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Tiivistelma

Tumajyvinen on solun tumassa erottuva rakenne, jossa ribosomien biogeneesi
tapahtuu. Ribosomit ovat vastuussa proteiinien tuottamisesta soluissa, ja ne
koostuvat RN A:sta (ribosomaalinen RNA, rRNA) ja ribosomaalisista proteiineista.
rRNA syntetisoidaan ja sitdi muokataan tumajyvisessd, ja myos rRNA:n ja
ribosomaalisten  proteiinien  yhdistiminen kokonaiseksi ribosomiksi  alkaa
tumajyvisessd. Taman lisiksi tumajyvinen osallistuu muihin solun toimintoihin,
kuten solusyklin sddtelyyn, solun kasvuun ja jakautumiseen sekd soluun
kohdistuvan stressin tunnistamiseen. My6s erilaisia sairaustiloja on yhdistetty
tumajyviseen. Niistd esimerkkejd ovat syopa ja virusinfektiot. Tumajyvinen ei ole
kalvon ymparoimi, joten molekyylit voivat vapaasti litkkua sisidn tumajyviseen ja
ulos tumajyvisestd. Tumajyvisten luonne on dynaaminen, ja niiden koko ja
lukumiira solua kohden vaihtelevat solun tilan ja solusyklin mukaan. Sy6pisoluilla
on usein suurentuneet tumajyvaset, mikd on seurausta solun kasvaneesta tarpeesta
tuottaa  proteiineja, mikd edellyttid ribosomien tehokasta valmistamista
tumajyvisessd. Tamid ndyttiisi kuitenkin olevan vain osa kokonaisuudesta, silld

my0s itse tumajyviselle on ehdotettu roolia sydvin kehittymisessa.

Leukemiat eli verisy6vit ovat taudinkuvaltaan ja ennusteeltaan kirjava joukko
tauteja. Akuuteissa leukemioissa poikkeavia epikypsid verisoluja tuotetaan niin
runsaasti, ettdi normaali hematopoieesi hiiriintyy. Leukemiasolut eivdit muodosta
kiintedd kasvainta, vaan tdyttdvit luuytimen ja kulkevat verenkierron mukana.
Akuutti lymfoblastinen leukemia (ALL) on lasten yleisin leukemiatyyppi. Nykyisten
hoitojen ansiosta hoitotulokset ovat yleisesti kohentuneet, erityisesti pediatrisilla
ALL-potilailla, joista lihes 90 % paranee. Téstd huolimatta leukemian syntyyn ja
relapsiin vaikuttavat mekanismit ovat vaillinaisesti tunnettuja. Mielenkiintoista on,
ettd historiallisesti niilld ALL:n alatyypeilld, joissa tumajyvaset olivat poikkeavia, oli

myo6s huonompi ennuste.
Tamin vaitoskirjatyon tavoitteena oli tutkia tumajyvisen roolia akuuteissa lasten
leukemioissa. FErityisesti tumajyvasen pienid RNA-molekyyleja (snoRNA) ja

tumajyvisproteiineja tutkittiin eri akuutin leukemian alatyypeissid. Erot snoRNA-
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molekyylien ilmentymisessdé ja tumajyvisen proteiinikoostumuksessa  eri
leukemiatyyppien vililli analysoitiin leukemiasolulinjoissa ja potilasnaytteissa.
Lisaksi perustettiin menetelma, jolla tumajyvisproteiinien toimintaa eldvissi
organismissa on mahdollista tutkia. Tdhin kiytettiin seeprakalamallia.

snoRNA-molekyylien ilmentyminen analysoitiin solulinjoissa, jotka vastaavat
akuutin leukemian péaatyyppeja (AML [akuutti myeloinen leukemia], T-ALL ja pre-
B-ALL). Tulokset osoittavat, ettd snoRNA-ilmentyminen vaihtelee eri
leukemiatyypeissd, mikd viittaa sithen, ettd snoRNA-molekyyleilli on
leukemiatyyppi-spesifinen  ilmentymiskaavio. Useiden yksittdisten snoRNA-
molekyylien havaittiin olevan eridvasti ilmentyneita T-AlLL:ssa verrattuna pre-B-
ALL:an.  Yhdeksin  snoRNA-molekyylin  ilmentyminen tutkittiin =~ myo6s
kvantitatiivisella PCR:lla, jonka tulokset osoittavat samanlaiset ilmentymiserot.
Lisiksi 15 snoRNA-molekyylin ilmentyminen analysoitiin ~ kiyttden laajaa
hematologista tietokantaa, johon on keritty tiedot pediatrisista leukemianaytteisti ja
vastaavista terveistd soluista. Useimpien snoRNA-molekyylien ilmentyminen oli
tasaista niin leukemianidytteissd kuin terveissikin, mutta yhden snoRNA:n,
SNORD114-3:n, ilmentymistaso oli keskimédrin nelinkertainen viidessitoista
nédytteessi muihin verrattuna. 13 niistd osoittautui APL-potilaiden naytteiksi. APL
eli akuutti promyelosyyttinen leukemia on AML:n alatyyppi. Timin perusteella
SNORD114-3:n korkea ilmentymistaso on merkki APL:sta.

Tumajyvisen proteiinikoostumus analysoitiin  leukemiasolulinjoissa, jotka
edustivat eri leukemiatyyppejd (AML, T-ALL ja pre-B-ALL). Useita eridvisti
ilmentyvid proteiineja tunnistettiin vertailussa eri leukemiatyyppien vililld, ja nima
ilmentymiserot ~ oli ~ mahdollista  havaita myds toisella  menetelmalli.
Laboratoriossamme tunnistetun SAP30L-proteiinin, joka paikantuu sekd tumaan
etti tumajyviseen, toimintaa tutkittiin  seeprakalassa. SAP30L-proteiinin
ilmentymisen estiminen seeprakalassa vaikutti alkion kehitysti ohjaaviin
signalointireitteihin, mistd seurauksena oli mm. huomattava sydinpussiturvotus,
sydimen epimuodostumia, sydimen toimintahairi6iti sekd  punasolujen

hemoglobiinitasojen aleneminen.

Niiden tulosten pohjalta voidaan paitelld, ettd sekd tumajyvisen proteiinien ettd
snoRNA-molekyylien ilmentyminen vaihtelee eri akuuttien leukemiatyyppien valilla.
Lisdksi tutkimuksessa kiytettiin useita menetelmid ja vilineitd, jotka havaittiin

kayttokelpoisiksi tutkittaessa tumajyvisen osasia leukemiassa.
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Abstract

The nucleolus, a prominent sub-compartment of the cell nucleus, is the site of
ribosome biogenesis. Ribosomes are molecular machines responsible for the
production of proteins. The RNA component of the ribosome, ribosomal RNA
(tRNA), is synthesized and modified in the nucleolus, where the assembly of rRNA
and ribosomal proteins into ribosomes also begins. In addition, the nucleolus is
involved in other cellular functions such as regulation of the cell cycle, cell
proliferation, and sensing of cellular stress. Also pathological conditions such as
cancer and viral infections have been linked to the nucleolus. Since the nucleolus is
not membrane-bound, molecules are able to enter and exit it freely. The nucleoli
are by nature dynamic, and their number and size vary based on the state of the
cell. Cancer cells often display enlarged nucleoli, this resulting from an increased
need for protein synthesis, which in turn requires efficient production of
ribosomes. This seems, however, to be only part of the truth, as the nucleolus has
been held to be implicated in the development of cancer.

Leukemia is a cancer which originates in the blood-forming tissues, and
includes a wide spectrum of diseases with different manifestations and outcomes.
In acute leukemia, abnormal immature blood cells are produced in large quantities
to such an extent that normal hematopoiesis is displaced. The leukemic cells do not
form a solid tumor but fill the bone marrow and also circulate in the blood. Acute
lymphoblastic leukemia (ALL) is the most common form of the disorder in
children. With current treatments outcomes have improved, especially in pediatric
ALL, with cure rates close to 90 %. Nevertheless, the mechanisms underlying the
development of leukemia and relapse are still insufficiently understood.
Historically, ALL subtypes displaying abnormal nucleoli have been associated with
poorer prognoses.

The aim of this series was to study the role of the nucleoli in acute pediatric
leukemia. More specifically, small nucleolar RNAs (snoRNAs) and nucleolar
proteins were studied in different acute leukemia subtypes. The differences in the

expression of snoRNAs and in the composition of nucleolar proteins between
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leukemia subtypes were analyzed using leukemic cell lines and patient samples.
Moreover, a means of investigating the 7 vivo function of nucleolar proteins was
set up in the zebrafish.

The expression of snoRNAs was analyzed in cell lines representing the main
acute leukemia subtypes (AML (acute myeloid leukemia), T-ALL and pre-B-ALL).
The results show differential expression of snoRNAs between the subtypes, which
suggests that snoRNAs have a subtype-specific expression pattern. Several
individual snoRNAs were found to be differentially expressed between T-ALL and
pre-B-ALL. The expression of nine snoRNAs was further analyzed by quantitative
PCR, and the results show similar changes in expression. Further, the expression of
15 snoRNAs was analyzed in pediatric leukemia and control samples available in a
large hematological dataset. For most snoRNAs, the expression was relatively
uniform in both leukemic and normal samples. For SNORD114-3, the expression
was consistent among pediatric samples except for 15 cases with expression
approximately fourfold higher. When further examined, 13 of these cases turned
out to be APL (acute promyelocytic leukemia), a subtype of AML. Thus,
overexpression of SNORD114-3 implies APL.

The nucleolar proteomes were analyzed in leukemic cell lines representing
AML, T-ALL and pre-B-ALL. Several differentially expressed proteins were
identified among the leukemia subtypes, and the results could be reproduced using
another method. The function of the nuclear/nucleolar protein SAP30L, which has
been identified in our laboratory, was studied in the zebrafish. The depletion of
SAP30L affected several signaling pathways that direct eatly zebrafish development
as manifested by marked pericardial edema, deformed cardiac morphology,

impaired cardiac function and reduced levels of hemoglobin.

Based on the results, it may be concluded that both nucleolar proteins and
snoRNAs are differentially expressed among the acute leukemia subtypes.
Furthermore, several tools and methods were applied which proved useful in the

study of nucleolar components in leukemia.
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1. Introduction

The nucleolus is the sub-compartment of the nucleus where ribosome biogenesis
takes place. Ribosomes are responsible for protein production in the cell, as they
translate the genetic information of the messenger-RNA (mRNA) into protein
sequences. The ribosomes consist of RNA and protein components, and
production and modification of the ribosomal RNA components are carried out
exclusively in the nucleoli. Moreover, the ribosomes are assembled in the nucleoli
with protein components imported from the cytoplasm. In addition to this major
function of ribosome biogenesis, a number of other tasks fall to the nucleolus, for
example control of cell cycle and proliferation and stress-related events (Boisvert et
al. 2007, Sitri et al. 2008). The nucleolus is not bound by a membrane, and
molecules can thus freely shuttle between the nucleolus and nucleoplasm. The
nucleoli are dynamic, as their size and number vary according to cellular status.
Interestingly, it has long been known that cancer cells often display large nucleoli,
which has traditionally been attributed to the increased need for protein production
in proliferating cancer cells (Montanaro et al. 2008). This appears, however, not to
be the whole truth, as the involvement of the nucleoli in the development of
cancer has been suggested (Maggi and Weber 2005).

The acute leukemias constitute a type of cancer which target the blood-forming
tissues, and lead to production of abnormal blood cells in large numbers. These
cells fill the bone marrow and displace normal hematopoiesis, and also circulate in
the blood, which leads to the emergence of typical symptoms such as anemia, and a
tendency to bleeding and infections. Acute lymphoblastic leukemia (ALL) is the
most common type of pediatric leukemia (Inaba et al. 2013). Interestingly, it has
long been known that ALL subtypes which display abnormal nucleoli are
associated with poorer prognosis. This has also been noted in other types of
tumors (Derenzini et al. 2009).

Based on these observations, this present series was undertaken to gain an
insight into the potential role of the nucleolus in pediatric acute leukemias. The

expression of two different types of molecules present in the nucleolus, small
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nucleolar RNAs (snoRNAs) and nucleolar proteins, was studied in various
leukemia subtypes. Also, a model system to study the zz vvo function of nucleolar

proteins was set up in the zebrafish.
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2. Review of the literature

The central concept in molecular biology is the flow of information from DNA via
RNA to protein, these being the active components in the cell. Although this view
of gene expression is now known to be incomplete (ENCODE Project
Consortium et al. 2012), especially regarding the roles of various RNA molecules,
the operations during which the genetic information encoded in DNA is
transcribed by RNA polymerase II (RNA pol II) into mRNA, subsequently giving
rise to the nascent polypeptide chain via translation by the ribosomes, are still the
essential basis of our understanding of cellular function. These operations are
carried out by specific molecular machineries, and are under extensive regulation at
various levels (Alberts et al. 2002). The nucleolus lies in many respects at the
crossroads of these pathways.

2.1 The nucleolus

The nucleolus is the most prominent sub-compartment of the cell nucleus. It was
first observed more than 200 years ago, and since then the variable morphology of
the nucleoli has been imaged by basic light microscopy. With progress in analytical
techniques, more insight into the structure and function of this nuclear body has
gradually been gained. The nucleolus is a unique compartment of the cell, as it is
not bound by a membrane (Alberts et al. 2002, Sirri et al. 2008).

The major function of the nucleolus is to provide the site where ribosome
biogenesis takes place. In fact, in consequence of this function the nucleolus is
formed as the various factors assemble together. Each eukaryotic cell has at least
one nucleolus, the size and organization of which is linked to ribosome production.
The nucleoli are highly dynamic, as their size and number vary according to cell
cycle and function. The nucleoli are disassembled at the beginning of mitosis, and
reassemble at the end of this process (Hernandez-Verdun 2011). Additional
functions assigned to the nucleolus include regulation of mitosis, cell-cycle

progression and cell proliferation, acting as a sensor for stress and eliciting stress
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responses, and biogenesis of ribonucleoprotein particles. In addition, several lines
of evidence associate the nucleolus with human diseases and pathologies (Boisvert
et al. 2007).

2.1.1 The structure of the nucleolus

Nucleoli form around the nucleolar organizer regions, NORs, which consist of
tandemly repeated clusters of ribosomal DNA (rDNA), giving rise to ribosomal
RNA (tRNA). The rDNA repeat consists of a sequence encoding the pre-rRNAs
(about 13-14 kilobases, kb), separated by long intergenic spacers (IGSs,
approximately 30 kb) which contain all the regulatory elements but are mainly
composed of simple sequence repeats and transposable elements (McStay and
Grummt 2008). In humans, some 400 copies of the 43 kb tDNA repeat units are
distributed along the short arms of the acrocentric chromosomes 13, 14, 15, 21 and
22, in telomere-to-centromere orientation (Boisvert et al. 2007, Sirri et al. 2008).
Thus, in a diploid genome altogether 10 NORs are present, although in many cell
types only some of them are transcriptionally active. The active and silent NORs
display distinct epigenetic states (McStay and Grummt 2008). In addition to NORs,
the nucleoli contain a complex set of proteins, hundreds of snoRNAs and rRNAs.

The nucleolus consists of three structurally and functionally distinct
compartments: the fibrillar center (FC), the dense fibrillar component (DFC), and
the granular component (GC) (see Fig.1). The FCs are entirely or partially
surrounded by DFC, and the GC composed of granules (pre-ribosomal particles of
variable maturation state) envelops the FC and DFC. The transcription of tDNA
takes place either in the FCs or in the border between FC and DFC, and the FCs
abound with components of the rDNA transcription machinery. The nascent
transcripts emerge at the border of FCs and DFC, and reside in the DFC, where
the 47S pre-transcript processing begins. During this processing the pre-rRNAs
gradually migrate towards the GC, where the intermediate and late processing
stages and ribosome subunit assembly occur. The proteins involved in the specific
stages of tRNA processing reside in the corresponding nucleolar areas. The cellular
status of metabolism and growth affects nucleolar activity, which is in turn
reflected in the size and morphology of the nucleolus (Bartova et al. 2010, Boisvert
et al. 2007, Boulon et al. 2010, Sirrti et al. 2008). In conclusion it can be stated that

the organization of the nucleolus results from ribosome biogenesis.
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Figure 1. The cell and the nucleolus. A schematic illustration of a cell with two
nucleoli present in the nucleus. One of the nucleoli is shown magnified on the right,
with two fibrillar centers (FC) surrounded by a dense fibrillar component (DFC)
embedded in the granular component (GC).

2.1.2 The nucleolar proteome

The dynamic nature of the nucleolus is reflected in its protein content, which
has proved to be unexpectedly complex (Andersen et al. 2002). In order to gain an
overall picture of the functions the nucleolus is involved in, the proteins identified
in the nucleolar proteome were divided into nine categories: ribosomal proteins,
ribosome biogenesis, chromatin structure, mRNA metabolism, translation,
chaperones, fibrous proteins, others, and unknown function (Coute et al. 20006). In
the nucleolar proteome reported by Andersen et al. (Andersen et al. 2005),
ribosomal and ribosome biogenesis-associated proteins make up about one third of
the total number of proteins, considerably less than reported in earlier analyses
(Andersen et al. 2002, Scherl et al. 2002). Also, the relative proportion of proteins
categorized into mRNA metabolism or “other” was higher in the 2005 study, this
probably reflecting the greater total number of proteins identified in the analysis
(Andersen et al. 2005, Coute et al. 2006). As these observations would imply, the

nucleolus is involved in many cellular functions. More recently, an extensive
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proteomic analysis aiming to uncover the nucleolar proteome revealed that over 4
500 proteins are localized in the nucleolus (see
http://www.lamondlab.com/NOPdb3.0/ for updated list) (Ahmad et al. 2009).

The dynamic nature of the nucleolar proteome is also manifested under
challenging cellular conditions. When HelLa cells were stressed with actinomycin
D, which inhibits transcription by all RNA polymerases, some interesting
observations were made (Andersen et al. 2005). First, the changes in nucleolar
protein levels were due mainly to redistribution, while the overall levels of protein
remained unchanged. Second, factors involved in RNA processing, rDNA
transcription, and ribosomal proteins exited the nucleolus following an rDNA
transcription halt, suggesting that their presence in the nucleolus is closely related
to ribosome synthesis. Third, a subset of proteins accumulated in the nucleolus,
some up to tenfold, indicating that not all redistribution of nucleolar proteins is
dependent upon ribosome synthesis. The nucleolus is thus not merely a ribosome
biogenesis machine which breaks down in the absence of rDNA transcription.
Furthermore, since the nucleolar proteome varies in response to different stimuli, it
would appear that there is no one complete proteome, but instead several
overlapping sets of proteins relevant for particular conditions in the cell. It is
important to observe that some proteins are also present in other cellular locations,

and some only accumulate in the nucleolus transiently (Andersen et al. 2005).

The above notwithstanding, as a consequence of the major activity of the
nucleolus, ribosome synthesis, many proteins residing in the nucleolus are involved
in various steps of this process. Proteins associated with rDNA transcription
include the RNA polymerase I itself, a 14 subunit enzyme, a number of
transcription factors, the upstream binding factor (UBF), the selectivity factor SL.1,
consisting of at least four subunits, including the TATA-binding protein (TBP),
and TIF-IA (RRN3 in yeast), which interacts directly with the RNA polymerase
(Schneider 2012). Several exo- and endonucleases are necessary for pre-rRNA
cleavages, and the rRNA-modifying proteins are also present in ample numbers. In
order to identify the proteins necessary for rRNA processing, over 600 nucleolar
proteins were screened with small interfering RNAs (siRNAs), and a total of 286
proteins were found to be required, the majority of them apparently taking part in
the early processing steps (Tafforeau et al. 2013). The small nucleolar
ribonucleoprotein (snoRNP) complexes carry out the covalent modifications of

rRNA, methylation and pseudouridylation. The protein components of these
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complexes include fibrillarin, NOP56, NOP58, 15.5 kDa, dyskerin, GAR1, NHP2,
and NOP10 (Reichow et al. 2007). The snoRNAs and their functions are described
in greater detail in section 2.1.3 and Fig.2.

The ribosomal proteins (RPs) are transported to the nucleolus, where they are
assembled with the rRNAs to produce the large (L) and small (S) ribosomal
subunits. The proteins are grouped into RPL or RPS, depending on the subunit
they reside in. The precise proportions of the altogether 78 RPs incorporated in the
subunits is important, as deletions or overexpression of these proteins affect
ribosome production as a whole. Additional functions of the RPs include roles as
rRNA chaperones and stabilizing factors. Furthermore, extraribosomal functions
such as monitoring correct ribosome assembly, or in growth regulation, have been
reported (Lafontaine and Tollervey 2001, Ruggero and Pandolfi 2003, Warner and
Mclntosh 2009).

