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6. Discussion and future perspectives 

6.1 Nucleolar components in leukemia 

6.1.1 snoRNAs in leukemia 

Relatively little is known regarding snoRNAs in leukemia at the general level. 
Recently, observations have been published linking snoRNAs and leukemia. For 
example, Valleron and associates reported the expression of snoRNAs to be 
globally down-regulated in ALL and AML compared to immuno-matched healthy 
cells, suggesting a different mode of regulation in normal and leukemic cells 
(Valleron et al. 2012a). On the other hand, reports associating individual snoRNAs 
with different types of cancer are available, as described in section 2.1.5.1. Taken 
together, it is noteworthy that both up- or down-regulation of expression of 
snoRNAs as well as mutations in snoRNAs have been reported in cancer.  

 
In Study I, the whole snoRNA transcriptome of several leukemic cell lines was 

analyzed, and multiple snoRNAs with either up- or down-regulated expression 
between leukemia subtypes were discovered. Importantly, the differential 
expression of individual snoRNAs revealed by the SOLiD analysis could be 
validated by another sensitive method (RT-qPCR). However, apparent variation in 
snoRNA expression was seen within the leukemia subtypes. This probably reflects 
the specific characteristics of the individual cell lines, and is a typical drawback in 
using immortalized cell lines. In order to detect the real trends of differential 
snoRNA expression between leukemia subtypes, more cell lines as well as patient 
samples should be analyzed. As such, our observations provide a comprehensive 
systematic analysis of snoRNA expression in several subtypes of acute leukemia, 
and lend support to the conception that snoRNAs are differentially expressed in a 
leukemia subtype-specific manner. Of interest, it would appear that the choice of 
starting material may have an impact on results. As we observed, when total RNA 
was used instead of fractionated small RNA (under 200 nt), snoRNAs were only 
weakly detected. 
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Most of the nine snoRNAs studied have been described in the literature. 
scaRNA9 guides the 2´-O-ribose methylation of snRNA U2, and appears to be 
independently transcribed, as the transcript possesses the 5’-cap structure 
(Tycowski et al. 2004). SNORD24 has been discovered to be encoded in the intron 
of RPL7a (Qu et al. 1995), and SNORD55 in the intron of RPS8 (Nicoloso et al. 
1996). SNORD82 resides in an intron of the nucleolin gene (Rebane and Metspalu 
1999), and the discovery of SNORD105 (Vitali et al. 2003) and SNORD110 
(Huttenhofer et al. 2001) have also been described. However, functional 
information is available only for SNORD44, which is encoded in the multi-
snoRNA ncRNA host Gas5 (Smith and Steitz 1998), and has been shown to be 
associated with poor prognosis in cancer patients (Gee et al. 2011). Interestingly, 
this association was found when several snoRNAs (including SNORD44 ) often 
used as reference genes to normalize miRNA expression were evaluated. This, 
taken together with our observations on the differential expression of snoRNAs, 
underlines the fact that snoRNAs are not stably expressed and are therefore not 
suitable for use as reference genes. The ideal gene for normalizing expression data 
is constantly expressed in all samples included in the analysis. 

 
Interestingly, in Study I, some bias towards scaRNAs among the up-regulated 

snoRNAs is to be seen. Similarly, box C/D appear to be over-represented among 
the down-regulated snoRNAs (see Table 10). Naturally it has to be taken into 
account that the overall number of DE snoRNAs identified is rather small, but 
there can be several additional reasons for these observations. One might be that 
box C/D snoRNAs are somewhat shorter, and might thus pass the 200 nt cut-off 
of the extraction kit more efficiently. Even if some box H/ACA snoRNAs are 
over 200 nt in size, they were firmly present in the SOLiD sequencing data, 
indicating that longer snoRNAs can also be detected. Furthermore, several 
scaRNAs were implicated to be differentially expressed. Most scaRNAs are over 
200 nt in length, and thus their presence argues against the observed differences 
stemming from technical limitations. Presuming that our results on differential 
expression of snoRNAs between T-ALL and pre-B-ALL reflect the true situation 
in patients, some intriguing questions arise. Why are box H/ACA snoRNAs 
featured to a lesser degree? Do scaRNAs play a particular role in acute leukemias? 
Is the differential expression of snoRNAs related to the maturation status of the 
leukemic blast cells or the specific lineage? What are the mechanisms of action? 
Are the differences seen specific for acute leukemia subtypes, or are they equally 
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fundamental for other cancer types? Answering these and other questions will 
surely provide interesting information on the multiple roles of snoRNAs. 

 
Also, in the comparison between T-ALL and pre-B-ALL, more up-regulated 

than down-regulated snoRNAs were seen. The same was seen when AML and 
ALL were compared. Since our analysis is based on comparisons made between 
different disease subtypes, it remains a matter of speculation whether the trend 
towards global down-regulation reported by Valleron et al. (Valleron et al. 2012a) 
would also be evident in the analyzed leukemic cells. As snoRNAs may operate as 
tumor-suppressors and oncogenes, it might be necessary to assess each snoRNA in 
a cellular context-dependent manner. In our limited set of samples, the snoRNA 
transcriptomes in leukemia subtypes differed from a solid cancer, represented by 
HeLa cells, but not extensively. This may suggest common mechanisms underlying 
the emergence of cancer, or, on the other way, reflect the maturation or 
differentiation status of the leukemic cells. 

 
It is obvious, based on our selection of DE snoRNAs, that even though the 

genomic localization and possibly the modification target of many snoRNAs have 
been described, little is known as to their function. The conception that classical 
snoRNAs only guide modifications has predominated to such an extent that 
unprejudiced analyses aiming to reveal all potential functions of both classical and 
unorthodox snoRNAs have only recently started to emerge. Partly this has to be 
credited to exciting reports describing the roles of other ncRNAs in cancer, which 
have stimulated new ideas, partly again to the development of large-scale analysis 
techniques and coordinated sample libraries. 

 
In Study II, we analyzed the expression of the 15 snoRNAs present on the 

microarray across pediatric acute leukemia samples and healthy controls. Contrary 
to the findings of Valleron et al. (Valleron et al. 2012a), these 15 snoRNAs did not 
show down-regulation of expression in leukemia as compared to normal samples. 
The reasons might lie in the number of snoRNAs analyzed (here: 15; Valleron et 
al.: almost all snoRNAs), or in the substantially larger number of patient samples 
included in our analysis. Similarly to us, Valleron et al. used a gene expression 
microarray in their preliminary analysis, suggesting that methodological differences 
may not be the key factor underlying the divergent observations. Nevertheless, 
similar results concerning the role of snoRNAs of the SNORD114 cluster in APL 
were also obtained in our analysis. Valleron et al. showed that many members of 
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this snoRNA cluster are up-regulated in APL compared to PML-RARA -negative 
AML, including SNORD114-3, which showed approximately three-fold higher 
expression (Valleron et al. 2012a). This is well in line with our observations. 
Furthermore, SNORD114-1 has proved to be involved in the modulation of cell 
growth and proliferation in APL cells (Valleron et al. 2012a). This suggests a role in 
leukemogenesis for snoRNAs, and in particular the SNORD114 cluster. As 
adumbrated here, one contributing factor could be the location of the SNORD114 
cluster in the imprinted DLK1-DIO3 domain, shown to be deregulated. Of note, it 
has been reported that the overexpression of the cluster is not dependent on the 
PML-RARA fusion gene (Cohen et al. 2012). 

