direct link between PHF19, p21 and the cell growth arrest 

observed.  

It has been reported that overexpression of p21 arrest 

myeloid leukemic cells in G1 phase 112. Worthy of note, a way 
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to promote differentiation of leukemic cells is arresting their 

cell cycle 148. This differentiation after cell cycle arrest has 

been observed when retinoic acid is applied to PML-RAR 

dependent leukemic cells 104,149. Altogether, we hypothesize 

that high levels of PHF19 are preventing the cell cycle arrest 

of the K562 cells by inhibiting p21.  

It is known that the tumor suppressor p53 is considered to be 

the guardian of the genome through multiples mechanisms. 

When arrest in G1-phase is required, p21 is activated by p53 
112. On the other hand, p53 also inhibits many other proteins 

in an indirect way. It was described in a genome-wide meta-

analysis using many different cancer cell lines, that p53 

interact with PHF19 through DREAM complex (DP, RB-like, 

E2F4 and MuvB) 150,151. Interestingly p53 protein is truncated 

and not functional in K562 cell line 152, so in our system p53 

would not be able to inhibit PHF19. This observation could 

explain the fact that PHF19 is overexpressed in K562 when 

comparing with other cancer cell lines. Moreover, it was 

already described that EZH2 is targeting p21 locus in K562 

cell lines 96. Altogether, we hypothesize that PHF19 would be 

acting as an oncogene, targeting PRC2 to the chromatin and 

preventing the expression of p21, which may lead to 

uncontrolled cell growth.  

The anticorrelation about PHF19 and p21 in clinical samples 

(Figure R.22) corroborates our hypothesis. Yet, we are not 

able to state that the differentiation phenotype towards the 

erythroid pathway when PHF19 is depleted is exclusively 
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because of the induction of p21. We tried to overexpress p21 

in our cell model in order to know if this was enough to 

differentiate K562 towards the erythroid pathway. However, 

massive death due to the high levels of p21 hampered a clear 

conclusion. An alternative experiment could be to generate a 

conditional expression of p21 in K562 cell line that would 

temporally induce the expression and let us analyze if those 

cells undergo to differentiation because of p21 expression. 

Worthy of note, it was described that in K562 the 

overexpression of p21 drives differentiation towards the 

megakaryocyte lineage instead of the erythroid 148. This 

observation is allowing us to hypothesize p21 induction upon 

depletion of PHF19 is necessary, but not sufficient to induce 

the observed erythroid differentiation (Figure D.1). Another 

way to tackle this problem would be to reduce p21 expression 

upon PHF19 depletion and assess whether differentiation 

was still triggered even in the absence of cell cycle arrest. We 

are in the process of preparing plasmids to do the knock 

down of p21 and combine it with PHF19 knock down.  

 
Figure D.1. Effect of PHF19 depletion in K562. Top panel: In a basal situation, 
PHF19 is highly expressed in K562 thus blocking the expression of P21 and 
preventing differentiation. Lower panel: When PHF19 is depleted in K562, P21 is 
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overexpressed arresting the cell cycle in G1 phase, therefore this leads to 
differentiate. Moreover this differentiation is specific towards the erythroid lineage. 
 

It is worth to mention that all the mechanistic experiments 

have been performed in the K562 cell lines, and that the 

erythroid differentiation should not be considered for the other 

cell lines used in this thesis. Nonetheless, when PHF19 was 

depleted in NB4 and HL60 cell line, their proliferation 

decreased and at the RNA level, p21 was also up-regulated. 

Furthermore, reports from our lab indicate that depletion of 

SUZ12, a core component member of Polycomb, leaded 

differentiation of NB4 and HL60 cell lines 104. Altogether, 

suggesting that PHF19 could be considered as targetable 

protein to induce cell cycle arrest and differentiation in NB4 

and HL60 cell lines. 

