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1 Abstract  
 

Promyelocytic leukemia protein (PML) gene encodes a nuclear protein localizing 

into the nucleoplasm and distinct nuclear bodies, referred to as PML nuclear bodies (PML 

NBs). PML is now considered as a gene with tumor-suppressive properties since it is 

implicated in many nuclear functions affecting cellular proliferation, apoptosis and 

senescence. 

The presented work is a part of a larger project that aims to clarify the regulation of 

promyelocytic leukemia protein expression and investigates the role of PML protein in 

cellular senescence. The specific goals of my PhD project were to evaluate new in vitro 

models for the study of PML, to elucidate the effects of histone deacetylase inhibitors on 

PML gene expression, and to investigate the association of PML with the nucleolus. 

First section of the results is dedicated to the validation of human mesenchymal 

stem cells (hMSC) as a new model for the study of human adipogenesis, i.e. the 

commitment and terminal differentiation. This model has been later used for the study of 

PML protein expression in terminally differentiated cells. hMSC are renewable source of 

non-committed precursors that are able to differentiate into mature adipocytes under the 

proper hormonal and pharmacological stimuli. After the optimization of culture protocol 

supporting the adipogenic differentiation, we determined that the inhibition of MAPK 

activation, which is increased in later passages of hMSC, facilitated adipogenic conversion 

of hMSC. Since the pattern of genes expressed during hMSC differentiation into 

adipocytes (adipsin, aP2, PPARγ, C/EBPß, GLUT4 and leptin) was similar to that 

observed in other in vitro adipocyte models, we concluded that hMSC represent a new and 

valuable model for the study of human adipogenesis.  

Next, we demonstrated that the response of two structural components of PML 

nuclear bodies, PML and Sp100, to interferon-α was abolished in cells simultaneously 

treated with histone deacetylases inhibitors. Specifically, trichostatin A blocked the IFNα-

induced increase of PML NBs numbers, and up-regulation of both mRNA and protein 

PML levels in several human cell lines and skin fibroblasts. This effect was not caused by 

the block of nuclear transport of STAT2, a component of transcription factor ISGF3 

responsible for IFNα/β-induction of PML expression. Moreover, chromatin 

immunoprecipitation with STAT2 antibody confirmed binding of STAT2 to ISRE element 

of PML promoter after IFNα-stimulation even in the presence of trichostatin A. These data 
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indicate that the deacetylation is a necessary event for a full transcriptional activation of 

PML and Sp100 gene, however its effect is not mediated exclusively via ISGF3. 

Lastly, we described the expression and localization of PML in growing and senescent 

hMSC. In particular, we focused on and characterized various forms of a novel nuclear 

PML compartment associated with nucleoli. This novel compartment was found under 

growth-permitting conditions also in skin fibroblasts but not in several immortal cell lines. 

In addition, we observed that PML translocated to the nucleolus also upon inhibition of 

polymerase I transcription. In HeLa cells, the PML affinity to either active or inactivated 

nucleoli was restored by a treatment causing premature senescence (i.e. simultaneous 

administration of 5-bromo-2’-deoxyuridine and distamycin A). These findings indicate that 

PML may be involved in nucleolar functions of normal non-transformed or senescent cells 

and that PML association with the nucleolus might be important for cell cycle regulation. 

 

In summary, this work has brought new details on the regulation of PML gene expression 

that can be potentially important in human medicine. Using new in vitro models to 

investigate PML function and behavior, we have collected data showing that PML interacts 

with the nucleolus and that this interaction is linked with the nonimmortalized or senescent 

stage of the human cells. In addition, the model of human mesenchymal stem cells has 

been used to follow the destiny of PML nuclear bodies during terminal differentiation. 
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2 General Introduction 

2.1 Promyelocytic leukemia protein 

Promyelocytic leukemia protein (PML) gene was originally identified as a fusion 

partner of retinoic acid receptor alpha (RAR) in chromosomal translocation found in acute 

promyelocytic leukemia (APL) 1,2. Wild type gene encodes a nuclear protein localizing 

into nucleoplasm and distinct nuclear bodies, referred to as PML nuclear bodies or ND10 

(nuclear domain 10) 3.  

Human PML gene is located on chromosome 15q24.1; PML locus is approximately 

52 kb in length and is subdivided into 9 exons 4. Primary PML transcripts may undergo 

extensive alternative splicing 5,6. It results in the production of at least 11 different mRNA 

species coding PML protein isoforms that share N-terminal region but differ in central and 

C-terminal regions. In vivo translation of these spliced mRNAs generates proteins with 

predicted molecular weight from 48-97 kDa and migration speed up to 180 kDa, which is 

the result of various posttranslational modifications 6,7 (Tab. 1).  

From its discovery in 1991 8, PML protein was found to be implicated in many 

nuclear functions indicating its significant role in the regulation of viral infections, cellular 

proliferation, apoptosis and senescence (for a review, see 9-12). Based on these 

observations, PML is now considered as a gene with tumor-suppressive properties. 

 

2.1.1 Regulation of PML transcription  

The observation that certain hormones and cytokines strongly affect PML 

expression initiated the studies of the cis-regulation of PML expression. Indeed, PML 

promoter and its first exon and intron contain recognition elements for several transcription 

factors (Fig. 1). 

 

 

 

 
Fig.1. Scheme of promoter and proximal part of human PML gene. Exons are represented by 
blue boxes, putative p53 response elements are indicated by black and GAS/ISRE elements by 
white boxes. Transcription start is indicated by the arrow. Adapted from de Stanchina et al 24. 
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The most potent and also first discovered inducers of PML expression are 

interferons (IFNs) 13-15. They strongly stimulate PML transcription through the ISRE and 

weakly through the GAS elements (BOX #1) that have been identified within the promoter 

including first untranslated exon of PML gene 16. PML mRNA induction by interferons is 

rapid and independent of de novo protein synthesis 14, and can be further enhanced by the 

simultaneous treatment with retinoic acid 17. In kinetic studies, the peak of transcriptional 

stimulation was detected between 4 and 8 hours of IFNα- or IFNγ-treatment, then the 

levels of PML mRNA declined steadily for following 12 hours 16. In addition, we have 

shown that the ability of IFNs to induce PML transcription depends on the activity of 

histone deacetylases (HDAC) as demonstrated in the Experimental part II. Since 

interferons are cytokines produced mainly by immune cells in response to viral infection, 

in vivo activation of immune system leads indeed to PML up-regulation 12,16,18. 

Importantly, expression of several other PML NBs-associated proteins (Sp100, Sp140, 

Sp110, ISG20 and PA28) is also stimulated by IFNs, which suggests the role of PML 

bodies as whole structures in IFN and antiviral response 12,15,19-21.  

 
BOX #1 Interferons and IFN-induced gene expression 
Type I IFN (IFNα, ß, ω) are synthesized and secreted in response to viral infection and dsRNA treatment. 
IFNα and ω are products of leukocytes, while IFNß is secreted by fibroblasts. Type II IFN (IFNγ) is 
expressed in T-lymphocytes and natural killer cells upon induction by antigens or mitogens. 
IFN inducible gene promoters are characterized by the presence of one of the two consensus elements, IFN-
stimulated response element (ISRE) and/or the IFNγ-activated site (GAS). ISRE element is recognized by 
the IFN-stimulated gene factor 3 (ISGF3), which consists of phosphorylated STAT1, STAT2 and the DNA-
binding protein p48 (IRF9), or by STAT1 homodimers. STATs (STAT1, 2, 3) are phosphorylated by Jak1 
and Tyk2 kinases in response to type I IFN. In response to IFNγ, only STAT1 is phosphorylated by Jak1 and 
Jak2 and forms homodimers that can bind to the GAS motif. IFN I and II signaling pathways are 
interconnected through transcription factor IRF1. IRF1 is transiently but strongly induced by IFNγ through 
the GAS element in its promoter. Once in the nucleus, it binds the ISRE thus directly activating IFNα/β-
stimulated genes (in other words, IFNγ can stimulate the expression of genes lacking GAS sites via the 
induction of IRF1 12,16). 

 
PML expression could be also stimulated by estrogens as the highest expression of 

PML in the endometrium is during the proliferative (estrogenic) phase, and minimal during 

the luteal (secretory) phase 22,23. However, no estrogen response element has been 

described within PML gene so far and no molecular mechanism of estrogen stimulation of 

PML expression has been suggested. 

In addition, PML has been shown to be a transcriptional target of p53 24 (BOX #2). 

There were several p53 response elements found within the promoter and the first intron of 

PML (Fig. 1). Intriguingly, only activated p53 can bind into these elements, and the p53 

activation depends on the acetylation occurring within PML bodies 24,25. Therefore, PML 

and p53 influence expression or activity of each other in a positive-feedback loop. 
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PML expression is also cell cycle dependent and affected by various stress 

conditions as heat shock, ionizing irradiation, and DNA damage 26. However, the exact 

molecular mechanisms of initiation of PML transcription by these conditions are currently 

unknown. Neither there are any data available about maintaining basal PML expression 

under conditions of normal cellular growth.  

 

2.1.2 Species and tissue specificity of PML expression 

PML expression is restricted to higher eukaryotes as no PML gene homolog is 

found in S. cerevisiae, Drosophila or Arabidopsis genomes 27. This is in agreement with 

the view that antiviral and tumor suppressive pathways evolved during the evolution of 

multicellular organisms with renewing tissues that have to be protected against 

uncontrolled cell proliferation. 

In vitro, PML is expressed ubiquitously in cells of different origin while its 

expression in vivo is more restricted. PML expression is generally suppressed in tissues 

with high proliferative index (including tumor cells) and certain terminally differentiated 

cells 18,28. Specifically, PML NBs are absent in rapidly growing epithelia (normal breast, 

colon, stomach, parathyroid, lung), large neurons and other cells of neuronal lineage such 

as neuroblastoma cells 18,29. PML expression is however reestablished in neurons under 

certain pathological conditions which might suggest involvement of PML bodies in the 

repair processes after axonal injury 30. Importantly, PML seems to be prevalently down-

regulated in tumor cells, although certain tumor types exhibit normal or high PML 

expression 23,30,31. On the other hand, the highest PML levels were found in macrophages, 

which corresponds with the PML inducibility by interferons (BOX #1) 23,30. 

 

2.1.3 PML protein structure 

PML protein can be divided into several functional domains. Four of them form 

together the RBCC/TRIM motif that is highly conserved among a large family of proteins 

involved in the regulation of transcriptional activity 32. RBCC motif consists of C3HC4 

RING finger motif, two cysteine/histidine-rich B boxes (B1 and B2), and an α-helical 

coiled-coil domain (Fig. 2). RING finger domain mediates protein-protein interactions, B-

boxes bind zinc ions while changing conformation, and coiled-coil domain is responsible 

for PML multimerization 6. Mutational analysis of PML RBCC domain showed that the 

RBCC/TRIM motif is essential for PML nuclear body formation as well as for PML
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 tumor-suppressive, apoptotic and anti-viral activities 6,33-36.  

Prevalent localization of PML into the nucleus is due to the presence of nuclear 

localization signal (NLS). Nuclear localization signal is located in exon 6 that might be 

skipped during transcription, yielding cytoplasmic PML isoforms. Nuclear export signal is 

present between aminoacids 700-718 suggesting that the function of PML isoforms 

carrying this signal may be dependent on the ability to shuttle between nucleus and 

cytoplasm 37. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. PML protein structure. The distinct domains and known modification sites are shown. The 
localization of exons with numbers of delimiting aminoacids is shown in the lower part of the 
picture. Breakpoints in APL are highlighted by red arrows.  
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protein is subjected to numerous posttranscriptional modification events that include 

sumoylation and phosphorylation. 

Probably the most important for the integrity and formation of PML bodies is the 

sumoylation - i.e. the covalent binding of small ubiquitin-like modifier (SUMO-1, 2, 3) 38-

40. PML harbors three sumoylation sites: in the RING finger domain (K65), in the first B-

box (K160), and in the nuclear localization signal (K490, Fig. 2) 41,42. Sumoylation is 

carried out by UBC9, a SUMO-conjugating enzyme (an E2 enzyme in the sumoylation 

pathway) that was found to be bound by PML RING domain 7,38. On the other hand, at 

least three SUMO-specific proteases (SENP-1, SENP-2 and SENP-5) are responsible for 

the removal of SUMO from PML, suggesting that the sumoylation status of PML can be 

finely tuned 43,44.  

PML sumoylation was proved to be essential for PML localization into bodies and 

it has thus a major role in the maturation of PML bodies including specific recruitment of 

other proteins into these nuclear domains 45. Consistent with this, the soluble 

nucleoplasmic fraction of PML is not SUMO-modified 12,16. However, it is still unclear 

whether the sumoylation affects PML antitumor function since a PML mutant deficient in 

sumoylation still has the growth-suppressive potential when overexpressed 46. 

In addition to PML sumoylation sites, PML contains also SUMO binding domain 

enabling non-covalent interaction with SUMO or sumoylated proteins including PML 

itself 47. This domain is localized at the position 508-511 and thus it is shared among all 

PML isoforms except PML-VIIb. Intriguingly, also this domain was found to be necessary 

for PML NBs formation. Given the importance of both covalent and non-covalent SUMO 

binding to PML for PML bodies’ formation, a new model was proposed implying that 

PML sumoylation and noncovalent binding of PML to sumoylated PML through the 

SUMO binding motif represents the nucleation event for subsequent recruitment of 

sumoylated proteins and proteins containing SUMO binding motifs to PML NBs 47. 

Phosphorylation is generally one of the most dynamic protein modifications; 

consistent with this view, in case of PML it regulates its behavior during mitosis, 

redistribution upon DNA damage and also PML degradation. Phosphorylation of PML 

occurs presumably on acidic C-terminal portion of PML containing multiple tyrosine and 

cysteine residues. It is thought that differences in the phosphorylation status of PML are 

important for the disintegration of PML bodies during mitosis because the highly labile 

mitosis-specific PML variant was in vitro stabilized by inhibitors of phosphatases. On the 

other hand, dephosphorylation of PML is necessary for the restoration of PML bodies in
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 the early stages of G1 48.  

In addition, PML protein is phosphorylated in response to DNA double-strand 

breaks by Chk2 (check kinase 2) and in response to global DNA damage by ATR (ATM 

and Rad3 related) 49,50 (BOX #3). Phosphorylation of PML by ATR was found to be 

necessary for its DNA damage-induced relocalization into the nucleolus 50. It was shown 

very recently by Dellaire et al. that both ATM (ataxia telangiectasia mutated) and ATR 

activity is needed for the PML bodies redistribution upon DNA damage 51. However, it 

remains unclear if this effect of ATM/ATR kinase activity on PML protein is direct or 

mediated by ATM/ATR substrates (effector kinases, BOX #3). 

Finally, it was shown that PML contains predicted N-terminal and C-terminal 

PEST domains typical for proteins that are rapidly degraded upon phosphorylation. By 

deletion analysis PML degron was mapped between amino acids 498-524; while 

phosphorylation of Ser517 promotes ubiquitin-mediated degradation of PML, mutant PML 

resistant to phosphorylation at this site exhibits longer half-life connected with increased 

tumor-suppressor abilities 52. The kinase responsible for this PML phosphorylation is CKII 

(casein kinase II), a serine-threonine kinase frequently activated in human cancers. 

Intriguingly, there is a negative correlation between CKII kinase activity and PML protein 

levels in human lung cancer-derived cell lines and primary specimens 52. This suggests that 

the PML protein down-regulation found in the majority of human tumors is not caused by 

the decreased transcription but rather increased degradation of PML. This is in line with 

previous findings showing that mRNA for PML is present in human tumors while the 

protein is mostly undetectable 22,31,53. 

 

2.1.5 PML isoforms  

After the extensive research on PML that was frequently irrespective of the fact 

that PML has many isoforms, more effort is now dedicated to systematic examination of 

individual isoforms. Isoform specific antibodies were developed and expression of 

individual isoforms on the wild or PML-/- background was employed to nail down the 

functional and structural differences among them. However, a careful analysis of 

endogenously expressed PML isoforms is still needed since the overexpression of PML 

may lead to the formation of artificial PML aggregates and may disrupt the balance 

between PML bound to the bodies and its free nucleoplasmic form 10. Also, as different 

endogenous PML isoforms multimerize, the study of individually expressed PML isoforms 
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might not be relevant as single isoform does not necessarily have natural interaction 

partners. Nevertheless, the overexpression studies still provide a valuable tool for 

deciphering the PML function. 

When expressed in HepG2 cells, each of the individual PML isoforms exhibits 

distinct immunofluorescence staining patterns that are different also from the pattern of 

endogenous PML in untransfected cells. The differences are noted in the number, size, and 

shape of the bodies, and also in the intensity of diffuse nuclear staining 7. The existence of 

different patterns could be explained by the variation in sumoylation of individual 

isoforms. It is also possible that variable C-terminal domains distinct for each isoform 

(Fig. 3) can preferentially interact with different spectrum of proteins or can exert direct 

steric effect on PML NB assembly. Another hint suggesting different role of individual 

isoform is the level of their expression: the longest isoforms PML-I and -II exhibit the 

highest expression levels, while PML-III, PML-IV and PML-V are quantitatively minor 

isoforms 7. Details on particular isoforms are summarized bellow and in Table 1. 

 
Table 1. PML protein isoforms 

 

PML-I possesses all C-terminal motifs and domains, including nuclear export 

signal and destabilization motifs for p53, MDM2 and HDAC. It was found to locate both 

in the nucleus and cytoplasm. Notably, the C-terminal sequence of PML-I is much more 

conserved from mouse to man than the RBCC motif, suggesting that it has an important 

but to this point unknown function. Moreover, PML-I mRNA represents a very significant 

fraction (40-80%) of the total PML mRNA in nontransformed cells or normal tissues while 

it is much less prevalent in transformed cell lines. This suggests that the diminished PML-I 

expression may be linked with tumor transformation 7.  

Name of 
the isoform 
(GeneCard) 

Name of 
the isoform 
(Jensen)6 

Size of 
protein 

Number of 
amino 
acids 

Size of 
mRNA 

Range of 
CDS 

(nucleotides) 

Size of 
CDS  GeneBank# 

PML 1  PML-I 97 kDa 882 AA 5600 bp 141-2789 2648 bp NM_033238 
PML 2 PML-V? 67 kDa 611 AA 3751bp 141-1976 1835 bp NM_033240 
PML 3 PML-II 90.6 kDa 824 AA 3073 bp 141-2615 2474 bp NM_033242 
PML 5 PML-VI 61.6 kDa 560 AA 3171 bp 141-1823 1682 bp NM_033244 
PML 6 PML-IV 69.6 kDa 633 AA 2254 bp 141-2042 1901 bp NM_002675 
PML 7 PML-VIb 47.6 kDa 423 AA 1851 bp 141-1412 1271 bp NM_033246 
PML 8 PML-VIIb 48.6 kDa 435 AA 1797 bp 141-1448 1307 bp NM_033247 
PML 9 PML-II 90.7 kDa 829 AA 3088 bp 141-2630 2489 bp NM_033239 
PML 10 PML-IVa 64.4 kDa 585 AA 2110 bp 141-1898 1757 bp NM_033249 
PML 11  85.7 kDa 781 AA 2944 bp 141-2486 2345 bp NM_033250 
PML 12 PML-V? 67.2 kDa 611 AA 3736 bp 141-1976 1835 bp NM_033245 
 PML-III  641 AA     
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Besides numerous bodies 54, PML-II exhibits an unusual thread-like staining. In 

addition, its expression results in appearance of thin bubble-like structures close to the 

nuclear membrane and of its lamin-like lining. Thus, it can be speculated that the function 

of this isoform may be dependent on the interaction with the nuclear membrane 7.  

PML-III was found to associate with the centrosome via an interaction with the 

kinase Aurora A. This PML-III localization appeared to be important for the centrosomal 

stability and duplication since RNAi mediated PML-III deficiency resulted in centrosome 

instability 55. However, this conclusion remains speculative since another research group 

could not confirm the presence of PML-III within centrosomes 7. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Exon-intron structure of PML hnRNA isoforms. Exons are shown in blue. Based on the 
data from GeneCards 4. 

 

The most studied PML isoform is PML-IV. It consists of 633 aminoacids and 

contains a C-terminal domain necessary for the interaction with p53. When overexpressed, 

PML-IV builds up a large number of small irregular bodies 54 and it was also occasionally 

detected in the nucleolus. Only this isoform was found to be able to trigger senescence 

when overexpressed  in the PML+/+ MEFs but not in PML-/- MEFs. This suggests that 

only heteromultimers of PML can efficiently promote senescence 46. Peculiarly, it was 

shown recently that the endogenous PML-IV is expressed only weakly in comparison to 

the longest isoforms PML-I and –II 7. 

PML-V expression leads to the assembly of very large and dense bodies 7. 