The multifunctional role of nucleolar proteins is exemplified by two major
nucleolar proteins. Nucleophosmin (NPM, B23), encoded by the NPMT7 gene, is a
histone chaperone protein involved in nucleosome assembly and disassembly, but
it also exerts its chaperone activity on a variety of targets. NPM is ubiquitously
expressed, and most of the protein resides in the nucleolus, although a small
proportion of its molecules shuttle constantly between the cytoplasm and the
nucleus. NPM is also involved in rDNA transcription and rRNA processing. There
are numerous reported interaction partners for NPM, including both RNA and
protein molecules. Through this complex interaction network NPM contributes to
the promotion of cell growth and survival. It is thus not surprising that NPM is
often implicated in cancer, especially in hematopoietic malignancies (Colombo et
al. 2011, Gruisendi et al. 2006). Nucleolin (NCL, C23) is an abundant nucleolar
protein which has effects on tDNA transcription, rRNA processing, and ribosome
assembly. Like NPM, NCL also evinces histone chaperone activity, and has been
linked to chromatin remodeling. It is also present in other cellular locations, and
binds both RNA and DNA. In addition, NCL affects the mRNA stability and
translation of several proteins such as p53, and plays a role in viral infection, cancer
and inflammation (Abdelmohsen and Gorospe 2012, Mongelard and Bouvet 2007).
Several other major multifunctional proteins of the nucleolus have also been
identified.
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It has been shown that most nucleolar proteins, including those involved in
ribosome biogenesis, shuttle between the nucleolus and the nucleoplasm in a
continuous cycle (Sirri et al. 2008). The nucleolar localization signal (NoLS) which
causes a protein to be targeted to the nucleolus is not well defined, as no clear
consensus sequence has been found among several NoLSs described. Furthermore,
proteins found to be located in the nucleolus do not share a common targeting
motif similar to the nuclear localization signal (NLS) (Andersen et al. 2002).
Nevertheless, when the reported NoLSs were analyzed, the following observations
were made: 1) about half of the residues in the NoLS are basic (arginine or lysine),
2) its secondary structure is an « helix or a coil found predominantly on the protein

surface, and 3) its location is close to one or other terminus of the protein (Scott et

al. 2010).

Since the nucleolus is not membrane-bound, it seems likely that interactions
between protein molecules regulate their nucleolar localization. One theory places
NPM in the role of a nucleolar transporter, as it constantly travels from the
nucleolus to the cytoplasm and back, and has been shown to interact with
numerous other nucleolar proteins (Sirri et al. 2008). Another cellular regulation
strategy is proposed for the nucleolar detention pathway (NoDP), which leads to
the immobilization of proteins within the nucleolus (Audas et al. 2012b). NoDP
uses the interaction of the nucleolar detention signal (NoDS) of the target proteins
with members of a novel class of inducible long non-protein-coding RNA
(IncRNA) transcripts, which originate from the IGS repeats of rDNA. This
interaction captures target proteins such as VHL, DNA methyltransferase
DNMT1, and the delta subunit of DNA polymerase (POLD1), in the nucleolus,

thereby preventing them from executing their normal function (Audas et al. 2012a).

2.1.3 Small nucleolar RNAs (snoRNAs)

The rRNAs are the most abundant RNAs in the cell, accounting for approximately
80 % of total RNA in an active cell. The two main types of modification to rRNA
are 2’-O-ribose methylation and pseudouridylation. Each modification is carried
out by a specific snoRNP complex consisting of proteins and a snoRNA. The
snoRNAs are an evolutionarily ancient group of non-protein-coding RNAs
(ncRNAs) (Boisvert et al. 2007, Kiss 2002). They subsist in two classes, the box
C/D and box H/ACA snoRNAs. The nomenclature derives from the distinctive,
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evolutionarily conserved sequence elements present in the snoRNAs, which
coordinate interaction with the protein components of the snoRNP complex.
snoRNAs of each type fold into a specific secondary structure. As the name
snoRNA implies, these RNA molecules are small (most of them are 60 - 300
nucleotides in length), and reside in the nucleolus (Kiss 2002). Currently there are
382 identified snoRNAs in the snoRNA-LMBE-database (retrieved 20.9.2013
(Lestrade and Weber 2000)), 274 of them being box C/D type and 108 box
H/ACA type, with an additional 25 small Cajal body-specific RNAs (scaRNAs),
which also contain box H/ACA and/or box C/D sequence elements (Darzacq et
al. 2002). The classical function of the snoRNAs is to target the appropriate
nucleotide for modification by complementary base pairing with the target RNA,
thus positioning the snoRNP complex correctly. snoRNAs also guide modification
of other RNAs such as transfer-RNAs (tRNAs), and small nuclear RNAs
(snRNAs) involved in mRNA splicing. A subset of snoRNPs from each class is
involved in pre-rRNA cleavage events (Kiss 2002, Reichow et al. 2007).
Interestingly, additional functions have also been proposed. This expands the
straightforward conception of snoRNAs as being involved only in housekeeping
tasks to broader roles in cell fate, oncogenesis, and cellular behavior (Williams and
Farzaneh 2012).

Most human snoRNAs are encoded in the introns of protein-coding genes, the
host genes, following the “one snoRNA per intron” rule, and are transcribed by
RNA pol II. As the host pre-mRNA is spliced, the snoRNA-containing introns are
excised and undergo further processing. Correct processing and stabilization of
snoRNAs require the ordered recruitment of the four box C/D and four box
H/ACA protein components. Box C/D snoRNA genes usually reside in relatively
short introns, about 80 nucleotides upstream of the 3’ splice site, whereas box
H/ACA snoRNA genes are often located in introns which are longer than average
(Kiss et al. 20006, Richard and Kiss 2006). Some snoRNA host genes appear to be
non-protein coding, i.e. the end product is an RNA transcript, the introns of which
contain the snoRNAs. Such genes usually encode several snoRNAs (Dieci et al.
2009). Recently, snoRNA-independent effects have been described for the host
ncRNAs (Askarian-Amiri et al. 2011, Mourtada-Maarabouni et al. 2009). More than
90 % of human snoRNAs reside within introns of protein-coding or non-coding
genes. In addition, there is an over-representation of genes involved in ribosome
biogenesis and translation among the protein-coding host genes, suggesting a

coordinated regulation of expression of the components involved in these
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processes. However, more diverse gene locations and expression strategies have
been reported for other snoRNAs. For instance, some snoRNAs have an
intergenic location and are transcribed from independent promoters (Dieci et al.
2009). Interestingly, it has been reported that snoRNAs may also be epigenetically
regulated in cancer, as CpG island hypermethylation leads to inactivation of the
associated snoRNAs (Ferreira et al. 2012). Apart from these observations, relatively
little is known as to the regulation of snoRNA expression.

The box H/ACA snoRNAs are a large family of ncRNAs present in all
eukaryotes and archaea, and they associate with four evolutionarily conserved
proteins to create the box H/ACA snoRNP complex. The protein components
include dyskerin (DKC1), which maintains the catalytic activity, NHP2, NOP10
and GAR1 (see Fig. 2A). The box H/ACA snoRNP conveys site-specific
pseudouridylation on RNA, that is, the isomerization of uridine residues to the C5-
glycoside isomer pseudouridine. Pseudouridine, which is considered to be the most
common post-transcriptionally synthesized modified ribonucleotide in cellular
RNAs, contains an additional hydrogen bond donor compared to uridine (Kiss et
al. 2010). Box H/ACA snoRNAs operate mainly in the nucleolus, where they
target tRNA, but a specific group, scaRNAs, which target the spliceosomal
snRNAs, operate in the nucleoplasmic Cajal bodies. The box H/ACA snoRNAs
contain two sequence elements, the box H (AnAnnA) and box ACA, which remain
single-stranded when the RNA folds into the typical secondary structure of two
hairpins (see Fig. 2A). In addition to pseudouridylation, box H/ACA snoRNAs
can serve as miRNA-precursors, and contribute to telomerase activity (Kiss et al.
2010). Telomerase is an RNP with reverse transcriptase activity, and maintains
telomere length at chromosome ends. Telomerase contains an RNA component,
TER, which acts as template for the telomeric repeat sequence DNA, and is
structurally also a box H/ACA snoRNP containing dyskerin (Collins 20006). In
conclusion, the box H/ACA snoRNPs are involved in three important cellular
processes: protein synthesis, mRNA splicing, and maintenance of genomic
integrity.

The box C/D snoRNAs guide 2°-O-ribose methylation of nucleotides in RNA.
They associate with four protein partners to form the functional box C/D
snoRNP: fibrillarin, which holds the methyltransterase activity, NOP56, NOP58,
and 15.5kDa (see Fig. 2B) (Kiss 2002). The sequence element motifs of box C/D
snoRNAs are RUGAUGA (box C; R is a purine) near the 5” end of the snoRNA,
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and CUGA (box D) close to the 3’ end. When the box C/D snoRNA acquites the
classical stem-internal loop-stem structure, box C and D motifs are brought
together by base pairing of the 5’ and 3’ ends of the snoRNA (see Fig. 2B). Many
box C/D snoRNAs contain a second set of the C and D box sequence elements in
the central region of the snoRNA named C and D’; these are usually less
conserved (see Fig. 2B) (Kiss 2002, Reichow et al. 2007). According to the current
understanding, eukaryotic box C/D snoRNPs are assumed to adopt a pseudo-
symmetric architecture where the 15.5kDa protein associates with the C/D site of
the snoRNA and initiates snoRNP assembly. NOP56 and NOP58 recognize the
box C and C’ elements and one copy of fibrillarin is associated with each D and D’
box, as required for catalytic activity (see Fig. 2B) (Reichow et al. 2007).

box ACA |— 3’

Figure 2. A schematic illustration of snoRNPs with target RNAs. snoRNAs are in
black with box motifs and base pairing shown. Star indicates the site of
modification. A. The box H/ACA snoRNP. The guide sequences for
pseudouridylation are located in the so-called pseudouridylation pockets of both
hairpin motifs, and thus one box H/ACA RNA can guide two modifications, carried
out by separate sets of box H/ACA proteins. B. The box C/D snoRNP. The
modification sites for 2’-O-methylation are located exactly 5 nucleotides upstream of
the box D or D’ sequence, and are determined by 10-20 nucleotide base pairing
between the box C/D snoRNA and the target RNA. Modified from Reichow et al.
2007.
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In human rRNA, there are approximately 90 pseudouridylated residues and
over 100 2-O-methylated residues, and in both ribosomal subunits the
modifications occur at evolutionarily conserved sites correlating with functionality.
The chemical properties of the modified nucleotides are altered, affecting e.g. steric
properties, hydrogen-bonding potential, structural rigidity and base stacking. In
each case, the structural context determines the overall effects on structural and
thermodynamic features (Decatur and Fournier 2002). The question of the
significance of the fRNA modifications is one of the oldest in RNA science. They
have been considered beneficial, as the eatly studies conducted in e.g. yeast have
revealed: blocking the methylation and pseudouridylation activities exert a strong
negative effect on growth rate. In addition, the modifications are located at sites of
known or predicted functional importance (Decatur and Fournier 2003). Several
pieces of evidence have since indicated the correct rfRNA modifications to be
significant to both rRNA synthesis and ribosome function. For example, mis-
targeted methylation in rRNA results in marked impairment in ribosome activity
and reduced translation rates (Liu et al. 2008), the loss of modifications at critical
rRNA sites impairs translation and causes delays in pre-rRNA processing (Liang et
al. 2009), and defects in rRNA pseudouridylation affect ligand binding and
translational fidelity of the ribosome (Jack et al. 2011).

An interesting snoRNA subgroup are the so-called orphan snoRNAs, which
lack a known RNA target. One suggestion regarding their function would implicate
them in alternative splicing of mRNAs (Bazeley et al. 2008). Indeed, recent
observations on small RNAs derived from box C/D snoRNAs link these
molecules to alternative splicing events (Scott et al. 2012). Another proposed novel
function for snoRNAs is to give rise to shorter RNAs such as microRNAs
(miRNAs), via nucleolytic processing. miRNAs regulate the translation of specific
mRNAs by binding the 3’UTR region. This has thus far been documented for
snoRNA ACA45 (Ender et al. 2008), some box H/ACA snoRNAs (Scott et al.
2009), and some box C/D snoRNAs (Brameier et al. 2011, Ono et al. 2011). Some
of these molecules appear to function as a snoRNA, and, after processing, as a
miRNA (Scott and Ono 2011). Given the accumulating data on unorthodox
snoRNA functions, it is also possible that only a fraction of the snoRNAs, the
abundant snoRNAs most likely involved in the classical rRNA modification task,
have so far been identified. With more sensitive techniques more novel snoRNAs
with different functions are likely to be discovered, expanding our general view of
snoRNAs and their functions.
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2.1.4 Nucleolar functions

2.1.4.1 Ribosome biogenesis

Ribosomes are the protein factories of the cell responsible for interpreting the
nucleotide sequence of the mRNA and converting it in a codon-wise manner into a
corresponding amino acid chain linked with peptide bonds. The mature ribosome
is composed of two ribonucleoprotein subunits, the large and the small. The small
subunit, 40S in eukaryotes, has the mRNA decoding function, whereas the large
subunit, 60S, exercises the catalytic function needed for the formation of peptide
bonds between amino acids. Both subunits consist of rRNA and RPs: the large 60S
subunit is made up of 55, 5.85 and 28S rRNA and 46 RPs, and the small 408
subunit is composed of 185 rRNA and 32 RPs (Lafontaine and Tollervey 2001).

The first step in attributing the production of ribosomes to the nucleolus was
the simple observation that the ribosomal genes are located in the nucleoli. The
size and organization of the nucleoli was observed to be linked to the activity of
ribosome biogenesis, as nucleolar prominence was seen in active cycling cells,
whereas the nucleoli were of limited size in terminally differentiated cells such as
lymphocytes (Sitri et al. 2008). During the first step of ribosome biogenesis, the
rDNA is transcribed by RNA polymerase I (RNA pol I) into a 47S rRNA
precursor transcript, which is next processed in a series of cleavages aided by
various endo- and exonucleases, and modified by snoRNP complexes to produce
the mature 28S, 18S and 5.8S5 rRNAs. Over 200 factors participate in this
processing of rRNA. The fourth rRNA, the 5S rRNA, is transcribed by RNA
polymerase III (RNA pol III) from a separate gene cluster, and does not undergo
chemical modification. Even though the ribosome subunits contain both RNA and
protein, the sites evincing catalytic activity comprise mostly tRNA (Alberts et al.
2002). The rRNAs then associate with the protein components to produce the
ribosomal subunits and are transported to the cytoplasm. The 40S and 60S
ribosome subunits are exported from the nucleus via separate routes. The process
is better understood for pre-60S and involves recruitment of various export
receptors and adaptors in the nucleoplasm before translocation through the nuclear
pore complex channel to the cytoplasm after which the auxiliary components are
removed (Kohler and Hurt 2007). The functional, translationally active ribosome is
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formed in the cytoplasm. rRNA synthesis is the rate-limiting step in ribosome
biogenesis (Montanaro et al. 2012).

It is worth noting that several networks must co-operate to produce the
ribosome subunit. tDNA transcription, fRNA processing, and ribosomal subunit
assembly are separate processes with distinct machineries operating in sequential
order in a temporally and spatially defined manner. To some extent these processes
interact, influence each other, and share regulatory elements, but are, all in all,
under complex regulation. For example, the transcription of rDNA is under
epigenetic regulation, as the acetylation, methylation and ubiquitination status of
the histones determines the accessibility of the transcription machinery to the
chromatin (McStay and Grummt 2008). Additionally, fRNA processing covers
several functions including a series of pre-rRNA cleavages as well as covalent
modification of the maturing rRNA molecules (Boisvert et al. 2007, Hernandez-
Verdun 2011, Sirri et al. 2008).

2.1.4.2 RNA modification

As described above, the rRNAs undergo covalent modification in the nucleolus
during maturation, and such modification is essential for the correct function of
the ribosome. In addition to fRNA modification, the nucleolus is involved in the
maturation and processing of other cellular RNA types. For example, it participates
in the modification and assembly of the spliceosomal small nuclear RNPs
(snRNPs), telomerase, several other small RNA species, the signal recognition
particle (SRP), and miRNAs. snRNAs such as U2, U4, U5 and U6 are modified by
snoRNPs, similarly to rfRNA, by inducing methylation and pseudouridylation. The
SRP complex is responsible for the detection of the N-terminal signal and correct
targeting of the nascent peptides to the endoplasmic reticulum. It contains 6
proteins and a 300 nucleotide-long RNA, which transit through the nucleolus
before transportation to the cytoplasm (Boisvert et al. 2007, Gerbi et al. 2003).

2.1.4.3 Cell cycle and the nucleolus

The cell cycle affects the nucleolus and vice versa. The most obvious example is
the cellular need for functional ribosomes, with the greatest demand for rfDNA

transcription in the S and G2 phases, whereas during mitosis, when ribosome
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production ceases, the nucleolus is dispersed. On the other hand, some regulators
of the cell cycle reside in the nucleolus and interact with the nucleolar proteins.

In higher eukaryotes, the progression of the cell cycle and ribosome biogenesis
are closely linked. The production of ribosomes begins at the end of mitosis, is
increased during G1-phase, peaks in G2, and ceases in the prophase of mitosis.
The RNA pol I machinery remains associated with the tDNA of the active NORs,
whereas factors involved in the processing of the rRNA are redistributed from
NORs. At the end of the prophase, when the chromosomes are condensed and the
nuclear envelope disintegrates, the nucleolus is no longer visible. The
perichromosomal compartment, where the condensed chromosomes reside, also
holds some protein complexes identified in the DFC and GC, suggesting that
partial building blocks for the future nucleoli are stored during mitosis. The
shutdown of tDNA transcription is mediated by phosphorylation of the involved
proteins, and similarly, the phosphorylation status of the nucleolar processing
proteins is modified during the prophase, leading to e.g. weakened capacity for
interaction and release from the nucleolus. Generally, the disassembly of the
nucleoli is faster than its reassembly. At the end of mitosis, the rDNA transcription
starts at NORs, and rRNA processing machineries become translocated in foci
called prenucleolar bodies (PNBs). From PNBs these components move in
sequential order to active tDNA transcription sites, and the compartmentalized
nucleoli with FC, DFC and GC are formed (Boisvert et al. 2007, Hernandez-
Verdun 2011).

It is obvious that the nucleoli both receive signals and respond to them.
Although the nucleoli are reassembled at the end of mitosis and the beginning of
the interphase, they remain dynamic throughout the latter. Various cycling proteins
associate with the nucleoli in a cell cycle-specific manner, i.e. during certain stages
of the cell cycle. Some of these proteins are involved in post-translational
modification of proteins, e.g. sumoylation and phosphorylation, which are dynamic
and reversible processes, and can influence numerous activities of the cell (Boisvert
et al. 2007). For example, SENP5, a SUMO-specific protease responsible for
desumoylation, has a predominantly nucleolar localization. When SENP5 is
knocked down by RNAI, the cells exhibit aberrant nuclear morphology and defects
in cell division (Di Bacco et al. 2006). An example of nucleolar localization of
components participating in reversible protein phosphorylation is provided by the
protein phosphatase 1 (PP1), a ubiquitous serine-threonine phosphatase which
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regulates several cellular functions. PP1 has three active isoforms with distinct
localization patterns, and during the interphase a pool of the PPly isoform
accumulates in the nucleoli. When the cell enters mitosis, the PP1y disperse in the
cytoplasm and also associate with the kinetochores (Trinkle-Mulcahy et al. 2007).
From the cytoplasm, PP1y relocalize to the chromosomes and participate in
chromatin condensation and remain associated with chromatin during the
following interphase, and accumulate again in the nucleoli (Vagnarelli et al. 2000).
In this regard, the nucleolus takes part in the segregation of chromosomes and
cytokinesis (Trinkle-Mulcahy and Lamond 20006). Sequestration to the nucleolus is
also a mechanism used to control other cellular activities. For example, the
telomerase reverse transcriptase, an RNP which extends the telomere repeats at the
ends of the chromosomes, remains in the nucleoli until telomere replication in the
late S phase. Of note, this cell-cycle-dependent nucleolar localization of telomerase
is not observed in transformed cells (Wong et al. 2002).

2.1.4 .4 Cellular stress and the nucleolus

Typically, stress-induced signaling in the cell results in cell cycle arrest or apoptosis.
The cell responds to stress rapidly, and seeks to compensate by adjusting its
metabolism. The outcome depends on the cell’s ability to recover and the severity
of the insult. In addition, the major nuclear operations, transcription and
replication, as well as energy-consuming ribosome biogenesis, are often inhibited,
which is reflected in the organization of the nucleus (Alberts et al. 2002). The stress
the cell experiences can come from a variety of sources. These include factors or
chemical compounds inducing DNA damage, changes in temperature, hypoxia,
nuttient stress, and viral infection, all of which have been shown to cause nucleolar
disruption (Boulon et al. 2010). Interestingly, two agents inducing DNA damage,
ultraviolet (UV) and ionizing radiation (IR), lead to different nucleolar responses.
UV induces structural reorganization in the nucleolus, whereas IR does not. The
nucleolar proteomic changes induced by IR are also more subtle and temporally
restricted as compared to those caused by UV. Such observations pinpoint the
nucleolus as a sensitive stress sensor able to respond in a damage-specific manner
(Moore et al. 2011). The nucleolus appears to be a coordination center for stress
response, as the organization and the protein content of the nucleolus is altered
under stress stimuli, the signaling pathways exploiting nucleolar accumulation

and/or release of proteins in response to these (Boulon et al. 2010).