 

 

3. Mechanism behind depletion of PHF19 

 

Recently, it has been published that MTF2, a PHF19 

homolog, is essential for final erythropoiesis in mouse 

system. Moreover, the authors propose that this is 

mechanistically achieved by MTF2-PRC2 inhibition of the 

WNT signaling pathway 60. To further understand the 

mechanistic behind the differentiation towards the erythroid 

lineage, we performed a ChIP-seq of MTF2 in control and 

PHF19 depletion condition. We observed that the majority of 

PHF19 targets were also targets of MTF2, and that after 



DISCUSSION 

94 

PHF19 depletion there was a gain of MTF2 signal on those 

targets. Our first idea was that PHF19 was competing with 

MTF2 for the same target genes. Ontology of PHF19 target 

genes highlighted that some of the targets are related with 

the WNT signaling pathway. Since the majority of target 

genes were increasing MTF2 signal, we validated some of 

them related with WNT signaling pathway. We also performed 

ChIP-seq of the H3K27me3 mark and observed that PHF19 

target genes also gained signal of H3K27me3. Altogether 

indicating that the erythroid differentiation, as Rothberg et al 

2008 proposed 60, is due to the deposition of MTF2 at those 

PHF19 targets genes related with WNT signaling pathway. 

Nonetheless, more experiments should be performed to 

clarify why is MTF2 necessary, but not PHF19, for the 

repression of WNT genes that facilitates the erythroid 

differentiation since the homology of their sequence is quite 

high. 

Worthy of note, we realized that not all the PHF19 target 

genes, even being targets of MTF2, were gaining MTF2 

signal. Due to this observation, we selected the 50 target 

genes that were gaining the most MTF2 signal and those 50 

target genes that were not increasing MTF2 signal. Looking 

carefully at the PHF19 target genes, we observed that those 

target genes where the increase in MTF2 was higher, were 

also initially more enriched for PHF19, and vice-versa. From 

these data and considering that they compete for the same 

targets, we conclude that there is a complex coordination 
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between PCL homologs and that the turnover between them 

after PHF19 KD is different depending on the initial signal of 

PHF19.  

It should be also taken under consideration that between 

PHF19 target genes the initial expression level was different. 

As expected, target genes that had less PHF19 signal were 

initially more expressed, but at the same time were the most 

de-repressed after PHF19 depletion. On the other hand, 

those genes that had more signal of PHF19 were less 

expressed initially, and after PHF19 depletion they were not 

increasing their expression. All this data previously described 

allows us to hypothesize if MTF2, and therefore PRC2, are 

able to inhibit those targets that had higher levels of 

expression before PHF19 depletion (Figure D.2). Of note, 

these data is also reflecting some degree of expression 

permissiveness that low levels of PHF19 have on its target 

genes.  
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Figure D.2. PHF19-MTF2 turnover. Schematic picture about the turnover 
between PHF19 and MTF2 on PHF19 target genes. Our data indicates that in 
those target genes where PHF19 is more present, when PHF19 is depleted MTF2 
replaces it and keep the gene inhibition. But in those target genes where signal of 
PHF19 is lower, and there is a lower levels of expression, then when PHF19 is 
depleted MTF2 is not able to replace it and the gene expression is full.  
 

Different PRC2 complexes have been described depending 

on the associated factors (PRC2.1 and PRC2.2) 24,27. EPOP 

or PALI, together with PCLs forms the complex PRC2.1 

(Figure I.3). Our laboratory has previously reported that 

EPOP, together with PRC2, forms a complex interacting with 

Elonging BC in mESCs. This complex is allowing low levels of 

expression in the PRC2 genomic targets 42. Then is not 

strange to think that, within PRC2.1, different PCL homologs 

may also account for different activities. Our results indicate 

that depending on the levels of PHF19, PRC2 is more or less 

permissive with respect to expression. Further analysis 
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should be performed in our system to fully understand this 

PHF19-MTF2 turnover and the low expression 

permissiveness on the PHF19-PRC2 targets. 
 

 

4. Targeting PRC2 for myeloid leukemia 
treatment. 
 
 
There is not just a single oncogenic insult driving myeloid 

leukemia. As described before, apart from the main 

oncogenic driver, such as a chromosome translocation, there 

are also accumulative mutations that increase the 

aggressiveness and facilitate the relapse capacity of leukemic 

cancer cells. Epigenetic and PRC2 mutations have been 

widely studied in myeloid leukemia 86,89,153. Therefore, 

targeting PRC2 members could be considered for tackling 

those leukemic cells that have escaped to the classic 

treatment, or for targeting the leukemic initiating cells 94,95.  

In this thesis we have explored the role of PHF19 and its 

potential use as a target for treating myeloid leukemia, 

especially CML. We have described a direct mechanism of 

PHF19 regulating cell cycle and preventing differentiation. 