 
SNORD114-3, like all the members of the SNORD114 cluster, is an orphan 

snoRNA, without a known RNA target. The function of such snoRNAs is 
currently unknown, but regulatory roles have been suggested. These include 
functioning as precursors for miRNAs or other small RNA molecules (Ender et al. 
2008, Ono et al. 2011, Scott et al. 2009, Scott and Ono 2011), or involvement in 
alternative mRNA splicing events (Bazeley et al. 2008, Scott et al. 2012). Another 
orphan snoRNA, ACA11, has been reported to be overexpressed in multiple 
myeloma patients, contributing to increased proliferation, suppression of oxidative 
stress, and chemoresistance (Chu et al. 2012). Discovering the function of 
SNORD114-3 is likely to be challenging as there are several highly similar 
snoRNAs present in the same cluster. To begin with, it would be interesting to 
analyze the cellular localization of this snoRNA as well as to identify the potential 
RNA, DNA and protein molecules that interact with it. This basic knowledge 
would already provide many hints on the function of SNORD114-3.  

 
All in all, Study II provides an example of research where published data have 

been compiled and re-analyzed. As said, there is always only a limited number and 
amount of patient samples available, and therefore re-using patient-derived data is 
patient-sparing and reduces expenses, and enables the compilation of large datasets 
with numerous samples of even rare disease subtypes. One challenge is that 
although case histories are available, data may be inaccurately or inconsistently 
given, which complicates reliable categorization of samples, and also the wider 
analysis of other possibly contributing factors such as precise genotype, disease 
history, treatment regime used, age, family history, etc. Another challenge is that in 
order to be included, data have to be produced on identical platforms, and similar 
processing and analysis methods have to be employed. Even though the collection 
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and compilation of a database is time- and labor-consuming, and requires special 
expertise, many different hypotheses can ultimately be studied using these 
extensive patient data. In Study II, one drawback was the fact that only 15 
snoRNAs could be included in the detailed analysis. On the other hand, the 
expression of these 15 snoRNAs was thoroughly analyzed in a notably large 
number of patient samples. Moreover, other genes of the DLK1-DIO3 locus were 
present, and their expression status could be incorporated in the analysis. Thus, 
although it was not possible to conduct a comprehensive analysis of the expression 
of all snoRNAs in pediatric leukemias, interesting observations could be made 
when the phrasing of the research question was modified to match the limitations.  

6.1.2 Application of snoRNAs in therapeutics and diagnostics 

It has become evident that the ncRNA world holds numerous promises for 
application as diagnostic tools as well as therapeutic targets. miRNAs, which 
regulate gene expression post-transcriptionally, are probably the most extensively 
studied class of ncRNA in hematological malignancies (Lawrie 2013). miRNAs 
show different expression profiles in pediatric ALL, with various subgroups 
displaying distinct miRNA expression patterns, including both up- and down-
regulated versions (de Oliveira et al. 2012). miRNAs can be stably detected from 
patient blood and saliva (Chen et al. 2008, Mitchell et al. 2008), which holds 
promise for their utilization as biomarkers (Hu et al. 2010, Ng et al. 2009, Tsujiura 
et al. 2010). However, translating these observations into actual diagnostic or 
therapeutic approaches has proved challenging. Both restoring lost miRNA 
expression (by means of miRNA mimics) and inhibiting overexpressed miRNAs 
are promising therapeutic strategies in leukemia (Murray et al. 2012). 

 
Even though the mechanisms of action and molecular characteristics differ 

between miRNAs and snoRNAs, these two classes of ncRNA also have 
similarities. Importantly, both have been shown to be differentially expressed in 
leukemic cells when compared to their normal counterparts. Also, the division of 
the classes seems not to be clear-cut, as some snoRNAs are processed into 
miRNA-like molecules (Brameier et al. 2011, Ender et al. 2008), and some 
precursors of miRNAs resemble snoRNAs (Ono et al. 2011). Interestingly, 
snoRNAs can also be detected in the plasma (Liao et al. 2010). This suggests that 
similarly to miRNAs, also snoRNAs could be useful in the detection and 
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diagnostics of leukemia and other cancers. There are only a few reports describing 
the application of snoRNAs as biomarkers or therapeutic targets in leukemia. In 
peripheral T-cell lymphoma (PTCL), it has been shown that profiling snoRNA 
expression has diagnostic and prognostic significance, with subtypes of PTCL 
distinguishable by individual snoRNAs (Valleron et al. 2012b). Similarly, a set of 
snoRNAs has been identified to be down-regulated in CLL (Ronchetti et al. 2013). 
These snoRNAs could be useful as biomarkers to predict the potential outcome in 
patients at an early stage. It would appear that snoRNAs could be used in the 
diagnosis, prognosis and treatment of leukemia, similarly to miRNAs. As the 
function of snoRNAs is known to a lesser degree compared to miRNAs, the first 
applications could be in the prognosis or diagnosis of leukemia. If down-regulation 
of snoRNAs proves to be the general trend, as suggested (Valleron et al. 2012a), 
therapeutic approaches to re-induce or bring about ectopic expression of snoRNAs 
in order to restore the down-regulated expression have to be developed. 

 
Next, it appears to be necessary to obtain more information on the snoRNA 

expression patterns in a leukemia subtype-specific manner. The analyses should be 
designed to answer crucial questions arising from the actual treatment of patients. 
In this way the results could be applied within a moderately short time. For 
example, the differences between relapsed and cured cases with regard to snoRNA 
expression could be studied. The effects on prognosis and disease progression, for 
example, will provide useful information. One challenge is to set up a standardized 
method for analysis which is both reliable and easily available. Further, efforts 
should be made to gain a deeper understanding of the many aspects of snoRNA 
function, as this would provide clues as to how to target the deregulated or 
dysfunctional snoRNAs in order to restore their normal function. Currently, it 
seems that fragments of information are available on many issues or phenomena, 
but no single phenomenon is known completely to the core. This leaves much 
room for imprecision and guessing, which is not desirable when working with 
patients. Nevertheless, application of the observations “from bench to bedside” 
has to start somewhere, even with limited information. One could envision the first 
clinical applications for snoRNAs in leukemia to be in the identification of special 
cases among specific subtypes which e.g. are more prone to relapse, or respond to 
treatment differently. At the moment it seems that the interesting journey has just 
begun. 
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6.1.3 Nucleolar proteins in leukemia 

As already noted, several nucleolar proteins with different functions have been 
implicated in cancer. Since many proteins reside in the nucleolus only occasionally 
and shuttle in and out of it, we were interested in finding differences in nucleolar 
protein composition in various acute leukemia subtypes. According to our 
reasoning, this might reveal novel players involved in acute leukemia pathogenesis 
in a subtype-specific manner, or provide potential biomarkers. We chose two-
dimensional difference gel electrophoresis as the method, since this allows analysis 
of the whole nucleolar proteome of a sample at once, and differentially expressed 
proteins can thus be identified. As our results demonstrate, marked alterations in 
nucleolar protein compositions can be detected using this method. Another 
advantage of this approach is that comparison of samples from different runs is 
possible due to the internal standard. In the case of acute leukemia, with multiple 
specific disease subtypes, this method could be deployed to define both general 
and subtype-specific alterations in the nucleolar protein composition. 