PML-VI expression yields in a reduced number of round PML NBs maybe because 

most of the protein remains diffusely dispersed in nucleoplasm 54. PML-VIb variant lacks
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the NLS so it is expected to be cytoplasmic similarly to PML-VIIb. First observations of 

PML localization in cytosol have been ascribed mainly to PML bodies that were released 

from the nucleus during mitosis and were not yet translocated back 48. Thus, it was not 

expected that PML serves any special function in cytosol. Nevertheless, Lin et al. showed 

that cytoplasmic isoform PML is essential for the TGFß signaling since TGFß cannot 

induce growth arrest, cellular senescence and apoptosis in absence of PML. This was 

illustrated by the inability of cells lacking PML to up-regulate p21 and p15 in response to 

activation of TGFß signaling pathway 56. However, as noted above, cytoplasmic 

localization may be typical also for PML-I due to the presence of nuclear export signal in 

C-terminal part of PML-I and therefore also this isoform might be potentially involved in 

some kind of cytoplasmic signaling. 

 

2.1.6 PML nuclear bodies 

PML protein distribution within the nucleus has its unique pattern - a majority of 

PML protein is concentrated within structures belonging to the group of so called nuclear 

bodies 57. Nuclear body is a discrete proteinaceous structure denser than surrounding 

chromatin defined by specific markers. PML nuclear bodies were originally discovered as 

targets of autoantibodies in patients suffering from the autoimmune disease, primary 

biliary cirrhosis 58,59. Cells typically contain between 5-30 PML bodies per nucleus 57. The 

size (ranging from 0.2 to 1 µm in diameter) and the number of the bodies vary with the cell 

cycle and other factors changing the overall expression of PML protein. It remains 

controversial which cell cycle phase is associated with the highest PML NBs number; 

while one group using synchronized HeLa cells found the highest number of PML NBs in 

G1 phase 26, other groups showed that PML NBs number is increased after DNA 

replication, i.e. in S 60 or G2 phase 23,48.  

PML nuclear bodies are usually spherical and under certain conditions ring-shaped. 

Different electron and light microscopy techniques revealed that PML protein is located 

usually on the surface of the body, while the core is filled with other proteins 61. Although 

there are reports that nascent RNA is associated with PML NBs, RNA was not found 

inside the core of the bodies 61,62. DNA was detected only within a subpopulation of PML 

bodies in G2 phase 63, nevertheless, PML bodies make multiple contacts with the 

surrounding chromatin 64. In addition, chromosome painting provided evidence that PML 

NBs are located in the interchromatin domain. Live imaging of cells ectopically expressing 

PML-GFP demonstrated that PML bodies are positionally stable over several hours 65.
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After stress (heat shock, Cd2+ exposure, adenovirus E1A expression), however, PML 

nuclear bodies partially disassemble by fission mechanism producing PML 

microstructures. Since the relative sizes and positioning of parental PML bodies observed 

before heat shock are preserved after recovery, it has been suggested that there are pre-

determined locations for PML nuclear bodies assembly 65. It is therefore quite interesting 

that PML NBs were found to be preferentially localized in the vicinity of several active 

gene loci, including both the MHC-I 66 and histone gene clusters 67.  

Up to date, 77 proteins have been identified as transient or permanent components 

of PML bodies 68. Functionally, these proteins belong to transcription factors (Sp100, 

Daxx, pRb, p53 45), proteins with DNA-repair function (BLM, hRAD51, WRN, 

hMre11/Rad50/NBS1 11,45,69-71), telomere-binding proteins (TRF1, TRF2 72), chromatin-

modifying/remodeling proteins (HDAC, CBP/p300 73,74) and other groups. 

Because of the heterogeneity of proteins located into PML NBs, it has been 

proposed that they may serve as depots, releasing or binding different proteins upon the 

actual needs of the cell thus maintaining suitable nucleoplasmic levels of particular 

factors 75. The bodies may also provide an optimal environment for posttranslational 

modification of associated proteins. This model is based on the observation that in the 

absence of PML, proteins normally associated with PML bodies not only acquire aberrant 

localization patterns but they also cannot reach the proper activity that is dependent on 

posttranslational modifications normally occurring in PML NBs 25,74,76,77. In a third model, 

PML nuclear bodies may function as sites of specific nuclear events as transcription or 

DNA synthesis 62,65,78-80.  

Even though our knowledge of PML and PML bodies is still not exact and 

complete, there is no doubt that PML function is dependent on its potential to interact with 

different proteins. Following paragraphs are dedicated to examples of PML interactions 

and processes, which PML is involved in, that have been further studied as a part of my 

PhD project. 

   

2.1.7 APL and PML gene ablation 

The first studies of PML had been stimulated by the fact that PML was found to be 

involved in the development of acute promyelocytic leukemia. APL, characterized by the 

inability of promyelocytic precursors to differentiate, is caused by a reciprocal 

chromosomal translocation of chromosomes 15 and 17 resulting in the production of fusion 

protein of RAR and PML 1,2. Inactivation of one copy of PML gene by its fusion to RAR 
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alters the normal localization of PML from NBs to microdispersed tiny dots presumably 

because wild-type PML heterodimerizes with PML-RARα 81 and thus is unable to form 

PML nuclear bodies. PML-RARα retains both DNA and RARα-ligand binding domains 

but compared to wild-type RARα, fusion protein aberrantly recruits corepressors (i.e. 

NCoR, nuclear co-repressor) and histone deacetylases 82, which leads to the transcriptional 

silencing of recognized promoters through DNA hypermethylation 83 and heterochromatin 

formation. In detail, binding of retinoic acid (RA) to its wild-type receptor RARα triggers 

dissociation of the NCoR-HDAC complex and activation of gene transcription, while 

PML-RARα forms complexes with NCoR-HDAC that are stable even in the presence of 

physiological doses of RA (10-9-10-8 M). Thus, PML-RARα acts as a constitutive 

transcriptional repressor of retinoic acid-dependent genes 82.  

Treatment with supraphysiological levels (10-7-10-6 M) of all-trans retinoic acid 

(ATRA) destabilizes PML-RARα-corepressor binding. Moreover, fusion protein is 

selectively degraded through the proteasome pathway, while wild-type PML is released 84. 

This results in the restoration of the normal pattern of PML nuclear bodies together with 

the release of the differentiation block. Thus, both aberrant recruitment of the NcoR-

HDAC complex and disintegration of PML nuclear bodies is believed to play a key role in 

the development of APL. However, treatment of APL patients with ATRA leads to 

complete but frequently only short-lived remission 12. Therefore, it is usually necessary to 

combine the treatment with histone deacetylase inhibitors to further lower the impact of the 

aberrant HDAC binding to RARE-containing promoters 83,85. HDAC inhibitors can, 

however, affect also sensitivity of PML to interferons as discussed in the Experimental part 

II. 

 

To define the function of PML protein on the whole-organism level, Pml (-/-) mice 

were generated. The protein itself proved to be nonessential as Pml (-/-) mice are viable 

though extremely sensitive to spontaneous botryomycotic infections and they succumb to 

the infection within the first year of their life. However, Pml (-/-) mice and cells are 

protected from apoptosis triggered by a number of stimuli such as ionizing radiation, 

interferon, ceramide, Fas ligand and TNFα 86. Therefore, since the PML loss leads to 

inability to remove damaged cells from the organism, it was surprising that Pml (-/-) mice 

were not more tumor prone compared to their wild type littermates when young (the 

detailed long-term evaluation of tumor susceptibility was compromised due to premature 

infection-caused mortality of mutant mice). However, when the carcinogenesis was
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 induced chemically, Pml (-/-) mice were found to develop significantly more tumors than 

their wild type littermates 87, supporting and extending the evidence of PML tumor 

suppressive properties.  

The involvement of PML in the regulation of cellular proliferation is further 

illustrated by data on in vitro cultured Pml (-/-) cells. Pml (-/-) MEFs grow substantially 

faster than their wild type counterparts and they cannot be growth-arrested upon treatment 

with RA. Moreover, Pml-deficient MEFs exhibit enhanced ability to form colonies and 

they reach much higher cellular densities. However, they are still unable to grow in a semi-

solid medium like fully transformed cells 87. Altogether, the loss of wild type PML 

represents an important but not the only step leading to full tumor transformation.  

 

2.1.8 PML links to tumor suppressor pathways 

In agreement with the proposed PML tumor-suppressive potential, when 

overexpressed, PML exhibits strong growth suppression that is connected with the 

establishment of cellular senescence or with the induction of apoptosis or necrosis  56,88-91. 

In vivo, this is manifested by lower potential of PML overexpressing cells (breast and 

prostate cancer cells) to initiate tumor formation when injected into nude mice 92,93. In 

vitro, the cells (HeLa, breast cancer cell line) overexpressing PML accumulate in G1 phase 

and their entry into S phase is delayed due to the decreased expression of cyclin D/E and 

Cdk2 94. Intriguingly, the decreased expression of cyclin D1 may be at least partly directly 

regulated by PML through its interaction with eIF4E (eukaryotic initiation factor 4E) that 

is responsible for the transport of cyclin D1 mRNA from the nucleus to the cytoplasm 95-98. 

An elegant study demonstrated that PML is an essential regulator of this eIF4E function as 

an interaction of eIF4E with PML reduces the affinity of eIF4E to m7G-cap of cyclin D1 

mRNA that subsequently leads to nuclear retention of cyclin D1 mRNA and the abrogation 

of its translation 27. Nevertheless, more general effects of PML on the cell cycle 

progression are now attributed to the ability of PML to interact with or influence the 

proteins involved in p53 and pRb tumor suppressor pathways (BOX #2) 99.  

The activity of p53 is dependent on its phosphorylation and acetylation status 100. It 

is known that the acetylation enhancing the activity of p53 is carried out by 

acetyltransferase CBP/p300 100. Quite intriguingly, a fraction of CBP is found within PML 

NBs and, moreover, CBP is able to acetylate p53 only in cells with functional PML nuclear 

bodies 74. The acetylation of p53 can be reverted by SIRT1 (Sir2-like protein 1), a 

molecule enhancing resistance of cells to stress, that is targeted into PML nuclear bodies 
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upon PML overexpression or up-regulation 101. SIRT1 thus may antagonize PML-induced-

p53-dependent senescence. Another protein responsible for p53 activation that is located 

into PML nuclear bodies is HIPK2 (homeodomain-interacting protein kinase 2). HIPK2 

phosphorylates p53 at Ser46 and this modification stimulates p53 proapoptotic 

activities 76,102,103. However, the most compelling evidence that points at the link between 

PML and p53 growth-suppressive pathway were brought by Pearson et al. studying Ras-

induced senescence 25. They showed that only PML expressing cells but not Pml (-/-) cells 

can respond to Ras overexpression by the activation of p53, recruitment of p53 into PML 

bodies, and the induction of premature senescence. In fact, Pml (-/-) cells were resistant to 

Ras-induced senescence despite the presence of wild type p53. Thus, at least in mice, PML 

is required for the efficient activation of p53 in response to aberrant oncogene signaling. 

Besides oncogene stimulation, p53 is recruited into PML NBs following the treatment with 

arsenic trioxide and gamma- or UV-irradiation 11,70,104. Importantly, only certain PML 

isoforms can recruit p53 into bodies since p53 interaction with PML is mediated by C-

terminal domain that is not shared by all PML isoforms 77.  

 
BOX #2. Tumor suppressors 
p53 is a transcriptional factor that masters apoptotic, senescent and repair programs in response to cellular 
stresses. It transcriptionally activates or represses target genes involved in the regulation of the cell cycle; this 
primarily leads to block of proliferation of damaged cells. The stability of p53 is predominantly mediated by 
the interaction with MDM2. MDM2 is E3 ubiquitin ligase targeting p53 for proteasome-dependent 
degradation. Upon induction of DNA damage, oncogene activation or other stresses, p53-MDM2 binding 
weakens; p53 is stabilized, and accumulates in the nucleus. Active p53 is phosphorylated and acetylated on 
multiple residues and these modifications and their combinations influence the effects of p53 on its target 
genes including p21WAF1/CIP1, 14-3-3σ, GADD45, PCNA, cyclin D1, cyclin G, BAX, Bcl-L, FAS1, FASL and 
MDM2. For instance, the posttranslational p53 modifications found in senescent cells are mostly distinct 
from p53 modification typically induced by DNA damage 105. Mutations in TP53, the gene that encodes the 
p53 protein, are found in 50% of human cancers. Furthermore, p53 is inactivated by E6 protein of high-risk 
HPV18 100,106. 
 
pRb was discovered as a protein whose loss results in the development of retinoblastoma, a rare childhood 
tumor of the eye. pRb belongs to a group of so called pocket proteins including also p107 and p130 sharing 
with pRb 30-35% identity. The primary function of pRb is to inactivate the transcription factor E2F and 
thus block E2F-dependent transcription. E2F release from this inhibiting complex with pRb is dependent 
upon pRb hyperphosphorylation directed by cyclin-dependent kinases CDK 4 and CDK6 during G1 phase. 
E2F then binds to promoters of genes necessary for the progression through G1 phase and entry into S phase. 
CDK4 and 6 themselves are inactivated by inhibitors such as p16, p15, p18 and p19 and under these 
conditions pRb is maintained in its active hypophosphorylated form. This usually occurs after DNA damage 
and during cellular senescence. In contrast, pRb inactivation is strongly linked with the development of 
cancer 107. 

 

PML affects not only the activation but also the stability of p53 through the 

interaction with MDM2 and HAUSP (herpesvirus-associated ubiquitin specific protease). 

It was demonstrated that PML directly interacts with MDM2, the key p53 negative 

regulator 104,108. This interaction occurs predominantly in the absence of PML sumoylation 
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of Lys160, so it can be expected that it is the free nucleoplasmic PML form that binds 

MDM2 108. On the other hand, the activity of HAUSP is linked to PML nuclear bodies; 

HAUSP is able to remove ubiquitin residue from p53 molecule thus protecting it from 

proteasome-dependent degradation 109,110. 

Moreover, as discussed in the Chapter 2.1.1, the relationship between PML and p53 

is reciprocal since p53 transcriptionally activates PML expression and may also inhibit 

CKII-dependent PML destabilization 52. Together, these two tumor suppressor proteins 

potentiate activity of each other in a positive feedback loop that reinforces their 

downstream effects leading to the establishment of the growth arrest including senescence 

or the induction of apoptosis. 

Although the role of p53 in the processes initiated by PML overexpression is 

evident, several studies have implicated that the essential protein in PML-triggered 

apoptosis or senescence in human cells is in fact the pRb. This was suggested since at least 

in liver tumor cells, the ability of PML to induce cell cycle arrest was not related to the 

status of p53 111. Similarly, the inactivation of p53 in human fibroblasts was not sufficient 

to block senescence induced by PML overexpression while the inactivation of pRb 

prevented it 88. It remains still unclear how exactly PML and pRb are interconnected 

functionally though it was shown that they can physically interact 99. To complicate the 

whole picture even more, endogenous PML retains a growth suppressive activity also in 

pRb-ablated cells indicating that PML is likely to simultaneously affect multiple pathways 

involved in cell-cycle regulation 99.  

PML nuclear bodies attract not only tumor suppressors but also proto-oncogene c-

Myc 112. Myc is a transcription factor that binds and regulates a large number of genes 

including many that encode ribosomal proteins, rRNA processing factors and translation 

factors. Furthermore, Myc is a potent direct activator of tRNA and 5S rRNA synthesis 113. 

How PML affects the function of c-myc, which is targeted into PML bodies upon myc 

overexpression, was not deciphered. It should not be underestimated as the deregulation of 

the c-myc proto-oncogene is believed to play a role in the genesis of up to 30% of all 

human cancers 114.  

 

2.1.9 PML and DNA damage 

Maintaining of DNA integrity is the basic presumption of proper cellular functions 

and organism homeostasis. As the DNA is being constantly damaged by environmental 

and intrinsic factors, sophisticated array of DNA repair and cell cycle checkpoint 
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mechanisms have evolved to ensure the continuity of unchanged genetic information 

(BOX #3). The exact involvement of PML and PML bodies in the DNA repair/checkpoints 

is not completely determined yet. But it is already clear that PML is important for or at 

least modulates the response of cells to DNA damage. 

PML is a target of phosphorylation by Chk2 (serine 117) 49 and also the substrate 

for ATM-directed phosphorylation 50. Interestingly, both kinases are targeted to PML NBs 

following the DNA damage 11. It was observed that following irradiation a subset of PML 

NBs colocalize with the sites of new DNA synthesis, which is considered as a marker for 

active DNA repair 115, as well as with γH2AX, a marker of  single and double strand DNA 

breaks 70. Similarly, a subset of PML NBs colocalize with BLM, a member of the RecQ 

DNA helicase family, at sites of nucleotide excision repair (NER) induced by UV-C 

radiation 69,115. Another RecQ DNA helicase, WRN, whose loss results in premature aging 

(Werner syndrome), moves upon DNA damage caused by irradiation from its regular 

location in the nucleolus into nucleoplasmic foci containing Rad51 and RPA that partially 

overlap with PML NBs 11,71. Lastly, PML colocalizes and associates with the DNA damage 

response protein TopBP1 in response to ionizing irradiation 116. 

 

BOX #3 DNA damage-repair and checkpoints 
DNA repair mechanisms include direct, base and nucleotide excision repair and double-strand break 
repair by homologous recombination or non-homologous end joining that are carried out by specialized 
enzymes or enzymes primarily involved in DNA replication 117. At the same time as DNA damage is 
recognized and DNA repair takes place, DNA damage activates so called DNA damage checkpoint- 
pathways that delay or arrest cell cycle progression for the time necessary to fully repair the damage 118. 
They are not activated only during certain stages of the cell cycle but they constantly monitor the integrity of 
the genome and their activity is enhanced when the extent of DNA damage rise above certain threshold level. 
They consist of proteins that are able to recognize the damage (sensor proteins) and convey the signal from 
the sensors to the effector molecules that control the transition to following cell cycle phase (Fig. 4).  
ATM and ATR kinases belong to the most important sensor molecules. ATM is activated by the damage 
caused by γ irradiation, i.e. dsDNA breaks 119, while ATR is activated by replicative stress or UV light 
causing mainly base damage 120. When activated, they phosphorylate signal transducer kinases Chk2 (ATM) 
and Chk1 (ATR) and other proteins including p53, NBS1, BRCA1 (ATM) 117,121. Chk1 and Chk2 
phosphorylate and thus inactivate Cdc25 phosphatases crucial for the activation of cyclin dependent kinases 
promoting transition into the next cell cycle stage 122.  
The outcome of the synchronized activation of both DNA repair and checkpoint mechanisms is the removal 
of the DNA damage before the cell can enter the next cell cycle phase. When the damage is unreparable or 
too extensive, effector molecules ensure that the affected cell is removed from the proliferative cellular pool 
by apoptosis or by entering the senescence.  

 

Although the above discussed data do not explicitly prove the direct involvement of 

PML bodies in DNA repair, it is well accepted that several proteins important in all aspects 

of DNA repair processes alter their activity upon the transition through PML bodies. ATR, 

Chk2, MRE11, NBS1, BLM belong to them; they pass through PML NBs in a temporally 

regulated manner 45,69,70,123. Also p53, one of the effector molecules necessary to maintain 
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G1/S cell cycle arrest, is stabilized and activated in PML NBs through acetylation by CBP 

and phosphorylation by HIPK2 and Chk2 that both co-accumulate in PML NBs in 

response to DNA damage 11,102,124,126. What is even more intriguing, following UV 

irradiation, PML, MDM2 and p53 form a trimeric complex at PML NBs, where PML 

interaction with MDM2 prevents MDM2-dependent p53 ubiquitination 104,124. In 

agreement with this, PML-ablated cells fail to induce p53-dependent gene expression in 

response to genotoxic stress 125. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Components of the DNA damage checkpoints in human cells 115.  

 

Remarkably, PML NBs numbers increase significantly shortly after gamma-

irradiation 11. The molecular mechanism of this increase has been proposed recently; PML 

NBs react to DNA damage by rapid disassembly and thus serve as dynamic sensors of 

cellular stress 51. It was suggested that PML NBs may sense the DNA damage due to their 

numerous contacts with chromatin. Following extensive DNA damage including the 

double-strand DNA breaks, PML bodies appear to be literally torn apart by chromatin 

fibres that are pulled away from the bodies; this process is then manifested by an 

appearance of PML microstructures, i.e. increase in PML NBs number. Interestingly, it has 

been proposed that the dissociation of PML bodies is probably prerequisite to the release of 

associated factors to the sites of damage. Moreover, the activation of DNA repair
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machinery results in chromatin relaxation and expansion of interchromatin domains, so 

PML bodies that have lost contact with chromatin may migrate within these spaces which 

could explain observation of PML bodies translocating to the sites of DNA damage and 

repair 51. 

DNA damage checkpoints are activated also by shortened and deprotected 

telomeres 126 (BOX #4). Cancer cells prevent this cell cycle block by the reactivation of 

telomerase. Those cancer cells that do not express telomerase may maintain the acceptable 

length of telomeres by alternative telomere lengthening mechanism (ALT) 127. Molecular 

mechanisms of ALT remain obscure; however, some results suggest that recombination 

events are involved 128. Importantly, ALT is connected with a subset of PML bodies that 

are enriched in telomeric DNA, the telomere binding proteins TRF1 and TRF2, and several 

proteins important for DNA repair and homologous recombination (e.g. BRCA1, NBS1, 

Rad1/Rad9/Hus1, Rad17, RPA1, Rad51 and Rad52) 80,129. These bodies are therefore 

referred to as ALT-associated PML bodies (APBs) 130. APBs can be detected almost 

exclusively in late S-G2 phase 72. Generally, they appear in cell population as soon as 

ALT-mechanism is established and the length of telomeres stabilized, suggesting that 

APBs are functionally connected with the ALT mechanism. Interestingly, this is probably 

the only so far known PML activity that is not primarily growth-suppressive. 