Moreover, we have observed that there is a clear 

anticorrelation between the expressions of p21 and PHF19 in 

chronic myeloid leukemia patient data. Thus, the inactivation 

of PHF19 would be an approach to arrest leukemic cancer 

cells and induce them to differentiate. Targeting PRC2 
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components for cancer treatment has been a major challenge 

in last years. However, inhibiting the whole complex could 

have some unexpected consequences in some other tissues 

or even in the same leukemic cells, depending on the cellular 

stage of the disease 145,154. Moreover, it has to be taken in 

consideration that PRC2 can be targeted to the chromatin 

through many different factors 22. Therefore, it becomes 

crucial to study the accessory factors that lead PRC2 to the 

chromatin. In this thesis we have described the role of one of 

them, PHF19, in a particular leukemic context. Since PHF19 

is an epigenetic factor and has a role in the chromatin, his 

function could be reversible. Then, further experiments 

analyzing which PHF19 domains are responsible for the 

binding of PRC2 to the chromatin would be necessary for a 

long-term drug development. Nevertheless, we have to be 

aware of the molecular limitations of tackling PHF19, since 

we will be affecting the regulation of just a subset of genes 

but not the main oncogenic driver. Therefore, combination of 

already existing drugs and the inhibition of PHF19 would be 

an approach to improve the patient therapies. For instance, 

for CML patients, tyrosine kinase inhibitors (TKI’s) such as 

Imatinib are the standardized treatment 155. Imatinib is bound 

to the BCR-ABL fusion protein inhibiting the phosphorylation 

activity. This results in the inhibition of proliferative signal to 

the nucleus and led the leukemic cell to the induction of 

apoptosis 155. Although it is already highly effective, more 

then 80% of the Imatinib treated patients in chronic phase are 
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alive after 10 years 156, based in our observations 

combinatorial treatment with lower doses of Imatinib and 

depletion of PHF19 could be explored in order to increase the 

efficiency of the CML treatment.  
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Derived from the results presented in this thesis we can draw 

the following conclusions: 

 

1. PHF19 depletion inhibits cell growth in different 
myeloid leukemia cell lines. 

 
2. PHF19 depletion induces differentiation towards the 

erythroid lineage in chronic myeloid leukemia cell line 
K562. 

 
3. PHF19 depletion prevents K562 differentiation towards 

the megakaryocytic lineage induced by PMA. 
 
5.  PHF19 is enriched at p21 locus and its depletion 

increases p21 expression leading to cell cycle arrest. 
 
6. PHF19 competes with MTF2 for the same target 

genes. 
 
7. Upon PHF19 depletion, MTF2 signal is increased in 

those target genes that needed to be repressed for the 
erythroid differentiation. 

 
8. Expression levels of PHF19 target genes anticorrelate 

with PHF19 signal.  
 
9. Upon PHF19 depletion, MTF2 increases in those 

targets were PHF19 was highly present, and do not 
increase, in those targets where PHF19 was at lower 
levels. 
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1. Cell culture, infection, proliferation, 
apoptosis and differentiation methods 
 
Cell culture 
NB4, HL60 and K562 cells were cultured at 37ºC and 5% of 

CO2 in RPMI medium supplemented with 10% of fetal bovine 

serum. HEK293T and PLATINUM A cells were cultured at 

37ºC and 5% CO2 in DMEM supplemented with 10% of fetal 

bovine serum.  

To monitor cell growth, leukemic cell lines were seeded at 

approximately 2,5 x 105 cells / ml for the NB4 and HL60 cell 

lines and 3 x 105 cells / ml for the K562 cell line, then cells 

were counted and diluted every two days. 

For ARA-C treatment, ARA-C was dissolved in water and 

then dissolved in cell culture medium to obtain the desired 

concentration. 

For PMA treatment, PMA was dissolved in dimethyl 

sulphoxide (DMSO), and then dissolved in cell culture 

medium to obtain the desired concentration. 

 
Generation of the lentiviral vector for PHF19 knock down 
PLKO.1 lentiviral vector was used for the expression of 

shRNAs against PHF19. The following oligos were ordered 

from SIGMA and used to clone shRNA specific for PHF19 

into pLKO.1 vector: 
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Fw-shPHF19#1: 

CCGGAAGCTTCCATCCACATGTGTTCTCGAGAACACAT
GTGGATGGAGCTTTTTTTG 

Rv-shPHF19#1: 

AATTCAAAAAAAGCTTCCATCCACATGTGTTCTCGAGAA
CACATGTGGATGGAAGCTT 

Fw-shPHF19#2: 

CCGGGCCACACATTTGAGAGCATCACTCGAGTGATGCT
CTCAAATGTGTGGCTTTTTG 

Rv-shPHF19#2: 

AATTCAAAAAGCCACACATTTGAGAGCATCACTCGAGTG
ATGCTCTCAAATGTGTGGC 
Then oligos were annealed by incubating the following 

reaction at 95ºC for 5 minutes then followed to slowly cooling 

at room temperature: 5ul of 20uM Forward oligo + 5ul of 

20uM Reverse oligo + 5ul 10X NEB Buffer 2 + 35ul ddH2O. 