30



p53 is a key player in the nucleolar response to stress. Since p53 is considered to
be the “guardian of the genome”, multiple independent and co-dependent
pathways control its activities. Here, the nucleolar perspective on p53 is chosen. In
normal conditions, the levels of p53 are kept low, but under stress, it becomes
stabilized and active, allowing the induction of the expression of target genes such
as p21 (contributing to cell cycle arrest), and Bax and Puma (driving apoptosis)
(Lee and Gu 2010, Toledo and Wahl 2000). Interestingly, nucleolar integrity is a
prerequisite for p53 to be maintained at low levels in the cell (Boulon et al. 2010,
Burger and Eick 2013). The main regulator of p53 is the E3 ubiquitin ligase Hdm2.
Under normal conditions, p53 interacts with Hdm?2, which leads to its
ubiquitination, subsequent export from the nucleus and degradation (Toledo and
Wahl 2006). This process requires p53 transit through an intact, functional
nucleolus (Boyd et al. 2011). Various stress signals increase the expression of the
predominantly nucleolar tumor-suppressor protein p14ARF, which then sequesters
Hdm?2 and prevents its interaction with p53, this contributing to p53 stabilization
(Sherr and Weber 2000). Furthermore, the stability and localization of p14ARF are
regulated by NPM in a p53-independent manner (Sherr 2006). RPs also play a role
in p53 regulation. Following stress, ribosome biogenesis is disrupted and ribosomal
proteins are released from the nucleolus. The RPs L5, .11, .23 and S7 have been
shown to interact with Hdm2 in the nucleoplasm, leading to p53 stabilization
(Boulon et al. 2010, Zhang and Lu 2009). For RPL11, this function is intensified by
stress (Sundqvist et al. 2009). Furthermore, the RPL11-Hdm2 control of p53
activation is regulated by the nucleolar protein PICT1, mainly via binding to
RPL11 and retention of it in the nucleolus (Sasaki et al. 2011). The major nucleolar
protein NPM has also been shown to protect p53 from Hdm2-mediated
degradation by interacting with Hdm2 (Kurki et al. 2004). p53 is also able to
disrupt the SL1-UBF interaction at tfDNA transcription initiation, causing RNA
pol I inhibition and a subsequent decrease in ribosome biogenesis (Zhai and Comai
2000). Taken together, complex interaction networks involving p53, nucleolus and
various (nucleolar) proteins operate in the cell under normal circumstances and
during stress.
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2.1.5 The nucleolus and diseases

As described above, many of the nucleolar functions are essential for cell growth
and survival. Accordingly, disturbance of these functions can be manifested at the
level of the whole organism. In a recent analysis, factors necessary for ribosome
assembly were identified. Interestingly, 38 % of the genes in question have also
been implicated in diseases, particularly in cancer (Tafforeau et al. 2013). An early
indication of snoRNAs having a role in human disease was provided by the Prader-
Willi syndrome (PWS), an interesting multisystem disorder. The condition is
characterized by various clinical symptoms such as hypotonia, delayed
development, behavioral problems, hypogonadism, scoliosis, and hyperphagia,
which can lead to morbid obesity. PWS is caused by the absence of paternally
expressed imprinted genes in the chromosomal region 15q11.2-q13. There are
several imprinted genes in this region, but the majority of the clinical features can
be narrowed down to the SNORD116 gene cluster of 29 snoRNAs. All these
snoRNAs are orphans, and have been proposed to take part in splicing events
(Cassidy et al. 2012, Williams and Farzaneh 2012).

The human conditions most commonly associated with the nucleolus are cancer
and ribosomopathies. In addition, the nucleolus is reported to play a role in viral

infections, as discussed below.

2.1.5.1 Cancer and the nucleolus

Long before the attribution of ribosome biogenesis to the nucleolus, the link
between unusually large nucleoli and the malignant nature of cells was observed.
The early observations concerning the number of nucleoli, the activity status of the
cell, and the size of the cell are still valid, and can be utilized as nucleolar indicators
of proliferation and tumorigenesis (Maggi and Weber 2005). Although nucleolar
hypertrophy and functional up-regulation are considered to be common
characteristics of cancer cells, this does not universally apply, as some cancer cells
display lower nucleolar size and activity compared to corresponding normal cells
(Montanaro et al. 2008). More precisely, the activity of rRNA transcription and
nucleolar size are inversely related to the doubling time in cancer cells (Derenzini et
al. 1998), and nucleolar size can reliably indicate the rapidity of cancer cell
proliferation (Derenzini et al. 2000). Clinically, the presence of enlarged nucleol,
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“prominent nucleoli”, is one of the nuclear parameters used to grade a tumor. As
such, nucleolar size is not a diagnostically applicable feature. Nevertheless, since
nucleolar size is affected by several important characteristics of the cancer cell, for
example the proliferation rate and the mutation/inhibition status of p53 and Rb, it
is well suited for prognostic purposes. Indeed, the nucleolar parameter has proved
to be a relevant prognostic factor for many types of tumors: the larger the nucleol,
the worse the prognosis (Derenzini et al. 2009). This is also the case in acute
lymphoblastic leukemia (ALL). The French-American-British (FAB) classification
system based on cytomorphology and cytochemistry has traditionally been used to
categorize leukemias. Interestingly, the types 1.2 and L3, which display abnormal

nucleoli, are associated with poorer outcomes (see Table 1).

Table 1. The FAB classification of acute lymphoblastic leukemia.

Cytologic
feature L1 L2 L3
Cell size Predominantly Large Large
small heterogeneous homogeneous
Nuclear_' Homogeneous Variable Stippled
chromatin homogeneous
Nuclear Not visible or Commonly irregular Regular
shape small conspicuous  clefting and indentation  (oval to round)
Nucleoli Regular; . One or more, One or more,
occasional clefting often large prominent
Amount of Scant Variable, often Moderately
cytoplasm y moderately abundant abundant
Basophilia of Slight or Variable,
. Very deep
cytoplasm moderate deep in some
Cytoplas!mc Variable Variable Of'tgn
vacuolation prominent

Modified from Pui 2006.

Traditionally, the alterations observed in the nucleoli of highly proliferative tumor
cells have been attributed to an increased requirement for protein synthesis, and
therefore increased ribosome biogenesis. On the other hand, accumulating
evidence suggests the involvement of qualitative and quantitative changes in
ribosomes, leading to reduced tumor suppressor potential in the cell and
subsequently to an increased risk of cancer onset (Montanaro et al. 2012). For
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example, an increase in the ribosome biogenesis rate contributes to more
aggressive phenotype of breast cancer cells (Belin et al. 2009). Indeed, changes in
ribosome biogenesis seen in several human pathological conditions have been

found to be associated with an increased cancer risk (see section 2.1.5.2 below).

As described above, under normal conditions the nucleolar functions atre
controlled by several proteins which regulate cell cycle and proliferation. In tumors,
the same proteins have a pro-oncogenic function which is further activated, or a
tumor-suppressive function which is inactivated, and these changes lead to the loss
of normal control over proliferation and up-regulation of ribosome biogenesis,
both essential for tumor progression (Montanaro et al. 2012). The major tumor
suppressor proteins are p53, PTEN (phosphatase and tensin homolog), and Rb
(retinoblastoma protein), which down-regulate ribosome biogenesis in the
nucleolus under normal circumstances, and the activities of which are frequently
lost in tumor cells. p53, Rb and PTEN are all able to repress tDNA transcription
by RNA pol I, Rb by binding to UBF, and p53 and PTEN by disrupting the SL1
transcription initiation complex. In addition, p53 and Rb inhibit 55 rRNA
transcription by RNA pol III (Montanaro et al. 2012, Ruggero and Pandolfi 2003).
Interestingly, p53 has been shown to directly repress the expression of fibrillarin,
the box C/D snoRNP methyltransferase. In the absence of p53, the expression of
fibrillarin is increased, this leading to modification in the methylation pattern of
rRNA. Ribosomes with altered rRNA methylation have lower translational fidelity
and are more prone to initiate the translation of key oncogenic mRNAs from
internal ribosomal entry sites (Marcel et al. 2013). When the regulatory roles of p53
described elsewhere and here are taken together, the nucleolus would appear to be
essential for p53 function as the guardian of the genome, and thus highlights the
role of the nucleolus in tumorigenesis (Vlatkovic et al. 2013).

The prominent proto-oncogene c-Myc regulates ribosome biogenesis at various
levels: 1) increasing RNA pol I activity by recruiting the SL1 complex to the
promoter, 2) increasing RP production by stimulating RNA pol II transcription,
and 3) enhancing RNA pol III activity (Montanaro et al. 2012). Of note, NPM
plays an essential role in localizing c-Myc in the nucleolus and in c-Myc-mediated
induction in tDNA transcription (Li and Hann 2013). NPM is further implicated in
cancer in that it is often overexpressed. NPM is involved in various cellular
processes and has several interaction partners. This contributes to the complex role

of NPM in tumorigenesis, which can be either oncogenic or tumor-suppressive,
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depending on cellular type and context. Especially in hematological malignancies,
NPM is often involved in chromosomal translocations or mutations. In AML, a
cytoplasmic mutant of NPM, NPMc+, is a common finding and is thought to
contribute to disease development in several ways (Colombo et al. 2011, Hein et al.
2013).

The first clues as to the potential role of snoRNAs in cancer came from
scattered observations in various types of cancer, where recurrent genetic lesions
seemed to target areas devoid of protein coding genes, or snoRNAs were mis-
expressed in cancerous tissues compared to normal counterparts (Mannoor et al.
2012). One of the first snoRNAs identified was U50, which is implicated in
prostate cancer (Dong et al. 2008) and breast cancer (Dong et al. 2009), displaying
deletions, copy number losses and down-regulated expression. SNORA42 was
found to be commonly overexpressed in lung cancer, suggesting an oncogenic role
for the snoRNA (Mei et al. 2011) More recently, several snoRNAs have been
linked to cancer, having both tumor-suppressive and pro-oncogenic roles
(Mannoor et al. 2012). Moreover, the novel growth suppressor protein GRIM-1
was reported to implement its growth-inhibitory function via down-regulation of a
set of box H/ACA snoRNAs, which results in disrupted rRNA maturation (Nallar
et al. 2011). The association of snoRNA with disease prognosis is also documented
with the unexpected finding that the snoRNAs used for normalizing miRNA
expression data were actually as variable as miRNAs, and correlated with disease
prognosis (Gee et al. 2011). Indeed, the applicability of snoRNA expression
patterns as a prognostic tool has been suggested (Liao et al. 2010, Valleron et al.
2012b). Moreover, a multifaceted role for snoRNAs in acute leukemia was recently
reported (Valleron et al. 2012a), clearly suggesting their involvement in cancer
development. Interestingly, elevated expression of snoRNAs and fibrillarin have
been found to be essential for tumorigenicity, and suppression of the snoRNA
pathway induced p53 to mediate growth inhibition and, on the other hand, high
expression of fibrillarin suppresses p53, indicating a new mechanism of nucleolar
modulation of p53 (Su et al. 2013). Further, a few reports indicate that the ncRNA
host genes make a snoRNA-independent contribution to cancer (Askarian-Amiri et
al. 2011, Mourtada-Maarabouni et al. 2009, Williams et al. 2011). All in all, it seems
that thus far only the surface has been scratched in the context of the snoRNA-
cancer liaison.
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RPs also play a role in tumorigenesis. Many cancer cell lines, primary tumors
and leukemic cells overexpress RPs of the ribosomal subunits. The obvious reason
for this would be the increased demand for functional ribosomes promoting
transformation (Ruggero and Pandolfi 2003). Mutations in the RP genes RPL5 and
RPL10 have been found in pediatric cases of T-cell ALL (De Keersmaecker et al.
2013).

Taken together, the relationship between cancer and the nucleolus has proved
to be more complex than initially anticipated, a variety of nucleolar and cellular
components being involved. Moreover, the causality would appear to be
bidirectional, as mechanisms originating both from nucleolar function or from
cellular requirements contribute to the emergence of cancer.

2.1.5.2 Ribosomopathies

The class of human disorders named ribosomopathies consists of inherited or
somatically acquired syndromes which share a common foundation: mutations in
genes encoding ribosomal components or in ribosomal assembly factors leading to
impaired ribosome biogenesis. Many ribosomopathies manifest increased cancer

susceptibility and impaired hematopoiesis. The ribosomopathies are summarized in

Table 2.
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Table 2. Summary of ribosomopathies with characteristic features.

Disease Implicated genes Clinical features Of note
G G Hypoplastic anemia
Diamond- RPS17,RPL35A, el 45 % of cases familial
Blackfan RPL5, RPL11, Cranio?acisa? duefects Modest increase in cancer
anemia RPS7, RPL36, Thumb malformation risk?
RPS15, RPS27A
Shwachman- Neutrop_enia .
Diamond SBDS Angmla » Autosomal_recesswe
syndrome Pancreatic insufficiency Increased risk of AML
Short stature
Treacher- . . .
Sec) S
syndrome
Cytopenia
X-linked Abnormal skin . .
dyskeratosis DKC1 pigmentation Hi H'.gh risk °f.AML
- - igh risk for solid tumors
congenita Nail dystrophy
Oral leukoplakia
Hypoplastic anemia Increased risk of
Cartilage-hair Short-limbed dwarfism non-Hodgin lymphoma and
hypoplasia RMRP Hypoplastic hair basal cell carcinoma
Immune system Part of Finnish disease
dysfunction heritage
5q- Macrocytic anemia
syndrome RPS14 Megakaryocyte Increased risk of AML
hyperplasia

Modified from Liu and Ellis 2006, Natla and Ebert 2010.

One current hypothesis pinpoints ribosomal haploinsufficiency leading to
disrupted ribosome biogenesis as the mechanism underlying ribosomopathies. As a
result of defective ribosome biogenesis, free RPs accumulate and bind Hdm?2,
contributing to p53 stabilization and consequent induction of apoptosis and cell
cycle arrest, as described above. Alternative mechanisms include delayed or
aberrant translation of key proteins by possibly defective ribosomes, pathogenic
functions of the mutated RPs or the aberrant accumulation of pre-RPs (Natla and
Ebert 2010). All in all, ribosomopathies are an intriguing class of diseases, the
molecular understanding of which will undoubtedly provide essential insights into

basic cellular mechanisms as well as disease development and therapy.

2.1.5.3 Viral infections and the nucleolus

Viruses are intracellular pathogens which hijack cellular machineries of the host for

their own replication. Viral infections have also been shown to cause changes in

37



nucleolar morphology, for example an increase in the size of FC and/or nucleolus,
and also to cause redistribution of nucleolar proteins such as NPM and NCL. For
example, during herpes simplex virus 1 (HSV-1) infection, both NPM and NCL
are dispersed throughout the nucleus (Lymberopoulos et al. 2011). In addition to
nucleolar localization, NCL is also present at the surface of some cells, and can act
as a co-receptor for viruses upon their entry to the cell. Some viral proteins are
prominent in the nucleolus, for example the regulatory Tat and Rev proteins of
HIV, and NPM plays a role in their nucleolar localization. HIV utilizes the
nucleolus to traffic the viral mRNA to the cytoplasm. Several viruses have been
shown to interact with the nucleolus, and some exploit nucleolar proteins, for
example UBF, in their replication (Greco 2009, Hiscox et al. 2010).

2.2 Leukemia

Cancer is the result of a stepwise process during which normal cells acquire several
genetic and functional changes which alter their behavior and ultimately lead to
malignancy. The characteristic feature of cancer cells is unrestrained proliferation,
which results from the cooperation of continuous proliferative signals, evasion of
signals suppressing growth or inducing cell death, and an unlimited replicative
potential. For solid tumors, the ability to induce angiogenesis and to activate
invasion and metastasis are advantageous attributes which further promote cancer
growth and proliferation. Additional features facilitating the development and
progression of cancer include increased genomic instability, reprogramming of
cellular energy production, evasion of elimination by immune cells, and sustenance
of tumor-promoting inflammation (Hanahan and Weinberg 2011).

Leukemia is a cancer originating in blood-forming tissue such as bone marrow,
inducing the production of abnormal blood cells in large numbers, which
subsequently enter the circulation and sometimes infiltrate e.g. the central nervous
system (CNS). Leukemia is not a uniform disease, but rather includes a wide
spectrum of diseases of the blood and/or bone matrow with a variety of clinical
features and outcomes. Leukemia is characterized by defective hematopoiesis,
producing abnormal blood cells which may accumulate and suppress the normal
functions of the bone marrow, leading to the emergence of detectable symptoms.
In leukemia, solid tumors are not formed; the malignant cells fill the bone marrow

and circulate in the blood. Occasionally the cells can accumulate in the lymph
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nodes or other organs. Leukemia was formerly a fatal disease with almost all
patients perishing, but nowadays modern treatments result in better cure rates,
approaching 90 % in some pediatric leukemias. Nevertheless, the underlying
molecular pathogenesis and the mechanisms of relapse remain insufficiently
understood (Bhojwani and Pui 2013, Inaba et al. 2013).

Leukemias can be classified into several subtypes. Clinically they are divided
into acute or chronic types. Acute leukemia arises rapidly, whereas chronic
leukemia develops gradually, and can be asymptomatic for longer periods of time.
A second rough classification is based on the lineage of the cancer cells, namely
myeloid or lymphoid. The malignant cells can emanate from various stages of the
stem or progenitor cells differentiating into the mature cell type. In addition to
these main groupings there are also more infrequent leukemias originating from
other blood cell lineages.

Of all leukemias almost 90 % are diagnosed in adults. The most common forms
in adults are acute myeloid leukemia (AML) and chronic lymphocytic leukemia
(CLL), whereas in children the acute lymphocytic leukemia (ALL) is the most
common type (85 %). Around 15 % of pediatric leukemias are AML, while chronic
myeloid leukemia (CML) is very infrequent (1-2 %). The emphasis of our research
was on pediatric acute leukemia, covering in fact only de novo acute leukemia.

2.2.1 Acute lymphoblastic leukemia (ALL)

ALL affects all age groups, but is more common in children: about 60 % of cases
are diagnosed in subjects under 20 years of age. The incidence peaks in children
between two and five years of age. The prognosis for pediatric ALL is good (> 85
%), whereas adults and infants face more dismal outcomes (Inaba et al. 2013).
Indeed, the age at diagnosis is a strong prognostic factor: patients aged 1 - 9 years
may expect a better outcome than infants or adolescents (Pui et al. 2008). This
might be explained by the age-dependent pattern of occurrence of ALL subtypes.
The exact pathogenetic events underlying ALL development are largely unknown,
and less than 5 % of cases can be associated with predisposing genetic disorders
such as Down’s syndrome. The hallmark of ALL are the chromosomal
translocations which often target transcription factors, thus promoting the

activation of oncogenic gene expression (Pui et al. 2008). Due to advances in high
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resolution analysis techniques, more detailed information regarding genetic
abnormalities in ALL is available. This has led to the observation that virtually all
pediatric ALL cases harbor some specific genetic anomaly. It is of utmost
importance to identify such genetic abnormalities, as they are of great prognostic
and therapeutic significance (Pui et al. 2011a). The targeted genes often play roles
in lymphoid differentiation, tumor suppression, signaling, and regulation of cell
cycle, drug responsiveness or apoptosis. There would appear to be considerable
variation in the frequency of lesions among the different subtypes, as some lesions
need only one or a few accompanying alterations to induce leukemogenesis (as in
MILI ~rearranged cases) whereas some ALL cases harbor several abnormalities (Pui
et al. 2011a).

According to the FAB classification, ALL is divided into three subtypes: ALL-
L1, ALL-L2 and ALL-L3 (see Table 1). The I.2 subtype is more common in adults.
Of pediatric ALL cases, about 85 % are type L1, 14 % are type L2, and 1 % type
L3. However, with the exception of Burkitt’s ymphoma (BLL, FAB L3), the FAB
classification of ALL does not correlate well with recent immunophenotypic,
cytogenetic and molecular genetic information on the ALL subtypes. This progress
has led to the development of improved classification systems which incorporate
all the available information, for example the WHO system. The FAB classification
has nevertheless some prognostic value, with the I.1 subtype associated with better
outcomes than the L2 subtype, and the I3 subtype having the worst prognosis.
Currently, stronger predictive factors such as age, sex, white blood cell count,
treatment response (as measured by minimal residual disease, MRD) and recurrent

genetic alterations have replaced the FAB classification in clinical use (Pui 2000).

The origin of ALL is in the blood progenitor cells, which are committed to the
T-cell or B-cell lymphoid lineage differentiation.

2.2.1.1 Precursor B-cell ALL

The most frequent form of pediatric ALL is the precursor B-cell type. The gross
chromosomal alterations most commonly found in pre-B-ALL include high
hyperdiploidy with a gain of at least five chromosomes in a non-random fashion
(chromosomes X, 4, 6, 10, 14, 17, 18 and 21), hypodiploidy with fewer than 44

chromosomes, recurring translocations producing fusion genes (such as ETT6-
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RUNXT), and rearrangements of AMIL (see Table 3) (Inaba et al. 2013).
Approximately 75 % of pre-B-ALL cases show gross chromosomal rearrangements
or aneuploidy. In addition, the identification of submicroscopic alterations in
critical genes in over 60 % of cases makes for a more precise understanding of the
genetic basis of pre-B-ALL. The critical mutations often target genes involved in
B-lymphoid development (e.g. loss-of-function mutations contributing to the arrest
in maturation typical of pre-B-ALL), as well as tumor suppressor and cell cycle

regulatory genes leading to inactivation (Mullighan 2012).