 
BOX #4. Telomeres 
Telomeres are specialized chromatin structures at the end of linear chromosomes. Telomeric DNA 
consisting of many double-stranded TTAGGG repeats and a 3’-single strand overhang is in complex with 
telomere-binding proteins. They form a cap structure that protects the ends of telomeric DNA against 
degradation and chromosomes against end-to-end fusions. Due to the inability of DNA polymerase to 
replicate DNA ends, telomeres get shorter with each cellular division. This telomere attrition accelerated  
also by oxidative and other stresses is believed to cause replicative senescence as it inevitably leads to 
activation of DNA damage checkpoints (deprotected ends of telomeric DNA are recognized as double strand 
breaks 126,131) and genomic instability caused mainly by the fusion and subsequent rearrangement of 
chromosomes. It is possible that telomere shortening represents an evolutionary solution for multicellular 
organisms with cycling cells preventing cells with deregulated cell cycle checkpoints to proliferate 
indefinitely and thus it suppresses tumorigenesis. Embryonic, stem and certain other cells have the potential 
to maintain the telomere length by expression of RNA-dependent enzyme telomerase 132. Moreover, cancer 
cells that do not express telomerase may maintain the acceptable length of telomeres by so called alternative 
telomere lengthening mechanism (ALT) 127.  
 

In summary, PML and PML bodies are involved in the regulation of cellular 

proliferation, DNA damage repair and senescence, and exhibit overally strong growth and 

tumor suppressive potential. Although extensive progress in the deciphering of PML 

interactions that might be responsible for these properties has been made, further 

investigation of complete pathways involving PML is necessary. 
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2.2 The nucleolus 

The nucleolus is the most prominent subcompartment of the higher eukaryote 

nucleus. The nucleolus is primarily dedicated to ribosome synthesis; it is a place, where 

rDNA is transcribed, precursors of rRNA are spliced and modified, and where the 

assembly of preribosomal particles occurs. In last years, however, the novel functions of 

the nucleolus have been discovered- the nucleolus has been implicated in the regulation of 

the cell cycle and the aging process. The reappraisal of these nucleolar functions is based 

on the accumulating evidence that the nucleolus can serve as a very sensitive sensor of 

cellular fitness and the impairment of its function and structure induced by stress condition 

(as the lack of nutrients or growth factors and DNA damage) is one of the primary stimuli 

for the activation of cell cycle and DNA damage checkpoints.  

 

2.2.1 Structure of the nucleolus  

The structure of the interphase nucleolus is highly dependent on transcription 

activity and associated ribosome assembly; hence it has been proposed that the nucleolus is 

“an organelle formed by the act of building a ribosome” 133. The nucleolus is organized 

around clusters of rDNA genes that are arranged as tandem head-to-tail repeats on several 

chromosomes (in humans, there are about 400 rDNA genes on chromosomes 13, 14, 15, 

21, 22). These clusters form so called nucleolar organizing regions (NOR).  

In trancriptionally active nucleolus, three morphologically distinct domains can be 

discriminated: fibrillar centers (FCs), dense fibrillar component (DFC) and granular 

component (GC) (Fig. 5). FCs are composed of fine (4-5 nm) fibrils and are attached to the 

NORs. The number of fibrillar centers usually positively correlates with the rDNA 

transcription activity of the cell and RNA polymerase I (Pol I) and UBF are considered as 

typical markers of FC. Since the active transcription of ribosomal genes occurs 

preferentially at the border of FC and DFC, it is possible that FCs are in fact storage places 

for inactive transcription factors that are recruited to active rDNA genes upon need. This is 

supported by the finding that less than 10% of nucleolar Pol I is engaged in transcription 

and the density of Pol I in FCs accounts for more than this proportion 134. Dense fibrillar 

component surrounds FCs. It is characterized by the presence of fibrillarin, although 

fibrillarin may be present also in granular component that consists of small granules 

representing prevalently ribosome precursors 135.  
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Fig. 5. The nucleolus on the ultrastructural level. Distinct domains are indicated by arrowheads. 
Bar, 1 µm. From Hozak et al 220. 

 

In the absence of rDNA transcription caused by actinomycin D (BOX #5) or during 

very low metabolic activity of the cells (for example in hibernating carps 136), nucleolar 

structure rearranges and three functional nucleolar domains become segregated from each 

other 137. FC and DFC segregate into two distinct types of nucleolar caps, while the 

remnants of GC form so called central body. When both Pol I and Pol II are inhibited, 

certain nucleoplasmic proteins (especially those involved in mRNA binding or processing) 

segregate into another type of caps located on the surface of the segregated nucleolus. The 

segregation is reversible until certain point and segregated nucleolus may regain the 

normal structure when the actinomycin block is released. 

 
BOX #5. Actinomycin D 
Actinomycin D (AMD) is the antibiotic produced by Streptomyces antibioticus. It is known for its ability to 
inhibit Pol I and Pol II transcription 138. Pol I transcription is inhibited by low doses of AMD (0.001-
0.05 µg/ml, i.e. 0.8-40 nM), while both polymerases are inhibited when higher concentration of AMD is 
used. Its action is quite rapid; transcription (its elongation phase) is fully blocked within 10-20 minutes. 
AMD binds to DNA duplexes, mainly to pGpC and ß conformation that is usually present in gene 
promoters. High concentrations might cause DNA breaks probably due to the poisoning the topoisomerase 
enzymes 139,140. Long-term exposition to AMD induces cell cycle arrest and senescence 139.  

 
 

2.2.2 rDNA transcription 

To better understand how the nucleolus is engaged in the regulation of the cell 

cycle, the main components and steps of nucleolar transcription have to be described, since 

their regulation is prerequisite of the change in the cellular growth status. Transcription of 
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rDNA genes, representing about 70-90% of overall cellular transcription, is carried out by 

RNA polymerase I. The rRNA genes for 18S, 5.8S and 28S rRNA are present in a single 

transcription unit, representing unique eukaryotic polycistrone. Its transcription yields a 

47S rRNA precursor that is co- and post-transcriptionally cleaved and modified to produce 

the mature rRNA species 141,142. The modifications consist of 2’-O-methylation of ribose 

groups and the conversion of uridine to pseudouridine and are directed by more than 150 

different snoRNAs that pair with specific target sequences 143. The last rRNA species, 5S 

rRNA, is transcribed by RNA polymerase III in nucleoplasm and is then transported to the 

nucleolus where it is incorporated into newly assembled preribosomes together with 78 

ribosomal proteins 142.  

 

BOX #6 Nucleolar proteins and their function in the ribosome synthesis 
RNA polymerase I - a complex enzyme composed of at least 14 subunits (mammalian Pol I) of size over 
500 kDa; Pol I is initiation competent only when associated with TIF-IA. 
SL1 (TIF-IB) - human selectivity factor 1, consists of TBP and at least three TAFs (TBP associated factors) 
that are necessary for the promoter recognition (because TBP does not bind to DNA); SL1 interacts with 
UBF 144. 
UBF - upstream binding factor; recruits Pol I to the rDNA promoter, stabilizes binding of SL1 and competes 
with nonspecific DNA-binding proteins such as histone H1 thus activating rDNA transcription 145. 
TIF-IA - forms a bridge between Pol I and SL1 and thus it is required for the assembly of a productive 
transcription initiation complex. Moreover, it is indispensable for the formation of the first phosphodiester 
bond in nascent rRNA molecule 146. 
Fibrillarin - is a part of snoRNP and exhibits a methyltransferase activity. In view of that, it is expected to be 
responsible for 2’-O-methylation of rRNA 141. 
Nucleophosmin (B23) - is a 32 kDa protein, prevalently localized into GC. It is important for late processing 
of pre-rRNA as it cleaves 47S rRNA within ITS2. In the phosphorylated form, it binds RNA, non-
phosphorylated form is dispersed freely in nucleoplasm; however, it can also migrate into cytosol, acting as a 
chaperone protein 147. 
Nucleolin (C23) - is a 76 kDa prevalently nucleolar protein, that shuttles between nucleolus, nucleoplasm, 
cytosol and cell surface. It is involved in early stages of rRNA maturation (it probably binds 5’-region of pre-
rRNA and facilitates recruitment of processing components), ribosome assembly, nucleo-cytoplasmic 
transport, and cell proliferation.  It exhibits DNA and RNA helicase activity. Its activity is regulated through 
phosphorylation 148. 

 

Transcription begins with the recruitment of SL1 and UBF (BOX #6) to rDNA 

gene promoter (core element and upstream control element resp. (Fig. 6)). SL1 and UBF 

interact with each other and with DNA while forming a stable pre-initiation complex 

(PIC).  PIC attracts an initiation-competent subfraction of Pol I, defined by the presence of 

TIF-IA, to the transcription start site and thus converts into a productive initiation 

complex 149. After initiation, TIF-IA is released from the ternary complex and becomes 

available for binding to another preinitiation complex. SL1 also dissociates from the 

template upon transcription, whereas UBF remains bound to the upstream promoter 

element, thus most likely facilitating the reinitiation of transcription. 
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Fig. 6. Schematic representation of regulatory elements in the rDNA transcription units. 
Promoter is preceeded by single terminator element, while ten terminator elements are found 
downstream rDNA unit. Proteins involved in initiation and termination of transcription are shown in 
the lower part of the scheme. Adapted from 145,147. 

 

Due to the dense loading of the Pol I complexes on active rDNA genes, the 

elongation phase is very sensitive to any type of DNA damage as there is a high probability 

of a polymerase encountering, and stalling at, a site of DNA damage. Stalled Pol I then 

represents a strong signal for activation of DNA damage checkpoint. To avoid the cell 

cycle arrest, Pol I transcription is coupled with repair, which is illustrated by the presence 

of DNA-repair proteins TFIIH, CSB (Cockayne syndrome B) and xeroderma pigmentosum 

group G (XPG) in a complex with Pol I involved in rDNA transcription 144.  

Transcription is terminated upon cooperation of Pol I, TTF-I and transcript-release 

factor PTRF at the termination site resulting in dissociation of the elongating PolI and 

nascent transcript from the template DNA 144. 

 
 

2.2.3 Regulation of ribosome production 

Given that the overall rate of protein synthesis is limited by ribosome availability as 

the number of mRNA molecules exceeds the number of ribosomes, the impact of an 

attenuation of the nucleolar metabolism induced by stress conditions is major; for instance, 

50% decrease in translation causes fibroblasts to exit the cell cycle and quiesce. On the 

other hand, cells that have defective cell cycle checkpoints (for example fibroblasts from 

p53 KO mice) or cancer cells, are characteristic by markedly elevated rDNA transcription 
150. Thus, in normal cells, a fine equilibrium is maintained between the growth status of the



General Introduction – Regulation of ribosome production 

30 

cell and the production of rRNAs, which is the limiting step in ribosome accumulation. 

The amount of rRNA is regulated mostly at the level of rDNA transcription 144. 

Indeed, the activity of several proteins essential for the initiation of rDNA transcription can 

be effectively regulated. UBF activity is positively correlated with its phosphorylation that 

enhances UBF affinity to DNA and mediates its interactions with other proteins 149. On the 

other hand, in quiescent cells, UBF is hypophosphorylated and transcriptionally inactive. 

UBF can be phosphorylated by CKII, ERK1/2, Cdk4 and Cdk2 and this phosphorylation 

leads to an immediate upregulation of rDNA transcription.  Interestingly, both CKII and 

ERK are constitutively activated in many cancers 150. Furthermore, UBF interacts with 

hypophosphorylated pRb that accumulates in the nucleolus when the demand for rRNA 

production is low, for example in the growth arrested or differentiating cells 151. This 

interaction prevents UBF from recruiting SL1 and CBP to rDNA promoter. Similar effect 

on UBF activity has also another pocket protein p130 (BOX #2) 113. In addition, interaction 

between SL1 and UBF is destabilized by the direct binding of p53 with SL1 150. 

Furthermore, SL1 activity may be decreased through the deacetylation of one of the TAFs 

(BOX #6), TAFI68, by Sir2 145. 

TIF-IA represents another molecule whose activity can be finely tuned in response 

to extra- and intracellular conditions. Compelling evidence was gathered that in mammals 

the growth-dependent cessation of rDNA transcription is attributable to a drop in TIF-IA 

amount or activity 149. Upon stress, TIF-IA is phosphorylated by c-Jun N-terminal kinase 2 

(JNK2) at threonine 200. This modification hampers the TIF-IA interaction with Pol I and 

leads to the translocation of TIF-IA from the nucleolus to the nucleoplasm. The exclusion 

of TIF-IA from the nucleolus is also triggered by the phosphorylation of TIF-IA Ser 199 

induced by the mTOR inhibitor rapamycin 152. On the other hand, phosphorylation of TIF-

IA by activated ERK potentiates TIF-IA association with Pol I 153. When TIF-IA is 

inactivated, normal nucleolar structure is disrupted and several nucleolar and ribosomal 

proteins including UBF, B23, ARF and L11 are released to the nucleoplasm 154. The 

impact of such delocalization of nucleolar proteins is explained in detail in the following 

chapter. 

 

2.2.4 The nucleolus as a sensor of cellular fitness- the nucleolus and 
its relationship with p53 tumor suppressor pathway. 

Besides its essential role in ribosome synthesis, the nucleolus has been recently 

shown to perform unexpected tasks in cell cycle regulation, control of aging, nuclear
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export pathways and telomerase function 148. The fact that nucleolar functions are affected 

by growth factor and nutrients availability, various stress factors and DNA damage, 

together with its potent sequestration function, leads to the growing awareness that the 

nucleolus is predisposed to serve as a sensitive sensor of overall cellular fitness.  

Probably the most powerful molecule dependent on the nucleolar activity is p53. 

p53 turnover is mostly dependent on the p53 association with MDM2 (BOX #2) and the 

block of this association leads to p53 stabilization. Several nucleolar proteins have been 

shown to interact with MDM2 and inhibit its binding to p53. Intriguingly, the interaction of 

these proteins and MDM2 can occur only upon impairment of nucleolar functions 

permitting the release of nucleolar proteins into the nucleoplasm as discussed bellow.  

One of the first discovered regulators of p53 was ARF (alternative reading frame).  

ARF is a 19 kDa protein, transcribed from the same locus (INK4) as CDK inhibitor p16 

through the use of alternative promoter 155. Arf (-/-) mice are highly tumor prone, 

indicating that ARF is a bona fide tumor suppressor. It is found mainly in GC but it quickly 

reacts to even brief perturbations in cell cycle and in nucleolar function (induced for 

instance by the CDK, CKII and Pol II inhibitors) by translocation into nucleoplasm 156. 

ARF tumor suppressive potential is mostly based on its ability to interact with MDM2. 

Firstly, it was suggested that ARF sequesters MDM2 from nucleoplasm to the nucleolus 

and thus inhibits MDM2-dependent p53 degradation 157. However, p53 is stabilized also by 

mutant ARF unable to localize into the nucleolus 158. Another study confirmed as well that 

the interaction of ARF protein with MDM2 occurs in nucleoplasm and not directly in the 

nucleolus 159. Therefore, another model proposed that ARF forms a ternary complex with 

MDM2 (and p53) in nucleoplasm, thus preventing p53 nuclear export. This in turn leads to 

enhanced nuclear retention, stabilization and activation of p53. In contrast to ARF 

stabilization impact on p53, AFR can promote a polyubiquitination and thus destabilization 

of B23 (BOX #6). This has a negative impact on the processing of preribosomal RNA 

which might explain how ARF inhibits synthetic nucleolar function 160. Possibly for that 

reason, ARF expression in cycling cells is maintained at very low level but it is strongly 

induced by aberrant oncogene activation and pRb inactivation (due to the presence of E2F 

response element in the ARF promoter) 161. Therefore, it has been proposed that the 

primordial role of ARF could be to block ribosome biogenesis that was triggered in 

response to the inadequate oncogene activation 113. Also, ARF is crucial for the induction 

of p53 when pRb pathway is inactivated 161. 
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B23 is another protein involved in the modulation of p53 activity. Not only it 

prevents MDM2 binding to p53 but it also protects ARF from degradation, thus enforcing 

ARF-dependent p53 stabilization 162. It interacts with p53 also directly and modifies its 

activity - it inhibits its premature activation. The observations that overexpression of B23 

induced a cell cycle arrest and premature senescence in normal fibroblasts, and conversely 

that the depletion of B23 by siRNA treatment almost completely prevented p53 

stabilization after X-ray irradiation 163, underscore the B23 function as an  important 

regulator of p53.  

Recently, similar p53 stabilizing properties as those of ARF and B23 have been 

ascribed to several ribosomal proteins. One of them is the ribosomal protein L11 that is 

normally a component of 60S ribosomal subunit. Under the conditions blocking the cell 

cycle progression (serum depletion, AMD-treatment), L11 cannot be bound in ribosomes 

and it is translocated from the nucleolus to the nucleoplasm. There it interacts with and 

inactivates MDM2 which leads to stabilization of p53 164,165. The same behavior was 

documented also for ribosomal protein L23 and L5 166,167. Interestingly, L5, L11 and L23 

bind to separate sites of MDM2 (L23 interacts with the same domain as ARF) 167.  

However, the most remarkable evidence of the crucial role of the nucleolus for the 

p53 activity has been presented by Rubbi and Milner 168. In their experiments, they 

exposed cells to UV irradiation to induce p53 activation. Their experimental set-up 

allowed targeting of damaging light selectively to the nucleolus or to the remaining 

nucleoplasm. Strikingly, p53 was not activated when the nucleolus remained intact 

evenwhen the rest of the nucleus was substantially damaged. Thus they concluded that the 

nucleolar disruption is crucial for p53 stabilization induced by UV irradiation. 

Furthermore, when they integrated their data with other reports on p53 activation they 

found that also other treatments leading to p53 activation cause major changes in the 

nucleolar structure and therefore they proposed that the nucleolar disruption itself could be 

the main trigger for all p53 responses 113.  

In summary, impairment of nucleolar function in response to different kinds of 

stress is accompanied by perturbation of nucleolar structure, cell cycle arrest and 

stabilization of p53. The other way around, the change of nucleolar structure may suggest 

an ongoing stress insult and/or the specific cellular response to it. We have found that the 

establishment of cellular senescence coincides with the formation of nucleolus-derived 

structures encircled by PML protein as described in the Experimental part III. 
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2.3 Cellular senescence 
 

Aging is defined as a time-dependent decrease of organismal fitness inevitably 

resulting in the death. One of the major theories explaining the phenomenon of aging is the 

damage-based theory: the cellular and tissue damage accumulates over the lifespan of the 

organism until it impairs the effective functioning of crucial organ systems 169. Cellular 

damage, which cannot be sufficiently eliminated but is not extensive enough to cause cell 

death, triggers cellular senescence that is characterized by the acquired and permanent 

insensitivity of the cell to mitogenic stimuli. Establishment of senescence is particularly 

important when damaged cells belong to proliferative pool and thus may potentially 

become malignant. Thus, both cell death and senescence eliminate the potentially 

dangerous cell from the affected tissue but at the same time the loss of cells hampers the 

tissue function. Together, it is expected that both processes protect organism against cancer 

but at the same time contribute to the aging of the organism. 

 

2.3.1 Characteristics of cellular senescence  

Cellular senescence is similarly to apoptosis established upon the execution of 

strictly controlled genetic program. Majority of in vitro cultured primary cells become 

senescent after extensive serial passaging. One of the molecular triggers of this so called 

replicative senescence has been already determined - it is the shortening of telomeres 

occurring with each cellular division (BOX #4). Phenotypically, the senescent cell 

becomes flat and enlarged, produces different spectrum of extracellular matrix 

components, secretes cytokines unusual for its tissue of origin and exhibits distinct gene 

expression pattern 170. Senescent cells can be detected due to the higher ß-galactosidase 

activity at pH 6.0 (so called senescence-associated ß galactosidase activity, SA-ß-GAL) 171.  

Normal cells can enter a state similar to replicative senescence but independent of 

telomere shortening referred to as premature senescence. Premature senescence can be in 

vitro induced by ceramides, histone deacetylase inhibitors, oxidative stress, DNA 

topoizomerase inhibitors, activated c-ras gene inducing constitutive MAPK activation and 

other means. Independent of the trigger, the senescence-associated cell-cycle arrest is 

executed by cyclin-dependent kinase inhibitors that block progress through the cell 

cycle 172. However, the molecular mechanisms preceding the accumulation of these 

inhibitors remain largely unknown. The selective induction of cellular senescence in tumor 

cells appears to be a promising approach to treat cancer. This expectation was supported by
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recent reports demonstrating DNA-damaging treatment in vivo is accompanied by the 

induction of cellular senescence in tumor cells, which correlates with increased overall 

survival of the host 173. One of the senescence inducers that is effective in most types of 

tumor cells is 5-bromo-2’-deoxyuridine (BrdU).  