The plasmid of insertion was digested with AgeI and EcoRI 

and purified by Qiagen Gel Extraction kit. 20 ng of digested 

and purified plasmid vector was ligated with 2ul of annealed 

oligos using T4 DNA ligase from New England Biolabs (NEB). 

Then 2ul of ligations was transformed into competent 

bacterial cells and plated in LB agar plates with 100ug/ml of 

ampicillin resistance. Collonies grew overnight in the plates. 

Then colonies were picked and grown overnight in 5ml of LB 

medium containing 100ug/ml of ampicillin. The plasmid was 

purified using GeneAll MiniPrep Plasmid purification kit. Then 

50ng of purified plasmid was sent for sequencing and positive 
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colonies were grown in large bacterial cultures and plasmids 

were purified using Invitrogen Pureink HiPure Plasmid Filter 

DNA purification kit. 

 

Cell transfection and infection (Lentivirus vector) 
For the production of viruses to do the knock-downs, 

HEK293T were plated at a density of 2 x 106 cells in a p10 

plate. The day after, the following cocktail was made for each 

transfection; 10ug of pLKO.1 of plasmid, 6ug of pCML-

dR8.91, 5ug of pCMV-VSGV, 62ul of 2M CaCl2 and up to 

500ul of H2O. The cocktail was then added drop by drop to 

500ul of 2X HBS while bubbling the mix using a Pasteur 

pipette. The mixture was incubated 15 minutes at room 

temperature before adding it to the HEK293T plate drop by 

drop. Cells were incubated with the transfection mix for 14-16 

hour. Then medium was replaced by fresh medium and cells 

were incubated 24h. 

Medium with the lentiviral particles were harvested and 

filtered through a 45.um filter into a 15 ml tube. Fresh medium 

was added to the HEK293T cell plate and medium with 

lentiviral particles were harvested again the following day. For 

the infection, a non-treated 6-well plate was used. Two 

rounds of infection were performed according to the days the 

medium was harvested. 5 x 105 of cells was plated in 1ml of 

medium, and then 1ml of the medium with lentivirus was 

added. Then cells were spininoculated (1000g, 90min, 32ºC) 

in presence of protamine sulfate followed by an additional 3 
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hours incubation of 37ºC and 5% CO2. After the two rounds of 

infection, cells were selected with 1ug/ml of puromycin 

(Sigma).  

 
Cell transfection and infection (Retrovirus vector) 
For the production of viruses to do the overexpression, 

Platinum A cells were plated at a density of 2 x 106 cells in a 

p10 plate. The day after, the following cocktail was made for 

each transfection; 10ug of pBabe plasmid, 62ul of 2M CaCl2 

and up to 500ul of H2O. Then the protocol followed was equal 

to the previously described for pLKO.1 plasmid. PBabe 

plasmid with p21 clonned was given by Bill Keyes lab from 

IGMBC at Strasburg.  

 
Cell growth curve 
2,5 x 105 cells/ml were seeded in a non-treated 6 well plate. 

Then cells were counted every two days and seeded again 

the same number of cells for each condition. Number of cells 

was counted using Countesstm chamber slides and trypan 

blue staining to exclude death cells. The differences were 

counted in an accumulative way. 

 

Cell Apoptosis assay 
The cell apoptosis assay was performed using Violet Annexin 

V / Dead Cell Apoptosis Kit (Invitrogen) according to the 

manufacture’s protocol. Post staining, cells were analyzed by 

flow cytometry. 
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Cell proliferation 
Cells were treated with 10uM of BrdU solution during 30 

minutes and then analyzed the BrdU incorporation using 

BrdU Flow Kit (BD Pharmingen) according to manufacture’s 

protocol. The percentage of BrdU-positive cells was analyzed 

by flow cytometry. 