 
The two identified proteins, PHB and TDP-43, have many reported functions 

in the cell, and are also implicated in diseases. PHB, initially described to be a 
mitochondrial chaperone, is shown to co-localize with Rb and p53 in the nucleus, 
and to modulate their transcriptional activity (Fusaro et al. 2003, Wang et al. 2002). 
Originally PHB was considered to be a tumor suppressor (Fusaro et al. 2003, Wang 
et al. 1999). However, several observations attribute PHB both anti- and pro-
tumorigenic functions, the decisive factor being the sub-cellular localization (Theiss 
and Sitaraman 2011). The nucleolar roles for PHB could be similar to those in the 
nucleus and mitochondria, for example regulation of transcription or chaperoning 
ribosome biogenesis. On the other hand, PHB could be detained in the nucleolus, 
which leads to inhibition of its functions in other cellular locations. TDP-43, a 
nuclear ribonucleoprotein, is involved in pre-mRNA splicing and regulation of 
transcription (Chen-Plotkin et al. 2010), has an established role in 
neurodegenerative diseases(Arai et al. 2006, Neumann et al. 2006), and is involved 
in the regulation of the cell cycle and increased apoptosis via Rb (Ayala et al. 2008). 
Moreover, TDP-43 plays a role in the post-transcriptional regulation of miRNA 
expression (Kawahara and Mieda-Sato 2012). In principle, TDP-43 could 
participate in leukemogenesis via many of the reported roles, since deregulation of 
Rb or miRNAs has been reported in cancer, for example. 
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Taken together, based on previous reported observations, both proteins could 
contribute in many ways to the emergence of acute leukemia. Interestingly, both 
PHB and TDP-43 are involved in transcriptional repression, PHB via involvement 
with transcriptional repression complexes (Wang et al. 2002), and TDP-43 
presumably by binding the promoter region of specific genes (Buratti and Baralle 
2010). Disturbed regulation of transcription is typical of many cancers. Also, the 
change in cellular localization contributing to disease seems to be a common 
mechanism for both proteins. It should be noted that strong expression of PHB 
and TDP-43 in the nucleolus is not unique to pre-B-ALL, as the other tested 
leukemic cell lines also expressed PHB and TDP-43 strongly (See Fig. 2a-b and 
Fig. 3a-b in Study III). In fact, the only cell line with weak expression of PHB and 
TDP-43 was CCRF-CEM, which was used in the 2-D DIGE analysis. This 
suggests that, again, the cell line-specific characteristics influence the results, and 
more samples should be analyzed in order to decipher the possible relevance of 
these proteins in acute leukemia subtypes. Also, the possible contribution of other 
factors has to be taken into account. 

 
One important limitation in analyzing nucleolar proteome is the large amount 

of starting material required for the extraction, which may hinder the analysis of 
patient samples. In addition, the 2-D DIGE is a time- and labor-consuming 
technique involving a great deal of handwork. There are also limitations common 
to all two-dimensional gel electrophoresis (2-DE) analyses combined with MS, for 
example neglecting proteins with very high or low molecular weight, and 
insensitivity to detect low-abundance proteins. Furthermore, a common feature 
emerging from the 2-DE analyses carried out to identify differentially expressed 
proteins is that some proteins and protein families are repeatedly implicated 
regardless of the experimental set-up or species. In point of fact, the protein 
families of both PHB and TDP-43 are listed among those recurrently identified in 
comparative proteomics. This phenomenon is not fully understood, but probably 
technical factors, relative protein abundance, and the possible function of the 
protein in response to cellular conditions all contribute (Petrak et al. 2008, Wang et 
al. 2009). Nevertheless, while keeping these limitations in mind, and when the 
results are proportioned with other related observations, proteomic analyses of the 
nucleoli in specific leukemia subtypes will provide novel information in abundance. 
For example, proteomic profiling of the T-cell nucleolus has provided lineage-
specific insights into the nucleolar protein composition (Jarboui et al. 2011). 
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6.2 The zebrafish as a model for nucleolar protein 
function 

Use of the zebrafish as a model to shed light on the in vivo function of the 
nucleolar/nuclear protein SAP30L yielded some interesting observations. As we 
employed zebrafish embryos and larvae in our study, we were able to follow the 
effects of SAP30L depletion on embryogenesis and early development. Knock-
down of gene expression by MOs is not a perfect technique, as off-target effects 
have been reported, for example, but it is widely used also in other organisms, 
especially in developmental biology. In any case, when properly controlled, results 
are reliable. Initially we focused on the observed phenotype, which strikingly 
turned out to involve cardiac deformation and malfunction as well as defects in the 
hemoglobinization of red blood cells. Analysis of the morphants was feasible, as 
the larvae are transparent, and for example the heart could be videoed and its 
function measured in the living organism. Also, many analysis methods have been 
published for the zebrafish, which, at least in our case, could be set up with 
relatively small effort and cost. In order to look deeper into the effects of SAP30L 
depletion, we carried out a microarray analysis of the gene expression, which 
revealed many affected pathways. The fact that in our case only SAP30L, and not 
the related SAP30, was present in the zebrafish was a clear advantage. The effects 
of permanent SAP30L knock-down would be interesting to follow through to 
adulthood. Keeping in mind that many of the larvae were very unfit at 6-7 dpf, it is 
probable that here not many would have survived into adulthood. In addition, as 
the techniques for permanent gene silencing operate at the genetic level, the 
resulting phenotype might have been slightly different.  

 
The zebrafish offers an excellent opportunity to study the previously unknown 

function of a protein in the context of a living organism. When planning a knock-
down experiment, extra care should be taken in designing the morpholinos, and 
also in ascertaining the effect in vivo. In the case of a nucleolar protein, the effects 
of depleting the protein will be seen at the level of the whole animal, tissues and all 
cellular compartments, as it is not possible to target the knock-down specifically to 
the nucleolus. For example in the case of SAP30L, it is not possible to designate 
the morphant phenotype on one specific function or localization of the protein. It 
is, however, possible to analyze the cells at the nucleolar level. Furthermore, the 
morphant phenotype might provide clues to the nucleolar effect. If there is no 
hypothesis as to what the morphant phenotype could be like, it might be 
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challenging to perceive it in its entirety. Reporter fish lines, with a certain cell type 
fluorescing, might provide assistance in this. On the other hand, if the protein 
under study is relatively well-known, the zebrafish also offers a platform to study 
specific questions. Of note, an effort to produce inactive mutant fish lines for all 
the protein-coding genes in the zebrafish genome is under way (Kettleborough et 
al. 2013). This initiative, with far-reaching insight, will surely expedite and 
contribute to multiple interesting discoveries. One of the eminent advantages of 
the zebrafish is the possibility it affords to analyze cellular events in a living 
organism in real time and in a versatile manner. 
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7. Conclusions 

This study was carried out in order to shed light on the role of nucleolar 
components in acute leukemia. The major conclusions are as follows: 

1. snoRNAs are differentially expressed between cell lines representing major 
acute leukemia subtypes. 