In pre-B-ALL, the most common genetic rearrangement Iis the
t(12;21)(p13;q22) translocation coding for ETV6-RUNXI. Both proteins are
essential for normal hematopoiesis, and the fusion protein causes aberrant
expression of the normal target genes. Although ETV6-RUNXI1 promotes self-
renewal in B-cell progenitors, it is not alone sufficient to induce leukemia. In fact,
ETV6-RUNXI1 is commonly detected at birth, years before the onset of leukemia,
suggesting a need for secondary alterations (Bateman et al. 2010, Mori et al. 2002,
Mullighan  2012). The BCR-ABL1 fusion produced by the translocation
t(9;22)(q34;q11), or the Philadelphia chromosome (Ph), is present in 25 % of adult
and 3 - 5 % of pediatric pre-B-ALL cases. There are two main forms of this fusion,
resulting from different chromosomal breakpoints, one of which is more common
in CML and the other in pediatric Ph-positive ALL. Both forms are able to activate
multiple signaling pathways (Mullighan 2012). MILI -rearranged leukemia involves
the MIL gene at 11q23, with over 80 identified partners. MI.I -rearranged ALL is
particularly common in infants (< 1 year), with over 90 % having the ML -AF4
fusion (Bueno et al. 2011). The unique characteristics of this subtype include
initiation 7z utero, incorporation of both myeloid and lymphoid features, poor
responsiveness to therapy, and the absence of additional genetic alterations

(Mullighan 2012).
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Table 3. Key genetic alterations in pediatric precursor B-cell ALL.

Subtype Gene(s) Frequency | Prognosis

Cytogenetic alterations
Hyperdiploidy (>50 chr) 20 - 30% Favorable
t(12;21)(p13;922) ETV6-RUNX1 15-25% Favorable
Trisomies 4 and 10 20-25% Favorable
t(1;19)(q23;p13) TCF3-PBX1 2-6% Favorable
Intrachromosomal amp of chr 21 2-3% Poor
t(4;11)(q21;923) MLL-AF4 1-2% Poor
t(9;22)(q34;911) or the Philadelphia chr BCR-ABL1 2-4% Varied*
t(8;14)(g23;932) or t(2;8)(q12;q24) MYC 2% Favorable
Hypodiploidy (<44 chr) 1-2% Poor

Genetic alterations
Overexpression of CRLF2 CRLF2 6-7% Poor
Deletion of ERG ERG 7% Favorable
Cooperating mutations in IKZF1 IKZF1 mut/del 15 % Poor
Cooperating mutations in PAX5 PAX5 30 % ?
Cooperating mutations in JAK JAK1,JAK2 2-5% Poor

*historically dismal, outcome improved when treated with tyrosine kinase inhibitors
(e.g. imatinib mesylate (Gleevec)); amp, amplification; chr, chromosome; del, deletion;
mut, mutation. Modified from Mullighan 2012, Pui et al. 2011a, van der Linden et al.
2012.

2.2.1.2 T-cell ALL

Approximately 10 - 15 % of pediatric and 25 % of adult ALL are T-cell type. This
is an aggressive disease, and is more common in males than females. Historically,
high relapse rates are characteristic for T-ALL, and at diagnosis infiltration into the
CNS is a frequent finding. Nowadays, however, the prognosis of T-ALL has
improved, with 80 % of pediatric and 50 % of adult T-ALL reaching long-term
remission (Van Vlierberghe and Ferrando 2012). Like pre-B-ALL, T-ALL also
incorporates chromosomal translocations and aberrant expression of transcription
factors (Van Vlierberghe and Ferrando 2012). Typically, a variety of oncogenic
transcription factors (see Table 4) are placed under the control of potent T-cell-
specific enhancers (TCR loci at 7q34 and 14qll), leading to their aberrant
expression in T-cell progenitors (Szczepanski et al. 2010, Van Vlierberghe and

42



Ferrando 2012). Over 50 % of T-ALL have activating mutations in the NOTCH7
gene encoding a transmembrane receptor normally involved in T-cell development.
Additional mutations in FBXW7, present in about 15 % of T-ALL, further
contribute to the constitutively active NOTCH1-signaling (Pui et al. 2008, Van
Vlierberghe and Ferrando 2012). Deletion of the CDKNZ2A locus at 9p21,
containing the p76/INK4A and p14/ARF tumor suppressor genes, is seen in over
70 % of T-ALL (Van Vlierberghe and Ferrando 2012). Several subgroups of T-
ALL with specific gene expression signatures have been identified. A summary of
the various factors underlying T-ALL is presented in Table 4.

Table 4. Key genetic alterations in pediatric T-ALL.

Subtype Genes Frequency | Prognosis
Genetic alterations
NOTCH?1 activating mutations NOTCH1,FBXW7 60 % Favorable
CDKNZ2A/2B deletion p16INK4A,p14ARF 80 % Favorable
TCR; TAL1,TAL2,LYLT,
LMO1,LMO2, TLX1/HOX11,
Translocations to TCR genes TLX3/HOX11L2,NKX2.1, 40-50 % Varied
NKX2.2,NKX2.5,HOX,MYC,
MYB, TAN1
TAL1 overexpression SIL-TAL1 20-30% | ?
Fusion NUP214-ABL1 NUP214-ABL1 4-6% Poor
Fusion MLL-ENL MLL-ENL 2-3% Favorable
MLL rearrangements MLL 5-10% ?
Fusion PICALM-MLLT10 PICALM-MLLT10 10 % Poor
N-RAS activating mutations N-RAS 10 % ?
WT1 inactivating mutations wr1 10 % ?
Other
Early T-cell precursor phenotype 12 % Poor

Modified from Pui et al. 2011a, Szczepanski et al. 2010, Van Vlierberghe and Ferrando
2012.

2.2.2 Acute myeloid leukemia (AML)
AML is the most common acute malignant myeloid disorder in adults, but is rare in

children. The median age at AML presentation is about 70 years, and the disease is
more common in men than women (Estey and Dohner 2006). Cure rates depend
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on a number of prognostic factors, but generally vary between 20 - 75 %. Elderly
patients tend to have poorer outcomes, partially due to their intolerance of
aggressive therapies. The requirement for AML to be confirmed is that the bone
marrow contain more than 30 % blast cells (Estey and Dohner 20006). In the FAB
classification system AML is divided into nine subtypes (see Table 5) (Lowenberg
et al. 1999).

Table 5. FAB classification of AML.

FAB % of
type Name cases
MO0 Acute myeloblastic leukemia with minimal differentiation 3%
M1 Acute myeloblastic leukemia without maturation 15-20 %
M2 Acute myeloblastic leukemia with maturation 25-30 %
M3 Acute promyelocytic leukemia 5-10%
M4 Acute myelomonocytic leukemia 20 %

M4Eo Acute myelomonocytic leukemia with abnormal eosinophils 5-10 %
M5 Acute monocytic leukemia 2-9%
M6 Erythroleukemia 3-5%
M7 Acute megakaryocytic leukemia 3-12%

Modified from Lowenberg et al. 1999.

However, with the accumulating genetic information it has been necessary to move
beyond the FAB classification. The WHO system includes cytogenetic data, defines
four major classes of AML, and also has a lower blast minimum criterion of 20 %.
The origin of at least 20 % of the blast cells has to be of myeloid lineage, shown
typically by surface markers (Estey and Dohner 2006). The most important
prognostic factors are the cytogenetic and molecular genetic profiles of the
malignant cells. About half of the patients present cytogenetic abnormalities at
diagnosis, but the remainder with normal karyotype also harbor genetic
abnormalities such as gene mutations and deregulated gene expression (Estey and
Dohner 2006, Lowenberg et al. 1999). The cytogenetic features allow classification
of patients into favorable, intermediate or adverse risk groups. However, there is
considerable variability in treatment outcome, mostly due to the presence of
secondary genetic defects (Estey and Dohner 20006). Although AMIL genomes
harbor on average fewer mutations than most adult cancers, at least one potential
driver mutation is identified in almost all cases. The genes most often mutated in
AML include FL.T3, NPM1, KIT, CEBPA, TET2, DNMT3A and IDH1, involved

in eg transcription-factor fusions, tumor-suppression, IDNA-methylation,
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signaling, chromatin modifications and myeloid lineage differentiation. In addition,
patterns of cooperation and mutual exclusivity imply strong biological relationships
between specific alterations (Cancer Genome Atlas Research Network 2013).

AML comprises about 15 - 20 % of pediatric leukemia. Pediatric AML is a
challenging disease to treat, with survival rates of about 60 %, clearly inferior to
that in pediatric ALL (Radtke et al. 2009, Rubnitz 2012). Like adult AML, pediatric
AML seems to carry a low burden of genetic alterations when compared to most
other human malignancies. However, unique recurring genetic alterations targeting
known and also potential new cancer genes have been identified, and over 90 % of
cases encompass at least one genomic alteration (Pui et al. 2011a, Radtke et al.
2009). The recurrent genetic abnormalities in pediatric AML and associated
prognostic significance are summarized in Table 6.

Table 6. Genetic abnormalities in pediatric AML.

Feature Genes Frequency | Prognosis
Rearrangements
t(8;21)(922;922) AML1-ETO 12-15% | Favorable
inv(16)(p13;q22) MYH-CBF 8-10% Favorable
t(15;17)(922;912) PML-RAR 12 % Favorable
t(1;22)(p13;913) RBM15-MKL1 1-3% Favorable?
t(8;16)(p11;p13) MYST3-CREBBP 1% Poor
(6;9)(p23;934) DEK-NUP214 1% Poor
11923 MLL rearr. MLL + several partner genes 18-20 % Mostly poor
Gene mutations
Nucleophosmin NPM1 8-10 % Favorable
CCAAT/enhancer BPa CEBPA 4-6% Favorable
FLT3-ITD FLT3 10-15% | Poor
FLT3/ALM FLT3 6-7% Intermediate
Wilms tumor 1 wr1 8-10 % Poor
Rat sarcoma gene RAS 5% ?
Karyotypic changes
del5q 1% Poor
-7 1-2% Poor

ALM, activating loop mutation; I'TD, internal tandem duplication. Modified from Pui
et al. 20112, Rubnitz 2012.
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2.2.2.1 Acute promyelocytic leukemia (APL)

APL is a distinct subtype of AML, classified as M3 in the FAB system. It is
characterized by a specific translocation of chromosome 17 involving the nuclear
hormone-responsive retinoic acid receptor a (RARA) gene. Almost all patients
have the t(15;17)(q22;q21) translocation, which produces the fusion transcription
factor PML-RARA, a potent repressor of nuclear receptor signaling. Also other
infrequent translocation partners have been identified, including PLZF.
Interestingly, in most cases PMI_-RARA seems to be the only driving mutation (de
The et al. 2012). Typical symptoms include anemia, diminished platelet count and
sudden hemorrhages due to coagulation disorders, and the disease can develop
very rapidly. APL is responsive to treatment with pharmacologic doses of retinoic
acid, which induces the differentiation of immature blast cells and clinical
remission. The combined use of retinoic acid and cytotoxic agents usually results in
a favorable outcome (de The et al. 2012, Lowenberg et al. 1999, Masetti et al.
2012).

2.2.3 Diagnosis and treatment

The classic symptoms of acute leukemia include anemia, fatigue, excessive bruising,
sensitivity to infections, fever, weight loss, bone or joint pain, and enlarged lymph
nodes, spleen or liver. The diagnosis of acute leukemia is made by demonstrating
the accumulation of immature blast cells of over 25 %of bone marrow by e.g. May-
Griinwald-Giemsa (MGG) staining. AML has to be distinguished from ALL,
myelodysplastic syndromes (MDS), or AML arising in the MDS setting, as the
treatments vary based on origin (Lowenberg et al. 1999). In AML, the prognostic
factors are summarized, and the patient is categorized into favorable, intermediate,
or adverse risk group (Estey and Dohner 2006). Most commonly, the antigens
present at the blast cell surface are identified and the lineage confirmed. The exact
cytogenetic and genetic features as well as the key clinical and laboratory findings
are analyzed, as they are the determining factors in risk stratification. Adolescents
and adults show a higher prevalence of high-risk leukemia (e.g. BCR-ABLYT), a
lower incidence of favorable subtypes (e.g. hyperdiploidy and ET1/6-RUNXT), and
a weaker tolerance of treatment, this all contributing to poorer treatment outcomes
than in pre-adolescent children (Inaba et al. 2013). In ALL, the blast cells are
immunophenotyped, and the subtypes with therapeutic implications, including T-
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cell ALL, B-cell precursor ALL and mature B-cell (BLL) ALL, can thus be
distinguished. Myeloid-associated antigen expression is detected in some 50 % of
ALL cases, in distinct patterns (Inaba et al. 2013, Pui et al. 2008, Pui 2010).

The treatment of acute leukemia aims at complete remission and prevention of
relapse. The latter is outstandingly important, since in most cases the true killer is
the relapsed disease. The treatment consists of chemotherapy which lasts 6 - 9
months for AML and approximately 2 - 2.5 years for ALL. Usually, the approach
can be divided into remission induction, consolidation (deepening the remission),
and maintenance therapies. In rare cases with relapsed or resistant disease,
allogeneic stem cell transplantation or irradiation may be applied (Inaba et al. 2013,
Rubnitz 2012).

It is critical to monitor the response to treatment by analyzing the proportion of
residual leukemic cells (MRD), by methods which allow detection below
microscopical assessment, since MRD 1is the single most powerful prognostic
factor in both pediatric and adult disease. The rate of MRD clearance in response
to identical treatment varies among disease subtypes. Adults and adolescents seem
to have improved outcomes with pediatric treatment compared to adult regimens
(Inaba et al. 2013).

2.2.4 Developing diagnostics and treatment

Targeting the numerous variants of AML and ALL successfully remains a
formidable challenge. Despite the generally good outcomes, some subtypes still
carry an adverse prognosis, especially in infant and elderly patients. Significant side-
effects of cytotoxic chemotherapy remain, due mainly to the systemic action of the
drugs which does not discriminate between malignant and normal cells. Treatment-
related short-term and long-term adverse effects should be minimized. The key is
to identify the patients in need of intense therapy as against those at low risk, for
whom extensive treatment is unnecessary. In part this is achieved via detailed
cytogenetic, genetic and expressional analysis focusing on the leukemic cells.
However, even with all this information and risk stratification, some cases behave
against expectations: no response to the treatment, or an unexpected relapse, for
example. Indeed, a mechanistic understanding of refractory and drug-resistant

cases is often inadequate. Cleatly there are additional, thus far unknown factors
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which contribute to these adverse effects. The molecular mechanisms behind both
de novo leukemia and potential relapses need to be characterized in detail to allow
the development of better diagnostic tools and treatments. There is certainly a need
for sensitive, accurate and cost-effective diagnostic tools. The ultimate goal is to
offer every patient personalized treatment with no adverse effects, leading to
permanent remission (Inaba et al. 2013, Pui et al. 2011b, Pui et al. 2012).

Novel drugs of high specificity are needed, since many of the current
medications have been in use for decades, the only development being in the fine-
tuning of dosing and administration schemes (Inaba et al. 2013). Many genetic
lesions affecting signaling or other molecular pathways in leukemic cells have been
identified, and they offer a number of potential targets for therapy. For example,
the use of pharmacological inhibitors of key signaling molecules (e.g. JAKS) is
being tried in cases with corresponding genetic and molecular features. The
application of epigenetic treatment, including DNA methyltransferase inhibitors
and histone deacetylase inhibitors, in cases with aberrant methylation status (e.g.
MILI ~rearrangements or CREBBP mutations) has also been suggested, as this
might for instance reactivate silenced tumor-suppressor genes (Inaba et al. 2013,
Pui et al. 2012). Altogether, a variety of epigenetic regulators have been found
mutated in hematological diseases, this further emphasizing the role of epigenetics
(Goodell and Godley 2013).

2.2.5 Leukemia heterogeneity and clonal evolution

As described, cancer is the result of a single cell lineage accumulating multiple
genetic alterations. These alterations bring about genetic diversity within a cell
lineage, which can result in divergent properties of the cells (subclones) e.g. to
proliferate or to tolerate suboptimal conditions. In the evolutionary process of
clonal progression the superior subclones are selected over the less viable and
expanded (Greaves and Maley 2012). In acute leukemia the progenitor cells in the
bone marrow, the self-renewing hematopoietic stem cells (HSC, HSPC), are the
starting-point (Jan and Majeti 2013). There has long been ambivalence as to the
nature of the mutations present in leukemic cells, i.e. which ones truly contribute to
leukemogenesis. Interestingly, by sequencing two types of AML samples, Welch
and associates showed that most mutations were already present in the primary

HSC before the acquisition of a driver mutation, the first step in leukemogenesis
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(Welch et al. 2012). Thus the originating cell may have many random but benign
mutations which are “captured” in the genome and carried forward as passengers
as the clone expands. In the end, the founding clone has few mutations actually
driving leukemia and numerous passenger mutations with no direct contribution to
leukemogenesis (Welch et al. 2012). This finding has fundamental repercussions for

the way the mutational status will be perceived from now on.

The clonal evolution leading to the heterogeneity of cancer subclones is in many
respects poorly understood. According to the current understanding there are
several subclones present in an individual cancer. The first challenge is to
determine the number and nature of these subclones, some of which are present in
very low amounts. The second is to understand how the major and minor
subclones, one at a time or all in concert, affect the response to treatment and the
emergence of refractory disease, or contribute to relapse (Greaves and Maley 2012,
Jan and Majeti 2013). Obviously, such insights will be of high clinical significance.
Although there are several clonal routes to relapse, the majority of relapse cases
seem to share some features with the original de novo leukemia. There are several
hypotheses as to how relapse occurs (Jan and Majeti 2013, Mullighan et al. 2008).
The simplest is that the original dominating clone (or the leukemic stem cells)
survive the therapy and give rise to relapse (see A in Fig. 3). Another theory is that
one of the minor subclones is resistant to therapy, persists, and is responsible for
the relapse (see B in Fig. 3). An alternative is that during treatment, the DNA-
damaging drugs are involved in the genetic evolution of the existing subclones, and
in this way contribute to the relapse (see C in Fig. 3). A fourth option is that the
DNA-damaging drugs target novel pre-leukemic cells and induce additional
mutations, giving rise to a new relapsed clone (see D in Fig. 3) (Jan and Majeti
2013). Several of these mechanisms can be observed in pediatric ALL, suggesting
that there are differences between patients in the relapse mechanisms or that
several mechanisms act simultaneously in a single patient. It is not known to what
extent treatment with cytotoxic drugs targeted to destroy the dominant clone

affects disease relapse.
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Figure 3. Clonal basis of acute leukemia evolution and relapse. A schematic
illustration of the heterogeneity and clonal basis of the relationships between pre-
leukemic, leukemic and relapsed cells. A normal hematopoietic stem or progenitor
cell (HSC) gives rise to several normal (not shown) and pre-leukemic cells. Some of
the pre-leukemic cells acquire additional mutations (indicated by a star). At
diagnosis, a heterogeneous population of cells is present, and often one major
subclone dominates. After treatment, there are several possible routes to relapse:
A) the predominant subclone survives the treatment; B) a minor subclone present at
diagnosis survives the treatment; C) the treatment induces the acquisition of
additional mutation(s) in one of the subclones (major or minor) present at diagnosis;
and D) the treatment contributes to the emergence of a novel leukemic clone
originating in e.g. pre-leukemic cells. Figure modified from Jan and Majeti 2013,
Mullighan et al. 2008.

2.3 Experimental models of leukemia

The deciphering of leukemogenesis is a multistep process. As the current
understanding of leukemia is fairly advanced, the majority of the recurring genetic
lesions are known. However, the difficulties lie in trying to understand how genetic
changes affect the molecules, pathways and interacting mechanisms contributing to
transformation. It is especially challenging to fit all the individual pieces of
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information together to form an overall conception of leukemogenesis. This would
not be possible without access to patient samples and information, or without

experimental models to study hypotheses.

The three main resources used in leukemia studies are patient-derived material,
cell lines and animal models, all of which have their advantages and disadvantages.
Since due to ethical considerations it is not feasible to use human subjects in most
studies, the information provided by patient samples can be further investigated by
cell line and animal models.