 

Cell cycle 

1 x 106 cells were washed with cold PBS and resuspended in 

0,9ml of EDTA-PBS (EDTA 5mM). Then cells were 

permeabilized adding 2,1ml of cold Ethanol 100% dropwise 

while the mixture was softly shacking in the vortex. Cells were 

kept at 4ºC until the following day. The following day cells 

were resuspended in PI staining buffer that contains 955ul of 

PBS + 30ul of solution A (38ul Sodium citrate 0’5M + 562ul 

Propidium Iodide 500ug/ml) + 2ul of RNAse A (Thermofisher). 

Cells then were incubated at 37ºC for 1hour and then 

analyzed by flow cytometry. Cell cycle profiles were analyzed 

with ModFit LTTM software. 

 

Cell differentiation 
K562 cell lines either in normal conditions or after Ara-C or 

PMA treatment were rinsed twice with PBS and incubated for 

45mins again CD235a-PE or CD61-FITC (antibodies table), 

at 4ºC and protected from light. After washing twice with cold 
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PBS, cells were suspended in PBS with DAPI and then 

analyzed by flow cytometry. Analysis was performed using 

Flowjo Software. 

 

2. Gene Expression methods 
 
 
qPCR-RNA analysis 
RNA was extracted with RNAeasy Mini Kit (Qiagen) 

according to the manufacture’s protocol. Then cDNA was 

generated from 1ug of RNA with the First Strand cDNA 

Synthesis Kit (Fermentas) according to the manufacture’s 

protocol. cDNA was diluted to 100ul of water and 2ul of 

sample were used for each RT-PCR reaction, using SYBR 

green (Roche), the corresponding primers (primer table) and 

the Roche LightCycler 480. Expression was normalized to the 

housekeeping gene RP0. 

 

RNA-seq analysis 
RNA was extracted with RNAeasy Mini Kit. Single-end RNA-

sequencing was performed using 1ug RNA. Samples were 

obtained in two different days and two indendent biological 

replicates were secuenced from the three conditions shCT 

sh#1 and sh#2. The CRG Genomics Unit performed the 

quality control and the library preparation. Libraries were 

sequenced using Illumina HiSeq2000 sequencer. 
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The RNA-seq samples were mapped against the hg19 

human genome assembly using TopHat 157 with the option –g 

1 to discard those reads that could not be uniquely mapped in 

just one region. DESeq2 158 was run to quantify the 

expression of every annotated transcript using the RefSeq 

catalog of exons and to identify each set of differentially 

expressed genes. Expression values shown in the boxplots 

correspond to the average RPKMs across the different 

replicates in each condition. 

 

GSEA of the pre-ranked lists of genes by DESeq2 stat value 

was performed with the GSEA software 159. Human genes 

were ranked by the ratio between KD and CT RNA-seq 

expression. 

 

3. Protein analysis method 
 
 
Western blot  
Cell pellets were washed twice with PBS, then pellets were 

resuspended in hypotonic buffer (10mM TrisHCL p7,4 + 

10mM KCL + 15mM MgCl2) with inhibitors (cOmplete EDTA-

free tablet from Roche50x + PMSF 1mM + Na-orthovanadate 

1mM + B-glycerophosphate 20mM) during 10 minutes in ice. 

Then pellets were centrifuged during 5 minutes at 4ºC at 

700g. The pellet was resuspended in nuclear lysis buffer 

(300mM NaCL + 50mM Hepes pH 7,5 + 0,5% NP40 + 2,5mM 
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MgCl2) with inhibitors (cOmplete EDTA-free tablet from 

Roche50x + PMSF 1mM + Na-orthovanadate 1mM + B-

glycerophosphate 20mM) and Benzonase (50 units/ 500ul of 

buffer). Then pellets were centrifuged during 30 minutes at 

4ºC at 16000g. The supernatant was considered the protein 

extract of the nuclear protein. Protein extract were quantified 

by Bradford assay (Bio-Rad). Around 70ug of protein were 

taken and diluted in 5x Laemli buffer and heated for 5 

minutes in 100ºC. Protein samples were loaded in a 

NuPAGETM 4-12% Bis-Tris precast gel from Invitrogen and 

then were run in running buffer from Invitrogen at 100V. 