2. a hematological database combining data produced with a common 
platform provides an excellent means to study the expression of snoRNAs 
in a large cohort of patients. 

3. the overexpression of SNORD114-3 is seen in APL. 

4. 2-D DIGE is an applicable proteomic method to identify differentially 
expressed nucleolar proteins between acute leukemia subtypes. 

5. the zebrafish provides a versatile in vivo model to study the function of a 
nucleolar protein. 

6. SAP30L is involved in the regulation of cardiogenesis and hematopoiesis 
during zebrafish early development. 
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2.2 Isolation of RNA

The Small RNA fractions (less than 200 nucleotides in
length), which contain the snoRNAs, were isolated using the
mirVana miRNA isolation kit (Ambion, Applied Biosystems)
according to the manufacturer’s instructions. A method that
selectively isolates smaller-sized RNA molecules was
deployed in order to produce material highly enriched in
snoRNAs for SOLiD sequencing analysis, enabling the detec-
tion of even low-expressing snoRNAs. As some snoRNAs are

larger than 200 nt, they might be excluded and, thus, poten-
tially bias the analysis. However, several snoRNAs larger than
200 nt in size were detected in our data set. For the isolation of
RNA, cells were grown to 80–90 % confluence and counted,
after which 10 million cells were collected by centrifugation
and washed once in PBS. The quality and concentration of the
RNA preparations were checked using a NanoDrop spectro-
photometer (Thermo Fisher Scientific). Total RNA was
extracted from each cell line using the mirVana miRNA
isolation kit (Ambion, Applied Biosystems) as instructed by
the manufacturer.

2.3 Preparing libraries for SOLiD sequencing

The libraries for SOLiD sequencing were constructed fol-
lowing the SOLiD small RNA expression kit protocol pro-
vided by the manufacturer. The snoRNA sample was first
hybridized and ligated in the Adaptor Mix. The RNA popu-
lation containing the ligated adaptors was reverse-
transcribed, purified with the MinElute PCR Purification
Kit (Qiagen) and run on a denaturing gel, after which the
cDNA of the desired size was excised. The size-selected
cDNAwas amplified with in-gel PCR, and cleaned up using
the PureLink PCRMicro Kit (Invitrogen). The libraries were
quantitated using a Qubit fluorimeter (Invitrogen) and quan-
titative PCR. The template bead preparation was performed
by emulsion PCR (ePCR), and after enrichment of the tem-
plate beads were deposited onto a sequencing glass slide.

2.4 SOLiD sequencing

The samples were processed on a SOLiD 4 instrument (Life
Technologies) as instructed by the manufacturer. The read

Fig. 1 Hierarchical clustering with Euclidean metrics for normalized
snoRNA sequencing data. The tag count values are averaged for each
subgroup of acute leukemia. Sample groups that share most similarity
can be found in the branches nearest each other

Table 1 Characteristics of the cell lines used

cell line type patient origin karyotype, fusion genes analysis

KASUMI-2 pre-B ALL 15 years, diagnosis hypodiploid RT-qPCR

KOPN-8 pre-B ALL 3 months hypodiploid, MLL-ENL SOLiD, RT-qPCR

MHH-CALL3 pre-B ALL 11 years, diagnosis pseudodiploid SOLiD, RT-qPCR

NALM-6 pre-B ALL 19 years, relapse near diploid RT-qPCR

REH pre-B ALL 15 years, first relapse pseudodiploid, TEL-AML1 RT-qPCR

CCRF-CEM T-cell ALL 3 years, terminal relapse near tetraploid SOLiD, RT-qPCR

JURKAT T-cell ALL 14 years, first relapse hypotetraploid RT-qPCR

MOLT-16 T-cell ALL 5 years, relapse near diploid SOLiD, RT-qPCR

P12-Ichikawa T-cell ALL 7 years hypotetraploid RT-qPCR

PEER T-cell ALL 4 years, second relapse pseudodiploid, NUP214-ABL1 RT-qPCR

HL-60 AML-M2 35 years hypotetraploid/hypodiploid SOLiD

OCI-AML3 AML-M4 57 years, diagnosis hyperdiploid, NPM mutation SOLiD

DAUDI Burkitt lymphoma 16 years, diagnosis near diploid SOLiD

HeLa cervix carcinoma 31 years hypertriploid/hypotetraploid SOLiD

ALL acute lymphoblastic leukemia; AML acute myeloid leukemia; RT-qPCR quantitative real-time PCR
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length was 35 bp. Fragment libraries were prepared for each
sample. For SOLiD sequencing, two independent RNA
samples were analyzed from each cell line.

2.5 Analysis of data

The data obtained were mapped to the human reference ge-
nome (hg18) using the SOLiD BioScope v.1.3 software pack-
age. The features of snoRNA against which the tags were
counted, were retrieved from the fRNAdb, a non-coding
RNA sequence database (http://www.ncrna.org/frnadb/)
v. 3.4, which contained 981 snoRNA sequences. The down-
stream analysis was carried out using the R/Bioconductor
software and the tag count data were normalized using the
DESeq analysis package [24]. The data were found to be of
high quality and the Pearson’s correlations between samples in
different sample groups were between 0.8–0.96, which is
indicative of a high reproducibility. Statistical testing between
groups was carried out using the Limma package, and features
with a p-value below 0.05 and absolute fold change larger than
1.5 were considered as differentially expressed. The GENE-E
tool (http://www.broadinstitute.org/cancer/software/GENE-E/)
was used for the heatmap clustering of the data.

2.6 Quantitative real-time PCR

The expression of individual snoRNAs was measured using
quantitative real-time PCR (RT-qPCR). The small RNA
fraction and total RNA were isolated using the mirVana
miRNA isolation kit (Ambion, Applied Biosystems), and
converted to cDNA using iScript Select cDNA Synthesis
Kit (Bio-Rad) and random primers according to the manu-
facturers’ instructions. The pooled templates for snoRNA
analyses were prepared by mixing equal amounts of cDNA
from each cell line in a given group. First we analyzed the
cell lines that had been used in the SOLiD sequencing. The
pooled T-ALL template consisted of cDNA derived from
CCRF-CEM and Molt-16 cells, and the pooled pre-B-ALL
template included cDNA from KOPN-8 and MHH-CALL3.
Then, all pre-B and T leukemic cell lines were analyzed
individually. U6 RNA was used for normalization of the
data [25, 26]. The primer sequences are described in the
Supplementary Material. RT-qPCR was performed by using
the Evagreen Ssofast supermix kit (Bio-Rad) and a CFX96
real-time thermal cycler (Bio-Rad) as instructed by the
manufacturer. An average threshold cycle (Ct) value was

�Fig. 2 A heat map clustering of the differentially expressed features
for the comparisons between subgroups of leukemia. Pearson’s metrics
was used in the hierarchical clustering of the samples and filtered
features. The clustering is based on the general expression measure-
ment similarity. In the plot, red color denotes high expression and blue
low expression. Each row represents one differentially expressed fea-
ture, and each column represents one sample subgroup
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calculated from two replicate samples. The runs were re-
peated twice or thrice, and no significant differences be-
tween replicate runs were observed. When appropriate,
differences between groups were compared by using the
two-tailed Student t test. A p-value of less than 0.05 was
considered statistically significant.