 

2.3.2 BrdU-induced premature senescence 

5-bromo-2’-deoxyuridine is an analogue of thymidine, in which a methyl group is 

substituted by a bromine ion. BrdU is incorporated into DNA as 5-bromouracil instead of 

thymine 174. The long-term exposition to BrdU and also other halogenated analogues of 

thymidine (5-chloro-2’-deoxyoridine, CldU; 5-iodo-2’-deoxyuridine) induces premature 

senescence in both normal and tumor derived cells 175,176. BrdU-induced senescence 

resembles replicative senescence as shown by microarray analysis of gene expression of 

BrdU-treated and replicatively senescent cells 177. Two thirds of genes upregulated in 

BrdU-treated cells are upregulated also in old versus young human fibroblasts 178. In the 

Experimental part III we extended this analysis by description of BrdU effects on PML 

nuclear compartment. We found that BrdU-treatment restores the ability of PML to interact 

with the nucleolus that is nearly absent in untreated malignant cells. Thus this effect of 

BrdU might be connected with the induction of senescence. Moreover, we confirmed that 

BrdU induces expression of tumor suppressor genes such as pRb, p53 and p21. 

The mechanism of BrdU action is not completely understood. While telomere 

shortening does not seem to be accelerated by BrdU 176, it was shown that BrdU has a 

mutagenic potential, since it can be converted into bromouracil that is not recognized by 

cellular repair enzymes and may pair with cytosine instead of adenine. This causes highly 

specific transition from AT to GC during subsequent replication. Only 4 days in the 

presence of 120 µM BrdU is sufficient time to induce this transition with frequencies 

between 9.8x10-6 to 3.9x10-5. This represents approximately a 60- to 230-fold increase 

above the frequency of spontaneous mutation in the untreated control 174,179. Nevertheless, 

the increased frequency of point mutations could hardly be the only mechanism 

responsible for fast and quite uniform induction of senescence by BrdU. Importantly, when 

exposed to light, BrdU is converted to uracil, removed by uracil glycosylase and the newly 

formed apyrimidic site may cause a nick or gap on DNA 178. BrdU also substantially 

elevates the number of chromosomal aberrations and sister-chromatid exchanges 180. This 

further underscores the fact that DNA damage is likely to be critical for both cancer and
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aging. Conversely, Michichita et al. have suggested that the DNA damage is not involved 

in BrdU-induced senescence, as light-insensitive CldU that does not cause DNA damage 

when cells are exposed to light has the same effect as BrdU and no DNA damage inducible 

genes were found to be upregulated in BrdU-treated cells except for p21 178. Thus another 

model was proposed; it stems from the observation that BrdU promotes decondensation of 

constitutive chromatin and AT-rich Giemsa-dark bands in mitotic chromosomes and that 

the substitution of thymine with 5-bromouracil in AT-rich sequences lessen their bending 

and enhance their binding to the nuclear matrix. Taken together, this Japanese group 

postulated that BrdU affects a higher-order chromatin structure and this chromatin 

relaxation leads to the initiation of the expression of the senescence-associated genes in 

human cells. Although this model is based on the controversial results concerning the 

absence of DNA damage in BrdU-treated cells, it could possibly explain the striking 

synergism between BrdU and distamycin A in the induction of the senescence.  

Distamycin A, a peptide-like antibiotic, binds to the minor grooves of AT-rich 

sequences similarly as Hoechst 33258, netropsin (DMA derivative) and the AT-hook 

protein 181,182. It potentiates the effect of BrdU at low concentrations when BrdU alone 

does not exert significant effect 183. It competes with DNA-binding proteins recognizing 

AT-rich sequences, namely S/MARs (scaffold/nuclear matrix attachement regions). 

S/MARs are AT-rich regions of several hundreds base pairs, preferentially located on G-

bands and heterochromatin, and specifically associated with the nuclear matrix 184. They 

strongly affect expression of genes and chromosome dynamics with S/MAR binding 

proteins in cooperation with other types of DNA-binding proteins such as histone H1 and 

high mobility group protein HMG-I. An example of gene whose expression is affected 

through changed dynamics of S/MAR is MYOD1 185. Human MYOD1 located on G-band 

11p15.4 is expressed upon differentiation of satellite cells. Indeed, its expression is 

strongly inhibited by both BrdU and distamycin A suggesting that a change in chromatin 

structure is involved in the effect of BrdU on this gene.  

Apart from the effect on the senescence-associated genes, BrdU was shown to 

induce production of alkaline phosphatase in a hybrid line 186, prolactin in rat pituitary 

tumor cells 187 and human fetal globin in normal adult erythroid cells 188. On the other 

hand, BrdU down-regulates expression of the endogenous human papilloma virus type 18 

E6/E7 (BOX #7) and this could explain high sensitivity of HeLa cells to BrdU treatment. 
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BOX #7. E6 and E7 HPV proteins 
Papillomaviruses  are DNA viruses that infect epithelial tissues. They usually cause benign warts but they 
can contribute to human tumorigenesis as high-risk HPV E6/E7 proteins inactivate both major tumor 
suppressors pRb and p53 and dramatically augment genomic instability. 
E7 proteins interact with the pRb and the related “pocket proteins” p107 and p130 and this interaction 
targets the pocket proteins to the proteasome-mediated degradation. E7 also affects transcription 
coactivators such as p300/ CBP. Moreover, HPV E7 expression has been shown to trigger primary 
centrosome and centriole duplication errors in normal diploid cells, thus increasing the genomic instability. 
Intriguingly, it has been demonstrated that E7 interact also with PML 89. 
High-risk HPV E6 proteins eliminate safeguard mechanisms of the cell initiated by above described effects 
of E7 expression through inactivation of p53. E6 proteins do not interact with p53 directly but form a 
complex with the cellular E6-AP protein that consequently induces ubiquitination and degradation of p53. 
Moreover, E6 binds c-myc and this c-myc/E6 complex activates hTERT expression and thus facilitates the 
immortalization of human epithelial cells 189. 
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2.4 Human mesenchymal stem cells 

The ability of the multicellular organism to survive during the extended period of 

time is given by the ability to repair cells and tissue that become damaged from extrinsic or 

intrinsic reasons. The maintenance of tissue homeostasis is dependent on the population of 

so called stem cells. These cells are characteristic by the potency to differentiate into 

multiple cell types as well as to self-renew and thus to maintain their cellular pool. They 

can reside in each tissue; however they can also migrate over long distances led by homing 

signals to colonize tissues that need to be repaired 190. This property is important for 

natural but might be useful also for medicine-directed rejuvenation of the organism.  

How exactly are stem cells maintained during the lifetime of the organism and what 

are the stimuli leading to their commitment and differentiation is not fully understood. 

Therefore, the in vitro research on the stem cells provides the opportunity to address these 

questions and to use this information also for human medicine to improve quality of life of 

the human population.  

 

2.4.1 hMSC properties 

Human mesenchymal stem cells (hMSC) can be isolated from bone marrow or 

adipose tissue using a density gradient that removes hematopoietic stem cells and already 

differentiated cells 191. hMSC represent quite uniform population of cells that is positive 

for several surface markers (including SH2, SH3, CD29, CD44, CD71, CD90, CD106, 

CD120a, CD124). When in culture, they exhibit normal karyotype and also telomerase 

activity over several cell divisions. Depending of culture conditions and of the donor they 

can reach about 40 cell divisions before they become senescent 192.  

The idea of human gene therapy is based on the introduction of a functional gene 

into cells within the body to correct a genetic defect. Importantly, hMSC represent a 

promising cellular vehicle for in vivo gene delivery given that they can be in vitro 

genetically manipulated without compromising the stem cell qualities. Using retroviral 

transduction, hMSC expressing GFP or human IL3 were generated and they maintained the 

transgene expression for extended period of time (up to several months), even when 

differentiated or when injected into nude mice 193. 

hMSC secrete a number of cytokines such as IL6, IL7, IL8, IL11, IL12, IL14, IL15, 

LIF, M-CSF and GM-CSF. This secretory function of hMSC is important for other cells as 

it was shown that hMSC support hematopoietic differentiation in vitro 194. They are truly 
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pluripotent cells because upon proper stimulation they can give rise to chondrocytes, 

osteoblasts, adipocytes, kardiomyocytes and even neurons while they do not differentiate 

spontaneously 195-200. The commitment of hMSC into different lineages is dependent on 

nutrients availability, cell density, mechanical forces, growth factors, cytokines and 

interactions with the immediate environment 191,201. The analysis of differentiation 

potential of 185 non-immortalized human MSC cell clones showed that hMSC were 

progressively losing their adipogenic and chondrogenic differentiation potential at 

increasing cell doublings while osteogenic potential was maintained even when cells 

exhibited features of senescence 192,202,203. This, together with the observation that clones 

with a differentiation potential limited to the osteo-adipogenic or to the chondro-

adipogenic phenotype were never detected, strongly supports the hierarchical model of 

hMSC differentiation pathway, where adipogenic potential is the first to be repressed 202. 

Thus, it can be suggested that early phases of stem cell differentiation are associated with a 

successive restriction in the repertoire of genes that can be expressed 201.  

 

2.4.2 Adipogenesis and adipogenic conversion of hMSC 

Adipogenesis is connected with dramatic changes in the gene expression necessary 

for the establishment of highly specialized function of adipose cell, i.e. storage or 

mobilization of excessive energy in form of triglycerides and secretion of hormones and 

cytokines (for a review, see 204). The key transcription factors involved in adipogenesis are 

C/EBPα and PPARγ; they govern the entire differentiation process acting on a single 

pathway, in which PPARγ appears to be the dominant factor. The importance of both of 

them was confirmed using KO mice models and overexpression approach. Loss of PPARγ 

results in the inability of cells to acquire any feature of adipose phenotype and, on the other 

hand, an overexpression of PPARγ in nonadipogenic mouse fibroblasts is sufficient to 

trigger the adipogenic program 205,206. The ablation of C/EBPα in all tissue except liver 

(liver KO of C/EBPα leads to the embryonic lethality) resulted in complete loss of white 

adipose tissue proving that C/EBPα is required for the differentiation of white 

adipocytes 207. All other transcription regulators, coactivators or repressors important in the 

adipogenic program affect these two master regulators.  

Importantly, it seems that transcriptional programs leading to hMSC commitment 

into each lineage are mutually exclusive, i.e. factors activating adipogenic conversion 

block for example osteogenesis and vice versa. For example, the activity of MAP kinase 

ERK appears to be critical for the commitment to either adipogenic or
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osteogenic program 208. The treatment of hMSC with osteogenic supplements leads to 

sustained but time restricted ERK activation that coincides with differentiation manifested 

by the formation of bone-like nodules with a mineralized extracellular matrix. The block of 

this activation by PD98059, a specific inhibitor of the ERK signaling pathway, results in 

repression of the osteogenic conversion, while proportion of hMSC exhibits features of the 

adipogenic differentiation including the expression of adipose-specific mRNAs PPARγ2, 

aP2 and LPL. Molecular basis of this switch has been suggested - the ERK may 

phosphorylate PPARγ and it is known that this modification reduces PPARγ transcription 

activity 209. In line with this, growth factors and cytokines, which activate MAP kinases, 

such as tumor necrosis factor α, are potent inhibitors of adipocyte differentiation 208. The 

effects of ERK activation on adipogenic conversion of hMSC have been further evaluated 

in Experimenal part I. 

Adipogenic conversion of cells is in vitro induced by medium containing hormonal 

cocktail (1-methyl-3/isobutylxanthine-inducer of cAMP, dexamethasone- glucocorticoid, 

insulin, and indomethacin) 210. Phenotypically, cells start to accumulate cytoplasmic lipid 

droplets and become rounded; as a consequence the cell nucleus is pushed towards the 

cytoplasmic membrane. Fully differentiated adipocyte is characterised by one central lipid 

droplet and narrow cytoplasmic rim accommodating the nucleus. In Experimental part I, 

we describe conditions that support the adipogenic conversion of hMSC and validate them 

as an in vitro model for human adipogenesis. 

 

2.4.3 Adipogenesis and tumor suppressors 

Interestingly, to regulators of adipogenesis belong also pRb and several proteins 

primarily described to be important in the aging process. pRb role in adipogenesis is quite 

complicated – the inactivation of pRb through its hyperphosphorylation is necessary for 

E2F binding to PPARγ promoter. On the other hand, knock-out of pRb does not result in 

increased adipogenesis as could be expected. Quite contrary, pRb-/- MEF have a reduced 

capacity for differentiation into white adipocytes 211. It is possible that complete loss of 

pRb hamper the exit from the cell cycle that is required for the terminal differentiation.  

FOXO family of transcription factors has been implicated in the establishing of 

stress resistance that slows down aging 212. Interestingly, FOXO1 negatively regulates 

adipogenesis and one of the roles of insulin in adipogenesis is to inactivate FOXO1 

binding to promoters of its target genes 211. FOXO1 transcriptional target is p21, so FOXO
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inhibits adipogenesis at least in mice through blocking clonal expansion of 

preadipocytes 213.  

There are essentially no data about PML role in adipogenesis or adipocytes. But it 

is noteworthy that PML is upregulated by interferons and retinoic acid - two factors that 

potently block adipogenesis. In the Experimental part III, we showed that PML is present 

also in fully differentiated adipocytes, although the number of PML bodies was somehow 

lowered. 

 

2.4.4 hMSC and aging 

As stem cells contribute to tissue homeostasis over the lifetime of organism, they 

must have molecular mechanisms that prevent senescence and maintain their “stemness”. 

However, even these mechanisms might become partially insufficient upon accumulation 

of environmental insults and the aging of stem cells and the loss of their pluripotency may 

contribute to the deterioration of tissue function.  

In vivo, most of the stem cells are maintained in mitotic quiescence that is distinct 

from permanent cell cycle exit. It has been suggested that it is the immediate environment-

so called the stem cell niche - that is a source of the appropriate signals that keep stem cells 

in a quiescent state 201. However, stem cells are able to react to mitotic stimuli and divide 

as many times as needed. They share the property of indefinite cell division with tumor 

cells. This raises the possibility that the tumor cells may have actually evolved from the 

stem cells with the deregulated cell cycle 214; this deregulation presumably originates from 

unrepaired DNA damage and genomic instability. Therefore, the presence of stem cells in 

the body can represent also certain danger for the organism. Thus, the pathways directing 

stem cell cycle progression or growth arrest need to be thoroughly investigated to get the 

full picture of tumor development. However up to now, there is only little information on 

p53 and pRb tumor suppressor pathways in stem cells and there are virtually no data about 

PML and PML bodies and their role in stem cell biology. Thus, one of the goals of the 

Experimental part III was to bring new information about PML expression and behavior in 

in vitro cultured hMSC. We showed that PML expression is greatly dependent on the 

proliferative age of hMSC and that the senescence in hMSC is connected with newly 

described association of PML with the nucleolus. 
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3 Aims of the study 
 
The general objective of the presented study was to contribute to the elucidation of the 

promyelocytic leukemia protein function and regulation in human cells. We aimed mainly 

to analyze the PML expression and behavior using the models of stem, tumor and 

senescent cells. This goal was preceded by the evaluation of these models including the 

characterization of adipogenic conversion of hMSC and was addressed in three 

experimental blocks. 

 

The specific aims were: 

 

1. To optimize the culture conditions enhancing adipogenesis in hMSC and then to 

validate hMSC as an in vitro model of human adipogenesis.  

 

2. To examine the role of chromatin acetylation in the expression of PML gene. 

 

3. To describe PML expression and nuclear compartmentalization in growing, 

differentiated and senescent hMSC and in other prematurely senescent cells. 
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4 Overview of used experimental methods 

4.1 Cell culture 
 
hMSC growth and differentiation 
hMSC were subcultured 1:3 when they reached 80% confluence. For experiments, hMSC 
were used between passages 5 and 18. For differentiation, cells were grown to 100% 
confluence in the growth medium supplemented with 10% FBS specially selected to 
support hMSC growth. Two day post-confluent cells were incubated in Adipogenesis 
Induction Medium (AIM: DMEM-1 g/l glucose, 1 μM dexamethasone, 0.2 mM 
indomethacin, 1.7 µM insulin, 0.5 mM IBMX, 10% FBS, 0.05 U/ml penicillin, 0.05 μg/ml 
streptomycin) for 3 days, three days incubated in Adipogenesis Maintenance Medium 
(AMM: DMEM-1 g/l glucose, 1.7 µM insulin, 10% FBS, 0.05 U/ml penicillin, 0.05 μg/ml 
streptomycin) and then switched to AIM again. After third cycle, cells were fed with AMM 
up to 21 day of differentiation. 
 
Induction and estimation of cellular senescence in vitro 
Cells were treated by 10 µM BrdU, 10 µM DMA, or their combination for 5 - 7 days. 
Culture medium was changed with fresh additives every second day. Due to the sensitivity 
of BrdU-treated cells to light-induced DNA damage 215, cells were exposed to light only 
for minimal time interval necessary for cell handling. SA-β-galactosidase assay was 
performed according to Serrano et. al. 171 with modifications described in 216. Images were 
captured at magnification 200x by fluorescence microscope Leica DMRXA equipped with 
digital camera. 
 
Oil Red O staining  
Cells were stained with Oil Red O to determine the extent of accumulation of lipids during 
differentiation 217. Cells were fixed in 10% solution of formaldehyde in phosphate buffer 
for 1 hour or more, washed with 60% isopropanol and stained with Oil Red O solution (in 
60% isopropanol) for 10 minutes. Excessive stain was removed by repeated washing with 
water. Cells were destained in 100% isopropanol for 15 minutes. The optical density of the 
solution was measured at 500 nm. An empty well treated in the same way was used as a 
blank. 
 

4.2 Gene expression 
Chromatin immunoprecipitation (ChIP)  
HeLa cells (about 5 x 106 cells for each ChIP) were fixed with 1% formaldehyde for 10 
min (reaction was stopped by 0.125 M glycine), harvested and lysed in cell lysis buffer (5 
mM PIPES, pH 8.0, 85 mM KCl, 0.5% NP-40) for 10 min on ice. All buffers were 
supplemented with protease inhibitors (1 mM Pefabloc, 1 µg/ml pepstatin, 10 µg/ml 
leupeptin). The nuclei were resuspended in nuclei lysis buffer (50 mM Tris-HCl, pH 8.0, 
10 mM EDTA, 0.2% SDS) and sonicated 8 times for 30 s (30 W; Sanyo Soniprep 150) on 
ice. Lysates were diluted and adjusted to contain all components of RIPA buffer (final 
concentration: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% 
Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS). Lysates were precleared with G-
Sepharose beads equilibrated in RIPA buffer containing 1 mg/ml of BSA and 1 mg/ml of 
sonicated salmon sperm. Immunoprecipitation with desired antibody was performed at 4˚C 
overnight. The same total protein amount was used for each reaction. Immunocomplexes 
bound on beads were washed two-times with RIPA, four-times with LiCl buffer (10 mM 
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Tris-HCl, pH 8.0, 1 mM EDTA, 500 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate), 
and once with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Protein-DNA 
complexes were eluted with 0.1 M NaHCO3 and 1% SDS, decrosslinked in the presence of 
200 mM NaCl for 5 h at 65˚C, and then treated with RNase A (f.c. 40 μg/ml, 20 min, 
37˚C) and proteinase K (f.c. 200 μg/ml, 3 h, 50˚C). DNA was phenol/chloroform extracted, 
precipitated and PCR-amplified. The supernatant after G Sepharose beads collection was 
saved as reaction input; DNA was isolated, and 1/16000 of total input was amplified by 
PCR. 
 
RNA analysis - qRT-PCR 
Total RNA was isolated using Trizol or TriReagent and optionally applied to RNeasy 
minicolumns. RNA was dissolved in RNase free water and stored in –70oC until use. The 
concentration of RNA was determined using spectrophotometry. One-step qRT-PCR 
reaction with gene specific primers and TaqMan probe was carried out using the ABI 
PRISM 7700 SDS instrument.  Gene specific primers and probes were designed using 
Primer Express software. For two-step qRT-PCR, 200 ng of total RNA was reverse 
transcribed using random hexamers as primers and for second step, an aliquot of cDNA 
corresponding to 10 ng was used. qRT-PCR was performed in ABI Prism 7000 or 7300 
instruments employing master mix containing SYBR Green I. Every sample was measured 
in duplicates. Either standard curve or the ΔΔCt method was applied for quantification and 
appropriate house-keeping genes were used for normalization of the results 218. 
For RT-PCR analysis, total RNA was isolated by cesium gradient centrifugation and 
dissolved in DEPC water. After the reverse transcription step, first strand of cDNA was 
amplified using specific primers. cDNA was analyzed after 35 cycles of PCR on 
agarose/EtBr gel.  
 
Cell fractionation  
Cytosolic and nuclear fractions were prepared according to a modified protocol of Dignam. 
Briefly, cells were scraped into ice-cold PBS, collected by centrifugation (500x g, 4˚C, 5 
min), resuspended in cytosolic lysis buffer containing 10 mM HEPES (pH 8.0), 1.5 mM 
MgCl2, 10 mM KCl, 10 mM iodoacetamide, 0.5 mM Pefabloc, 0.5 µg/ml pepstatin and 1 
µg/ml leupeptin, and stroked several times through injection needle (29G). After 
incubation on ice (10 min), nuclei were pelleted by centrigufation, supernatant was 
removed and stored as cytosolic fraction. Nuclei were washed and resuspended in cytosolic 
lysis buffer. Both fractions were denatured in SDS sample buffer, boiled for 5 min and 
shortly sonicated before loading onto the gel. 
 