Proteins were transferred onto nitrocellulose membranes at 

300mA for 70 minutes at 4ºC in transfer buffer (25mM Tris-

HCL pH 8,3, 200mM glycine, 20% methanol). Trasnfered 

proteins were blocked with 5% of milf in TBS-Tween (10mM 

Trsi-HCl pH 7,5, 100mM NaCl and 0,1% Tween-20) for 

30mins at room temperature. Then membranes were 

incubated overnight with the primary antibody (in 5% of milf in 

TBS-Tween) at 4ºC (see antibody table). The following day, 

membranes were washed twice for 10 minutes with TBS-

Tween followed by incubation of the secondary antibody 

conjugated to the horseradish peroxidase (1:5000), diluted in 

TBS-Tween, for 1h at room temperature. Then membranes 

were washed twice with TBS-Tween at room temperature. 

Then, proteins were detected by enhanced 

chemilluminescence reagent (Pierce ECL Western Blotting 

Substrate, Thermo Scientific). 
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Chromatin immunoprecipitation (ChIP) and ChIP-seq 
 
25 x 106 cells were washed twice with PBS. Then cells were 

sinlge crosslinked or double crosslinked depending if ChIP 

was against proteins or histone mark. For the double 

crosslinking cells were resuspended in 10ml of PBS 1mM 

MgCl2 + 40ul of ChIP Cross-link Gold from Diagenode and 

shaking during 30 minutes at room temperature. Then cells 

were washed twice with cold PBS. Cells then were 

resuspended in the fixation buffer according to manufacture’s 

protocol from Active Motive. Once cells were crosslinked, 

pellets were prepared for sonication as ChIP-IT High 

Sensitivity (53040) protocol recommends. Cells were 

sonicated during 80 cycles (30 seconds ON/ 30 seconds 

OFF) with a Bioruptor (Diagenode) at maximum output. After 

sonication, cells were centrifuged at maximum speed at 4ºC 

for 20mins to pellet the cell debris.  To check the chromatin 

size, 25 ul of chromatin was diluted with 175 ul of TE + 1 u of 

RNAse A and incubated during 30 minutes at 37ºC. Then 

chromatin was incubated for 30 minutes at 55ºC plus 2ul of 

Proteinase K. Afterwards chromatin was incubated 2 hours at 

80ºC. Then chromatin was precipitated as the manufacturers 

protocol described. Chromatin was analyzed in the Nanodrop. 

Then around 800ng were analyzed in a 1% agarose gel to 

corroborate that chromatin was between 200-500 bp of size. 

Then the inmunoprecipitations was performed according to 

Active Motiv protocols from the ChIP-IT High Sensitivity kit 

adding 1% of total IP of Drossophila chromatin. Then Ab used 
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for the IP were, the protein of interest plus the Ab of the 

drosophila. 

When ChIP was performed against histone modifications, the 

protocol followed was the same as previously described but 

without doing the previous crosslink with ChIP Cross-link 

Gold from Diagenode. 

ChIP-seq for all samples were performed using 2-10ng of 

precipitated ChIP DNA followed by sequencing library 

preparation, quality control and quantification. Libraries were 

sequenced in the CRG sequencing unit with the Illumina 

Hiseq2000 sequencer. 

For the bioinformatics analysis, ChIPseq samples normalized 

by spike-in were mapped against a synthetic genome 

constituted by the human and the fruit fly chromosomes 

(hg19 + dm3) using Bowtie with the option -m 1 to discard 

reads that did not map uniquely to one region 160. 

MACS was run with the default parameters but with the shift-

size adjusted to 100 bp to perform the peak calling against 

the corresponding control sample 161.  

Then visual inspection of the target genes was performed and 

to define the subsets FDR value was used, as is described in 

Results section. 

The genome distribution of each set of peaks was calculated 

by counting the number of peaks fitted on each class of 

region according to RefSeq annotations 162. Distal region is 

the region within 2.5 Kbp and 0.5 Kbp upstream of the 

transcription start site (TSS). Proximal region is the region 
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within 0.5 Kbp upstream of the TSS. UTR, untranslated 

region; CDS, protein coding sequence; intronic regions, 

introns; and the rest of the genome, intergenic. Peaks that 

overlapped with more than one genomic feature were 

proportionally counted the same number of times.  

Calculating the genome distribution of all features in the full 

genome we generated Spie charts, and the R caroline 

package was used to combine the piechart of each set of 

peaks with the full genome distribution 163.  

Each set of target genes was retrieved by matching the 

ChIPseq peaks in the region 2.5 Kbp upstream of the TSS 

until the end of the transcripts as annotated in RefSeq.  

Reports of functional enrichments of GO and other genomic 

libraries were generated using the EnrichR tool 129. 