3 Results and discussion

In order to study the expression of snoRNAs in leukemic cells,
fractions representing small RNAs from various leukemic cell
lines were analyzed bymassive parallel sequencing (SOLiD 4,
Life Technologies), (see Supplementary Fig. 1). The chosen
cell lines included representatives of acute myeloid leukemia
(AML), acute lymphoblastic leukemias (T-ALL and pre-B-
ALL), Burkitt’s lymphoma/leukemia (BLL), and a solid tu-
mor (HeLa cell line) (see Table 1). The data were analyzed to
detect global differences in the expression values of
snoRNAs. In our dataset, hierarchical clustering of samples
based on tag count values grouped the cell lines according to
the leukemia subgroup (Fig. 1). These results show that dif-
ferent cancers and subgroups of leukemia have unique expres-
sion patterns of snoRNAs, and that various subgroups of
leukemia are more closely related to each other than to a solid
tumor (cervical carcinoma represented by HeLa cells).

In order to find differences among various leukemia
subgroups and not individual cell lines, we compared the
differentially expressed (DE) features between the sub-
groups (i.e. AML, pre-B-ALL, T-ALL) by using the fold
change (FC) values and p-values. For filtering out differen-
tially expressed genes, the minimum fold change was set at
1.5, and the p-value significance level at 0.05. This yielded
46 differentially expressed snoRNAs in the comparison of
T-ALL with pre-B-ALL, of which 29 were up-regulated and
17 down-regulated. C/D box snoRNAs were affected the
most: 19 of the up-regulated and 15 of the down-regulated
snoRNAs were of the C/D box type. Interestingly, there
were several scaRNAs among the up-regulated snoRNAs,
the most prominent of which was scaRNA6. In the

comparison of ALL (including T-ALL and pre-B-ALL cells)
with AML, 40 differentially expressed snoRNAs were
found, of which 22 were up-regulated and 18 down-
regulated. In this comparison, the C/D box snoRNAs also
stood out: 17 of the up-regulated and all of the down-
regulated were C/D box snoRNAs. A heat map clustering
of the DE features is shown in Fig. 2. These results indicate
that the expression pattern of snoRNAs is dependent on the
subgroup of leukemia, and that various subgroups of leuke-
mia show marked differences in their snoRNA expression
patterns.

Next, we focused on the differentially expressed snoRNAs
from the T-ALL/pre-B-ALL comparison. In order to validate
the expression profiles obtained by SOLiD analysis, the ex-
pression of nine individual snoRNAs was analyzed by RT-
qPCR. These nine snoRNAs included both up- and down-
regulated snoRNAs, and two scaRNAs (Table 2). Independent
small RNA fractions were prepared from the T- and pre-B-
ALL cell lines. First, we analyzed the leukemic cell lines used
in the original SOLiD analysis. The RT-qPCR analyses
showed changes in expression similar to those in the original
analyses for eight out of nine snoRNAs (Supplementary
Fig. 2), corroborating the results of the SOLiD analysis. In
order to see if these results can be substantiated on a larger
scale, we chose additional leukemic cell lines of T cell origin
(Jurkat, P12-Ichikawa, Peer) and pre-B cell origin (Kasumi-2,
Nalm-6, REH) (see Table 1). The expression of the nine DE
snoRNAs was tested by RT-qPCR in the five T-ALL and five
pre-B-ALL cell lines, and as shown in Fig. 3, six out of nine
snoRNAs showed changes in expression similar to those in
the original SOLiD data set. Among these were four box C/D
snoRNAs (SNORD24, SNORD44, SNORD82, SNORD105)
and two scaRNAs (scaRNA6 and scaRNA9). Statistically
significant differences in expression between the pre-B-ALL
and T-ALL subgroups could be seen in cases of scaRNA9 and
SNORD24. It is worth noting that there was a marked varia-
tion in the expression of individual snoRNAs even within the
leukemia subgroups, probably reflecting the unique character-
istics of individual cell lines. We also analyzed the expression
of the six snoRNAs by RT-qPCR using cDNA derived from

Table 2 DE snoRNAs selected
for RT-qPCR analysis from T vs.
pre-B comparison

alt name alternative name;
fRNAdb accession accession
number in the Functional RNA
database (http://
www.ncRNA.org/frnadb); FC
fold change

name alt name fRNAdb accession FC p-value

scaRNA6 U88 FR022918, FR015998 3.284 0.0015

scaRNA9 mgU2-19/30, Z32 FR391181 1.938 0.0039

SNORD24 U24 FR017664 −1.485 0.1166

SNORD44 U44 FR355798 −1.826 0.0597

SNORD49A U49A FR191731 1.965 0.0053

SNORD55 U55 FR080434 1.723 9.43e-05

SNORD82 U82 FR223959 −1.531 0.1004

SNORD105 U105 FR045105 1.513 0.0051

SNORD110 HBII-55 FR358878 −1.737 0.0490
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total RNA (Supplementary Fig. 3). While scaRNA6 and
scaRNA9 showed similar differences in expression,
SNORD105 showed opposite difference in expression, and
SNORD24, SNORD44 and SNORD82 were expressed at a
very low level, making the interpretation unreliable. These
latter results suggest that some low-expressed snoRNAs may
be missed when using total RNA as a template.

Only a few reports discussing these snoRNAs have been
published, and detailed descriptions are available for only
SNORD24 [27] and SNORD82 [28]. SNORD44, encoded
in the multi-snoRNA host gene Gas5 (growth arrest-specific
transcript 5) [18], has been studied in cancer patients and a
low expression of this snoRNAwas shown to correlate with
a poor prognosis [26]. Gas5 was also found to play an

Fig. 3 Scatter plots exhibiting quantitative real‐time PCR expression
analyses of scaRNA6, scaRNA9, SNORD24, SNORD44,
SNORD49A, SNORD55, SNORD82, SNORD105, and SNORD110
in five pre-B-ALL and five T-ALL cell lines. The pre-B-ALL cell lines

were Kasumi-2, KOPN-8, MHH-CALL3, Nalm-6 and REH. The T-
ALL cell lines were CCRF-CEM, Jurkat, Molt-16, P12-Ichikawa and
Peer. Results from two independent runs are shown. The solid hori-
zontal line represents the median value
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important role in normal and transformed T-lymphocytes
[29]. scaRNAs are known to be involved in post-
transcriptional modification of snRNAs [4, 5].