Protein analysis-immunoblotting 
Confluent cells were washed with PBS and scraped into RIPA buffer (10 mM Tris pH 8.0, 
140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 µg/ml 
pepstatin, 10 µg/ml leupeptin, 1 mM Pefabloc) or cell lysis buffer (50 mM Tris pH 7.4, 
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 µg/mL pepstatin, 
1 µg/mL leupeptin, 2 µg/mL aprotinin, 100 µM benzamidine) and briefly sonicated. 
Lysates were cleared by centrifugation. For MAPK experiments the lysis buffer was 
enriched with 10 mM activated sodium orthovanadate and 2 mM DTT. For detection of 
p53, p21 and pRb, cells were washed twice with ice-cold PBS supplemented with protease 
inhibitors (1 mM Pefabloc SC, 1 µg/ml leupeptin, 1 µg/ml pepstatin) and phosphatases 
inhibitors (1 mM sodium orthovanadate, 10 mM NaF) and then scraped into the same 
buffer and centrifuged at 2000 rpm, 5 min, 4oC. Cells were resuspended in 50 mM Tris 
(pH 6.8)/inhibitors of proteases and phosphatases, then lysed in 50 mM Tris (pH 6.8), 2% 
SDS, 10% glycerol and briefly sonicated. DTT and bromphenol was added to lysates to



Overview of used experimental methods - Gene expression  

44 

final concentrations 100 mM and 0.01%, respectively. Protein concentration was 
determined using the bicinchoninic assay (Pierce, Rockford, IL, USA). Equal amounts of 
total protein were resolved on 8%, 13% or 8-16% gradient polyacrylamide minigels and 
electrotransferred onto nitrocellulose or PVDF membranes. After blocking, membranes 
were incubated overnight in a cold room with the primary antibody, and antigen-antibody 
complexes were detected using secondary antibodies coupled with horseradish peroxidase 
and the ECL detection system (Pierce).  
 

4.3 Microscopy 
Indirect immunofluorescence and nuclear run-on transcription assay  
Cells were grown on 12 mm glass coverslips, washed twice with PBS and 
fixed/permeabilized in 3-4% formaldehyde/PBS/0.1% Triton X-100 for 20 minutes. Cells 
were then washed extensively with PBS and used immediately or stored in PBS/0.1% 
sodium azide at 4oC. Cells were incubated with primary antibodies diluted in PBS/0.05% 
Tween 20 for 1 hour at room temperature, then washed 3 times in PBS/0.05% Tween 20 
and incubated with secondary antibodies conjugated with fluorescent dyes (FITC, Cy5, 
Cy3). To visualize RNA and nucleoli, cells were stained with 2 µM TOTO3 (Molecular 
Probes, Eugene, OR, USA). Coverslips were then mounted in MOWIOL with DAPI (0.8 
µg/ml). Images were obtained using fluorescence microscope OLYMPUS VANOX-S or 
Leica confocal microscope TCS SP. 
 
Run-on transcription assay 
Detection of nascent RNA molecules was performed as described before 219. In brief, cells 
were permeabilized by addition of 0.5 mg/ml saponin in physiological buffer (100 mM 
potassium acetate, 30 mM KCl, 10 mM Na2HPO4, 1 mM MgCl2, 1 mM Na2ATP, 1 mM 
DTT, pH 7.4 supplemented with 0.2 mM PMSF, 100 mg/ml BSA and 10 U/ml human 
placental RNase inhibitor), and transcription was initiated by adding a transcription 
mixture (final concentrations, 100 µM CTP, GTP, BrUTP, and 0.3 mM MgCl2) into 
saponin-free physiological buffer. To enhance incorporation of BrUTP into rRNA 
transcripts, cells were incubated with 100 µg/ml α-amanitin for 5 minutes prior addition of 
transcription mixture and during the transcription itself. Cells were allowed to transcribe 
for 25 minutes at 35oC, then fixed and BrU was detected as described above.  
 
Electron microscopy and immunogold labeling  
For immunoelectron microscopy, cells grown on coverslips were fixed in 2% 
paraformaldehyde and 0.25% glutaraldehyde in Sorensen buffer (SB, 0.1 M 
sodium/potassium phosphate buffer, pH 7.3) for 1 hour at 0oC, and washed twice with SB 
(10 minutes each wash). The cells were dehydrated in series of ethanol solutions with 
increasing concentration of ethanol. Ethanol was then replaced in two steps by LR White 
resin, polymerized under UV light for 48 hours at 4oC, and 80 nm sections were 
immunogold labeled according to standard procedures 220. Finally, sections were contrasted 
with a saturated solution of uranyl acetate in water (4 minutes) and observed in Morgagni 
electron microscope (F.E.I., The Netherlands) equipped with a CCD Mega View II camera 
(SIS, Germany). 
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4.4 List of used cells and cell lines 
 
All cells were grown at 37oC under 5% CO2 atmosphere. 
 
Cells Medium Serum 
hMSC MSCBM, 1:1 mixture of 

DMEM-low glucose and M199 
10% MSGS (FBS selected to support 
hMSC growth) 

HSF DMEM-high glucose 10% FBS 
HeLa DMEM-high glucose 5 or 10% FBS 
U-2 OS DMEM-high glucose 10% FBS 
Jurkat RPMI 10% FBS 
K562 RPMI 10% FBS 
SaOS-2 DMEM-high glucose 10% FBS 
HEK293T DMEM-high glucose 10% FBS 
A549 Kaighn’s modification of F-12K  10% FBS 
H1299 RPMI 10% FBS 
 

4.5 List of used primary antibodies 
Antigen (clone) Host Dilution Source Method 
Human PML (PG-M3) mouse 1 µg/ml Santa Cruz IF 
Human PML (5E10) mouse 1:10 Dr. van Driel WB 
Human PML (H-238) rabbit 0.5 µg/ml Santa Cruz IF,WB 
Human Sp100 (Sp26) rabbit 1:400 Dr. Sternsdorf IF 
Human Sp100 (SK54) human 1:400 Institute of Rheumatology IF 
Human NDH II rabbit 1:1000 Dr. Zhang IF 
Human B23 goat 2 µg/ml Santa Cruz IF 
BrdU mouse 10 µg/ml Exbio IF 
γH2AX mouse 1 µg/ml Upstate IF 
Human SUMO-1 rabbit 1:200 Alexis IF 
Human DFC human 1:100 Dr. Hernandez-Verdun IF 
Human PolI rabbit 1:8 Dr. Grummt IF 
Human UBF human 1:1000 Dr. Grummt IF 
Human p53 rabbit 1:1000 Dr. Vojtěšek WB 
Human p21waf/sdi-1 mouse 0.5 µg/ml Transduction Laboratories WB 
Human pRb mouse 0.5 µg/ml BD Pharmingen WB 
Human STAT2 rabbit 0.4 µg/ml Santa Cruz WB, ChIP
Human IRF1 rabbit 0.4 µg/ml Santa Cruz WB 
Human PCNA mouse 1:200 Dr. Vojtěšek IF 
Human C/EBPß (sc-150) rabbit 1:400 Santa Cruz WB 
Human GAPDH mouse 1:6000 Acris Antibodies WB 
Human GLUT4 mouse 1:1000 Dr.Pilch WB 
Human ERK phospho-
Thr202/204 and total 
ERK1/2 

rabbit 1:1000 NEB WB 

Human PPARγ(210-225-
C100)  

rabbit 1:500 Alexis WB 
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4.6 List of used oligonucleotides 
 
Primers for quantitative RT-PCR 
gene forward reverse 
PML CCGCAAGACCAACAACATCTT CAGCGGCTTGGAACATCCT 
GAPDH GTCGGAGTCAACGGATTTGG AAAAGCAG CCCTGGTGACC 
PML TGACCAGCATCTACTGCCG AGCTCACTGTGGCTGCTGTC 
actin AGGCACCAGGGCGTGAT TCGCCCACATAGGAATCCTT 
18S rRNA CGTTCAG CCACCCGAGATT CGGACATCTAAGGGCATCACA 
adipsin CAGGGTCACCCAAGCAACA CGCCAATTGCCCAGCTAA 
cyclophilin B GGAGATGGCACAGGAGGAAA CGTAGTGCTTCAGTTTGAAGTTCTCA 
leptin TCACCAGGATCAATGACATTTCAC CCCAGGAATGAAGTCCAAACC 
 
TaqMan probes for qRT-PCR 
cyclophilin B CATCTACGGTGAGCGCTTCCCCG 
leptin CGCAGTCAGTCTCCTCCAAACAGAAAGTCA 
 

 

Primers for RT-PCR and ChIP 
gene forward reverse 
GAPDH CCACCCATGGCAAATTCCATGGCA TCTAGACGGCAGGTCAGGTCCACC 
leptin GACTTCATTCCTGGGCTCCA AGAGAAGGCCAGCACGTGA 
aP2 GAGAAAACGAGAGGATGATAAACTGG TGGGAGAAAATTACTTGCTTGCT 
PPARγ TGCCAAAAGCATTCCTGGTT CGCTGTCATCTAATTCCAGTGC 
ISRE-PML 
promoter 

TAGAACCGCCCCCAGCTTCT CCACCACAGCAAACCAACAAA 
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5 Results 
 

5.1 Experimental part I 
 

5.1.1 Introduction 
 

Adipogenesis is a complex process including proliferation of precursor cells, their 

commitment to the adipogenic lineage, and terminal differentiation. Although the terminal 

differentiation of adipocytes is intensively studied and well described in the 3T3-L1/F442A 

murine cell lines, key information regarding the commitment of human precursor cells to 

the adipogenic lineage is still lacking.  

Human pre-adipocytes derived from adipose tissue through collagenase digestion 

are widely used to study human adipogenesis; however, these cells are already committed 

to the adipogenic lineage 221. Moreover, human pre-adipocytes have reduced proliferative 

ability, an unpredictable variability based on different donors and anatomical sites, and 

limited availability 222. Human mesenchymal stem cells represent an alternative to this 

model. They are true multipotent precursors of several cell types. The variability between 

hMSCs from different donors was reported to be low 191. hMSCs proliferate under in vitro 

conditions and retain their adipogenic, chondrogenic, and osteogenic potential that is 

reflected by simultaneous expression of genes characteristic of various mesenchymal cell 

lineages.  

In the present study, we further characterize hMSCs and confirm their usage as a 

convenient model for the study of human adipogenesis, including the early stages of the 

differentiation process. We describe our efforts to optimize the differentiation of hMSCs in 

the presence of various pharmacological agents that impact signaling systems known to be 

important in adipocyte differentiation. 

. 
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5.1.2 Results 
hMSCs differentiated into adipocyte-like cells under all experimental conditions. In 

the absence of the hormonal cocktail no differentiation was observed.  

 

Optimization of the Basal Differentiation Protocol. 

Under standard differentiation conditions (suggested by hMSC supplier), only 

~20% cells differentiated into adipocytes, compared with 95% described by Pittenger 191. 

An important early event of adipogenesis is the exit from the cell cycle. hMSCs require 

hormonal stimulation for several cycles to achieve the commitment of cells to the 

adipogenic lineage. This suggested that only a certain number of cells were sensitive during 

each hormonal induction. We attempted to enhance differentiation by withdrawal of serum 

to synchronize the cell cycle 223. With this idea in mind, for 5 days after they reached 

confluence, we fed cells with media containing different serum levels (0.5%, 2.5%, 5%, 

and 10% FBS) and then stimulated cells with AIM containing 10% FBS, one or three 

times, with 1 or 3 days of cultivation in AMM in between cycles (Fig. 7). Serum starvation 

of cells (0.5% FBS), a maneuver that arrests cells in the G0 phase, was less capable of 

stimulating adipogenesis compared with the serum-replete conditions. Surprisingly, cells 

that were allowed to rest between hormonal cycles for 3 days demonstrated improved 

morphology and differentiation efficiency (Fig. 8). For this reason, we changed the 

originally described protocol to a "3 + 3" protocol and supplemented the medium with 5% 

FBS during post-confluence.  

Previous studies suggested that the presence of serum inhibits differentiation of 

human adipocytes 221,224. hMSCs seemed healthy when cultured in 0.5% FBS; however, 

0.5% FBS was not sufficient to support differentiation, whereas 5% FBS was favorable 

(Fig. 9).  

 

Effect of insulin and glucose on differentiation of hMSCs. 

Insulin is known to promote proliferation and differentiation of several pre-

adipocyte cell lines, including 3T3-L1 or F442A cells 225. High concentrations of insulin 

mimic the role of insulin-like growth factor-1 (IGF-1) and activate MAPK 226 and clonal 

expansion. We observed that high insulin concentrations were unnecessary for promoting 

adipocyte differentiation (the impact on differentiation was approximately the same as 

when 17 nM insulin was used). We found that 170 nM insulin was slightly more efficient 

(especially in combination with 5% FBS) in supporting differentiation of hMSCs (Fig. 9). 
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Next we compared the efficiency of different basal media (DMEM, 1 g/L glucose, 

minimum essential medium, and M199 without phenol red) to promote differentiation. 

M199 without phenol red (supplemented with FBS or rabbit serum and hormonal mixture) 

was modestly better compared with DMEM–4.5 g glucose/L media (data not shown).M199 

contains 1 g/L of D-glucose, so we conclude that high concentration of glucose is not 

necessary for expression of the adipocyte phenotype.  

 

Time-course of differentiation. 

The main aim of our work was to validate hMSCs as a model for the early events in 

human adipogenesis. To compare the gene expression pattern of differentiating hMSCs to 

that of human pre-adipocytes known from the literature, we collected cells for RNA and 

protein analysis during differentiation. Soon after the onset of differentiation, cells started 

to accumulate lipids, whereas the most pronounced change in the phenotype was observed 

during the second cycle of hormonal induction. During the last week of differentiation, 

cells were maintained in AMM medium and continued to fill with lipids. After 21 days of 

differentiation using the base 3 + 1 differentiation protocol, ~20% of cells were fully 

differentiated into adipocytes. We used the RT-PCR technique to detect mRNA of PPARγ 

and adipsin genes 206,227 during differentiation of hMSCs. The examination of the relative 

mRNA levels revealed a pattern of gene expression in hMSCs similar to that described for 

human pre-adipocytes. PPARγ mRNA was detectable in confluent cells, rising markedly 

12 hours after onset of differentiation and reaching a maximal level in the second cycle of 

hormonal induction. Adipsin mRNA was detected after a 48-hour incubation in AIM 

medium and persisted during differentiation (Fig. 10A) ).  

After optimization of differentiation protocol (3 + 3, 5% FBS, 170 nM insulin, and 

M199), we harvested cells from the second time-course experiment focusing on leptin 

mRNA 228 and C/EBPß, GLUT4, and PPARγ protein levels 229,230. Leptin mRNA increased 

during differentiation, with the highest levels seen at the end of differentiation. 

Interestingly, the switch to AIM medium transiently inhibited leptin expression. At the end 

of each differentiation cycle, leptin levels were higher than in the previous cycle, 

suggesting the recruitment of responsive cells (Fig. 10B). The highest leptin levels were 

approximately 5 to 10 times lower than in human subcutaneous fat tissue. When 

differentiated hMSCs were treated for 3 days in the presence of 1 µM dexamethasone, they 
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expressed levels of leptin mRNA similar to those seen in vivo (data not shown). This 

dexamethasone effect on leptin expression has been well documented in other cell models 

and in vivo 231-233.  

GLUT4 protein was present at confluence and up-regulated in hMSCs after 

exposure to differentiation medium (data not shown). C/EBPß protein levels increased 

markedly and transiently within 24 hours and were greatly reduced at the end of the 21-day 

experiment (Fig. 10C) . PPARγ protein levels fluctuated with every hormonal induction, 

with the highest levels observed at the end of differentiation (Fig. 10D) .  

 

Thiazolidinedione treatment enhances adipogenic conversion of hMSCs. 

Treatment of pre-adipocytes with thiazolidinediones (TZDs), selective PPARγ 

ligands, enhances their differentiation, and in some cases, TZDs are required for their 

differentiation 207,234. Troglitazone and BRL 49,653 enhanced differentiation, so at the end 

of the 21-day experiment, 80% of cells were Oil Red O positive, and lipid accumulation 

measured by Oil Red O method was two times higher than in controls (Fig. 11A) .  

 

Rabbit serum supports adipogenesis. 

As was previously demonstrated 235-237, rabbit serum enhances adipogenesis in 

vitro. We exposed hMSCs to the differentiation medium containing 15% rabbit serum. 

Rabbit serum alone failed to promote differentiation without induction by hormonal 

cocktail. In the presence of both rabbit serum and hormonal cocktail, hMSCs began to 

differentiate immediately (<24 hours) as compared with the FBS-containing medium. After 

6 days, 90% of cells were Oil Red O positive, i.e., almost all cells were sensitive to 

adipogenic stimuli in the presence of rabbit serum (Fig. 11B) . At day 21, hMSCs 

differentiated in rabbit serum contained larger lipid droplets than under control conditions 

(not shown).  

 

Inhibition of ERK1/2 facilitates differentiation of hMSCs into adipocytes. 

Previous studies demonstrated that differentiation of hMSCs into osteoblasts or 

adipocytes is a mutually exclusive event 208. MAPK (ERK1/2) promotes differentiation of 

hMSCs into osteoblasts. Previous reports suggested that blocking the activation of the 

MAPK pathway resulted in the spontaneous differentiation of hMSCs into adipocytes. 

Pretreatment with 50 µM PD98059, a specific inhibitor of MEK1/2 (an upstream activator 

of ERK1/2), before the onset of differentiation and subsequent treatment of hMSCs
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throughout the course of differentiation with PD98059 resulted in 35% to 110% increase of 

adipogenesis as determined by Oil Red O staining. The positive effect of PD98059 was 

especially pronounced during the first week of differentiation (Fig. 11C). When cells were 

allowed to differentiate for 21 days, the difference between control and PD98059-treated 

cells decreased due to the recruitment of new adipocytes after the third hormonal induction 

in the control medium.  

In preliminary studies, we found that ERK1/2 was phosphorylated in the basal state, 

and the effect of PD 98059 was more pronounced at higher passages (data not shown). We 

evaluated the hypothesis that basal ERK1/2 activity is increased at higher passages, and 

consequently the inhibition of ERK1/2 phosphorylation by PD98059 would then be more 

efficient. To test this hypothesis, we used cells from three subsequent passages. 5-Day 

post-confluent cells were grown under identical conditions. Using ERK1/2-phospho-

specific and ERK1/2-total antibodies, we found increased ERK1/2 activation in samples 

from cells at higher passages. The effect of PD98059 on differentiation increased with the 

passage number, whereas differentiation of hMSCs under control conditions decreased 

(Fig. 12). This indicates that extensive passaging of cells is linked with higher ERK1/2 

activation and has a suppressive effect on adipogenesis.  

 

Clonal expansion is not required for terminal differentiation of hMSCs. 

Clonal expansion after hormonal treatment is a very important event in the 

differentiation of 3T3 cell 225. On the contrary, the number of human adipose tissue-derived 

pre-adipocytes remains the same after hormonal induction, and treatment with the 

replication inhibitor arabinosylcytosine (araC) cannot block the terminal differentiation 221.  

To clarify the relevance of clonal expansion of hMSCs before terminal 

differentiation, we measured the expression of proliferation markers shortly after 

differentiation. Hormonal treatment was associated with transiently increased levels of 

PCNA mRNA (data not shown). Cyclin D1 mRNA levels increased slightly within the first 

12 hours after hormonal induction and then decreased (Fig. 13A). Importantly, treatment of 

cells with araC (1 to 3 pg/cell), a replication blocker, did not affect differentiation as 

measured by Oil Red O staining at day 21 (Fig. 13B). Similarly the cell number did not 

differ from the control condition after 3 days (data not shown).  