The aggregated plots showing the average distribution of 

ChIPseq reads around the TSS of each target gene were 

generated by counting the number of reads for each region 

according to RefSeq and then averaging the values for the 

total number of mapped reads of each sample and the total 

number of genes in the particular gene set. 

The aggregated plots of ChIPseq samples containing spike-in 

were generated by counting the number of reads mapped in 

human around the TSS for each gene and then averaging 

these values for the total number of reads mapped on the 

Drosophila genome and the number of targets of the gene 

list, as previously described 164. 
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Boxplots showing the ChIPseq level distribution for a 

particular ChIP experiment on a set of genomic peaks were 

calculated by determining the maximum value on this region 

at this sample, which was assigned afterwards to the 

corresponding peak. The values of the samples including 

spike-in were corrected by the number of Drosophila reads 

mapped of the sequencing experiment. 

Each point on the scatterplots of ChIPseq intensities between 

two conditions was calculated by determining the maximum 

value of the sample inside each peak at each condition. 

The UCSC genome browser was used to generate the 

screenshots of each group of experiments along the 

manuscript 165. 
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4. List of primers used 
 
Expression mRNA-qPCR oligos from 5’ to 3’: 
 
CCNA2 FW: ACCCAGGGTTCTCAGAATGG 
CCNA2 RV: CTTGGATGCCAGTCTTACTCA 
 
CDK4 FW: GAAACTCTGAAGCCGACCAG 
CDK4 RV: AGGCAGAGATTCGCTTGTGT 
 
CCND1 FW: GCCGAGAAGCTGTGCATC 
CCND1 RV: CCACTTGAGCTTGTTCACCA 
 
GYPA FW: CAAACGGGACACATATGCAG 
GYPA RV: TCCAATAACACCAGCCATCA 
 
KEL FW: ACCATGGGGAGACTGTCCT 
KEL RV: GGGCTTCCTACACATCACCT 
 
p21 FW: CAGCTGCCGAAGTCAGTTCC 
p21 RV: GTTCTGACATGGCGCCTCC 
 
PHF19 FW: CAGCAGAAAAGGCGAGTTTATAG 
PHF19 RV: CTCCAGGCTGAGGTGAAGTC 
 
RP0 FW: TTCATTGTGGGAGCAGAC 
RP0 RV: CAGCAGTTTCTCCAGAGC 
 
TAL1 FW: CATGGTGCAGCTGAGTCCT 
TAL1 RV: GGTGGTGAACATAGGGAAGG 
 
Y-GLOBIN FW: CACAAAGCACCTGGATGATCT 
Y-GLOBIN RV: AAACGGTCACCAGCACATTT 
 
Genomic ChIP-qPCR oligos from 5’ to 3’: 
 
ATF3 FW: GTGGGTGGTCTGAGTGAGGT 
ATF3 RV: CACAGTTTGGTAATTTGGGGTAG 
 
BMI1 FW: CGGCCCCACGTTTTAGTT 
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BMI1 RV: CCGTTTCATCCAAATCTACCTCT 
 
 
CXCR4 FW: GTATATTGGGCGGGAGTGTC 
CXCR4 RV: ACACGAGGATGGCAAGAGAC 
 
GATA2 FW: ATAATTTTAAATGCCCCGTTTTC 
GATA2 RV: CCCTTTATCCTGTGTGACTGG 
 
GATA3 FW: CACGTGGAGAGAATTAGGAGGA 
GATA3 RV: GTTTCTTTCAGAGGGAGTCTGC 
 
INTERGENIC FW: ACAGGATAAAGTTGGCATAACCA 
INTERGENIC RV: CAACAAAACCGTTTGGAATACAT	
 
NODAL FW: GCGACTTCCTTACTCGACCTC 
NODAL RV:  TCTCTTCCTGCTTCTTGAGGA 
 
NOTUM FW: CCGAGGCTGGGCTTATTT 
NOTUM RV: GGGAAGAAAAGGCGATGC 
 
 
p21/CDKN1A FW: ATGTCATCCTCCTGATCTTTTCA 
p21/ CDKN1A RV: AGAATGAGTTGGCACTCTCCAG 
 
PDGFRA FW: GGGGTGTCAGTTACAGAAGGTCT 
PDGFRA RV: CTGCCTGGATTAAAGTGTTAGGG 
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5. Table of Antibodies used 
 

 
 
Table MM.1 Antibodies and their applications. The antibodies used in this 
study, their dilution for use and commercial information. 
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Ac: Acetylation 