2.3.1 Celllines

Leukemia cell lines are immortalized cells originating from a single cell
(monoclonal). Immortalization renders the cells able to evade senescence and to
continuously proliferate. Human cell lines have proved rather difficult to generate,
even when derived from cancerous tissues. Regardless of this, since the 1960s over
1000 human hematopoietic cell lines have been established, originating from the
bone marrow or peripheral blood of ALL, AML or lymphoma patients (Drexler et
al. 2000). Whereas normal hematopoietic cells can only be cultured 7z vitro for a few
days, cell lines can be cultured continuously. For many leukemia subtypes, a
corresponding cell line with characteristic karyotypic and cytogenetic features is
available. Importantly, the cell lines retain many of the phenotypic properties and
genetic alterations of the patient descent (Kennedy and Barabe 2008). Indeed,
transcriptional profiling studies indicate that well characterized human leukemia-
lymphoma cell lines model the gene expression pattern of the primary tumor most
accurately among all tumor types (MacLeod et al. 2008). Nevertheless, it should
always be kept in mind that cell lines differ in one significant aspect from the
patient-derived cells: they have somehow acquired the ability to proliferate
continuously. In addition, cell lines derived from other sources such as murine
peripheral blood and human non-hematopoietic sources (e.g. cancer), have been

utilized in leukemia research.

The major advantage of cell lines is that they provide a practically unlimited
supply of homogenous material for biochemical and genetic analyses. They also
make possible the worldwide availability of identical material, and can be stored

viable virtually indefinitely in liquid nitrogen. Cells are quite easy to manipulate, and
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various techniques to activate or inhibit e.g. gene function are widely available.
However, there are also certain drawbacks. It should always be borne in mind that
cell lines are not absolute replicas of the primary cancer, as both immortalization
and extended culture 7z vitro can lead to the development of genetic, epigenetic
and/or phenotypic changes. Also, when using cells, no systemic information is
gained (Drexler et al. 2000, Kennedy and Barabe 2008). Moreover, the eatly events
of leukemogenesis cannot be studied using fully transformed cell lines, and it is also
increasingly important to aspire to experimental settings as authentic as possible in
order to rule out incorrect results. For these reasons, primary human
hematopoietic stem or progenitor cells have also been used in experiments
(Kennedy and Barabe 2008).

Several important items of information have emerged using leukemia cell lines.
Many chromosomal alterations typical of specific leukemia subtypes have been
identified using cell line models. This has led to the identification of leukemia-
associated oncogenes, the functional characterization of which the cell line
approach has also contributed to. If necessary, cell lines can also be manipulated in
various ways the better to mimic the leukemic condition. Leukemia cell lines are
also useful in the development and testing of therapeutic agents. For example, the
APL cell line HL-60 was used in the discovery of all-trans retinoic acid application
as a differentiation therapy. More recently, leukemia cell lines have proved
important in the validation of targeted molecular treatment modes such as
antibody-based therapies (Kennedy and Barabe 2008) Taken together, cell lines
have an established role in leukemia research, and continue to afford an important

research tool.

2.3.2 Animal models

Animal models are important for an understanding of the 77 vivo and systemic
events linked to leukemogenesis, especially the early stages. The mouse has proved
to be a good model for various human diseases. There are gross physiological,
genomic and anatomical similarities to humans, and it is relatively easy to
genetically manipulate mice. Consequently, several mouse models of leukemia have
been established, both by creating transgenic mice and by various manipulation
techniques. Xenotransplantation, where human hematopoietic cells are introduced

into another organism to study hematopoiesis and/or leukemogenesis 7z vivo, has
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also been carried out using mice (Kennedy and Barabe 2008). However, species-
specific differences in e.g. malignant transformation mechanisms exist, and should
always be taken into account when extrapolating results to humans. In addition, in
view of high costs and ethical issues, other animal models have also been
established, for example the zebrafish.

2.3.2.1 The zebrafish

The zebrafish (Danio rerio), a vertebrate organism widely used in developmental
biology, has recently emerged as a model for human cancer as well. While the
zebrafish has been known to develop tumors spontaneously, the development of
zebrafish lines, tools and techniques has enabled its utilization in cancer research.
Zebrafish offer several advantages compared to mice. For example, maintenance
cost and effort are lower, offspring production is efficient (hundreds of fertilized
eggs per pair of adult fish in a week), the embryos and larvae develop externally
and are optically transparent for up to 30 days. Also, the complete zebrafish
genome is available, and many human genes have conserved counterparts in the
zebrafish, the protein products of which show structural and functional similarity
to the human. The development and progression of cancer in the zebrafish is
similar to that in humans in many key respects. Thus far, a major advantage of the
zebrafish is the remarkable transparency during development and also in adulthood
when using a transparent mutant fish line, which allows 7z »ivo imaging of many
cancer-associated processes. In addition, zebrafish successfully host xenografts
such as human cells, efficiently take in small molecular compounds directly from
water, and are amenable to large-scale screening due to cost-effectiveness and
availability in large supply. All these attributes make zebrafish an attractive cancer
model, which has been applied in e.g. analyses of chemical mutagenesis, screening
for anti-cancer agents, creation of cancer mutant and transgenic fish lines, and
xenotransplantation of human cancer cells to investigate tumor cell behavior iz vivo
(Stoletov and Klemke 2008).

Zebrafish hematopoiesis is markedly similar to that of humans at the genetic
and cell biological level. Even though hematopoiesis takes place in the kidney
marrow of zebrafish, and there are some differences in the appearance of the cells
(e.g. zebrafish erythrocytes are nucleated), the major molecular pathways are

conserved. The zebrafish has been thus found suitable to study hematological
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disorders and leukemia. The presence of aberrant fusion genes is characteristic of
acute leukemias. The zebrafish offers several possibilities to study the function of
these fusion genes and the fusion proteins they produce iz vivo. Transient or
persistent expression can be achieved by microinjecting synthetic mRNA or a
plasmid construct into zebrafish embryos. The expression of genes of interest can
also be abrogated transiently (antisense morpholino oligonucleotides) or
permanently (zinc-finger-mediated endonuclease technology). Similarly, suspected
oncogenes and tumor suppressor genes can be functionally characterized using
these methods, and completely novel gene functions can be identified via extensive
forward genetic screens. In addition, the xenograft approach to screen systemic
drug effects and efficacy has been applied in the zebrafish. It is also possible to
follow closely the different phases in the development of the disease. It follows
that a number of transgenic zebrafish leukemia models have been developed.
Indeed, transgenic fish have been shown to develop leukemia with similar
morphology and genetic background to human leukemia, with sensitivity to the
same chemotherapeutics. Moreover, the transgenic leukemic fish lines can be used
to screen for suppressors and enhancers of leukemogenesis. The major
disadvantage of using transgenic zebrafish as models of leukemia has thus far been
the low-penetrance long latency of the disease (LLohi et al. 2013, Payne and Look
2009, Teittinen et al. 2012).
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3. Aims of the study

The aim of this series was to shed light on the potential role of the nucleolus in
pediatric acute leukemias. Two major components of the nucleolus, the small
nucleolar RNAs (snoRNAs) and the nucleolar proteins, were studied in various
leukemia subtypes. Differences in expression patterns were analyzed using cell line
models and patient samples. In addition, a model system to study the 7z wivo
function of nucleolar proteins was set up using a known nucleolar protein as
pioneer.

The specific aims were:

1. to study the expression of snoRNAs in leukemic cell lines representing
major leukemia subtypes.

2. to study the expression of snoRNAs in normal and patient samples.
3. to identify nucleolar proteins whose expression is altered in leukemic cells.
4. to set up a system to study the function of nucleolar proteins in the

context of a living organism, the zebrafish.
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4. Materials and methods

4.1  Cell culture (I, III)

The cell lines used in these studies are listed in Table 7. Leukemic cell lines were
obtained from the Leibniz Institut DSMZ (German Collection of Microorganisms
and Cell Culture, Braunschweig, Germany). KOPN-8, Kasumi-2, Nalm-6, REH,
CCRF-CEM, Molt-16, Jurkat, P12-Ichikawa, HI.-60 and Daudi cells were cultured
in RPMI-1640 medium (Gibco, Invitrogen) supplemented with 1 % L-glutamine
(L-glu), 10 % fetal bovine serum (FBS), and 1 % penicillin/streptomycin antibiotics
(pen-strep). MHH-CALL3 and Peer cells were cultured in the same medium
containing 20 % FBS. OCI-AML3 cells were cultured in MEM Alpha Medium
(Gibco, Invitrogen) supplemented with 1 % IL-glu, 20 % FBS and 1 % pen-strep.
HelLa cells were cultured in D-MEM medium (Sigma-Aldrich) supplemented with
1 % L-glu, non-essential amino acids, 10 % FBS and 1 % pen-strep. Cell culturing
was carried out as instructed by DSMZ.

Table 7. Cell line characteristics.

Cell line Type* Karyotype, fusion genes* Age of donor* Study
CCRF-CEM T-cell ALL near tetraploid 3 years I, 1l
DAUDI BLL near diploid 16 years |
HelLa cervix carcinoma hypertriploid/hypotetraploid 31 years 1, 1
HL-60 AML-M2 hypotetraploid/hypodiploid 35 years 1,1
JURKAT T-cell ALL hypotetraploid 14 years |
KASUMI-2 pre-B ALL hypodiploid 15 years |
KOPN-8 pre-B ALL hypodiploid, MLL-ENL 3 months I, 1
MHH-CALL3 pre-B ALL pseudodiploid 11 years 1,1
MOLT-16 T-cell ALL near diploid 5 years I, 10
NALM-6 pre-B ALL near diploid 19 years |
OCI-AML3 AML-M4 hyperdiploid, NPM mutation 57 years I, 1
P12-Ichikawa T-cell ALL hypotetraploid 7 years |
PEER T-cell ALL pseudodiploid, NUP214-ABL1 4 years |
REH pre-B ALL pseudodiploid, TEL-AMLA1 15 years |
*data from DSMZ
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4.2 RNA extraction and quantitative real-time PCR

4.2.1 Extraction of RNA (I, IV)

The mirVana miRNA isolation kit (Ambion, Applied Biosystems) was used to
extract the small RNA fraction (less than 200 nucleotides in length) from the
cultured cells (80 - 90 % confluency) following the manufacturer’s instructions
(Study I). In the case of zebrafish embryos and adult fish tissues (study IV), the
total RNA was extracted with an RNeasy Mini Kit (Qiagen) as instructed by the
manufacturer. The quality and concentration of the RNA extracts were checked
using a NanoDrop spectrophotometer (Thermo Fisher Scientific).

4.2.2 Quantitative real-time PCR (I, IV)

For quantitative real-time PCR (RT-qPCR), the RNA was converted to cDNA
template with an iScript Select cDNA Synthesis Kit (Bio-Rad) and random primers
according to the manufacturers’ instructions. RT-qPCR was performed using the
Evagreen Ssofast supermix kit (Bio-Rad) and a CFX96 real-time thermal cycler
(Bio-Rad) as instructed by the manufacturer. Primer sequences are given in Table
8. For snoRNA expression in Study I, the U6 RNA was used for normalization of
data (Gee et al. 2011, Schmittgen et al. 2004). In Study 1V, the expression of the
SAP30L, nkx25 and ppox genes in the zebrafish was normalized to the
housekeeping gene EF7.4 (Tang et al. 2007). An average threshold cycle (CT) value
was calculated from two replicate samples, and quantitation performed using the
comparative CT method (Schmittgen and Livak 2008). The runs were repeated
twice or thrice, and no significant differences between replicate runs were
observed. When appropriate, differences between groups were compared using the
two-tailed Student t test.
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Table 8. Sequences of RT-qPCR primers.

Target Primers (5' — 3') Study
EF1A (dr)* CTG GAG GCC AGC TCA AAC AT

ATC AAG AAG AGT AGT ACC GCT AGC ATT AC
nkx2.5 (dr) ** GCG AAG ACC TTC AGG AGG ACA AAG GCAAC

CGA GGC TTC CTC CTC TTC CTC TGC TTG GG v
ppox (dr) GTG ATC AGT AAA GGG ACA GAA v
CTG CAT GCC CCT CTT TAG
SAP30L (dr) AAC GCG TCC TTC AGC AAG AGG AT v

GTT GAC CTG AAG CTG GAA CAG ATC

scaRNA6 AGG TCG ATG ATG ATT GGT AAA AGG |
AGG TCT CAG ATT GAAAAC TTG AG

scaRNA9 CTG CTT TTA GTG AAG TGG AT
CCAGACATATGCCCTTATT !

SNORD24 TGC AGA TGA TGT AAAAGA A |
TGC ATC AGC GAT CTT GGT

SNORD44 CCT GGATGATGATAAGCAA

TTA GTC AGT TAG AGC TAAT
SNORD49A TGC TCT GAT GAA ATC ACT

AAT CAG ACAGGAGTAGTCTT

SNORDS5 GTG TAT GAT GACAAC TCG G |
GCT CAG CTC TCCAAGGTT G

SNORD82 CAG CAC AAATGA TGA ATAAC

AGC ACA TCA GCA CAC TAC AAT
SNORD105 CCC CTATCT CTCATG ATG
CCC CATCTCTTC TTC AGA
SNORD110 CAG TGATGA CTT GCG AAT C
GAG ACA TGG AGA CAT CAG TGA
ue *** CTC GCT TCG GCA GCACA
AAC GCT TCACGAATTTGC GT
dr, Danio rerio; * primers from Tang et al. 2007; ** primers from Targoff et al. 2008;
*F primers from Schmittgen et al. 2004.

4.3 Microarrays, massive parallel sequencing and
data analyses

4.3.1 SOLID sequencing and data analysis (1)

The snoRNA transcriptome was analyzed from two independent small RNA
extractions per cell line. For each sample, the fragment library for SOLID
sequencing was prepared following the SOLID small RNA expression kit protocol
provided by the manufacturer. The samples were processed on a SOLID 4
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instrument (Applied Biosystems, Life Technologies) as instructed. The read length
was 35 bp, and two independent RNA samples were analyzed from each cell line.
The human reference genome (hgl8) and the SOLiD BioScope v.1.3 software
package were used to map the data. The Functional RNA Database, a non-coding
RNA sequence database (http://www.ncrna.org/frnadb/) v. 3.4, was used to
retrieve snoRNA features against which the tags were counted. The
R/Bioconductor software was used for downstream analysis, and the DESeq
analysis package (Anders and Huber 2010) for normalization. The Limma package
(Smyth 2005) was used for statistical testing, and features with fold change
FC=]1.5] and p-value p<0.05 were considered to be differentially expressed.
Heatmap clustering of the data was done with the GENE-E tool
(http:/ /www.broadinstitute.org/ cancer/software/ GENE-E/).

4.3.2 Hematological gene expression dataset (Il)

The compilation of the hematological gene expression dataset containing both
neoplastic and non-neoplastic samples is described in detail by Heindniemi and
associates (Heinaniemi et al. 2013). Briefly, the published gene expression datasets
obtained using HG-U133 Plus 2.0 GeneChip platform (Affymetrix) were sought
and  downloaded from the Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/), a public functional genomics data repository.
To obtain an acceptable level of comparability between the samples, quantile
normalization and median polishing were performed on the raw probe values in a
MATLAB environment. Expression levels for genes were summarized from
probes which aligned uniquely to the corresponding transcripts as listed in the
Reference Sequence (RefSeq) database. Only genes with at least four uniquely
aligning probes were selected so as to filter out unreliable expression values.

Fifteen genes on the microarray were identified to be snoRNAs.

4.3.3 Microarray and data analysis (IV)

The samples were prepared from zebrafish total RNA as recommended by the
manufacturer (Agilent Technologies). Agilent’s 4x44K Zebrafish V3 Gene
Expression Microarray was used. The array was scanned with an Agilent
Technologies scanner (model ~ G2565CA),  using  scan  profile
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AgilentHD_GX_1Color. Numerical data were extracted with Agilent’s Feature
Extraction software, version 10.7.1., using grid 026437_D_F_20100719 and
protocol GE1_107_Sep09. The R programming language and environment (R
Development Core Team 2008) and its Bioconductor module (Gentleman et al.
2004) were used to analyze the microarray data. Quantile normalization was used,
and the quality of the data was checked by several quality control methods.
Statistical testing was performed with the Limma package (Smyth 2005), and
stringent filtering thresholds were used (fold change FC=|3| and p-value

p<0.001).

4.4 |Isolation of nucleoli (lll)

For the isolation of nucleoli, a cell fractionation protocol based on sucrose
gradients by Andersen and colleagues (Andersen et al. 2002) was used with some
modifications. The cells were grown to approximately 90 % confluency and 1-3 x
108 cells collected by centrifugation for each isolation. The purified nucleoli were
stored at -70 °C. The total protein concentration of the nucleolar extracts was
determined using a standard protein assay (DC Protein Assay, Bio-Rad) following
the manufacturer’s protocol.

4.5 Two-dimensional difference gel electrophoresis
(2-D DIGE)

4.5.1 2-D DIGE (Ill)

2-D DIGE has two dimensions: first, the isoelectric focusing (IEF), which
separates proteins by their isoelectric point (pI), and second, SDS-PAGE, which
separates proteins based on molecular weight. For 2-D DIGE, the Ettan DIGE
system (GE Healthcare) was used, following the manufacturer’s instructions. The
nucleolar samples were from CCRF-CEM, MHH-CALL3, OCI-AML3 or Hel.a
cell lines. The samples were labeled with fluorescent cyanide minimal dyes (CyDye
DIGE Fluor dyes, GE Healthcare) according to the manufacturer’s protocol. A
combined mix of two samples (labeled with CyDye3 or CyDye5) and an internal
standard (labeled with CyDye2), with 150 ug of protein in total, was applied per 2-
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D DIGE analysis. IEF was performed with non-linear immobilized pH gradient
strips using an Ettan IPGphor II Isoelectric Focusing System (GE Healthcare).
Subsequently, the IEF-separated samples were run on 12 % SDS-PAGE gels using
the Ettan DALTSsix system (GE Healthcare). A schematic illustration of the two
dimensions of 2-D DIGE is given in Figure 4.
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Figure 4. 2-D DIGE. A schematic illustration of the two dimensions of 2-D DIGE. In
the first dimension, isoelectric focusing (IEF), the proteins in the sample are
separated by their isoelectric point (pl) in pH gradient. In the second dimension, the
proteins are separated based on their molecular weight in SDS-PAGE. Thus each
spot in the gel contains proteins of similar size and pl. A silver-stained 2-D DIGE gel
is shown in the figure.

4.5.2 Gel imaging and protein identification (lII)

CyDye-labeled protein spots were visualized with a TyphoonTM Trio Variable
Mode Imager (GE Healthcare) at the appropriate wavelengths. The spot map
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images were analyzed using DeCyderTM v06.5 software (GE Healthcare) according
to the manufacturer’s recommendations, and p-values were calculated using
Student’s test. The gels were post-stained with silver using a method compatible
with identification of proteins by mass-spectrometry (MS) (Yan et al. 2000), and
spots of interest were cut and processed for MS analysis. An automated nanol.C-
MS/MS consisting of aQSTAR® Elite Hybrid LC/MS/MS System (Applied
Biosystems) coupled to a mnano-LC instrument UltiMate® 3000 (Dionex
Corporation) was used. Database searches with the MS/MS data obtained were
petformed  with the MASCOT MS/MS Ion  Search  program
(http:/ /www.matrixscience.com) against the MSDB database.

4.6  Western blotting and staining

4.6.1 Western blotting (I, 1V)

The cells were lysed in RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl
1 % Igepal (NP-40), 0.5 % Na-deoxycholate, 0.1 % SDS) supplemented with
Complete mini protease inhibitor cocktail (Roche). In study III, the total protein
concentration of the samples was determined using a standard protein assay (DC
Protein Assay, Bio-Rad), and samples with uniform protein concentrations were
prepared in 2 x Laemmli buffer. In study IV, 2 dpf zebrafish larvae were lysed
directly in 2 x Laemmli buffer (10 larvae/ 50 pl), by boiling and vigorous pipetting,
and the cell debris was removed by centrifugation. Proteins were resolved by SDS-
PAGE (Mini-PROTEAN Tetra Cell system, Bio-Rad) and transferred to
nitrocellulose membranes (Amersham Biosciences). The immunoblots were
blocked with 5 % non-fat milk, probed with the desired primary antibody
overnight, and after washing probed with a suitable HRP-conjugated secondary
antibody (DakoCytomation). Enhanced chemiluminescence was used in detection.
Primary antibodies used in Western blotting and immunofluorescence staining are

summarized in Table 9.
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4.6.2 Immunofluorescence staining (lll)

The presence of the protein of interest in nucleolar extracts was analyzed by
immunofluorescence staining. Smear preparations of the extracts were prepared on
Superfrost Plus microscope slides (Thermo Scientific). The cells were fixed with 4
% PFA-PBS for 20 minutes, rinsed with PBS, and permeabilized in 0.2 % solution
of Triton X-100 in PBS for 10 minutes. Unspecific binding of the antibodies was
blocked by incubation in 1 % BSA-PBS at 37 °C for 45 minutes. Incubation in the
primary antibody (see Table 9) solution was carried out at 37 °C for 1 hour,
followed by washes in PBS. AlexaFluor-conjugated secondary antibodies
(Molecular Probes, Invitrogen) were used (1 hour at 37° C), and, after washes in
PBS, the cells were mounted on a DAPI mount (VectaShield, Vector
Laboratories). Stainings were analyzed and photographed using a BX60
microscope and the Cell”D software (Olympus).

Table 9. Antibodies used in Western Blotting and immunofluorescence staining.