Results – Experimental part I - hMSC as a model for human adipogenesis 

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Comparison of differentiation protocols for 3T3-L1 cells and hMSCs. 
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Fig. 8. Effect of serum concentration during post-confluence on differentiation.  
Cells were fed 5 days after they reached 100% confluence with media containing 10%, 5%, 2.5%, 
or 0.5% FBS. For differentiation three protocols were used: "3 + 1" when induction medium was 
used for 3 days, whereas maintenance medium was used for only 1 day; "3 + 3" when both media 
were used for 3-day periods; and "one induction" when induction medium was used for only the 
first 3 days. After 21 days, the degree of differentiation was determined by Oil Red O staining 
(expressed as OD units). Photomicrographs representing cells maintained in 5% FBS during post-
confluence are shown for each differentiation protocol. 
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Fig. 9. Effect of serum and insulin concentration during differentiation on lipid 
accumulation.  
Cells were differentiated in the presence of varying concentrations of FBS and human insulin. Lipid 
accumulation was determined by Oil Red O staining. 
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Fig. 10. Analysis of gene expression during differentiation of hMSCs. 
(A) RT-PCR analysis of gene expression. Total RNA was reverse-transcribed, and gene-specific 
primers for PPARγ and adipsin were used for PCR reaction. GAPDH was used as a loading 
control. (B) Real-time RT-PCR analysis of leptin expression. 10 ng of total RNA from each time 
point was used as a template in one-step reaction. Gray blocks show time when cells were fed with 
AIM medium. (C) C/EBPß protein levels. Western blot using C/EBPß antibody was performed. 
Equal loading was confirmed when the same membrane was reprobed with GAPDH antibody. (D) 
PPARγ protein levels. 
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Fig. 11. The effects of different compounds on hMSC differentiation into adipocytes. 
(A) TZD’s effect on adipogenesis in hMSCs. Cells were differentiated in the absence or presence of 
varying concentrations of troglitazone or BRL 49,653. After 21 days of differentiation, cells were 
fixed and the degree of differentiation was determined by Oil Red O staining. The early effect of 
rabbit serum (B) and PD98059 (C) on hMSC differentiation. Cells (at passage 8) were differentiated 
in the presence or absence of 15% rabbit serum or 50 µM PD98059-supplemented AIM and AMM 
for 6 days. The degree of differentiation was determined by Oil Red O staining (expressed as OD 
units).
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Fig. 12. The relationship among MAPK activity, population doublings and adipogenesis. 
(A) Activity of ERK1/2 in cells with increasing number of population doublings. 5-day post-confluent 
cells harvested in the presence of phosphatase inhibitors. Samples were analyzed using Western 
blot and ERK1/2-phospho-specific and ERK1/2-total antibody. The percentage change of ERK1/2 
phosphorylation alone or corrected with total ERK1/2 is shown. (B) Effect of MAPK inhibitor 
PD98059 on adipogenesis in cells with increasing population doublings. Cells from three 
subsequent passages were differentiated in the absence or presence of 50 µM PD98059. After 21 
days, the degree of differentiation was determined by Oil Red O staining (expressed as OD units). 
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Fig. 13. Analysis of cellular proliferation during adipogenic conversion of hMSC. 
(A) Real-time RT-PCR analysis of leptin and cyclin D1 expression during the differentiation. 10 ng 
of total RNA from each time point was used as a template in one-step reaction. Gray blocks show 
time when cells were fed with AIM medium. (B) Effect of araC on adipogenesis. Cells were 
differentiated in the absence or presence of different concentrations of araC. After 21 days, the 
degree of differentiation was determined by Oil Red O staining (expressed as OD units). 
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5.2 Experimental part II 
 

5.2.1 Introduction 
 

Acute promyelocytic leukemia (APL) is a subtype of acute myeloid leukemia 

(AML) comprising of about 10% of AMLs 238. The molecular basis of APL is 

characterized by a chromosomal translocation invariably involving retinoic acid receptor 

alpha (RARα) gene on the chromosome 17. The translocation partner for RARα is in 98% 

of APL cases represented by promyelocytic leukemia protein (PML) gene located on 

chromosome 15. The resulting fusion proteins are considered to be responsible for a 

differentiation block of myeloid line and for the subsequent accumulation of immature 

cells in bone marrow. 

The molecular mechanism underlying APL was described previously 82,85,239. Based 

on the fact that attached fusion partner causes a stronger interaction of fusion protein with 

corepressor complex recruiting histone deacetylases, it has been suggested that in addition 

to RA, HDAC inhibitors could be used for APL treatment in order to eliminate the 

repressing effect of HDACs. The observation that trichostatin A (TSA), a specific inhibitor 

of HDAC, caused reactivation of RA-inducible genes in APL cells 85 strongly supports this 

hypothesis. HDAC inhibitors have been tested as potent anticancer reagents in different 

types of solid tumor cell lines and in hematopoietic transformed cell lines. Several of them 

are in initial phases of clinical trials (for reviews, see 240,241). HDAC inhibitors have also 

the ability to overcome a differentiation block in promyelocyte maturation - therefore they 

are intensively tested for a potential treatment of APL. However, eventhough several 

HDAC inhibitors have been shown to arrest cancer cell growth and/or induce apoptosis in 

doses that have little toxicity to normal cells, nothing is known about their impact on the 

expression of RARα translocation partners. Therefore, we aimed to characterize effects of 

HDAC inhibitors on PML expression of PML, the most frequent translocation partner of 

RARα, using the model of IFNα-inducible PML expression. 

In this study, we describe the suppressive effect of HDAC inhibitors on IFNα-

induced expression of PML and two other IFN-stimulated genes (ISGs), Sp100 and 

interferon regulatory factor 1 (IRF-1). As can be implicated from the known functions of 

PML NBs in cellular stress and from the role of ISGs in antiviral mechanisms, this 

suppressive effect should be taken into account as potential cause of therapeutic adverse 

effects of HDAC inhibitors currently tested or prepared in future for the clinical use. 
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5.2.2 Results 
 

IFNα-induced increase of PML NBs number is suppressed by TSA.  

When examining the effect of protein acetylation on the redistribution of specific 

proteins between nuclear compartments, we found that HDAC inhibitor TSA negatively 

affects IFNα-dependent increase of specific nuclear compartment, PML NBs. Since this 

finding is inconsistent with predominantly stimulatory action of TSA-mediated chromatin 

hyperacetylation on gene expression, we explored the effect of TSA on PML regulation in 

more detail. We followed the number of PML NBs in HeLa cells treated by IFNα, TSA or 

combination of both drugs by indirect immunofluorescence using antibodies recognizing 

the two main structural components of PML NBs - PML and Sp100 protein. As expected, 

we observed at least two-fold increase in PML NBs number in HeLa cells stimulated by 

IFNα for 24 hours 13. However, this increase was completely suppressed when the cells 

were simultaneously treated with IFNα and TSA (see Fig. 14A for immunofluorescence 

data and Fig. 14B for quantification of PML NBs). The suppressive effect could be seen 

already after 12 hours of combined IFNα- and TSA-treatment (Fig. 14C). Note that TSA 

alone did not influence noticeably the number of PML NBs in comparison to control 

untreated cells. When the cells were pretreated for 12 hours with IFNα and then exposed to 

TSA after IFNα removal, only insignificant decrease in PML NBs number was observed in 

comparison to cells treated with IFNα alone. The observation that once induced PML NBs 

remained stable for at least 12 hours even in presence of TSA (note also last column in 

Fig. 14C) suggests that TSA blocks only certain steps of PML expression and cannot cause 

PML NBs dissociation. Conversely, when the cells were exposed to TSA (12 h) prior to 

IFNα-treatment (12 h), the ability to increase PML NBs number was still observed, which 

indicates that the effect of TSA on IFNα pathway is reversible (Fig. 14C). Taken together, 

these data clearly show that PML NBs are not induced by IFNα in the presence of HDAC 

inhibitor TSA and suggest that activation of PML gene by IFNα pathway is impaired by 

inhibition of protein deacetylation. 

 

TSA inhibits PML transcription induced by IFNα. 

To clarify whether the suppressive effect of TSA on IFNα-induced increase of 

PML NBs number is caused by the dispersion of PML and Sp100 proteins from bodies to 

nucleoplasm or by their decreased cell pool, we assessed cellular levels of both proteins by
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specific antibodies on immunoblots in a similar experimental setup as described in the 

previous paragraph. As shown on Fig. 15A, TSA suppressed the IFNα-mediated induction 

of both proteins. For PML, identical results were obtained in human skin fibroblasts and 

HEK293 cells (not shown). In addition, PML was suppressed by TSA in mouse NIH-3T3 

cells induced by IFNβ (not shown). Notably, IFNα-induced protein levels of IRF-1 were 

slightly decreased after TSA-treatment in HeLa cells (Fig. 15A). These findings suggested 

that the inhibitory effect of TSA on the expression of these IFNα-induced genes is 

mediated at the transcriptional level. For further confirmation, we measured specific PML 

mRNA levels by real time RT-PCR. The primers were designed to cover the region of 

PML gene that is common to all PML isoforms (forward primer was designed over the 

junction of exon 2 and 3, reverse primer was positioned in the exon 3; first four exons are 

shared by all PML isoforms). PML mRNA levels were assessed in HeLa cells treated with 

IFNα, TSA or combination of both for 1, 4, 8, or 24 hours and normalized to GAPDH as 

endogenous control gene. As shown in Fig. 15B, the level of PML mRNA increased more 

than three times in comparison to control cells with a maximum approximately after 

8 hours of IFNα-treatment, and returned back to the original level 24 hours after the start 

of treatment. Consistently with previous findings, IFNα-induced up-regulation of PML 

mRNA was substantially blocked in the cells treated simultaneously with TSA (within the 

whole range of concentrations: 30, 60, 125, 250, 500 ng/ml; not shown). Next, we 

performed PML mRNA analyses also with the SaOS-2, HSF, HEK293T, H1299, K562, 

and Jurkat cell lines. Notably, we observed a similar suppressive effect of TSA on IFNα-

mediated induction of PML mRNA in all human cell lines tested (Fig. 15C). In summary, 

these findings show that TSA blocks IFNα-mediated transcription of PML gene and that 

the suppressive effect of TSA is independent of cellular origin. Moreover, the same effect 

seen in mouse NIH-3T3 cells suggests an operation of a similar mechanism controlling 

IFNα-induced expression of PML and other ISGs in different species.  

 

Other histone deacetylase inhibitors suppress IFNα-induced PML up-regulation. 

As the individual types of HDACs differ in their sensitivity to various inhibitors 240, 

we tested the effect of selected HDAC inhibitors on IFNα-induced PML expression. 

Sodium butyrate (BUT; 5 mM; 24 hour) blocked IFNα-induction of PML protein in HeLa 

(Fig. 16A) and in HSF (Fig. 16D). We were also interested if MS-275, SAHA and valproic 

acid (VA), the HDAC inhibitors currently used in the early phases of clinical trials, have 

the same suppressive effect on IFNα-induced PML expression as TSA and BUT. MS-275 
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at a concentration 0.3 µM (IC50 for HDAC1 242), 1 µM, or 8 µM (IC50 for HDAC3 242; not 

shown) showed only a slight inhibition of IFNα-induction of PML protein in HeLa 

(Fig. 16B) and HSF (Fig. 16D). A slight inhibition was also observed with SAHA at the 

1 µM concentration (Fig. 16A; only HeLa cells shown), whereas 2 µM and 10 µM (not 

shown) SAHA exhibited more pronounced suppression in both HeLa cells and HSF 

(Fig. 16A, D). Valproic acid (VA), a suggested inhibitor of class I HDAC 243, had a mild 

suppressive effect on IFNα-induction of PML protein level at concentration up to 5 mM 

(Fig. 16C), i.e. at the concentration reported to induce comparable levels of histone 

acetylation as 5 mM BUT or 100 nM TSA 243. Because we observed variable intensity of 

suppression of IFNα-induced PML protein levels by different HDAC inhibitors (especially 

VA and MS-275), we decided to confirm and compare the effects of all inhibitors at the 

level of PML mRNA. PML mRNA levels in HeLa cells treated with IFNα alone or in a 

combination with particular HDAC inhibitor for 8 hours (i.e. at the time-interval when 

IFNα-induction of PML mRNA is peaking; see Fig. 16B) were measured by real time RT-

PCR (Fig. 16E). All tested inhibitors showed a significant suppression of PML mRNA in 

the following order: TSA > BUT/VA > SAHA > MS-275 (8 µM). With the exception of 

VA, these data well correspond with the suppressive effect of HDAC inhibitors observed at 

the protein level. In summary, all tested HDAC inhibitors showed, although in various 

extent, a significant suppressive effect on PML expression induced by IFNα.  

 

TSA suppressive effect on IFNα-stimulation of PML is not caused by impaired 

translocation of STAT2 to nucleus.  

It has been shown previously that TSA suppresses the response to viral infection in 

mice and concurrently inhibits cytoplasmic-nuclear relocalization of signal transducer and 

activator of transcription 2 (STAT2) in virus-infected L929 cells 244. STAT2 is a 

component of IFN-stimulated gene factor 3 (ISGF3) complex, which is a transcription 

factor binding to ISRE elements in promoters of IFNα/β-induced genes. To test whether 

TSA has the same inhibitory effect on IFNα-induced translocation of STAT2 to the 

nucleus in our model, we performed immunoblot analysis of STAT2 localization in the 

nuclear fraction of HeLa cells treated with IFNα, TSA, or both. Consistently with the 

published data, we found that as soon as in 30 minutes after IFNα treatment, STAT2 

appeared in the nuclear fraction (Fig. 17A). STAT2 persisted in the nuclear fraction for at 

least 8 hours after IFNα-treatment, when a peak of PML mRNA induction was detected by 

real time RT-PCR. However, in the cells simultaneously treated by IFNα and TSA either 
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for 30 minutes or for 8 hours, STAT2 signal in the nuclear fraction was similar to that of 

the cells treated by IFNα alone (Fig. 17A). This indicates that in our model TSA did not 

block IFNα-induced translocation of STAT2 into the nucleus.  

 

TSA treatment does not impair STAT2 binding to ISRE element of PML promoter.  

To investigate whether TSA affects the binding of ISGF3 complex to ISRE element 

of PML promoter in vivo, we performed chromatin immunoprecipitation of the PML 

promoter region containing ISRE element using STAT2 antibody in the control or in 

IFNα/TSA-treated HeLa cells. An increase of STAT2 bound to PML promoter in IFNα 

but also in IFNα+TSA treated cells was detected repeatedly in independent experiments 

when compared to control or TSA treated cells, where almost no signal was detected (see 

Fig. 17B). In summary, data from the cell fractionation and chromatin 

immunoprecipitation experiments suggest that in human cells TSA does not block 

translocation of STAT2 to the nucleus after IFNα stimulation and that TSA does not block 

STAT2 binding to PML promoter. 
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Fig. 14. IFNα-induced increase of PML NBs number is suppressed by TSA  
(A) Confocal images of HeLa cells untreated (CON) or treated with 1000 U/ml interferon-α (IFN), 
500 ng/ml trichostatin A (TSA), or their combination (IFN+TSA) for 24 h, immunostained with 
Sp100 or PML antibody; nuclei were co-stained with Sytox. Bar 10 μm. (B, C) Quantification of 
PML NBs. HeLa cells were treated with IFN, TSA, or IFN+TSA for the indicated time, or first 
incubated with one drug for a period of 12 hours and then after washing out with the second drug, 
or maintained in the fresh medium (f.m.) for the next 12 h as indicated for each column. The 
number of PML NBs per nucleus detected by PML antibody was counted on a total projection of 
confocal sections (1 section per 0.4 μm) through entire cell nucleus. n indicates the number of 
counted cells for each condition. Error bars represent standard error. Statistically significant 
differences to the control (untreated cells) are indicated by *** (P < 0.001). 
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Fig. 15. TSA suppresses IFNα-induced PML transcription 
(A) Western blot analysis of PML, Sp100 and IRF1 proteins in HeLa cells. Cell lysates (50 μg of 
total protein) were loaded on the SDS gels. Proteins were detected by the indicated antibodies; 
Coomassie- or Ponceau S- stained bands of actin were used as a loading control. (B,C) Real time 
RT-PCR quantification of PML mRNA. (B) HeLa cells were treated with 1000 U/ml interferon-α 
(IFN), 500 ng/ml trichostatin A (TSA) or both (IFN+TSA) for 1, 4, 8 and 24 hours. PML mRNA levels 
were normalized to GAPDH; the same results were obtained using other two control genes - actin 
and 18S rRNA (not shown). (C) Various cell lines were treated with IFN, TSA or IFN+TSA for 8 
hours and PML mRNA was quantified by real time RT PCR relatively to GAPDH. 
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Fig. 16. HDAC inhibitors differ in their ability to suppress IFNα induction of PML 
Western blot analysis of PML protein levels in HeLa (A, B, C) or HSF cells (D) simultaneously 
treated for 24 hours with IFNα and one of the following HDAC inhibitors: sodium butyrate (BUT), 
valproic acid (VA), SAHA, or MS-275. The final concentrations of the inhibitors are indicated. Cell 
protein lysates (25 μg of total protein) were loaded on 8% SDS gels (actin band of Ponceau S-
stained membrane or GAPDH signal are shown to demonstrate equal loading). (E) Real time RT-
PCR quantification of HDAC inhibitors’ suppression of IFNα-induced PML mRNA. HeLa cells were 
treated with 1000 U/ml IFNα alone or simultaneously with a particular HDAC inhibitor for 8 hours. 
PML mRNA levels were normalized to GAPDH. Statistically significant differences compared to the 
IFNα-treated cells are indicated by *** (P < 0.001), ** (P < 0.005), or * (P < 0.05); three 
independent experiments were evaluated. Error bars represent standard error. 
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Fig. 17. TSA does not affect IFNα-induced translocation of STAT2 to nucleus and STAT2 
binding to PML promoter 
(A) Western blot analysis of STAT2 in nuclei of HeLa cells treated with 1000 U/ml IFNα, 500 ng/ml 
TSA, or both simultanously for either 30 minutes or 8 hours. Nuclear extracts (25 μg of total 
protein) were loaded on 8% SDS gels (Ponceau S stained band of actin is shown for equal 
loading). (B) Chromatin immunoprecipitation using STAT2 antibody and PCR amplification of PML 
promoter region containing ISRE element (located at +606 to +618 after the most 5´ major 
transcription start). To exclude unspecific binding to G-Sepharose beads we performed ChIP in the 
absence of the antibody (no Ab). The negative nontemplate control (NTC) reaction excluded 
unspecific PCR amplification. Cells were treated with the indicated drugs for 8 hours. 
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5.3 Experimental part III 

5.3.1 Introduction 
 

PML bodies are present in cells with different tissue origins, but PML protein level 

is diminished in most types of human tumors. This suggests different regulation of PML 

gene expression in tumor cells 31. Nevertheless, most of in vitro studies on PML and PML 

bodies have been carried out on immortalized aneuploid cell lines with compromised 

ability to regulate their growth. This encouraged us to study PML bodies and protein on a 

model of normal diploid human mesenchymal stem cells - pluripotent precursor cells, 

which readily proliferate but also retain the ability to differentiate 191.  

The nucleolus represents a structure that under optimal growth conditions supports 

cellular growth, and under the stress it mediates interactions of proteins with growth-

regulating function. Therefore, any change in nucleolar structure or activity has a profound 

impact on the overall cell metabolism. Until recently, no link between PML and the 

nucleolus has been suggested. However, it could be expected that PML might be affected 

by or might affect nucleolar functions, similarly to tumor suppressors p53 and pRb, which 

are targeted to the nucleolus upon certain conditions and modulate rDNA transcription 113. 

Indeed, a possible connection between PML and nucleolar proteins is now slowly 

emerging. It was reported that PML accumulates in the nucleolus upon inhibition of 

proteasomal degradation 245, and it was shown that upon extensive DNA damage PML 

relocalizes to the nucleolus where it sequesters MDM2 and thus blocks its interaction with 

p53 50.  

Here, we describe that PML associated with nucleoli upon standard growth 

conditions as well as after rRNA synthesis inhibition in human mesenchymal stem cells 

and human diploid fibroblasts.  Moreover, PML binding to the nucleolus was enhanced in 

replicatively senescent hMSC. This association was severely diminished in transformed 

cell lines with various defects in the p53 and pRb tumor suppressor pathways, such as 

HeLa, H1299, SaOS-2, U-2 OS and A549. Intriguingly, in HeLa cells, PML association 

with the nucleolus was restored by long-term exposition of cell to 5-bromodeoxyuridine 

and distamycin A. This treatment causes premature cellular senescence accompanied by 

reactivation of the p53 and pRb tumor suppressor pathways 176,183. Based on these data, we 

propose that in normal human cells or in senescent tumor cells PML responds to changes 

in the transcriptional activity and structure of the nucleolus by translocation to the



Results - Experimental part III - PML association with nucleolar structures 

69 

nucleolar surface and that this association could be important for the tumor suppressor 

activity of PML. 

 

5.3.2 Results 
 

Characterization of human mesenchymal stem cells as a model for PML studies. 

To determine PML protein expression and localization in hMSC, we 

immunostained exponentially growing, confluent and differentiated hMSC with 

monoclonal antibody against human PML protein 246. Similarly to other cell types 57, PML 

protein was found in hMSC both free in nucleoplasm and bound in PML bodies 

(Fig. 18A). Although the number of PML bodies ranged from 10 to 70 per nucleus, the 

average numbers of PML bodies in confluent hMSC were dependent on the proliferation 

age of the culture. We found a strong positive correlation between PML NBs number and 

the passage number (during each passage, cells were split 1:3). The average number of 

PML NBs per cell in early passage cultures (P5), middle passage cultures (P10), and in late 

passage cultures (P18, reflecting terminal senescent state) was 13.9 ± 4.67 s.d., in 24.4 ± 

7.12 s.d. 34.6 ± 11.22 s.d., respectively (Fig. 18C, Fig. 19). This number of PML bodies 

was 3 times higher than was reported for HeLa cells 57. Interestingly, the number of PML 

bodies seemed to be lowered in hMSC differentiated into adipocytes (Fig. 18B), but the 

precise evaluation was not done due to substantial change of nuclear shape by accumulated 

lipid droplets. Ultrastructurally, PML bodies appeared as electron dense areas positively 

labeled with anti-PML antibody (Fig. 18D, E), which is in agreement with previous 

reports 3. 