ALL: Acute Lymphoid Leukemia 

AML: Acute Myeloid Leukemia 

AraC: Cytarabine: cytosine B-D-arabinofuranoside 

CBX: Chromobox protein 

CCNA2: Cyclin A2 

CDK4: Cyclin Dependent Kinase 4 

ChIP: Chromatin inmunoprecipitation 

ChIP-seq: Chromatin inmunoprecipitation followed by 

sequencing 

CLL: Chronic Lymphoid Leukemia 

CML: Chronic Myeloid Leukemia 

CXCR4: C-X-C Motif Chemokine Receptor 4 

CyD1: Cyclin D1  

DMSO: Dymethyl Sulphoxide 

EED: Embryonic Ectoderm Development 

EH: Extended Homology 

EZH1/2: Enhancer of Zester 1 or 2 

F: Drosohpila 

FAB: French-American-British classification 

FACS: Fluoresence-activated cell sorting 

FC: Fold Change 

FZD3: Frizzled Class Receptor 3 

GATA2: GATA binding factor 2 
GATA3: GATA binding factor 3 
GO: Gene Ontology 

GSEA: Gene Set Enrichment Analysis 
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GYPA: Glycophorine Alpha 
H: Human 

H3K4me3: Histone H3 trimethylated at lysine 4 

H3K9me3: Histone H3 trimethylated at lysine 9 
H3K27ac: Histone H3 acethylated at lysine 27 
H3K27me3: Histone H3 trimethylated at lysine 27 
H3K119ub: Histone H3 monoubiquitination at lysine 119 
HCC: Hepatocellular carcinoma 

HIC: Hypermethylated in Cancer 

HOX: Homeobox 

KD: knock-down 

MDS: Myelodisplasic Syndrome 

Me: Methylation 

mESCs: mouse Embrionic Stem Cells 

NEB: New England Biolabs 

PCA: Principal Component Analysis 

PCG: Polycomb Group of proteins 

PCL: Polycomb like protein 

PDGFRA: Platelet Derived Growth Factor Receptor Alpha 
PHF19: PHD finger protein 19 
PIP:  PALI interaction with PRC2 domain 

PMA: Phorbol Myristrate Acetate 
PRC1: Polycomb Repressor Complex 1 

PRC2: Polycomb Repressor Complex 2 

PREs: Polycomb Response Elements 
PTM: Post-transcriptional modifications 

RNA-seq: RNA sequencing 
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RPKM: Reads per kilo base per million mapped reads 

RT-PCR: Real time PCR 

SD: standard deviation 

SEM: standard error of the mean 

shRNAs: short hairpins RNAs 

SUZ12: Suppressor of Zester 12 
TAL1: T-Cell Acute Lymphocytic Leukemia Protein 1 

TES: Transcription Ending Site 

TKI: Tyrosine Kinase Inhibitor 

TPM: Transcript per kilo base Million 

TSS: Transcription Starting Site 
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During my PhD I have collaborated to determine the role of 

PHF19 in the hematopoietic system, and resulting from that 

we have submitted to Cell Stem Cell the following publication: 

 

The Polycomb associated factor PHF19 controls 

hematopoietic Stem Cell status and differentiation 

 

Pedro Vizán, Arantxa Gutiérrez, Isabel Espejo, Marc García-
Montolio, Martin Lange, Ana Carretero, Atefeh Lafzi, Holger 

Heyn, Marisa de Andrés, Enrique Blanco, Luciano Di Croce 

 

Summary 

Adult hematopoietic stem cells (HSCs) are rare, multipotent 

cells in bone marrow that are responsible for generating all 

blood cell types. HSCs are a heterogeneous group of cells 

with high plasticity, in part conferred by epigenetic 

mechanisms. PHF19, a subunit of the Polycomb repressive 

complex 2 (PRC2), is preferentially expressed in mouse 

hematopoietic precursors. Here, we show that genetic 

deletion of Phf19 increases HSC identity. While proliferation 

of HSCs is normally triggered by forced mobilization, defects 

in differentiation impede long-term correct blood production, 

eventually leading to aberrant hematopoiesis. At the 

molecular level, PHF19 controls deposition of the histone 

repressive mark H3K27me3, which accumulates in blood 

lineage-specific genes. Our results provide novel insights into 
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how epigenetic mechanisms determine HSC identity, control 

differentiation, and are key for proper hematopoiesis. 

 

 