While most snoRNAs are located in introns and co-
transcribed with the host gene transcripts, a small number
appears to be under the control of independent promoters
[20]. Expression of snoRNAs may also be regulated by dif-
ferential splicing of their host introns, since removal and
disbranching of introns is essential for snoRNA production.

Valleron et al. [30] recently reported a global down-
regulation of snoRNA expression in acute leukemias as com-
pared to healthy blood samples. Specific snoRNA signatures
were identified in leukemias of different subgroups, a finding
that mirrors our results. Furthermore, they identified a locus
containing SNORD112-114 as an ectopic expression cluster
specific to acute promyeloid leukemias (APL). Expression of
SNORD112-114 was found to be regulated by the APL-
associated fusion gene PML-RARalpha, but the expression
of individual snoRNAs in the cluster was independently reg-
ulated. Another recent report described down-regulation of a
set of H/ACA box snoRNAs by the growth suppressor GRIM-
1, which led to disruption of normal rRNA maturation [31].

There are only a handful of reports dealing with the asso-
ciation of snoRNAs and cancer. The U50 snoRNA has been
implicated in prostate and breast cancers [32, 33]. In prostate
cancer, a specific mutation in U50 was found to be associated
with clinical manifestation of the disease [32]. In surgical
specimens of non-small cell lung cancer (NSCLC), six
snoRNAs were found to be overexpressed in the tumor tissue
[34]. One of them, SNORA42, was reported to act as an
oncogene in NSCLC, and its high expression in clinical sam-
ples correlated with poor survival [35]. Mourtada-Maarabouni
et al. [36] discovered that Gas5, an RNA transcript hosting 10
snoRNAs (see above), regulated growth and apoptosis in
mammalian cell lines, and that levels of the Gas5 transcript
were significantly reduced in breast cancer samples.

Two classes of small ncRNA, miRNAs and snoRNAs,
have both been associated with cancer. However, there are
marked differences in the mechanisms of action and the
molecular sizes between snoRNAs and miRNAs. While
snoRNAs mainly direct modifications of rRNA, miRNAs
usually bind to the 3′ untranslated region (3′-UTR) of a
mRNA, resulting in its degradation or a block in its transla-
tion. Mature miRNA molecules are very short (~22 nucleo-
tides), whereas C/D box snoRNAs are approximately 60–200
nucleotides, and H/ACA box snoRNAs 120–250 nucleotides,
in length [22]. Nevertheless, similarities have also emerged
between these two classes of ncRNA. Some snoRNAs have
been shown to undergo further processing into smaller mole-
cules with miRNA-like properties [23, 37], and some miRNA
precursors have been found to resemble snoRNAs in their
mode of action [38]. The involvement of miRNAs in normal
as well as aberrant hematopoiesis is now well established [39,

40]. Several reports of miRNA profiling from patient serum,
plasma, saliva, and other tissues highlight the diagnostic po-
tential of these RNAs in the detection and monitoring of small
tumors or those located deep in tissues [41–47]. Of particular
relevance to the present work is the finding that snoRNAs can
be detected in plasma [34].

4 Conclusions

We have shown here that various leukemia-derived cell lines
carry a specific snoRNA expression signature, and we demon-
strated specific differences in snoRNA expression between
ALL subgroups. These results indicate that snoRNA expres-
sion profiles can potentially be used for the identification of
novel subgroups of leukemia, and also hint at the possible
involvement of snoRNAs in pathogenesis of leukemia. This
work provides an impetus for further expression profiling of
snoRNAs in normal and malignant processes.
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LETTER TO THE EDITOR

Overexpression of SNORD114-3 marks acute promyelocytic
leukemia

Leukemia advance online publication, 20 September 2013;
doi:10.1038/leu.2013.250

A global downregulation of small nucleolar RNAs (snoRNA) was
reported in acute lymphoblastic (ALL) and acute myeloid
leukemias (AML) by Valleron et al.1 The authors also identified a
specific snoRNA signature in acute promyelocytic leukemia (APL)
with overexpression of snoRNA clusters SNORD112-114. Recently,
Cohen et al.2 reported a marked overexpression of SNORD113-3,
SNORD113-4, SNORD114-2 and SNORD114-3 in three additional
cases of APL.

We have compiled a hematological gene expression data set of
neoplastic and non-neoplastic samples hybridized to Affymetrix HG-
U133 Plus 2.0 GeneChips, all downloaded from the GEO microarray
repository. The data were collected as described earlier by Heinäniemi
et al.3 Of all the genes on the microarray, 15 were identified as
snoRNAs (Table 1). They represent various types of snoRNAs,
including H/ACA and CD box types, small Cajal body-specific RNAs
(scaRNA), intergenic and intronic snoRNAs, and even one snoRNA
without any known target RNA (so-called ‘orphan’ snoRNA).

To study the expression of the 15 snoRNAs, we focused on 883
cases of pediatric leukemias, which were subdivided into three
classes: early B-ALL, T-ALL and AML. In addition, we considered 35
non-neoplastic samples consisting of hematopoietic stem cells
(HSCs) along with naive B- and naive T-lymphocytes. In most
cases, the snoRNAs were expressed in a relatively uniform manner
across all leukemia subtypes and normal blood cells (Figure 1a).
In our limited set of 15 snoRNAs, we did not observe a lower
expression in acute leukemias as compared with HSCs and naive
lymphocytes. Two snoRNAs, SNORA70 and SNORD104, were

expressed consistently higher than other snoRNAs in leukemic
as well as healthy samples. They were expressed at a level
approximately fourfold higher relative to other snoRNAs
(Figure 1a). Interestingly, SNORA25 and SNORA61 were expressed
strongly in naive, or unstimulated, B cells compared to HSCs, naive
T cells and leukemias, suggesting B-cell differentiation-dependent
regulation of expression (Figure 1a).

At single patient level, the expression of individual snoRNAs
remained again rather constant except for SNORD114-3 (Figure 1a
and Supplementary Figure S1). Among the 237 pediatric AML
patients, 15 were found to have increased expression of
SNORD114-3 when the cut-off level in log2-expression was set at
7 (Figure 1b). Interestingly, 13 out of these 15 patients harbored
t(15;17) translocation, the hallmark of APL. In the two remaining
t(15;17)-negative patients, the expression was only slightly above
the threshold level of 7. These two samples did not fall into any
major cytogenetic subtype of AML, but one of them had an
internal tandem duplication of FLT3 and the other carried a
mutation in either NRAS or KRAS. Among the cases with normal
SNORD114-3 expression, only six patients out of 222, or 2.7%, were
identified as t(15;17)-positive patients. Four of these six APL cases
were carrying FLT3-ITD. A similar pattern emerged also in the
cohort of 1117 adult AML patients in our database, 69 of which
were of promyelocytic subtype (Figure 1c). One-hundred and nine
adult AML samples were found with an elevated SNORD114-3
expression (keeping the threshold at 7). Out of them, 50 were from
APL patients. From the adult samples with normal SNORD114-3
expression, only 19, or 1.9%, were classified as APL. The expression
level of SNORD114-3 differentiated the APL-positive and -negative
cases among both pediatric (Po10� 8) and adult AML (Po10� 28).
Mann–Whitney U-test was used to assess statistical significance.