Dilution used in

Antibody WwB IF Product # Manufacturer
Nucleophosmin (NPM) 1:8000 1:2000  32-5200 Invitrogen

Prohibitin (PHB) 1:1000 1:50 sc-28259 Santa Cruz Biotechnologies
SAP30L 1:250 - - see Korkeamaki et al. 2008
TDP-43 1:1000 1:150 T1705 Sigma-Aldrich

TDP-43-N 1:1000 1:150 SAB4200006 Sigma-Aldrich

IF, immunofluorescence; WB, Western blotting.

4.6.3 Histological staining (V)

The morphant and control zebrafish larvae were fixed (4 % PFA-PBS, 4 °C), and
embedded in 2 % agarose. Dehydration was performed by incubation in a series of
alcohol solutions (70 %, 96 %, and absolute ethanol; 1 - 2 h in each), and last in
xylene for at least 1 h. Next, the samples were embedded in paraffin and 5 pm
sections were cut in longitudinal orientation. The sections were fixed on glass slides
and deparaffinized by incubation in xylene (2 x 4 min), absolute ethanol (2 x 3
min), 96 % ethanol (2 x 3 min), once in 70 % ethanol, and rinsing once with water.
Hematoxylin-eosin staining was performed by incubating the slides in Mayer’s
hematoxylin (2 min), running water (2 min), water (1.5 min), 70 % ethanol (15 s),
eosin Y (15's), 96 % ethanol (2 x 30 s), absolute ethanol (2 x 1 min), and xylene (1-
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4 min). Thereafter the slides were mounted and pictures taken under a BX60
microscope using the Cell”D software (Olympus).

4.7  Zebrafish methods (V)

4. 7.1 Zebrafish maintenance

Wild type AB zebrafish were maintained under standard conditions at 28.5 °C as
described (Westerfield 1995) at the Tampere Zebrafish core facility. The care of the
animals was in accordance with the Finnish Laboratory Animal Welfare Act
62/2006 and the Laboratory Animal Welfare Ordinance 36/2006.

4.7.2 Whole-mount in situ hybridization (WISH)

The sense and antisense probes for zebrafish SAP30L were prepared using the
DIG RNA Labeling Mix (Roche Diagnostics) and linearized plasmid templates
(containing full-length SAP30L cDNA in sense or antisense orientation under T7
promoter) according to the manufacturer’s instructions. Zebrafish larvae were
collected at 12, 24, 36, 48, 72 and 120 hpf, placed immediately in 4 % PFA-PBS
solution, and fixed overnight at 4 °C with gentle agitation. The WISH protocol by
Thisse and Thisse (Thisse and Thisse 2008) was followed with some modifications.
Briefly, the fixed embryos/larvae were rehydrated in 2 ml tubes, with incubations
in a descending methanol-PBST series, and washed in PBST. Digestion with
proteinase K (10 pg/ml in PBS) was done at 4 °C for 20 s to 40 min according to
developmental stage, followed by washing in PBST, refixing in 4 % PFA-PBS, and
subsequent washing in PBST. The larvae were prehybridized for 2 - 3 h at 65 °C,
followed by overnight incubation in the hybridization mix containing 130 ng of
DIG-labeled RNA probe, (SAP30L antisense or sense control), at 65 °C. Next, the
larvae were washed in a series of pre-hybridization-SCCT-PBST solutions, first at
65 °C, then at room temperature. Thereafter the larvae were blocked for 1 - 2 h,
and subsequently incubated in the anti-DIG antibody (1:2000 dilution, sheep anti-
digoxigenin-AP Fab fragments, Roche Diagnostics) overnight at 4 °C. The larvae
were washed, and incubated in the staining solution (premade BM Purple AP
substrate, Roche) until desired staining intensity was reached. The reaction was
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stopped, and the staining was analyzed and photographed using a dissecting
microscope. The anatomical reference images by Haffter and colleagues (Haffter et

al. 1996) were used to assess the localization of the staining.

4.7.3 Morpholino knock-down and mRNA rescue

In microinjection experiments, embryos at the 1 - 4 cell stage were used. The
injection was done into the yolk sac with 1 nl of injection mix with the PV830
Pneumatic PicoPump injection system (WPI, Inc.). Rhodamin dextran was
included in the injection mix to allow selection for successfully injected embryos.
The translational start site of the zebrafish SAP30L mRNA (Ensembl ID:
ENSDARGO00000030213) was targeted with two independent antisense
morpholino oligonucleotides: SAP30L-MO1 (5> CCT CCT CCG TGC TGA AGC
CGT TCA T) and SAP30L-MO2 (TCA TCC CGG AGA CCG GAC ACC GAG
C). The random control morpholino (RC) and the p53-targeting morpholino
(Robu et al. 2007) were also used. All morpholinos were purchased from Gene-
Tools, LLC. The efficiency of SAP30L.-MO1 in blocking the SAP30. mRNA
translation was confirmed using an 7 vitro transcription and translation assay (INT
kit, Promega). The effective concentrations of morpholinos were experimentally
determined. In the mRNA rescue experiments, SAP30L-MO1 or SAP30L-MO2
and a capped synthetic mRNA encoding full-length zebrafish SAP30L or full-
length zebrafish nkx2.5 were simultaneously injected. The mRNA was synthesized
using a T7 mMESSAGE mMACHINE Kit (Ambion) and corresponding plasmid

templates according to the manufacturer’s instructions.

4.7.4 Analysis of heart morphology and function

Heart morphology was assessed and heart rates determined visually in live
zebrafish morphant and control larvae at 5 dpf. The longitudinal fractional
shortening of the atrium and ventricle were calculated according to the formula

(LDd - LDs)/LDd, where LDd is the longitudinal diameter at diastole and LDs the
diameter at systole.
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4.7.5 o-dianisidine staining

Detection of hemoglobin by o-dianisidine staining was performed as previously
described (Ransom et al. 1996). The zebrafish larvae were stained at 3 dpf, analyzed
under a dissecting microscope, and scored as normal, reduced, or severely reduced
based on the qualitative level of staining, which was assessed visually.

4.8 Statistical considerations (1V)

Quantitative data are given as mean * standard deviation. When appropriate,
differences between groups were compared using the two-tailed Student t test or
the y2 test for cross tabulations. A p-value of less than 0.05 was considered
statistically ~significant. Statistical calculations were performed using PASW
Statistics version 18.

4.9 Ethical considerations (I — V)

In this series, commercial cell lines were used. The patient data included in the
hematological gene expression dataset have been collected from published datasets.
The zebrafish work was carried out at the Tampere Zebrafish core facility where
the zebrafish stocks are kept and raised under permission of the State Provincial
Office of Western Finland (permission LSLH-2007-7254-/Ym-23). Since zebrafish
embryos and larvae up to the age of seven days were used in this study, a separate
permission is not required (the effective practice in Finland). The zebrafish can be
considered as the most ethical choice for this study as it is the least

neurophysiologically developed genetically tractable model organism.
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5. Results

51 Small nucleolar RNAs in leukemia

5.1.1 The expression of snoRNAs in leukemic cells ()

Many recent reports demonstrate the involvement of ncRNAs in various normal as
well as pathogenic processes in the cell, expanding our understanding of these
multifaceted molecules far beyond the previously recognized roles. Although
snoRNAs have a well-established role in guiding rRNA modifications, sporadic
observations on their participation in additional functions have accumulated
(Mannoor et al. 2012). Prompted by these observations and the fact that the
characteristics of nucleoli vary in ALL blasts, we hypothesized that the expression
of snoRNAs may be altered in leukemic cells. To address this, we chose two
leukemic cell lines representing each of the main acute leukemia subtypes (T-ALL,
pre-B-ALL, and AML), and one cell line representing BLL (see Table 1 in Study I).
Also, mononuclear cells (MNC) and HeLa cells were included in the analysis in
order to provide a normal as well as non-leukemic cancer point of comparison,
respectively. The small RNA fractions were isolated from the cell lines (two
independent isolations per line), and the small RNA transcriptome was analyzed by
massive parallel sequencing (SOLID 4, Life Technologies). The snoRNAs were
identified, and the normalized expression values for all snoRNAs in each sample
were determined. This snoRNA expression pattern or “snoRNA fingerprint” is
unique for each sample. The relationships between samples can be studied using
cluster analysis, where the samples are grouped according to their general similarity.
Interestingly, the individual cell line samples clustered together according to
leukemia subtype (see Fig. 5). This analysis thus implies that snoRNAs are
differentially expressed in different leukemia subtypes. It is noteworthy that normal
MNC s differ significantly from both Hel.a and leukemic cells in their snoRNA
expression pattern (data not shown).
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Figure 5. Hierarchical clustering of samples based on normalized snoRNA
expression. When hierarchical clustering is visualized by a dendrogram, most
similar samples are found in branches closest to one another. Figure modified from
Study .

5.1.2 Differential expression of snoRNAs in leukemia subtypes

(1)

Next, we filtered out the differentially expressed (DE) snoRNAs between AML, T-
ALL and pre-B-ALL subtypes. The filtering was done based on fold change (FC)
and p-values with cut-offs set at FC >|1.5| and p<0.05. A heat map clustering of
the DE snoRNAs by leukemia subtype is shown in Fig. 2 in Study I. Several DE
snoRNAs were identified to be up- or down-regulated in the comparisons between
AML and ALL (both subtypes) and between T-ALL and pre-B-ALL, and are
summarized in Table 10. Of the snoRNAs (including scaRNAs) listed in the
snoRNA-LBME-db (Lestrade and Weber 20006), approximately 67 % are box C/D,
27 % ate box H/ACA snoRNAs, and roughly 6 % ate scaRNAs. Interestingly, the
majority of the DE snoRNAs were box C/D type. Furthermore, several scaBRNAs
were also differentially expressed.
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Table 10. Differentially expressed snoRNAs in the comparisons.

DE up- down-

Comparison snoRNAs regulated types regulated types
box C/D: 17 box C/D: 18

AML vs. ALL 40 22 box H/ACA: 3 18 box H/ACA: 0
scaRNA: 2 scaRNA: 0
box C/D: 19 box C/D: 15

T-ALL vs pre-B-ALL 46 29 box H/ACA: 5 17 box H/ACA: 1
scaRNA: 5 scaRNA: 1

As most pediatric leukemias are ALL, we next focused on a comparison between
the two main classes of ALL, pre-B-ALL and T-ALL. In the comparison between
T-ALL and pre-B-ALL, 65 % of the up-tegulated snoRNAs were box C/D, and
box H/ACA and scaRNAs accounted for 17 % each. Among the down-regulated,
box C/D snoRNAs dominated with 88 %, whereas both box H/ACA snoRNAs
and scaRNAs stood at 6 %. Seven snoRNAs and two scaRNAs up- or down-
regulated in this comparison were selected (see Table 2 in Study I, and Table 11),
and their expression was analyzed by RT-qPCR. In the first round of RT-qPCR,
the pre-B-ALL and T-ALL cell lines used in SOLIiD analysis were included, and
eight out of the nine snoRNAs showed changes in expression similar to those
observed in the SOLID analysis. In the second round of RT-qPCR, six additional
cell lines were included in the analysis, and similar changes in expression were seen
in six out of the nine snoRNAs (see Fig. 3 in Study I). The results of the analyses
of differential expression between T-ALL and pre-B-ALL for the nine snoRNAs
are summarized in Table 11. We also tested how the total RNA fraction not
enriched for small RNA performed as template in the analysis. The results were
weakly repeated, and for some snoRNAs the expression levels were very low,
which renders interpretation of the result unreliable.
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Table 11. Summary of the expression analyses of the nine snoRNAs from the T-
ALL versus pre-B-ALL comparison. The difference in expression revealed by SOLID
sequencing analysis is given as fold change (FC) value. RT-gPCR was used to
analyze the change in expression between the two ALL subtypes, and is indicated
relative to the SOLID FC (similar or opposite). In Round 1, small RNA templates
from 2 T-ALL and 2 pre-B-ALL cell lines were analyzed, and Round 2, small RNA
templates from 5 T-ALL and 5 pre-B-ALL cell lines. The cell lines are given in Table
1in Study I.

aﬁgll;is?s Change in expression by RT-qPCR
name FC Round 1 Round 2
scaRNA6 3.284 similar similar
scaRNA9 1.938 similar similar*
SNORD24 -1.485 similar similar*
SNORD44 -1.826 similar similar
SNORD49A 1.965 similar opposite
SNORDS55 1.723 similar opposite
SNORD82 -1.531 similar similar
SNORD105 1.513 similar no change
SNORD110 -1.737 opposite similar

* p<0.05; FC, fold change

5.1.3 Expression of snoRNAs in hematological samples (1)

Prompted by the observation that snoRNAs are differentially expressed in cell lines
representing acute leukemia subtypes, we sought next to study whether this is also
the case in normal hematopoietic and leukemic cells originating in patients. To this
end, we performed an 7 silico analysis by utilizing a unique hematological database
with a large cohort of pediatric sample data produced using an Affymetrix
Microarray platform (Heinaniemi et al. 2013). The 15 snoRNAs present on this
microarray and their characteristics are listed in Table 1 in Study II. The expression
dataset contains 883 cases of pediatric acute leukemia representing the main
subtypes AML (237 samples), T-ALL (118 samples), and pre-B-ALL (or early-B-
ALL, 528 samples). Furthermore, there are also non-neoplastic hematopoietic
samples available in the expression dataset. Altogether 35 such samples were
included in our analysis, among them seven HSC, five naive B-cell, 10 naive CD4+
T-cell, and 13 CD8* T-cell samples.
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To begin with, the relative expression levels in different leukemia and normal
blood cell subtypes were compared. The overall expression levels of all snoRNAs
appeared to be relatively uniform in both normal and leukemia samples, as in most
cases no substantial differences in the expression levels between the cell subtypes
could be discerned (see Fig. 1a in Study II). Two snoRNAs, SNORA70 and
SNORD104, were expressed at a higher level compared to the others. The
approximately fourfold higher level of expression was seen in both healthy and
leukemic samples. In addition, the expression of SNORA25 and SNORAG1 was
strong in naive B-cells compared to the other normal or leukemia cell types (Fig. 1a
in Study II), suggesting that the expression of these snoRNAs is regulated in a
manner dependent on B-cell differentiation. When the individual snoRNAs were
examined at the level of single patients, fairly uniform expression was yet again
observed. The only distinguishable exception was SNORD114-3, which is

discussed below.

SNORD114-3 expression in the patient samples was fairly consistent except for
15 cases among the AML samples, in which the expression was increased
(threshold level set at 7 in log2-expression). When these 15 cases were examined
morte closely, it was observed that 13 of them carried the t(15;17) translocation, a
feature distinctive of acute promyelocytic leukemia (APL). Altogether 19 pediatric
APL cases were included in the samples, the rest of which displayed SNORD114-3
log2-expression under 7 (Fig. 1b in Study II). When the pediatric AML samples are
arranged based on SNORD114-3 expression level, the APL cases are clearly
enriched among the high-expressing samples. The level of SNORDI114-3
expression also differentiates between APL cases and other AML cases in a
statistically significant manner (Fig. 1c in Study II). Furthermore, when the
association between high SNORD114-3 expression and APL was studied in the
1117 adult AML samples found in the expression dataset, a similar phenomenon
was seen (Fig. 1c in Study II). Thus, high expression of SNORD114-3 denotes
APL. This has also been reported elsewhere (Cohen et al. 2012, Valleron et al.
2012a).

5.1.3.1 The imprinted locus DLK1-DIO3 in leukemia (I1)

SNORD114-3 is located in the chromosomal region 14q32, and is one of the 31
snoRNAs in the SNORD114 cluster in the DI.K7-DIO3 domain. Interestingly, this
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domain is genomically imprinted, which is an epigenetic mechanism leading to
mono-allelic gene expression in a parent-of-origin specific manner. Over 100
imprinted genes have been discovered in humans, many of which operate during
development, and are usually organized in conserved clusters regulated by an
imprinting control region (ICR). ICRs are long elements rich in CpG elements,
which are heavily methylated only on the paternally- or maternally-inherited allele,
repressing expression from this allele. Thus, genes in these regions are particularly
susceptible to errors, and many diseases such as cancer and developmental
syndromes are associated with disturbances in imprinted domains. Especially
interesting is that 117 snoRNAs have been found to be imprinted, and most of

them are clustered in large transcribed units which produce many highly similar

snoRNAs (Girardot et al. 2012).

The imprinted DIK7-DIO3 domain contains two box C/D snoRNA clusters,
several miRNAs, and protein-coding and non-protein-coding transcripts (see Fig.
0). The three protein-coding genes (DLK7, RTL17, and DIO3) are expressed from
the paternal allele, whereas the maternal allele gives rise to two non-protein coding
genes (MEG3 and MEGS, or RTLIl-antisense), as well as SNORD112,
SNORD113 cluster of 9 snoRNAs, SNORD114 cluster of 31 snoRNAs, and in
total 53 miRNAs (Girardot et al. 2012). Interestingly, the snoRNAs in this domain
are orphans, that is, they lack a known target. In order to establish whether other
transcripts originating in this locus show similar deregulation as SNORD114-3,
their expression was analyzed. Indeed, DI.K7, DIO3 and MEG3 were present on
the microarray, and when their expression in AML samples was compared to that
of SNORD114-3, the only strong correlation was seen in the case of MEG3 (Fig.
1d in Study II). This positive correlation underlines the fact that only transcripts
expressed from the same maternal allele of the locus are up-regulated.
Furthermore, it implies that the expression of the whole maternally imprinted locus

might be deregulated.
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Figure 6. A schematic illustration of the imprinted DLK7-D/O3 domain on 14q32.2.
The transcripts expressed from the maternal allele (MAT) are given above the line
representing the chromosome, and include the non-coding MEG3 and MEGS8 (or
RTL1-antisense), SNORD112, SNORD113 cluster (9 snoRNAs), SNORD114
cluster (31 snoRNAs), and in total 53 miRNAs. The paternal DLK-DIO3 allele (PAT)
produces three protein-coding transcripts, DLK1, RTL1, and DIO3, shown below the
line representing the chromosome. The black circle with a stem represents the
intergenic imprinted control region of the domain. lllustration not drawn to scale.
Data retrieved from www.ncbi.nim.nih.gov/gene/.

5.2 The nucleolar protein composition in leukemia

(Il

As previously described, the nucleolar protein composition is dynamic, and several
nucleolar proteins have been implicated in cancer. In order to study the differences
in the nucleolar proteomes between acute leukemia subtypes, we analyzed the
protein contents of nucleolar extractions made from cell lines representing AML,
T-ALL and pre-B-ALL. The analysis was carried out using two-dimensional
difference gel electrophoresis (2-D DIGE), which is a method widely used to study
complex protein mixtures. Its advantages include sensitivity, accurate
quantification, comparability of numerous samples, and reliable detection of
differences between samples, all due to the use of fluorescent labeling and an
internal standard (Lilley and Friedman 2004).

Our strategy was to compare AML (OCI-AML3) with ALL (CCRF-CEM) as
well as T-ALL (CCRF-CEM) with pre-B-ALL (MHH-CALLD3). First, we prepared
high-quality nucleolar extractions of the cell lines. In the 2-D DIGE experiments,

each of the two samples was labeled with a separate fluorescent dye, combined
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with the internal standard, and separated in the two dimensions. An example of the
resulting gel is shown in Fig. 1 in Study III, in part A as fluorescent image and in
part B as silver-stained gel, where the separated proteins can be seen as individual
spots. The fluorescence intensity levels of the spots, which reflect the expression

level of protein(s) present in the samples, were recorded.

Differences in expression between samples in each protein spot can be analyzed
by comparing the intensity levels of the separate fluorescent dyes used for labeling
the samples. The DeCyder software calculates the average ratio of the differentially
expressed spots. When the cut-off for the average ratio was set at >|2], 36 spots
for AML/ALL comparison, and 29 for pre-B-/T-ALL compatison were detected.
In order to identify the differentially expressed protein(s) present, the spots were
excised from the gel and analyzed by mass spectrometry. Table 1 in Study III lists
the proteins identified with high probability in the four spots of the pre-B-/T-ALL
gel. To further confirm the results, two of the proteins, prohibitin (PHB) and TAR
DNA-binding protein 43 (TDP-43) were studied with immunofluorescence and
WB. Both PHB and TDP-43 were strongly expressed in the pre-B-ALL cell line
MHH-CALLS3 as compared to the T-ALL cell line CCRF-CEM (Fig. 2a-b and Fig.
3a-b in Study III), as also indicated by the 2-D DIGE analyses. In addition, both
PHB and TDP-43 co-localized with the nucleolar marker NPM. Taken together, 2-
D DIGE can be used to discern actual proteomic differences in the nucleoli of
leukemia subtypes. To our knowledge, this was the first time when this method has
been applied to analyzing leukemic nucleoli.

5.3 Functional studies in the zebrafish: SAP30L as
an example (1V)

The identification of nucleolar proteins with altered expression between leukemia
subtypes is certainly a start, but in order to illuminate their potential contribution
to leukemogenesis, a step further has to be taken. While a wide range of 7 vitro
experiments can be performed to shed light on protein function, they produce only
small pieces of information at a time, which may turn out to be challenging to
piece together. In order to gain an overall picture, the function of the protein of
interest should be studied in the context of a living organism. Naturally, this
requires sufficient background information regarding both the protein to be

studied and the organism to be used. Also, a tool box for experimental analysis has
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to be available. Our choice for the model organism was the zebrafish, particularly
the embryos and larvae up to the age of seven days. A nuclear/nucleolar protein

previously studied in our group was chosen to pioneer in setting up the system.