It was well documented that PML gene expression in immortalized cell lines is 

stimulated by interferons 12,16. To confirm this effect of interferons (IFN) on PML 

expression in hMSC, we compared mRNA and protein PML levels in control and IFNα-

treated hMSC. Indeed, levels of PML (all isoforms) mRNA were increased compared to 

controls more than 4 times after 6 hours and 2.5 times after 24 and 48 hours of 1000 U/ml 

IFNα treatment (Fig. 18F). PML protein levels followed closely mRNA levels, i.e. they 

were upregulated after 4-hour of IFNα treatment and peaked around 6 hours. But then, 

differently to mRNA, protein levels remained stable for up to 24 hours (Fig. 18G). 

However, average number of PML bodies increased only about 18% ± 6.8 s.d. suggesting 

that the newly synthesized PML protein was targeted mainly into original PML bodies.
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This is in contrast to HeLa cells where IFN-treatment substantially increases number of 

PML bodies 14.  

Together, these results show that growing, confluent or terminally differentiated 

hMSC readily express PML protein, which is targeted to PML bodies. Number of PML 

bodies per cell nucleus is dependent on the culture proliferative age.  

 

PML forms donut-like structures that surround material of nucleolar origins. 

Besides typical PML bodies, we noted presence of small PML bodies positioned on 

the surface of nucleoli as confirmed by 3-D reconstruction of nucleus using composite 

image from serial confocal sections (Fig. 20A, B). This observation was made in 0.79% of 

early culture cells (P5), in 15.9% of middle culture cells (P12), and in 36.48% of senescent 

cells (P18). Although PML translocation to the nucleolus was previously described in cells 

treated with proteasome inhibitors and DNA damage inducing doxorubicin 50,245, to the 

best of our knowledge, this was for the first time, when PML was found in close 

connection with the nucleolus under standard growth conditions. 

Moreover, in 1% of confluent middle passage hMSC (P12), we observed large donut-like 

PML bodies. PML protein in these large bodies colocalized with Sp100, SUMO-1 

(Fig. 20C,D) and Daxx (data not shown) - proteins considered as PML bodies' 

markers 38,45,247.  The 3-D shape of these structures was either a sphere or an open barrel 

(as determined by 3-D reconstruction of nucleus using composite image from serial 

confocal sections). Intriguingly, donut-like PML bodies were often positioned close to 

nucleoli. Analysis of 78 PML donut-like bodies found in cells kept under standard growth 

conditions showed that 40 of them (i.e. 51%) were in close contact with the adjacent 

nucleoli as detected by confocal microscopy allowing the resolution of 0.2 µm. Additional 

33% of donut-like bodies were detected within the 2 µm distance from the closest 

nucleolus, while the maximal distance of PML donut-like body from the nucleolus was 8 

µm The distance from the closest nucleolus did not appear to be dependent on the size of 

the particular PML donut-like bodies (ranging from 0.9 to 5.02 µm, Fig. 21). 

The relationship of these structures to nucleoli was further assessed by the detection 

of nucleolar proteins typically not observed in PML NBs. B23, the protein known to 

accumulate in granular component (GC) of the nucleolus 248, was found inside of all donut-

like PML bodies (Fig. 20E). Notably, B23 was often more concentrated within this donut-

like PML body than in the adjacent nucleolus (Fig. 20J). In 28.5% of donut-like PML 

bodies, UBF and RNA polymerase I 249,250 was found in one or two spots reminiscent of
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fibrillar centers (FC) of the nucleolus (Fig. 20F, 141). Moreover, in many instances we 

observed the structural continuity between nucleolar compartment and donut-like PML 

nuclear body appearing as a “bud” of the nucleolus (see Fig. 20F, G) when FCs and dense 

fibrillar component (DFC) were detected both at the base of such a bud, i.e. inside the 

donut-like PML body, and within the bud neck. In addition, FCs inside PML donut-like 

bodies were transcriptionally competent as determined by run-on transcription assay with 

5-BrUTP in living cells (Fig. 20I). Interestingly, another protein occasionally concentrated 

within the donut-like PML structure was nuclear DNA helicase II (NDHII, Fig. 20H) that 

is otherwise found mainly in nucleoplasm while in the nucleolus it is much less 

concentrated 219. On the contrary to the “regular” PML NBs (Fig. 20E, 22B), the donut-

like PML bodies appeared ultrastructurally as an electron dense material resembling 

granular component of the nucleolus, which is encircled by a layer of positive PML 

labeling (Fig. 22). Altogether, these findings show that PML protein interacts with proteins 

or nucleic acids on the nucleolar surface and it can surround large structures containing 

typical nucleolar proteins, which we therefore term as PML-nucleolus-derived structure 

(PML-NDS) in further text.  

  

PML is attracted to segregated nucleoli. 

 Next, we were searching for conditions favoring formation of PML-NDS. Because 

it is known that PML negatively affects cellular proliferation, we thought that the assembly 

of PML-NDS could be an indication of decreased nucleolar activity. Therefore, we tested 

whether PML-NDS could be induced under the conditions inhibiting nucleolar activity and 

cellular growth. However, serum starvation (0.2% FBS for 2 and 10 days), which 

negatively affects Pol I-dependent transcription 149 and leads to growth arrest, did not 

induce PML-NDS formation in hMSC (not shown). Also treatment with rapamycin (20 

and 100 nM) that blocks mTOR pathway 251 and consequently the initiation of rDNA 

transcription 146,252 failed to induce PML-NDS assembly (not shown).  

To block rRNA synthesis more efficiently, we treated hMSC with actinomycin D (AMD) 

for 24 hours at concentrations that were shown to specifically inhibit Pol I-dependent 

transcription (5 to 40 nM) and that lead to the nucleolar segregation defined as separation 

of fibrillar and granular components 137,138. To confirm similar sensitivity of hMSC to low 

doses of AMD, we performed run-on transcription assay in the presence of 10 nM AMD 

that revealed unaffected Pol II transcription, while nucleoli were inactive (Fig. 23). Thus 

the conditions used for experimental block of Pol I did not affect Pol II
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activity in hMSC.  

Intriguingly, PML frequently encircled (partially or completely) segregated 

nucleoli in 14.8 and 15.8% cells treated with 5 and 40 nM AMD, respectively, compared to 

untreated cells where we did not observe such structures at all (Fig. 24). When the cells 

were exposed to IFNα prior AMD treatment, the fraction of cells with PML encircling 

segregated nucleoli was further increased up to 31.5% (Fig. 24B). Composition of these 

structures was similar but not identical to PML-NDS and therefore we will further call 

them actinomycin-induced PML nucleolar coats (APNCs). In detail, PML was found on 

the surface of segregated GC containing B23 protein together with FC and DFC segregated 

into nucleolar caps (Fig. 25A-D, F). Differently to PML-NDS, NDHII was excluded from 

segregated nucleoli with APNCs (Fig. 25E). On the ultrastructural level, we detected PML 

protein within an electron dense shell that was positioned around the segregated nucleolus 

(Fig. 26G,H).  

 Thus, PML may not only interact with the transcriptionally active nucleolus but it 

also binds to the surface of AMD-inhibited nucleoli. However, the absence of NDHII from 

inactive nucleoli suggests that PML association with segregated nucleoli is functionally 

distinct from PML-NDS where NDHII is concentrated. 

 

Translocation of PML to segregated nucleoli is a dynamic and reversible process. 

We followed the dynamics of PML translocation to the surface of segregated 

nucleolus in a time-course experiment. Detectable levels of PML were found on the 

surface of the nucleolus soon after the onset of its segregation, i.e. within 2 to 4 hours of 

AMD treatment. APNCs remained stable during entire 24 hour-experiment (Fig. 26A). To 

determine whether PML translocation towards nucleoli was reversible, the cells were first 

treated for 2 hours with 10 nM AMD, then extensively washed, and allowed to resume 

rRNA synthesis in the absence of AMD for 2, 4, 6, and 22 hours (Fig. 26B). Two hours 

after the AMD removal nucleoli remained segregated and APNCs were even more 

compact. After 4 hours in the absence of AMD, nucleolar activity was partially restored 

(seen as an increase in FCs number) and a “breakage” of APNCs into two half-moon-like 

structures was often observed. Intriguingly, 6 hours after AMD removal, many APNCs 

were rearranged into structures very similar to PML-NDS, although they contained usually 

more than one FC. Finally, after 22 hours, APNCs disappeared while many PML-NDS 

with up to 2 fibrillar centers were present. The increased frequency of cells with PML-

NDS compared to control cells was substantial as shown in (Fig. 26C). To support the
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hypothesis about transition of APNCs into PML-NDS we analyzed at least 50 PML 

nucleolar structures in each time point of AMD wash-out. Then we assigned each PML 

structure to one of four categories- a) APNCs; b) Type I (i.e. PML is located on the surface 

of nucleoli, FCs become separated and activated); c) Type II (i.e., PML surrounds portion 

of nucleolar material that is partially but not completely detached from the maternal 

nucleolus); d) PML-NDS.  Distribution of individual forms is shown in Fig. 26B. There 

was a clear trend towards the formation of PML-NDS while intermediate forms were 

disappearing with increasing time after AMD wash-out.  

Altogether, PML binds to the nucleolar surface when rRNA synthesis is blocked. 

Moreover, it appears that PML nucleolar coats may convert into PML-NDS upon 

restoration of rRNA transcription. 

 

Association of PML with nucleoli is diminished in tumor-derived cells. 

To determine whether PML interaction with nucleoli is common for different cell 

lines or whether it is cell type specific, we examined human skin fibroblasts, HeLa, U-

2 OS, A549, SaOS-2 and H1299 cell lines. Similarly to hMSC, the presence of PML-NDS 

and formation of APNCs was observed in normal skin fibroblasts.  However, both 

structures were absent in HeLa, U-2 OS, A549 (Fig. 27A) and were observed only rarely in 

SaOS-2 cell lines (PML-NDS in 0.4% of cell population) and in H1299 cells (PML-NDS 

in 0.4% and APNCs in 0.2% of cell population) (data not shown). In fact, the formation of 

APNCs in the tested cell lines could not be induced even by high doses of AMD (up to 500 

nM, not shown). 

To test the possibility that these cell lines cannot form PML-NDS or APNCs due to 

a low PML expression, we first treated them with 1000 U/ml IFNα for 18 hours to 

stimulate PML protein synthesis. Regardless of increased PML protein levels, we did not 

observe formation of PML-NDS or APNCs in HeLa and we detected these structures only 

rarely (0.4% of cell population) in U-2 OS and A549. Remarkably, IFNα treatment 

induced formation of both PML-NDS (2.9%) and APNCs (6.7%) in SaOS-2 cells 

(Fig. 27A and data not shown).  

Together, PML association with the nucleolus is severely diminished in tumor-

derived cell lines but in some cases it can be partially rescued under condition of IFNα-

induced PML overexpression. Since the high and deregulated nucleolar activity is general 

characteristics of most tumor cells, this finding suggests that PML binding to the nucleolus 

is inversely related to the activity of the nucleolus. Moreover, the difference in PML
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affinity to the nucleolus between normal and tumor cells also suggests that the tumor 

suppressor pathways inactivated in immortal cells might be important for the formation of 

the PML nucleolar compartment.  

 

Induction of premature cellular senescence restores PML nucleolar association in 

tumor-derived cells. 

To activate both p53 and pRb tumor suppressor pathways, we challenged HeLa 

cells simultaneously with 5-bromodeoxyuridine (5-BrdU) and distamycin A (DMA). This 

combined treatment promotes an expression of senescence-associated genes such as pRb, 

p53, p21waf/sdi-1 and p16ink4a and induces apoptosis and cellular senescence even in 

transformed cell lines 176,183. Remarkably, after 1-week treatment with 10 μM 5-BrdU and 

10 μM DMA, the surviving HeLa cells restored the ability to form either PML-NDS or 

APNCs (Fig. 27C, 21B). At the same time, they exhibited increased p53, p21 and 

hypophosphorylated pRb protein levels and increased SA-ß-galactosidase activity 

(Fig. 27B, 28A). Comparably, this treatment in hMSC led to the block of proliferation 

before cells reached the confluence, and after 3 weeks, it also strongly augmented the 

formation of PML-NDS (not shown). Moreover, replicatively senescent hMSC (P18) 

exhibited increased numbers of PML-NDS (4.9%) and PML nucleolar staining (36.4%). 

Our data suggest that activation of either p53 or pRb pathways with accompanying 

changes of cellular physiological status (cellular senescence) restore the ability of PML to 

associate with the nucleolus. 

To verify it, the same experiment was performed on U-2 OS, H1299 and SaOS-2 

cells, which bear various defects (i.e. partial or complete deletion) in tumor suppressors 

(Tab. 2). In H1299 cells with deletion of p53 gene, 5-BrdU/DMA-treatment induced 

senescent phenotype (as assessed by senescence-associated β-galactosidase staining; not 

shown) and the occurrence of PML-NDS or APNCs were elevated in comparison to 

untreated cells (Fig. 27C). SaOS-2 cells, which bear defects in both p53 and pRb, were 

massively dying upon the 5-BrdU/DMA-treatment and thus were not examined for PML 

association with the nucleolus. Intriguingly, no PML-NDS or APNCs were observed in 

surviving U-2 OS cells after 1-week treatment with 5-BrdU/DMA. Moreover, U-2 OS also 

did not show typical senescence-associated β-galactosidase staining (not shown).  

Altogether, these data indicate that only tumor cells sensitive to induction of 

premature senescence by genotoxic stress are able to restore the PML nucleolar 

compartment. In addition, the observation made on H1299 cells treated with 5-BrdU/DMA
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indicates that functional p53 is not necessary for senescence-induced PML association with 

the nucleolus. 
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Fig. 18. PML is expressed in proliferating, differentiated and aging hMSC and is upregulated 
in response to IFNα. 
Indirect immunofluorescence detection of PML bodies in confluent hMSC (A) and in hMSC 
differentiated into adipocytes (B). PML bodies were visualized by anti-PML (PG-M3) antibody 
(white), RNA by TOTO3 (gray). Lipid droplets are negatively stained with TOTO3. Bar, 2 µm. (C) 
Relationship between the PML NBs number and the age of hMSC. hMSC of indicated passage 
grown in standard medium or treated for 24 hours with 1000 U/ml IFNα were examined for PML 
NBs number by immunofluorescence. At each passage, PML NBs were counted in at least 50 
cells. Average numbers of PML NBs are shown. (D) Electron micrograph of hMSC nucleus. PML 
bodies appeared as electron-dense structures (arrowheads) that were recognized by rabbit 
antibody against PML and visualized by secondary antibody conjugated with 12 nm gold particles 
(E). Bars, 1 µm for (D) and 100 nm for (E). (F) Quantification of PML mRNA levels. mRNA levels 
were upregulated already after 2 hours, reached the peak value after 6 hours and remained 
elevated for 48 hours of IFNα treatment. PML mRNA levels were measured by qRT-PCR and 
normalized to GAPDH in 2 independent experiments, error bars represent s.d. (G) Immunoblot 
analysis of PML expression in confluent hMSC. PML expression was induced by 1000 U/ml IFNα 
for indicated times. 
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Fig. 19. Number of PML NBs is dependent on the replicative history of hMSC. 
Sorted histograms showing frequency distribution of PML NBs per nucleus are based on the same 
experiment as shown in Fig. 18C. Briefly, PML was visualized by immunofluorescence and PML 
NBs were counted in at least 50 cell nuclei over several passages. 
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Fig. 20. PML associates with the nucleolus and nucleoli-derived structures in hMSC grown 
under standard conditions. 
(A) Indirect immunofluorescence detection of PML in confluent hMSC. Cells were fixed and stained 
with anti-PML (PG-M3) antibody. Note small PML bodies on the surface of the nucleoli (full 
arrowheads). Open arrowheads point to nucleoli-derived structures that were encircled by PML 
protein (PML-NDS), arrows point to standard PML bodies. (B) Serial sections of the nucleus show 
the distribution of small PML bodies preferentially on the surface of the nucleolus. (C-J) PML-NDS 
composition: PML-NDS are similar but not identical to nucleoli. PML-NDS were visualized by 
indirect immunofluorescence using antibodies against two markers of PML bodies: Sp100 (C) and 
SUMO-1(D). Localization of PML-NDS and three nucleolar domains - GC, FC, DFC, and NDHII is 
shown (E-H). Merged images are shown in color.  (I) In vitro transcription in PML-NDS. rDNA 
genes within PML-NDS were transcriptionally competent, i.e. nascent transcript containing BrU 
incorporated during run-on assay were detected by anti-BrdU antibody and are shown in green, 
Sp100 in red and TOTO3 in blue. (J) Profile of B23 and PML fluorescence intensity within 
nucleolus and PML-NDS. hMSC were stained as in (E), intensity of fluorescence for  B23 is shown 
in red, PML in green. Note that B23 protein was concentrated within PML-NDS. Bars A-I, 2 µm. 
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Fig. 21. PML-NDS reach the size up to 5 µm in diameter. 
A. Confluent hMSC were fixed and PML-NDS were visualized by indirect immunofluorescence 
using antibodies against PML (PG-M3, green) and UBF (red). RNA stained by TOTO3 is shown in 
blue. Bars, 5 and 1 (inset) µm. B. Sorted histogram showing the size distribution of PML-NDS in 
confluent hMSC. For this dataset, 66 PML-NDS were visualized by immunofluorescence (using 
antibodies against PML and UBF and TOTO3 staining), scanned and analyzed using Leica 
software.  
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Fig. 22. Donut-like PML bodies differ from regular PML bodies on the ultrastructural level.  
PML protein was detected by rabbit antibody against PML and visualized by secondary antibody 
conjugated with 5 nm gold particles. (A) Two PML bodies are shown; the upper one represents the 
donut-like body (also shown in B) and the lower one the regular PML body (also shown in C). (D,E) 
The donut-like PML body adjacent to the nucleolus (Nu). Note the fibrils connecting the nucleolus 
with the donut-like PML body (arrows). Bars, 200 nm for (A), 100 nm for (B-E). 
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Fig. 23. Transcription activity of AMD-treated hMSC. 
In vitro transcription assay in control cells and cells treated for 18 hrs with low (10 nM) and high 
doses (100 nM) of AMD. Note, that cells treated with 10 nM AMD have inactive segregated nucleoli 
(UBF, red) while they still incorporate BrU into nascent Pol II transcripts (BrU, blue). Bar, 2 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. PML associates with segregated nucleoli in hMSC cells.  
(A) Indirect immunofluorescence detection of PML structures in confluent hMSC that were treated 
with 5 nM actinomycin D for 24 hours. After fixation, cells were stained with anti-PML (PG-M3) 
antibody. (B) Induction of PML aggregation on the surface of segregated nucleoli. Control cells or 
cells pretreated with 1000 U/ml IFNα for 18 hours were exposed to 5 nM actinomycin D for next 24 
hours. For scoring, cells were stained with PG-M3 and UBF antibodies. 500 cells were scored in 3 
independent experiments, error bars represent s.d. 
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Fig. 25. AMD inhibition of PolI transcription causes formation of PML nucleolar coats. 
(A) Representative images of control cells, cells exposed for 24 hours to 10 nM AMD without or 
after IFNα 24 hour-pretreatment. PML is shown in green, UBF in red, TOTO3 in blue, cells with 
PML nucleolar coats are highlighted by arrows. Bar, 10 µm. (B-E) Localization of PML and markers 
for GC, FC, DFC, and NDHII in actinomycin D inhibited nucleoli. Cells were stained with indicated 
antibodies. Merged images are shown in color. Note that NDHII was excluded from the segregated 
nucleolus. (F) Triple labeling of segregated nucleolus with RNA polI, B23 and PML antibody. 
Merged image is shown in color. Bars B-F, 2 µm.  (G, H) Electron micrograph of APNCs. PML was 
labeled with rabbit PML antibody and secondary antibody coupled with 6 nm colloidal gold, GC 
compartment with anti-B23 antibody and secondary antibody conjugated with 12 nm colloidal gold. 
Bars, 200 nm in G, 100 nm in H. 
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Fig. 26. PML association with the nucleolus is dynamic. 
(A) Localization of PML and UBF during AMD treatment.  hMSC were treated with 5 nM AMD and 
fixed at indicated times. PML (green) and UBF (red) were visualized with corresponding antibodies. 
Bar, 4 µm. (B) AMD wash-out experiment. hMSC were treated with 10 nM AMD for 2 hours, then 
washed and let to resume rRNA synthesis in the absence of AMD  for specified times. Cells were 
then fixed and stained with anti-PML (green) and anti-UBF (red) antibodies. For quantification of 
different forms of PML associated with the nucleolus, at least 50 PML structures in each time point 
of AMD wash-out were analyzed and then assigned to one of four categories characterized by the 
image above. Bar, 1 µm. (C) Recovery of nucleolar activity after AMD wash-out induces the 
formation of PML-NDS. hMSC (control of pretreated with IFNα for 24 hours) were treated as in (Fig. 
24B) and left to recover from AMD treatment for 22 hours. Then they were stained with anti-PML 
(PG-M3) and anti-B23 antibody and PML-NDS were counted. 500 cells were scored in 2 
independent experiments. Error bars represent s.d. 
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Fig. 27. PML does not associate with the segregated nucleolus in growing immortalized cell 
lines but this association is induced in prematurely senescent HeLa and H1299 cells. 
(A) Indirect immunofluorescence detection of PML structures in HeLa. HeLa cells were treated with 
IFNα or vehicle for 24 hours, followed by treatment with 40 nM AMD for 24 hours. PML bodies were 
stained with anti-PML (PG-M3, green), FC with anti-UBF antibody (red) and RNA with TOTO3 
(blue). Note that PML translocation to segregated nucleoli could not be induced in HeLa cells. Bar, 
10 µm. (B) Model of BrdU and DMA-induced senescence. HeLa cells were treated with DMSO or 
10 µM BrdU and 10 µM DMA for 6 days. Then, cells were fixed and stained to visualize SA-ß-
galactosidase activity. (C) Indirect immunofluorescence detection of PML-NDS and APNCs in 
senescent HeLa and H1299 cells. Cells were treated with vehicle or 10 µM BrdU and 10  µM DMA 
for 6 days. For detection of APNCs, cells were treated with 5 nM AMD for the next 24 hours. Then 
PML, UBF and B23 were visualized with corresponding antibodies. Bar, 4 µm. 
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Fig. 28. BrdU and DMA-induced senescence is accompanied with elevated levels of tumor 
suppressor proteins and formation of PML-NDS. 
(A) Immunoblot analysis of pRb, p53 and p21waf/sdi-1 expression in prematurely-senescent HeLa. 
HeLa cells were treated as indicated for 6 days and then lysed. Note that anti-pRb antibody 
recognized both phosphorylated and hypophosphorylated pRb form. (B) HeLa cells were treated 
with 10 µM BrdU, 10 µM DMA or both for 6 days. Cells were then fixed, stained with anti-PML (PG-
M3) and anti-B23 antibodies and PML-NDS were counted. For each condition, 100 cells were 
scored in 4 independent experiments. Error bars represent s. d. 
 