Table 1. Characteristics of 15 selected snoRNAs

snoRNA Type Host gene Chromosome Target Probes

SCARNA2 Small cajal body Independent transcriptional unit 1q13.1 U2 snRNA C61 and U2 snRNA G11 11
SCARNA17 Small cajal body Independent transcriptional unit 18q21.1 U4 snRNA C8 11
SNORA25 Box H/ACA Homo sapiens cDNA AK128061 11q21 18S rRNA U801 and 18S rRNA U814 6
SNORA61 Box H/ACA SNHG12 small nucleolar RNA host gene

12 (non-protein coding)
1p35.3 28S rRNA U2495 7

SNORA64 Box H/ACA RPS2 (ribosomal protein S2) 16p13.3 28S rRNA U4975 10
SNORA65 Box H/ACA RPL12 (ribosomal protein L12) 9q34 28S rRNA U4373 and 28S rRNA U4427 4
SNORA66 Box H/ACA RPL5 (ribosomal protein L5) 1p22.1 18S rRNA U119 5
SNORA68 Box H/ACA RPL18A (ribosomal protein L18a) 19p13 28S rRNA U4393 22
SNORA70 Box H/ACA RPL10 (ribosomal protein L10) Xq28 18S rRNA U1692 4
SNORA71A Box H/ACA SNHG17 small nucleolar RNA host gene

17 (non-protein coding)
20q11.23 18S rRNA U406 4

SNORA71B Box H/ACA SNHG17 small nucleolar RNA host gene
17 (non-protein coding)

20q11.23 18S rRNA U406 22

SNORA74A Box H/ACA SNHG4 small nucleolar RNA host gene 4;
MATR3 alt Matrin3 mRNA

5q31.2 28S rRNA U3741, 28S rRNA U3743 and
U3 snRNA U8

33

SNORD8 Box C/D CHD8 chromodomain helicase DNA
binding protein 8

14q11.2 U6 snRNA A53 5

SNORD104 Box C/D Independent transcriptional unit 17q23.3 28S rRNA C1327 5
SNORD114-3 Box C/D LOC100507242, snoRNA gene cluster 14q32 Unknown 4
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The snoRNA cluster SNORD114 lies in the genomically imprinted
domain DLK1-DIO3 in the 14q32 region. Genomic imprinting gives
rise to mono-allelic, parent-of-origin-specific gene expression.
Imprinted genes are susceptible to errors, as a single genomic or
epigenetic change may alter or even ablate their function.
Imprinted small RNAs are involved in the development and
metabolism, and are also frequently perturbed in malignancies.4

The paternal allele of DLK1-DIO3 domain expresses three protein-
coding genes (DLK1, RTL1 and DIO3), whereas the maternal

counterpart expresses two non-coding transcripts (MEG3 and
RTL1AS) accompanied by 53 microRNAs and two snoRNA
clusters (SNORD113 and -114) constituting 9 and 31 snoRNAs,
respectively.4 To gain some insight on how deregulation of DLK1-
DIO3 affects other genes it houses, we looked at the expressions
of DLK1, DIO3 and MEG3. Besides SNORD114-3, these were the only
genes in this domain to be represented on the microarray. The
expression of MEG3 (Maternally Expressed Gene 3) was strongly
correlated with that of SNORD114-3, whereas such correlation was

a

b

d

c

Figure 1. Overexpression of SNORD114-3 in APL. (a) Expression of the 15 studied snoRNAs in three types of pediatric leukemias and four
healthy cell types. (b) The expression of SNORD114-3 in pediatric leukemias. (c) When pediatric and adult AML patients are sorted according to
SNORD114-3 expression, APL cases are clearly enriched among the patients with high expression. By using Mann–Whitney U-test, differential
SNORD114-3 expression between APL and other AML was deemed statistically significant. (d) SNORD114-3 expression is strongly correlated
with MEG3 expression, but weakly with DLK1 and DIO3. Pearson’s correlation coefficients were calculated using log2 expressions.
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not observed between SNORD114-3 and DLK1 or DIO3 (Figure 1d).
This reflects the fact that MEG3 is expressed from the
same (maternal) allele as SNORD114, whereas DLK1 and DIO3 are
expressed from the other (paternal) one. Furthermore, it suggests
that the deregulation may affect the maternal DLK1-DIO3 locus as
a whole.

As it happens, SNORD114-3, like all the copies in SNORD114, is
orphan. The function of such snoRNAs lacking RNA targets is
unknown but they might have gene regulatory roles as microRNA
precursors or by being involved in gene splicing events.5 Valleron
et al.1 showed that SNORD114-1 is capable of modulating cell
growth and proliferation in APL cells, thus suggesting
leukemogenicity of SNORD114. Recently, Chu et al.6 found that
ACA11, an orphan snoRNA encoded in an intron of the WHSC1
gene, is overexpressed in multiple myeloma patients with the
translocation t(4;14). In these cells, overexpression of ACA11
increased proliferation, suppressed oxidative stress and conferred
chemoresistance.

Our findings in regard to APL support and increase the
robustness of those reported by Valleron et al.1 and Cohen et al.,2

as we used data obtained with a different platform and from a
substantially larger cohort of patients. Collectively, they reveal an
intricate regulation of snoRNA expression7 and add to the
mounting evidence implicating DLK1-DIO3 locus in tumorigenesis.
Seven microRNAs of this locus were found to be upregulated in APL
by Dixon-McIver et al.,8 and other transcripts of DLK1-DIO3 domain
have been associated with lung cancer,9 hepatocellular carcinoma10

and the pluripotency levels of stem cells.11
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Fig. 1. 2-D DIGE analysis of nucleolar extracts shows differentially expressed pro-
tein  spots between a pre-B-ALL and a pre-T-ALL cell line. (A) A representative
2D-DIGE fluorescence gel. (B) The same gel stained with silver nitrate. Molecular
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eights and pH gradient as indicated. The protein spots excised from the gel are
arked (see Table 1).

ntibiotics (pen-strep), 1% l-glutamine (l-glu) and 10% fetal bovine serum (FBS).
HH-CALL3 cells were cultured with the same medium, but with 20% FBS. OCI-AML3

ells were cultured in MEM Alpha Medium (Gibco) supplemented with pen-strep, l-
lu and 20% FBS. HeLa cells were cultured in d-MEM medium (Sigma) supplemented
ith pen-strep, l-glu, non-essential amino acids and 10% FBS.