The Sin3A-associated protein 30-like (SAP30L) was first discovered in a screen
carried out to identify novel mRNAs whose expression was induced by TGF-8
(Lindfors et al. 2003). SAP30L shares 70 % sequence identity with another family
member, SAP30, and both proteins are part of the Sin3A corepressor complex, a
multiprotein cluster which performs the deacetylation of histones, and thus
regulates gene expression (Silverstein and Ekwall 2005). The role of the SAP30
family proteins in the Sin3A complex is to link and stabilize the interactions
between protein members and between proteins and DNA. Both SAP30L and
SAP30 are basic and small, and have targeting signals to the nucleus and to the
nucleolus whither they can also direct Sin3A. The major difference between these
two proteins lies in the N-terminus, where SAP30 has an insertion of 38 amino
acids relative to SAP30L (Viiri et al. 2000). Interestingly, the zebrafish is
exceptional among organisms as it only has one member of the SAP30 family, the
sequence of which more closely resembles that of human SAP30L than SAP30
(Viiri et al. 2009). It is thus the perfect model organism to study specifically

SAP30L function  vive, which has thus far remained unknown.

5.3.1 SAP30L expression in the zebrafish

To begin with, the expression of SAP30L was analyzed in zebrafish embryos and
larvae, and in the tissues of the adult zebrafish. As shown in Fig. 1a-b in Study IV,
SAP30L mRNA is expressed at various time-points during embryogenesis. The
expression is localized in the brain at 24 hours post-fertilization (hpf) and onward,
in the pectoral fin buds and later in the pectoral fins (from 36 hpf onward), in the
common cardinal vein from 36 hpf onward, and in the pericardial cavity and the
heart (from 24 hpf onward). Also, moderate expression is seen in the trunk, and in
some embryos in the blood island at 24 hpf. In adult fish tissues, strong expression
of SAP30L mRNA is seen in the brain, and moderate expression in muscle, eye,
gonad and heart (see Fig. 1c in Study IV).
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5.3.2 The effects of depleting SAP30L in the zebrafish

Next, the expression of SAP30L was knocked down during zebrafish early
development using morpholino oligonucleotides (MO), which block the translation
of SAP30L. mRNA. Two independent SAP30L-targeting MOs were designed, and
their efficacy was demonstrated 7z vivo, as SAP30L protein levels were reduced in
MO-treated embryos (see Fig. 2 in Study IV). Also, SAP30L-MO1 inhibited the 7
vitro translation of SAP30L. mRNA dose-dependently. SAP30L.-MO1 or SAP30L-
MO?2 were injected into the embryos at 1 - 4 cell stage, and the resulting phenotype
of the MO-injected zebrafish (morphants) was analyzed up to 5 - 6 days post-
fertilization (dpf). In addition, a microarray analysis of gene expression in the
morphants at 12 and 24 hpf was carried out to elucidate the transcriptional
pathways SAP30L participates in. The phenotypes obtained with both SAP30L-
MOs were essentially similar. Also, possible off-target effects mediated by p53,
which are sometimes induced by MOs, were ruled out by co-injection with a p53-
targeting MO.

5.3.2.1 SAP30L knock-down induces cardiac defects

The SAP30L morphants displayed considerable pericardial edema which
progressed during the observation time. Moreover, almost 90 % of them showed
deformed cardiac morphology compared to the control larvae (see Fig. 3a-b in
Study 1V). Cardiac function was also impaired: the morphants had significantly
reduced heart rates, and the performance of the atrium and ventricle was
substantially decreased as compared to the control larvae (Fig. 3c-d in Study 1V).
As SAP30L is expressed in the developing and adult zebrafish heart, the cardiac
phenotype might well result from the knock-down of SAP30L expression. Indeed,
one of the genes down-regulated at 12 hpf in SAP30L. morphants, as revealed by
the microarray analysis, was nkx2.5 (Fig. 4 in Study IV). nkx2.5 is known to
regulate cardiac development (Chen and Fishman 1996, Targoff et al. 2008). The
down-regulation of nkx2.5 in SAP30L-morphants was confirmed by RT-qPCR
(Fig. 5a in Study IV). Furthermore, co-injection of nkx2.5 mRNA with SAP30L-
MO1 partially rescued the deformed cardiac morphology. These observations
suggest that in the zebrafish, nkx2.5 expression is regulated by a repressor complex
containing SAP30L.
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5.3.2.2 SAP30L knock-down evokes reduced hemoglobin levels

Some SAP30L morphants exhibited red blood cells paler than those in the control
larvae. Subsequently, the hemoglobin levels were determined by o-dianisidine
staining at 3 dpf, and the morphants showed reduced staining (Fig. 3e in Study IV),
indicating reduced hemoglobin levels in the red blood cells. Consistent with this,
microarray analysis of gene expression revealed a marked down-regulation of genes
involved in hemoglobin synthesis and erythropoiesis, for example ppox and alas2
(Brownlie et al. 1998, Dailey and Dailey 1996), at 24 hpf (Fig. 4 in Study IV). The
microarray result was further confirmed by RT-qPCR, which showed down-
regulation of ppox expression in morphant embryos (Fig. 5¢c in Study IV).

5.3.2.3 Multiple signaling pathways are affected

The microarray analysis of gene expression in the SAP30L morphant and control
larvae showed 205 genes to be up-regulated and 174 genes to be down-regulated at
12 hpf. At 24 hpf, 143 genes were up-regulated and 64 genes down-regulated (Fig.
4 in Study IV). Forty-six genes were identified at both time-points, and showed
similar change in expression. Interestingly, the expression of several proteins
involved in TGF-§ signaling was affected by SAP30L knock-down, providing
further support for the role of SAP30L in TGF- signaling. It is noteworthy that
several transcription factors were up- or down-regulated following SAP30L
depletion. Taken together, SAP30L knock-down causes changes in genes involved
in the regulation of transcription. The affected factors and pathways include TGF-
B signaling, Wnt-family members, genes encoding mitochondrial proteins, as well

as cardiogenesis, hemoglobin synthesis and erythropoiesis.
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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 SOLIiD 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 SNORDD55 in the intron of RPS8 (Nicoloso et al.
1996). SNORDS2 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 ate
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
Hel.a 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 DI.LK7-DIO3 domain, shown to be deregulated. Of note, it
has been reported that the overexpression of the cluster is not dependent on the
PMI -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, ACAI11, 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 DI.K7-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 miRINAs

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 snoRINAs

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.

83



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 /7 wiwo function of the
nucleolar/nuclear protein SAP30L yielded some interesting obsetvations. 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 propetly 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 7z 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

86



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 7z vzvo model to study the function of a

nucleolar protein.

0. SAP30L is involved in the regulation of cardiogenesis and hematopoiesis
during zebrafish early development.
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Abstract

Purpose Small nucleolar RNAs (snoRNAs) direct
sequence-specific modifications to ribosomal RNA. We hy-
pothesized that the expression of snoRNAs may be altered
in leukemic cells.

Methods The expression of snoRNAs was analyzed in vari-
ous leukemic cell lines by massive parallel sequencing
(SOLiD). Quantitative real-time PCR (RT-qPCR) was used
to validate the expression profiles.

Results Our results show characteristic differences in the
expression patterns of snoRNAs between cell lines repre-
senting the main subgroups of leukemia, AML, pre-B-ALL
and T-ALL, respectively. In RT-qPCR analyses, several
snoRNAs were found to be differentially expressed in T-
ALL as compared to pre-B-ALL cell lines.

Conclusions snoRNAs are differentially expressed in vari-
ous leukemic cell lines and could, therefore, be potentially
useful in the classification of leukemia subgroups.
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Abbreviations

ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia

APL Acute promyeloid leukemia
BLL Burkitt’s lymphoma/leukemia
DE Differentially expressed

FC Fold change

miRNA Micro-RNA

ncRNA Non-protein-coding RNA
NSCLC  Non-small cell lung cancer
RT-gPCR  Quantitative real-time PCR
scaRNA  Cajal body-specific RNA
siRNA Small interfering RNA
snRNA Small nuclear RNA

snoRNA  Small nucleolar RNA
snoRNP  Small nucleolar ribonucleoprotein

1 Introduction

The discovery that the majority of the mammalian genome is
transcribed into non-protein-coding RNAs (ncRNAs) has
changed the landscape of human genetics [1]. Recent work
has established that these RNAs are involved in normal cel-
lular processes as well as pathological conditions such as
cancer, heart diseases, immune disorders, and various neuro-
degenerative and metabolic diseases [2]. Several classes of
ncRNA have been identified, including small interfering
RNAs (siRNA), microRNAs (miRNA), PIWI-associated
RNAs (piRNA), small nucleolar RNAs (snoRNA), and vari-
ous species of long ncRNA.

The small non-coding RNA molecules of the nucleolus,
snoRNAs, can be grouped into two main classes. One class
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comprises the C/D box snoRNAs, which share the evolu-
tionarily conserved C (RUGAUGA) and D (uCUGA) box
motifs. The function of these RNAs is to guide methylation
of specific target RNAs, and they associate with the nucle-
olar protein fibrillarin, which catalyzes the transfer of 2'-O-
methyl groups [3]. Members of the other class, the H/ACA
box snoRNAs, share the conserved box H (AnAnnA) and
ACA motifs. These RNAs guide pseudouridylation by as-
sociating with dyskerin, the enzyme responsible for catalyz-
ing the uridine-pseudouridine isomerization reaction [3]. An
interesting group of snoRNAs, the small Cajal body-specific
RNAs (scaRNAs), contains composite RNA molecules that
guide both methylation and pseudouridylation of the spli-
ceosomal small nuclear RNAs (snRNAs) [4, 5].

snoRNAs associate with a number of protein components
to form the functional small nucleolar ribonucleoprotein
(snoRNP) complex, which then carries out the RNA modi-
fication reactions. The snoRNAs are responsible for the
selection of target sequences by transient complementary
base-pairing with the target RNA molecules, which are in
most cases ribosomal RNAs (rRNAs). In addition to direct-
ing the modification of rRNA, snoRNPs modify other
RNAs, including spliceosomal snRNAs, some transfer
RNAs (tRNA), and messenger RNAs (mRNA) [6].

In vertebrates, the majority of both C/D and H/ACA box
snoRNAs are encoded within introns of protein-coding
genes [7—10], whose protein products in many cases have
some role in protein synthesis [11]. A common feature of the
genes that host intronic snoRNAs is that most of them
encode 5' terminal oligopyrimidine (5'TOP) mRNAs, which
are classically thought to produce proteins associated with
translation [12, 13]. Intronic encoding provides an econom-
ical mechanism for simultaneous production of both the
protein and RNA components needed in protein synthesis.
After splicing of the pre-mRNA, the snoRNAs are removed
from the host introns by exonucleases and processed further
[10, 14—-16]. While most snoRNAs have been found in
protein-coding host genes, some reside in genes with no
apparent protein-coding potential [12, 17, 18]. Such genes
are presumed to act as vehicles for snoRNA production,
although a recent report described additional snoRNA-
independent functions for the snoRNA-host RNA, Zfas!
[19]. Indeed, the expression strategies of snoRNAs show
great diversity, ranging from different types of independent
coding units with specialized promoters to intronic coding
units without independent promoters. Encoding of
snoRNAs can be organized in clusters or individually,
and frequently a single host gene may encode several
snoRNAs in adjacent introns, according to the “one
snoRNA per intron” principle [20]. Thus, the expression
strategies and genomic organization of snoRNAs are
variable and complex, and our understanding of them
is far from complete.

@ Springer

The general features of the archetypal snoRNAs have
been known for some time. However, in addition to the
stereotypic snoRNAs, recent work has identified several
snoRNAs with structural and/or functional features typically
associated with other types of ncRNA, adding a further layer
of complexity. For example, mature snoRNAs can be further
processed to produce short RNAs with miRNA-like func-
tions [21-23], suggesting a connection between processing
and silencing of RNAs. As new studies shed light on the
relationships between different ncRNAs, unexpected com-
plexities and unorthodox features are gradually emerging in
the interplay between these RNA molecules.

The Next-generation sequencing technologies have played
a crucial role in the high-throughput detection of ncRNAs. In
the present work, we analyzed the expression patterns of
snoRNAs in several leukemic cell lines using SOLiD, a mas-
sive parallel sequencing platform. Our results show that the
expression patterns of snoRNAs comply with the classical
subtyping of leukemias based on morphology and flow
cytometry. The expression levels of individual snoRNAs an-
alyzed by RT-qPCR confirm those revealed by SOLiD
sequencing. Our results suggest that snoRNA profiling
bears potential as a diagnostic tool for leukemia.
Revealing the mechanisms that regulate snoRNA ex-
pression, and their possible role in pathogenesis, is of
considerable interest and warrants further studies.

2 Materials and methods
2.1 Cell culture

Several cell lines were used. The cell lines representing pre-B-
ALL were MHH-CALL3, KOPN-8, Kasumi-2, Nalm-6 and
REH. The cell lines representing T-ALL were CCRF-CEM,
Molt-16, Jurkat, P12-Ichikawa and Peer. The OCI-AML3
and HL-60 cell lines represented AML. The Daudi cell line
represented Burkitt’s lymphoma, and the HeLa cell line
represented cervical carcinoma. All cell lines were obtained
from the Leibniz-Institut DSMZ (German Collection of
Microorganisms and Cell Culture, Braunschweig, Germany).
KOPN-8, Kasumi-2, Nalm-6, REH, CCRF-CEM, Molt-16,
Jurkat, P12-Ichikawa, HL-60 and Daudi cells were cultured
in RPMI-1640 medium (Gibco, Invitrogen) supplemented
with 1 % L-glutamine (L-glu), 10 % fetal bovine serum
(FBS), and 1 % penicillin/streptomycin antibiotics (pen-strep).
MHH-CALLS3 and Peer cells were cultured in the same medi-
um containing 20 % FBS. OCI-AML3 cells were cultured in
MEM Alpha Medium (Gibco, Invitrogen) supplemented with
1 % L-glu, 20 % FBS and 1 % pen-strep. HeLa cells were
cultured in D-MEM medium (Sigma-Aldrich) supplemented
with 1 % L-glu, non-essential amino acids, 10 % FBS and 1 %
pen-strep.
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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

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

Table 1 Characteristics of the cell lines used

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
cDNA was amplified with in-gel PCR, and cleaned up using
the PureLink PCR Micro 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

cell line type patient origin karyotype, fusion genes analysis
KASUMI-2 pre-B ALL 15 years, diagnosis hypodiploid RT-gPCR
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-gPCR

REH pre-B ALL 15 years, first relapse pseudodiploid, TEL-AMLI 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-gPCR
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; R7-gPCR quantitative real-time PCR
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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

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-CALLS3.
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
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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 ¢ 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 by massive 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 scaRNAG6. 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-
gPCR. 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, SNORDS82, SNORD105)
and two scaRNAs (scaRNA6 and scaRNAY). Statistically
significant differences in expression between the pre-B-ALL
and T-ALL subgroups could be seen in cases of scaRNA9 and
SNORD?24. 1t 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. name alt name fRNAdb accession FC p-value
pre-B comparison
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
alt name alternative name; SNORDSS Uss FRO80434 1723 9.43¢-05
JRNAdb accession accession
number in the Functional RNA. SNORDS2 Us2 FR223959 —-1.531 0.1004
database (http:// SNORD105 U105 FR045105 1.513 0.0051
www.ncRNA.org/frmadb); FC SNORD110 HBII-55 FR358878 -1.737 0.0490

fold change
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Fig. 3 Scatter plots exhibiting quantitative real-time PCR expression
analyses of scaRNA6, scaRNA9, SNORD24, SNORD44,
SNORD49A, SNORDSS, SNORDS2, SNORD105, and SNORD110
in five pre-B-ALL and five T-ALL cell lines. The pre-B-ALL cell lines

total RNA (Supplementary Fig. 3). While scaRNA6 and
scaRNA9 showed similar differences in expression,
SNORDI105 showed opposite difference in expression, and
SNORD24, SNORD44 and SNORDS2 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.
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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

Only a few reports discussing these snoRNAs have been
published, and detailed descriptions are available for only
SNORD24 [27] and SNORDS2 [28]. SNORDA44, 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 snoRNA was shown to correlate with
a poor prognosis [26]. Gas5 was also found to play an
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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

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.' The authors also identified a
specific snoRNA signature in acute promyelocytic leukemia (APL)
with overexpression of snoRNA clusters SNORD112-114. Recently,
Cohen et al.? 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 Heindniemi
et al® 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 SNORDI104, were
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marks acute promyelocytic

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 SNORAGT 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 log,-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 (P<10 %) and adult AML (P<10 %)
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 1913.1 U2 snRNA C61 and U2 snRNA G11 11

SCARNA17 Small cajal body Independent transcriptional unit 18g21.1 U4 snRNA C8 1

SNORA25 Box H/ACA Homo sapiens cDNA AK128061 11921 18S rRNA U801 and 18S rRNA U814 6

SNORAG61 Box H/ACA SNHG12 small nucleolar RNA host gene  1p35.3 28S rRNA U2495 7
12 (non-protein coding)

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

SNORA71B Box H/ACA SNHG17 small nucleolar RNA host gene  20q11.23 18S rRNA U406 22
17 (non-protein coding)

SNORA74A Box H/ACA SNHG4 small nucleolar RNA host gene 4;  5¢g31.2 28S rRNA U3741, 28S rRNA U3743 and 33
MATR3 alt Matrin3 mRNA U3 snRNA U8

SNORD8 Box C/D CHD8 chromodomain helicase DNA 14q11.2 U6 snRNA A53 5
binding protein 8

SNORD104 Box C/D Independent transcriptional unit 179233 28S rRNA C1327 5

SNORD114-3 Box C/D LOC100507242, snoRNA gene cluster 14932 Unknown 4

Accepted article preview online 27 August 2013
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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 DLKT and DIO3. Pearson’s correlation coefficients were calculated using log, expressions.

The snoRNA cluster SNORD114 lies in the genomically imprinted
domain DLK1-DIO3 in the 1432 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.*
The paternal allele of DLK1-DIO3 domain expresses three protein-
coding genes (DLK1, RTL1 and DIO3), whereas the maternal
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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.* 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

© 2013 Macmillan Publishers Limited



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 DLKT 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.” Valleron
et al' showed that SNORD114-1 is capable of modulating cell
growth and proliferation in APL cells, thus suggesting
leukemogenicity of SNORD114. Recently, Chu et al.® found that
ACAT1, 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 ACATT
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." and Cohen et al.?
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 expression” 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-Mclver et al.? and other transcripts of DLK1-DIO3 domain
have been associated with lung cancer,” hepatocellular carcinoma'®
and the pluripotency levels of stem cells."
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The function of the nucleolus is intimately connected to cell proliferation, division and growth. Many
cancer cells have enlarged nucleoli, and several nucleolar proteins have been linked to tumorigenesis. In
order to find proteins whose expression is altered in the nucleoli of leukemic cells, we carried out two-
dimensional difference gel electrophoresis (2-D DIGE) analyses. Prohibitin (PHB) and TAR-DNA-binding
protein-43 (TDP-43) were strongly expressed in the nucleoli of the pre-B-ALL cell line MHH-CALL3. Our
results demonstrate that leukemic cells have differences in their nucleolar protein composition, and
suggest that it may be possible to exploit these differences in identification of leukemia subtypes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The nucleolus is a prominent nuclear structure best known for
its central role in ribosome biogenesis. When a cell enters mito-
sis, the nucleoli are disassembled, and at the end of mitosis they
begin to reassemble around clusters of ribosomal RNA genes, called
nucleolar organizer regions (NORs). The nucleolus, which is not
bound by a membrane, can be divided into 3 sub-regions: the
fibrillar centre (FC), the dense fibrillar component (DFC) and the
granular component (GC) [1-3]. In addition to roles in ribosome
biogenesis, other functions have been identified for many nucleo-
lar proteins. Functions ascribed to the nucleolus include control of
the cell-cycle, cellular stress responses and synthesis of small RNAs
and RNA-protein complexes [4]. Over 4500 proteins are believed
to localize to the nucleolus in human cells and these proteins are
estimated to represent over 80% of the total nucleolar proteome [5].
The nucleolus appears to be highly conserved through eukaryotic
evolution, since approximately 90% of human nucleolar proteins
have homologues in yeast [6]. The size and number of nucleoli in
human cells vary according to the cell type and the proliferation
rate of the cell.

* Corresponding author at: Paediatric Research Centre, University of Tampere
Medical School, FM-3, Biokatu 10, 3rd Floor, FIN-33520 Tampere, Finland.
Tel.: +358 3 3551 8406; fax: +358 3 3551 8402.
E-mail address: kaisa.teittinen@uta.fi (K. Teittinen).