 
 
 
Table 2. Characteristics of used cell lines with respect to the tumor suppressor expression.  
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6 Discussion  
The goal of this work was to extend current knowledge on the PML expression and 

behavior. Specifically, we focused on deciphering of the regulation of IFNα-induced 

transcription and on description of PML behavior in normal, tumor and senescent cells. To 

achieve these goals, we employed different in vitro models that we had to characterize 

first. 

 

6.1 hMSC as a model for human adipogenesis 

To characterize process of terminal differentiation of human cells we focused on 

adipogenic conversion of human mesenchymal stem cells. The regulation of terminal 

differentiation of adipocyte precursors is an important factor in the development of obesity 

and type II diabetes and therefore there has been a growing emphasis on understanding this 

process 253. The validation of hMSC as an in vitro model for human adipogenesis was of 

importance as certain questions on human adipogenesis cannot be solved by using human 

preadipocytes. Because pre-adipocytes are unipotent, already committed cells, they cannot 

be used when it is important to investigate very early differentiation events, i.e., the 

recruitment of pre-adipocytes from multipotent precursors. As published 199, micro-serial 

analysis of gene expression of undifferentiated hMSCs revealed that hMSCs 

simultaneously express transcripts characteristic of various mesenchymal cell lineages. 

Several groups have examined the process of hMSC commitment and differentiation to the 

osteogenic lineage. However, less is known about culture conditions favoring adipogenic 

conversion. In Experimental part I, we confirm and extend the characterization of hMSC 

differentiation into adipocytes.  

Insulin is classically viewed as a promoter of adipogenesis, but it is also important 

for chondrogenesis 198, growth of muscle satellite cells 254, and other cell types as well. 

High concentrations of insulin activate the IGF-I receptor and have a mitogenic effect. 

Moreover, insulin activates MAPK 226,255, a key factor in the osteogenic conversion of 

hMSCs 208. In agreement with these observations, we have found that high concentrations 

of insulin slightly inhibit adipogenesis compared with 170 nM insulin. We also found that 

prolonged "resting periods" without dexamethasone, 3-isobutyl-1-methylxanthine, and 

indomethacin improved the differentiation process. This is consistent with the gene 

expression data showing that leptin mRNA was substantially increased during the rest 

periods and that the presence of hormonal mixture is important mainly for initiation of
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differentiation, not for full development of adipocyte phenotype. C/EBPß and PPARγ 

protein are present in uncommitted hMSCs as was described previously also in other 

committed and uncommitted cells and cell lines  256-263. The induction of these transcription 

factors after treatment with the differentiation cocktail is accordant with the adipocytic 

differentiation model as proposed by Rosen et al. 207. We confirmed that hMSCs transiently 

increase expression of C/EBPß and exhibit inducible expression of PPARγ, GLUT4, and 

leptin genes, illustrating the complete transition from primitive precursor cells to the 

terminally differentiated adipocytes. The complete disappearance of the C/EBPß protein 

after three cycles of differentiation cocktail suggests that the majority of the hMSCs 

progressed through the adipocytic "commitment" stage. Given that many of these cells did 

not store lipid, this might represent commitment but not terminal differentiation.  

As expected, activation of PPARγ is important for hMSC differentiation. Oil Red O 

staining was increased 2-fold in the presence of PPARγ ligands 206,234,264. We also 

confirmed that, as reported by Diascro and others 235-237, rabbit serum enhances adipogenic 

conversion. Interestingly, the magnitude of the rabbit serum effect on differentiation was 

similar to the TZDs. The mechanism of its action remains unclear. It was reported that 

rabbit serum has a higher content of free fatty acids compared with FBS. Fatty acids are 

putative ligands of PPARγ and may enhance adipogenesis through the activation of the 

PPARγ system 265.  

Activation of PPARγ is a critical event in adipogenesis 205,266. MAPK can 

phosphorylate PPARγ and decrease its transcriptional activity 209,267. Consistent with this 

observation, we observed that inhibition of MAPK pathway through inhibition of MEK1/2 

phosphorylation facilitated adipogenesis. This effect was more pronounced in extensively 

passaged cells. Furthermore, we found that increased sensitivity to MAPK inhibitor 

PD98059 treatment coincides with increased basal activity of ERK1/2 in later passages of 

hMSCs. This supports the observation that the adipogenic potential of hMSCs is reversibly 

reduced with increasing cell doublings and that this might be due to activation of ERK1/2. 

There is a considerable controversy regarding the necessity of clonal expansion to 

adipogenic conversion. Clonal expansion usually consists of one or two rounds of mitosis 

followed by terminal growth arrest. The transient increase in expression of PCNA and 

cyclin D1 could suggest a re-entry into the cell cycle prior the terminal differentiation, 

however the number of cells did not increase after the hormonal induction of adipogenesis 

and the block of proliferation caused by araC treatment 221 did not decrease the 

differentiation efficiency. Therefore we conclude that if clonal expansion occurs before
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terminal differentiation, this phenomenon is not necessary for adipogenic differentiation. 

Further work on this problem is warranted.  

 

6.2 The effect of HDAC inhibitors on PML expression 

The basic mechanism of IFNα-induced transcription of PML has been clarified 11 

years ago 16. Now, we have brought the evidence that full transcriptional activation of PML 

by interferons is dependent on the deacetylation events. Although it is well accepted that 

chromatin hyperacetylation caused by HDAC inhibitors has prevailingly a stimulatory 

effect on gene expression 268,269, some genes including a subset of IFN-controlled genes are 

not stimulated but repressed 244,270,271. Our findings that TSA and other HDAC inhibitors 

block IFNα-mediated induction of PML NBs components further support and extend these 

reports. They indicate that many if not all IFN-inducible genes might be affected by 

HDAC inhibitors through a common mechanism operating during the propagation of 

interferon type I and type II signaling pathways. Although a direct deacetylation-regulated 

target has not yet been identified, Genin et al. 244 showed that TSA impairs STAT2 

translocation into the nucleus and the formation/nuclear translocation of ISGF3, a trimeric 

complex of STAT1, STAT2 and IRF9, in virus-infected murine cells 272. Our data show, 

however, that at least in HeLa cells the entry of STAT2 into the nucleus after IFNα-

stimulation was not blocked by TSA. Moreover, as proved by the ChIP analysis, STAT2 

was bound to PML ISRE element to the same extent as in the cells treated by IFNα alone, 

even when PML expression was simultaneously suppressed by TSA. In addition, the 

transcription of IRF-1 gene, which is regulated by GAF/AAF (γ-interferon activated 

factor/α-interferon activated factor) through GAS element after IFN stimulation, was also 

partially suppressed by TSA. This indicates that the effect is not mediated exclusively via 

ISGF3. Thus, our results are in accordance with the study of Nusinzon and Horvath 

showing no effect of pharmacological doses of TSA on STAT activation, 

heterodimerization and subcellular trafficking 271.  

As we excluded STAT pathway as a major cause of HDAC effect on the 

attenuation of IFNα-induced PML expression, we propose that IRF1 is another possible 

target for further analysis of this suppressive effect of HDAC inhibitors. This factor 

participates in a delayed interferon response and as such might be a potential transcription 

regulator of PML gene. This idea is supported by the fact that the maximal levels of IFNα-

induced PML mRNA are observed 8 hours after interferon stimulus; the levels of IRF1
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protein are peaking within 2 and 4 hours after IFNα stimulation (ref. 273 and our 

observation). Since IRF-1 up-regulation by IFNα was partially inhibited by TSA and we 

also identified binding of IRF-1 to ISRE element of PML promoter by ChIP (our 

unpublished observation), we can speculate that the inhibition of PML expression can be 

caused, at least partially, by suppression of IRF-1 cellular level.  

Although HDAC inhibitors used in this study are thought to be nonselective or 

poorly selective inhibitors of all or most of class I (HDAC1, HDAC2, HDAC3, HDAC8 

and HDAC11 - newly classified into class IV) and class II (HDAC4, HDAC5, HDAC6, 

HDAC7, HDAC9 and HDAC10) enzymes 274, the discrimination of the specific HDAC 

involved in the regulation of interferon-stimulated genes would be the next step in our 

understanding of the transcriptional regulation of interferon-dependent genes.  

 

6.3 PML association with nucleolar structures 

The shortage of appropriate in vitro models for the study of PML with respect to its 

behaviour upon DNA damage, cell cycle progression and establishement of cellular 

senescence was a strong impuls for us to utilize hMSC for such studies. Human 

mesenchymal stem cells possess features of typical stem cells and moreover they have 

intact cell cycle and DNA damage checkpoints and thus represent a unique model for a 

study of various biological processes such as cell differentiation and aging. Here, we 

showed that hMSC expressed PML and formed PML bodies when proliferating, growth 

arrested, or differentiated into adipocytes. Remarkably, the number of PML bodies 

strongly correlated with the proliferative age of hMSC which could be explained by the 

PML role in the cellular senescence 46. However, what initiates PML expression in aging 

cells remains unclear. One possible explanation is that PML is upregulated in response to 

accumulating DNA damage observed in replicatively senescent cells 275. DNA damage is 

the signal for stabilization of p53 that may in turn stimulate PML expression 24. The 

increase of PML NBs number with culture age of hMSC could therefore reflect the 

accumulation of DNA damage and activation of DNA damage checkpoints. 

Interferon α also enhanced PML expression in hMSC. However, given that number 

of PML bodies did not increase as profoundly as levels of PML mRNA and protein, newly 

synthesized protein was targeted mainly to the original PML bodies. Thus, we can 

speculate that there is a limited number of places where PML bodies can be assembled and 

that these places become mostly occupied already when hMSC reach the confluence. This
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is in agreement with observation that upon heat shock PML bodies disassemble and they 

reform in the original locations upon recovery 65.  

Apart from expected localization of PML in nucleoplasm and PML bodies, we 

found PML in close connection with the nucleolus and nucleolus-derived structures in 

hMSC grown under standard conditions. To our knowledge this was the first observation 

of the PML association with structures of nucleolar origin in untreated cells. Until now, 

translocation of PML to the nucleolus was observed only after proteasome inhibition 245, 

doxorubicin or mitomycin C treatment 50 or after treatment with high doses of AMD 137. 

All these treatments strongly affect nucleolar functions that inevitably initiate changes in 

the nucleolar structure. Proteasome inhibitors block late processing of rRNA precursors, 

DNA damage induced by doxorubicin leads to p53 upregulation, which in turn inactivates 

Pol I, and high doses of AMD block Pol I and II and cause nucleolar segregation and 

dispersal of many nucleolar proteins into the nucleoplasm. Quite distinctly, we have found 

small PML bodies on the nucleolar surface and PML-NDS in cells with normal nucleolar 

structure associated with ongoing rRNA synthesis as revealed by UBF staining and run-on 

transcription assay. Remarkably, the association of PML with the nucleolus was not found 

in HeLa, U-2 OS, A549, and SaOS-2 cell lines under standard growth conditions. In fact, 

several reports showed that in addition to loss or mutation of well-known tumor 

suppressors, PML is frequently deregulated in tumor cells in vivo 18,31. For this reason, we 

hypothesize that the association of PML with the active nucleolus might represent one of 

the common mechanisms important for sensing or regulation of nucleolar activity that is 

partially or completely lost in tumor cells. The exact basis of this PML function is 

unknown but two observations we present here could offer a partial explanation. First, B23 

protein - a marker of granular compartment - was frequently found enriched in PML-NDS 

compared to the adjacent nucleolus. Second, NDHII that usually locates to the nucleoplasm 

and in low levels to the nucleolus was also occasionally concentrated in PML-NDS. Thus, 

it seems that PML surrounds specifically enriched nucleolar material. Given the fact that 

both B23 and NDHII are RNA binding proteins and PML-NDS are readily stained with 

TOTO3 that has affinity to RNA, it is tempting to speculate that PML-NDS sequester 

rRNA requiring special processing and offer an appropriate environment where this 

processing could be carried out by accumulated proteins. 

In the presence of low concentration of AMD (5-40 nM 138, Pol I-dependent 

synthesis of 47S rRNA precursor is completely abolished and nucleolar compartments 

segregate. We showed that segregated nucleoli in hMSC attracted PML that was organized
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into donut-like structures on the nucleolar surface. Similar structures were described by 

Bernardi et al. after doxorubicin and mitomycin C treatment of MEF and WI-38 

fibroblasts 50. Both chemicals cause significant DNA damage affecting also rDNA genes. 

In our experiments, we used low doses of AMD and there is no convincing evidence that 

low doses of AMD could cause significant DNA damage. Besides, AMD-induced PML 

binding to the nucleolus was reversible and strongly dependent on the block of Pol I 

transcription. Therefore, we believe that it was the inhibition of rRNA synthesis and not 

the DNA damage what was the primary cause of PML nucleolar translocation in AMD-

treated hMSC.  

It is well documented that PML is important for cell cycle arrest, apoptosis and 

cellular senescence, mainly due to its ability to stabilize and activate p53 and pRb 46,88,91. 

In tumor-derived cells, these PML effects are ineffective because of inactivation of either 

p53 or pRb and as a result these cells are mostly insensitive to the induction of senescence 

or apoptosis. It is possible that tumor cells have lost also other PML downstream effects 

that are not directly related to activation of p53 and pRb but have an impact on cellular 

growth.  We propose that such an effect could be the binding of PML to the nucleolus that 

is severely reduced in tumor-derived cells. This hypothesis is based on the observation that 

in HeLa cells, the treatment causing senescence not only normalizes p53, pRb and p21 

levels but it also restores PML binding to the nucleolus. It is possible that a specific PML 

modification, which occurs only in the presence of intact p53 and pRb pathways, may be 

required for its binding to the nucleolus. Taking into consideration PML binding 

properties, it is likely that PML may regulate flow of proteins into or out of the nucleolus 

and thus control nucleolar processes indirectly.  

 

6.4 General discussion 

In summary, we have shown that hMSCs exhibit true adipogenic phenotype in vitro 

that can be fully expressed under proper adipogenesis-favoring conditions. When cultured 

under the appropriate conditions (with TZDs, PD98059, or rabbit serum), ~80% of these 

cells differentiate into adipocytes. hMSCs express several key adipogenic genes in a 

sequence consistent with other models of adipogenesis. Thus, hMSC represent a unique 

model to follow the expression of any protein of interest during the conversion of 

proliferating stem cell into highly specialized terminally differentiated cell. Using hMSC, 

we determined the expression of PML in terminally differentiated cells. The presence of 

PML bodies in terminally differentiated cells in vitro or in vivo 18 emphasize the 
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importance of other PML functions apart from regulation of cell proliferation and 

senescence as terminally differentiated cells are permanently growth arrested and there is 

no evidence that they could become senescent.  

Next, we have brought the evidence that full transcriptional activation of PML by 

interferons is dependent on the deacetylation events. We excluded STAT pathway as a 

major cause of HDAC effect on the attenuation of IFNα-induced PML expression and 

therefore we propose that IRF1 is a possible target for the suppressive effect of HDAC 

inhibitors. Since several HDAC inhibitors are currently in clinical trials as anticancer 

agents (for reviews, see 240,241), our data showing adverse effect of TSA on the induction of 

PML by interferons are of practical importance for cancer therapy as can be implied from 

known antiviral and anticancer effects of interferons (for a recent review on interferons in 

cancer therapy, see, e.g. ref. 276). Regarding the importance of interferon system for the 

maintenance of an organism homeostasis, our data could be important for the design or 

selection of antitumor HDAC inhibitors that would not perturbe the interferon pathway. 

Finally, our data showed that in normal diploid human cells PML interacts with the 

nucleolus and that this interaction is dependent on nucleolar activity. We suggest that PML 

binding to the nucleolus might be important for the regulation of cellular growth or 

senescence, but the exact relationship between PML and nucleolar metabolism remains to 

be elucidated.  
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7 Conclusions 
 
Ad Aim1: To optimize the culture conditions enhancing adipogenesis in hMSC and then to 

validate hMSC as an in vitro model of human adipogenesis. 

 

We have established that differentiation medium for hMSC based on medium 199 and 

containing 170 nM insulin, 0.5 mM 3-isobutyl-1-methylxanthine, 0.2 mM indomethacin, 1 

µM dexamethasone, and 5% fetal bovine serum was optimal. The replacement of fetal 

bovine serum with rabbit serum (15%) led to further enhancement of differentiation and 

the inhibition of mitogen-activated protein kinase activation also facilitated adipogenic 

conversion of hMSCs. 

We have shown that hMSCs exhibit true adipogenic phenotype in vitro that can be fully 

expressed under proper adipogenesis-favoring conditions. We have documented that the 

pattern of genes expressed during hMSC differentiation into adipocytes (adipsin, 

peroxisome proliferator-activated receptor-γ, CCAAT/enhancer-binding protein-ß, 

GLUT4, and leptin) was similar to that observed in other in vitro adipocyte models. Thus, 

hMSCs represent a new model for the study of human adipogenesis. 

 

Ad Aim 2: To examine the role of chromatin acetylation in the expression of PML gene. 

We have shown that the action of histone deacetylases is necessary for the full IFNα-

stimulated transcriptional activation of PML and Sp100 genes since histone deacetylases 

inhibitors (trichostatin A, sodium butyrate, MS-275, SAHA, and valproic acid) attenuated 

the response of PML and Sp100 to interferon-α. In detail, trichostatin A blocked the 

increase of PML NBs number and suppressed up-regulation of PML mRNA and protein 

levels in several human cell lines and in normal diploid skin fibroblasts.  

We have examined two components of the pathway responsible for IFNα/β-dependent 

gene transcription, i.e. STAT2 and IRF1. We have not detected any defects in STAT2 

cytoplasmic-nuclear transport or binding of STAT2 to ISRE element of PML promoter, 

thus excluding STAT2-dependent mechanism of TSA effect on PML transcription. On the 

other hand, we have found that TSA, although incompletely, inhibited IFNα-induction of 

IRF1, putative transcription activator of PML gene. Thus, the effect of HDAC inhibition on 

PML expression can be at least partially explained by the impairment of delayed interferon 

response driven by IRF1. 
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Ad Aim3: To describe the PML expression and nuclear compartmentalization in growing, 

differentiated and senescent hMSC and in other prematurely senescent cells. 

We have documented that PML was expressed in growing, confluent or terminally 

differentiated hMSC. The expression of PML was strongly induced by IFNα both at the 

mRNA and protein level, while the number of PML NBs was increased only modestly. 

Importantly, the number of PML bodies per cell nucleus was found to be dependent on the 

culture proliferative age, further supporting the role of PML in cellular senescence. 

We have described various forms of a novel nuclear PML compartment associated with 

nucleoli that was found under growth-permitting conditions in human mesenchymal stem 

cells and skin fibroblasts but not in several immortal cell lines with defects in the p53 and 

pRb pathways. In addition, we have observed PML translocation to the surface of 

segregated nucleoli in response to the shut-off of rRNA synthesis induced by actinomycin 

D. The absence of nucleolar PML compartment in rapidly growing tumor-derived cells 

suggests that PML association with the nucleolus might be important for the cell cycle 

regulation. 

We have found that the induction of premature senescence in HeLa cells restored PML 

binding to nucleoli-derived structures and to the surface of segregated nucleoli. These 

findings indicate that PML may be involved in nucleolar functions of senescent cells. 
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