.2. Isolation of nucleoli

For the isolation of nucleoli, a cell fractionation protocol by Andersen et al. [10]
as  used with some modifications. Briefly, the leukemic cells were grown to about

0% confluency and 1–3 × 108 cells were collected by centrifugation. The cells were
ashed with PBS and resuspended in 5 ml  of a hypotonic buffer (10 mM Hepes

pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT), broken on ice by ten strokes
n  a dounce homogenizer with a tight pestle, after which the nuclei were collected
y  centrifugation (228 × g, 5 min, +4 ◦C). To remove impurities, the nuclear pellet
as resuspended in 3 ml  of S1-solution (0.35 M sucrose, 10 mM MgCl2), layered

ver 3 ml  of S2-solution (0.35 M sucrose, 0.5 mM MgCl2), and centrifuged (1430 × g,
 min, +4 ◦C). The pelleted nuclei were then resuspended in 3 ml  of S2-solution
nd sonicated for 3–5 min  on ice using a 10 s/20 s ON/OFF-cycle at power setting
high” (Bioruptor UCD-200, Diagenode). The sonicate was  checked for the absence
f intact nuclei and presence of nucleoli with a phase contrast microscope (Axiovert
00  M, Zeiss). To pellet the nucleoli, the sonicate was  layered over 3 ml  of S3-
olution (0.88 M sucrose, 0.5 mM MgCl2) and centrifuged (2800 × g, 10 min, +4 ◦C).
he pelleted nucleoli were further washed in 500 �l of S2-solution and centrifuged
2800 × g, 5 min, +4 ◦C). The purified nucleoli were resuspended in 500 �l of S2-
olution and stored at −70 ◦C until use. The nucleolar content and quality of the

amples were assessed by using immunofluorescence microscopy with the anti-
ucleophosmin (32-5200, ZYMED) antibody and DAPI staining (for DNA). The total
rotein concentration of the nucleolar extracts was determined using a standard
rotein assay (DC Protein Assay, Bio-Rad).
search 36 (2012) 232– 236 233

2.3. Two-dimensional difference gel electrophoresis (2-D DIGE)

2-D DIGE is comprised of two dimensions: isoelectric focusing (IEF), which
separates proteins according to isoelectric point (pI), and SDS-PAGE, which sepa-
rates proteins according to molecular weight. For 2-D DIGE, the Ettan DIGE system
(GE  Healthcare) was used according to the manufacturer’s instructions. The nucle-
olar samples were from CCRF-CEM, MHH-CALL3, OCI-AML3 or HeLa cell lines.
For  each sample, 3 independent nucleolar preparations were pooled. The pooled
internal standard was comprised of nucleolar and nuclear extracts of CCRF-CEM,
MHH-CALL3, OCI-AML3 and HeLa cell lines in equal amounts. The samples were
labeled with fluorescent cyanide minimal dyes (CyDye DIGE Fluor dyes, GE Health-
care) according to the manufacturer’s instructions. Each gel contained two samples
(labeled with CyDye3 or CyDye5) and an internal standard (labeled with CyDye2),
totaling 150 �g of protein.

IEF was performed using an Ettan IPGphor II Isoelectric Focusing System (GE
Healthcare). The samples in rehydration buffer were loaded onto 24-cm non-linear
immobilized pH gradient (IPG) strips (pH 3–10), and rehydration was performed at
20 ◦C for 6 h followed by 5.5 h at a low voltage (20 V). The current limit was set to
50  �A per IPG strip. IEF was  carried out for a total of 45–47 kV h at 20 ◦C in 6 steps
which gradually increased the voltage (180 V for 0.75 h, 300 V for 0.75 h, 600 V for
0.75 h, gradient from 600 V to 5000 V for 1 h, gradient from 5000 V to 8000 V for
0.75  h, and 8000 V about 5 h). After IEF, the IPG strips were stored at −20 ◦C.

Prior to SDS-PAGE the IPG strips were equilibrated for 15 min in SDS-equilibrium
buffer (0.75 M Tris–HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 10 mg/ml DTT  and
a  trace of bromophenol blue), and then for 15 min  in the same buffer containing
25 mg/ml iodoacetamide instead of DTT. The IPG strips were placed on top of 12%
SDS-PAGE gels, a molecular weight marker was  added next to the strip, and the
gels were run at 1-2 W per gel for approximately 12 h at 20 ◦C using the Ettan
DALTsix system (GE Healthcare). In order to facilitate spot picking, the gels were
post-stained with silver using a method compatible with identification of proteins
by  mass-spectrometry (MS) [11].

2.4. Gel imaging and protein identification

CyDye-labeled protein spots were visualized with a TyphoonTM Trio Variable
Mode Imager (GE Healthcare) at the appropriate wavelengths. Analysis of the spot
map  images was  performed using DeCyderTM v6.5 (GE Healthcare) according to
the manufacturer’s recommendations, and p-values were calculated by Student’s
test. Protein spots of interest were cut from silver-stained 2-D gels and digested
‘in-gel’ essentially as described by Rosenfeld et al. [12] and Wilm et al. [13]. Pro-
teins were reduced with DTT and alkylated with iodoacetamide before digestion
with trypsin (Sequencing Grade Modified Trypsin, Promega Corporation, Madison,
WI,  USA) at 37 ◦C overnight. The peptides were extracted once with 25 mM ammo-
nium bicarbonate and twice with 5% formic acid for 15 min at room temperature,
after which the extracts were pooled. The peptides were analyzed using an auto-
mated nanoLC–MS/MS that consisted of a QSTAR® Elite Hybrid LC/MS/MS System
(Applied Biosystems) coupled to a nanoLC instrument UltiMate® 3000 (Dionex Cor-
poration). Database searches with the obtained MS/MS  data were performed with
the  MASCOT MS/MS  Ion Search program (http://www.matrixscience.com) against
the  MSDB database. The probability of a correct match to a known protein was esti-
mated by considering the protein’s MASCOT score, the number of peptide matches
and  sequence coverage, as well as the correspondence of the experimental and the-
oretical molecular weight and pI values. According to the peptide summary report
of  the MASCOT search program, ion scores above 36 for individual peptides could
be  considered significant (p < 0.05), and the MASCOT score represents the sum of
ion  scores for each protein. Sequence coverage was calculated from the number of
amino acids with matches in a peptide, as a percentage of the entire amino acid
sequence of the protein. The more peptides that could be matched to a protein,
especially with significant ion scores, and the higher the sequence coverage and the
MASCOT score, the more probable was  a correct match.

2.5. Western blotting and immunofluorescence

Samples of the nucleolar preparations were prepared in 2× Laemmli buffer, and
the protein concentrations were adjusted to 0.5 mg/ml. Proteins were resolved by
SDS-PAGE and transferred to nitrocellulose membranes (Amersham Biosciences).
The immunoblots were probed with anti-PHB (Santa Cruz Biotechnology) or anti-
TDP-43 (TDP-43 and TDP-43-N, Sigma–Aldrich) antibodies, and the proteins were
detected by enhanced chemiluminescence. The same antibodies were used for
immunofluorescence staining of the nucleolar preparations. DAPI was used for visu-
alization of DNA. AlexaFluor-conjugated secondary antibodies were used (Molecular
Probes, Invitrogen).
3. Results

In order to identify nucleolar proteins involved in leukemoge-
nesis, we  used a proteomic approach to look for proteins whose