0145-2126/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2011.06.038

Consistent with the nucleolus having a significant influence
on cell proliferation and growth, disturbances and alterations
in its structure and function have been identified in a num-
ber of diseases, including cancer. For instance, inherited diseases
such as Diamond-Blackfan anemia, dyskeratosis congenita and
Shwachman-Diamond syndrome, which are also associated with
increased risk of cancer, are caused by mutated nucleolar proteins
[7]. A nucleolar protein called nucleophosmin has been found to
be mutated or overexpressed in various tumors and hematologic
malignancies [8]. In acute myeloid leukemia with no karyotypic
changes, mutated nucleophosmin mislocalizes to the cytoplasm
instead of the nucleolus in more than 30% of the patients [9].

Encouraged by these discoveries, this study was undertaken to
find changes in nucleolar proteomes in various acute leukemic cell
lines. The aim was to identify nucleolar proteins that could be used
as markers in the classification or diagnostics of various subtypes
of leukemia. Here we provide evidence that prohibitin (PHB) and
TAR DNA-binding protein 43 (TDP-43) are differentially expressed
in the nucleoli of leukemic cell lines.

2. Materials and methods
2.1. Cell culture

The cell lines used were: MHH-CALL3, KOPN-8, CCRF-CEM and MOLT-16 (acute
lymphatic leukemia, ALL), OCI-AML3 and HL-60 (acute myeloid leukemia, AML), and
HelLa (cervical carcinoma). KOPN-8, CCRF-CEM, MOLT-16 and HL-60 cells were cul-
tured in RPMI-1640 medium (Gibco) supplemented with 1% penicillin/streptomycin
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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
weights and pH gradient as indicated. The protein spots excised from the gel are
marked (see Table 1).

antibiotics (pen-strep), 1% L-glutamine (L-glu) and 10% fetal bovine serum (FBS).
MHH-CALL3 cells were cultured with the same medium, but with 20% FBS. OCI-AML3
cells were cultured in MEM Alpha Medium (Gibco) supplemented with pen-strep, L-
gluand 20% FBS. HeLa cells were cultured in b-MEM medium (Sigma) supplemented
with pen-strep, L-glu, non-essential amino acids and 10% FBS.

2.2. Isolation of nucleoli

For the isolation of nucleoli, a cell fractionation protocol by Andersen et al. [10]
was used with some modifications. Briefly, the leukemic cells were grown to about
90% confluency and 1-3 x 108 cells were collected by centrifugation. The cells were
washed with PBS and resuspended in 5ml of a hypotonic buffer (10mM Hepes
(pH 7.9), 10 mM KCl, 1.5mM MgCl,, 0.5 mM DTT), broken on ice by ten strokes
in a dounce homogenizer with a tight pestle, after which the nuclei were collected
by centrifugation (228 x g, 5min, +4°C). To remove impurities, the nuclear pellet
was resuspended in 3ml of S1-solution (0.35M sucrose, 10 mM MgCl,), layered
over 3 ml of S2-solution (0.35 M sucrose, 0.5 mM MgCl, ), and centrifuged (1430 x g,
5min, +4°C). The pelleted nuclei were then resuspended in 3 ml of S2-solution
and sonicated for 3-5min on ice using a 10s/20s ON/OFF-cycle at power setting
“high” (Bioruptor UCD-200, Diagenode). The sonicate was checked for the absence
of intact nuclei and presence of nucleoli with a phase contrast microscope (Axiovert
200 M, Zeiss). To pellet the nucleoli, the sonicate was layered over 3 ml of S3-
solution (0.88 M sucrose, 0.5 mM MgCl,) and centrifuged (2800 x g, 10 min, +4°C).
The pelleted nucleoli were further washed in 500 pl of S2-solution and centrifuged
(2800 x g, 5min, +4°C). The purified nucleoli were resuspended in 500 .l of S2-
solution and stored at —70°C until use. The nucleolar content and quality of the
samples were assessed by using immunofluorescence microscopy with the anti-
nucleophosmin (32-5200, ZYMED) antibody and DAPI staining (for DNA). The total
protein concentration of the nucleolar extracts was determined using a standard
protein assay (DC Protein Assay, Bio-Rad).

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 (pl), 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 HelLa 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 5.5h 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 (180V for 0.75 h, 300V for 0.75 h, 600V for
0.75h, gradient from 600V to 5000V for 1h, gradient from 5000V to 8000V for
0.75h, and 8000V 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 (0.75M Tris-HCI, 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 1-2W per gel for approximately 12h 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 Typhoon™ Trio Variable
Mode Imager (GE Healthcare) at the appropriate wavelengths. Analysis of the spot
map images was performed using DeCyder™ 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 pl 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 2x 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


http://www.matrixscience.com/

234 KJ. Teittinen et al. / Leukemia Research 36 (2012) 232-236

CCRF-CEM
§ MHH-CALL3

P «orns

PHB

P ocravs

=1
i
Lad

P voLre

MHH-CALL3

os]

5.0
Protein

N Fes

4.57
4.0
3.5
3.0+
2.5
2.0+
1.5+
1.0
0.5

Fold expression relative to CCRF-CEM

MOLT-16 CCRF-CEM MHH-CALL3 KOPN-8 OCI-AML3 HL-60
L 1 L oL I

pre-T-ALL pre-B-ALL AML

PHB NPM
C
g CCRF-CEM
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Densitometric analysis of the band intensities in panel A normalized to CCRF-CEM levels. (C) Immunofluorescence staining of PHB in nucleolar preparations from CCRF-CEM
and MHH-CALL-3 cells. 100x magnification. NPM, nucleophosmin; DAPI, 4’,6-diamidino-2-phenylindole.

expression varies between leukemic cell types. Nucleolar isola-
tions were prepared from various cell lines according to previously
published protocols [6]. Nucleophosmin/B23, a well-characterized
nucleolar protein [14], was used as a nucleolar marker. As shown
in Suppl. Fig. 1, the nucleolar preparations were highly enriched
for nucleoli, and only a few sporadic intact nuclei could be seen.
For 2-D DIGE analysis, the experiments were designed to facili-
tate evaluation of nucleolar protein composition between AML and
ALL (OCI-AML3 vs. CCRF-CEM), and between pre-B-ALL and pre-
T-ALL (MHH-CALL3 vs. CCRF-CEM). The 2-D DIGE analyses were
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performed in duplicate. A typical obtained fluorescence image of
a 2-D DIGE gel is shown in Fig. 1a. Intensity levels of individual
protein spots, mirroring differences in expression levels between
various leukemic cell lines, were compared using DeCyder™ soft-
ware. A number of differentially expressed proteins (average ratio
cut-off set to £2) were detected, 36 in AML/ALL and 29 in pre-
B/pre-T cell comparisons. For easier spot picking the 2-DE gels
were post-stained with silver (Fig. 1b). Finally, the selected pro-
tein spots were “in-gel” digested and the digests subjected to
nanoLC-tandem mass spectrometry analysis. Protein identification

DAPI

Fig. 3. Nucleolar expression of TDP-43. (A) Western blot analysis of the expression of TDP-43 (TDP-43 and its N-terminal region, TDP-43-N) in nucleolar extracts from
leukemic cell lines. Equal loading of samples. (B) Densitometric analysis of the band intensities in panel A normalized to CCRF-CEM levels. (C and D) Immunofluorescence
staining of TDP-43 in nucleolar preparations from CCRF-CEM and MHH-CALL3 cells. NPM, nucleophosmin; DAPI, 4’,6-diamidino-2-phenylindole. 100x magnification (C and

D).
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Table 1

Five most interesting proteins identified with high probability from a pre-B-ALL vs. pre-T-ALL 2-D DIGE gel. Information on the excised spots from DeCyder analyses (av
ratio), silver-stained gel (spot type, experimental MW and pl) and mass spectrometric analysis (protein ID and name, MASCOT score and hits). The theoretical MWs and pls
were calculated with EXPASy Compute pI/Mw tool (http://au.expasy.org/tools/pi_tool.html). Prot ID: UniProt accession number, MASCOT score: sum of individual ion scores,
peptide matches: the number of peptides identified, MW: molecular weight (kDa), pl: isoelectric point, spot type: silver-staining intensity of the spot on gel, av ratio: average
ratio expressing the degree of difference in standardized protein abundance between the 2 cell lines.

spot no Prot ID Protein name MASCOT score Peptide matches Experimental Theoretical Spot type Av. ratio
MW pl MW  pl
2 P56279 T-cell leukemia/lymphoma protein 1A 67 1 14-16 4.8 13.5 5.0 Moderate 9.9
19 075934 Pre-mRNA-splicing factor SPF27 129 4 28 5.4 26.1 5.5 Moderate 123
P02663 Alpha-S2-casein precursor 54 2 28 54 26 8.6 Moderate 123
22 P35232 Prohibitin 617 13 30 55 29.8 5.6 Strong 6.3
32 Q13148 TAR DNA-binding protein 43 150 2 45 5.8 44.7 5.9 Strong 44

was performed using the MASCOT MS/MS lon Search programme.
Four of the protein spots analyzed from pre-B-/pre-T-ALL gels were
found to match proteins from the suggested origin with a high
probability (Table 1). Two of the proteins, PHB and TDP-43, were
deemed the most interesting and we focused further analyses on
them.

In order to confirm the 2-D DIGE results, we performed West-
ern blotting of independent nucleolar extracts. As shown in
Figs.2a and 3a, both PHB and TDP-43 were strongly expressed in the
nucleolar preparations from a pre-B-ALL cell line (MHH-CALL-3),
as compared to a pre-T-ALL cell line (CCRF-CEM). In densitomet-
ric analyses, a 1.8-2.7-fold difference in TDP-43 expression and a
2.9-fold difference in PHB expression was seen (Figs. 2b and 3b).
This is in line with the 2D-DIGE analyses, in which we observed
a 6.3-fold difference in the intensity of the PHB spot and a 4.4-
fold difference for the TDP-43 spot. Likewise, another pre-B-ALL
cell line (KOPN-8) showed strong expression of both TDP-43 and
PHB. On the other hand, another cell line representing pre-T-ALL
(MOLT-16) showed stronger expression of TDP-43 and PHB than
CCRF-CEM (Figs. 2a and 3a), probably reflecting differences in the
genetic background of individual cell lines. Also, two tested AML
cell lines (HL-60 and OCI-AML3) demonstrated strong expression
of both TDP-43 and PHB (Figs. 2a and 3a).

Finally, we looked at the expression of PHB and TDP-43 more
closely by examining their staining patterns by immunofluores-
cence microscopy. As shown in Fig. 2c, 3c and d, nucleolar extracts
of MHH-CALL-3 and CCRF-CEM cells showed strong staining for
PHB and TDP-43 (with 2 different antibodies). Both proteins colo-
calized with nucleophosmin, a nucleolar marker protein.

4. Discussion

This study aimed to identify nucleolar proteins that are differen-
tially expressed in various cell lines derived from acute leukemias.
We report here the identification of two such proteins, PHB and
TDP-43, which showed strong nucleolar expression in a pre-B-ALL
cell line (MHH-CALL-3).

Our methodological approach, which subjects nucleolar extracts
to sensitive proteomic analyses, has the ability to capture sub-
tle differences in nucleolar proteomes. Each 2-D DIGE analysis
can produce novel findings, and, with the combined internal stan-
dard allowing comparisons between gels from separate runs, more
extensive analyses are feasible. This is especially convenient in
the study of acute leukemia, which comprises multiple disease
subtypes. With commercially available cell lines it is possible to
identify nucleolar proteins common to all leukemias, or to delin-
eate leukemia subtype-defining expression patterns. A drawback
of the strategy used in this study is that large amounts of start-
ing material are needed for the nucleolar extracts, and this limits

the application of this method in analysis of patient samples. Nev-
ertheless, the availability of leukemic cell lines makes it possible
to perform screening experiments, and the aim is to confirm the
obtained results in patient samples.

We identified 2 proteins, PHB and TDP-43, as differentially
expressed in the nucleoli of leukemic cell lines. PHB, also known
as B-cell receptor associated protein-32 (BAP32), and a closely
related protein, PHB2, localize mainly to the mitochondria, where
they function as chaperones [15]. However, they have also been
found in other subcellular locations, including the plasma mem-
brane and the nucleus, as well as in blood [15-17]. PHB has also
been found in the nucleolus (www.lamondlab.com/), consistent
with our findings. In the nuclei of breast cancer cells, PHB co-
localizes with E2F1, retinoblastoma protein (pRb) and p53, and is
able to modulate transcriptional activity mediated by p53 and E2F1
[16-18]. Interestingly, both anti-tumorigenic and pro-tumorigenic
functions have been reported for PHB, depending on its subcellu-
lar localization [19]. Our results show differences in the nucleolar
abundance of PHB between leukemic cell lines. It can be envisioned
that the nucleolar localization of PHB is a result of lack of interact-
ing partners in the nucleus (e.g., pRb or p53). PHB may function in
regulation of transcription in the nucleolus, in a role similar to its
nuclear role. It may also serve as a chaperone in ribosome biogen-
esis, analogous to its role in mitochondria. Even though PHB also
showed strong expression in another pre-B-ALL cell line (KOPN-
8), it remains to be seen whether increased nucleolar expression
of PHB is common to all pre-B-ALL cells. If this is the case, one
may wonder about the reason behind this. On the other hand, the
observed differences in expression levels in 2 separate pre-T-ALL
cell lines, CCRF-CEM and MOLT-16, could also indicate that other
factors may also play a role. It is also noteworthy that the tested
AML cell lines showed strong nucleolar expression of both PHB and
TDP-43.

TDP-43 belongs to the family of heterogeneous nuclear ribonu-
cleoproteins (hnRNPs) and has been shown to be involved in
regulation of pre-mRNA splicing and repression of transcription
[20]. Loss of TDP-43 in human cells causes genomic instability and
increased apoptosis [21]. Hyperphosphorylated, ubiquitinated,
and cleaved TDP-43 was identified as the main component of
cytoplasmic inclusions in two neurodegenerative diseases, fron-
totemporal lobar degeneration (FTLD) and amyotrophic lateral
sclerosis (ALS) [22,23]. The cells containing TDP-43 inclusions show
nuclear clearing of TDP-43 [22,24]. Recently, an immunoelectron-
microscopical analysis revealed that TDP-43 localized specifically
to the nucleoli in motor neurons [25]. ALS patients had a reduced
number of nucleolus-positive deposits, and the authors suggested
that TDP-43 trafficking between the nucleus (or nucleolus) and the
cytoplasm is disturbed in ALS [25]. In view of our results, disturbed
localization of TDP-43 in leukemic cells could link this protein to
leukemogenesis. Although TDP-43 involvement in leukemogen-
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esis has not been reported previously, our observations suggest
that the possible role of TDP-43 in malignancy warrants further
studies.

In conclusion, we have demonstrated that the present 2-D DIGE
proteomic approach is applicable to the study of leukemia at the
nucleolar level. This approach was able to identify proteins that are
differentially expressed in different leukemic cell lines. Further-
more, we identified two nucleolar proteins as potential candidates
for further studies in the field of leukemia research.
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SAP30L (Sin3A-Associated Protein 30-Like) is Involved in
Regqulation of Cardiac Development and Hematopoiesis in
Zebrafish Embryos
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ABSTRACT

The Sin3A-associated proteins SAP30 and SAP30L share 70% sequence identity and are part of the multiprotein Sin3A corepressor complex.
They participate in gene repression events by linking members of the complex and stabilizing interactions among the protein members as well
as between proteins and DNA. While most organisms have both SAP30 and SAP30L, the zebrafish is exceptional because it only has SAP30L.
Here we demonstrate that SAP30L is expressed ubiquitously in embryonic and adult zebrafish tissues. Knockdown of SAP30L using
morpholino-mediated technology resulted in a morphant phenotype manifesting as cardiac insufficiency and defective hemoglobinization of
red blood cells. A microarray analysis of gene expression in SAP30L morphant embryos revealed changes in the expression of genes involved
in regulation of transcription, TGF-beta signaling, Wnt-family transcription factors, and nuclear genes encoding mitochondrial proteins. The
expression of the heart-specific nkx2.5 gene was markedly down-regulated in SAP30L morphants, and the cardiac phenotype could be
partially rescued by nkx2.5 mRNA. In addition, changes were detected in the expression of genes known to be important in hemoglobin
synthesis and erythropoiesis. Our results demonstrate that SAP30L regulates several transcriptional pathways in zebrafish embryos and is
involved in the development of cardiac and hematopoietic systems. J. Cell. Biochem. 113: 3843-3852, 2012. © 2012 Wiley Periodicals, Inc.

KEY WORDS: ZEBRAFISH; SAP30L; TRANSCRIPTION; MICROARRAY; HEMATOPOIESIS; CARDIOGENESIS

A cetylation and other covalent modifications of histones play scaffold protein. Sin3A is composed of domains that mediate
fundamental roles in chromatin dynamics and regulation of protein-protein interactions and thereby forms a platform to which
gene expression. Deacetylation of histones is carried out by a several enzymes, DNA-binding transcription factors, and other
multiprotein corepressor complex in which Sin3A is an essential bridging proteins bind [Silverstein and Ekwall, 2005]. The core
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Sin3A-HDAC corepressor complex contains the histone deacety-
lases HDAC1 and HDAC2, the histone-binding proteins RbAp46 and
RbAp48, the Sin3A-associated protein 18 (SAP18), SAP30, and
SDS3 [Silverstein and Ekwall, 2005].

The Sin3A-associated proteins SAP30 and SAP30L (SAP30-like)
have been shown to be present in various corepressor complexes
[Laherty et al., 1998; Zhang et al., 1998; Viiri et al., 2006]. We have
previously reported that these proteins bind DNA directly and this
association is regulated by nuclear monophospholipids [Viiri et al.,
2009b]. SAP30 and SAP30L are small and basic, and contain nuclear
(NLS) and nucleolar (NoLS) localization signals [Viiri et al., 2006].
The main difference between the two proteins lies in their N-termini,
where SAP30 contains a 38 amino acid insertion relative to SAP30L.
Both proteins are able to localize to the nucleus or the nucleolus, and
they can direct Sin3A to the nucleolus [Viiri et al., 2006].

While a range of biochemical and cell biological results implicate
SAP30 and SAP30L in repression of gene expression, the function(s)
of these proteins in the setting of a living organism has not been
established. In order to study this, we chose the zebrafish as a model
organism. The zebrafish has only one of these proteins, SAP30L
[Viiri et al., 2009a], enabling us to study the role of SAP30L without
interference of potentially overlapping functions of SAP30. Our
results suggest an important role for SAP30L in diverse transcrip-
tional pathways in zebrafish embryos.

ZEBRAFISH MAINTENANCE AND MICROINJECTIONS

Wild type AB zebrafish were maintained under standard conditions
at 28.5°C as described [Westerfield, 1995]. In microinjection
experiments, embryos at the 1-4-cell stage were injected into the
yolk sac with 1 nl of injection mix, which contained the morpholino,
mRNA (where indicated) and rhodamine dextran. The PV830
Pneumatic PicoPump injection system (WPI, Inc.) was used, and the
injection volume was calibrated to 1 nl using 1 mm Micrometer scale
(S48, Ted Pella Inc.). The care of the animals was in accordance with
the Finnish Laboratory Animal Welfare Act 62/2006 and the
Laboratory Animal Welfare Ordinance 36/2006.

WHOLE-MOUNT IN SITU HYBRIDIZATION (WISH)

DIG-labeled sense and antisense probes for zebrafish SAP30L were
prepared using the DIG RNA Labeling Mix (Roche Diagnostics)
according to the manufacturer’s instructions, as described [Thisse
and Thisse, 2008]. Linearized plasmids containing the full-length
SAP30L cDNA (in the sense or antisense orientation) under the
control of the T7 promoter were used as templates. Zebrafish larvae
were collected and processed as described [Thisse and Thisse, 2008]
at 12, 24, 36, 48, and 72 hpf. Whole-mount in situ hybridization
(WISH) using alkaline phosphatase detection with the BM Purple
substrate (Roche Diagnostics) was carried out according to Thisse
and Thisse [2008] with the following modifications: 2ml tubes
were used during the entire procedure, hybridization was carried out
at +65°C, 130 ng of sense or antisense probe was used per reaction
and a dilution ratio of 1:2,000 was used for the anti-DIG antibody
(sheep anti-digoxigenin-AP Fab fragments, Roche Diagnostics). The
stained fish were analyzed and photographed under a dissecting

microscope. The localization of the staining was assessed by
comparing to the anatomical reference images by Haffter et al.
[1996].

RNA EXTRACTION AND QUANTITATIVE REAL-TIME PCR
Expression of the SAP30L, nkx2.5 and ppox genes was assayed by
quantitative real-time PCR (qRT-PCR). Total RNA was extracted
from zebrafish embryos and adult fish tissues with an RNeasy Mini
Kit (Qiagen), and converted to cDNA using an iScript Select cDNA
Synthesis Kit (Bio-Rad) and random primers according to the
manufacturers’ instructions. The housekeeping gene EF1A (Ensembl
ID: ENSDARG00000020850) [Tang et al., 2007] was used as a
normalization control. The primer sequences are described in the
Supplementary data. qRT-PCR was performed by using an Evagreen
Ssofast supermix kit (Bio-Rad) as instructed by the manufacturer.
An average threshold cycle (Ct) value was calculated from two or
three replicate samples. The mRNA levels (mean 4 SD) are expressed
relative to those of the housekeeping gene, EF1A. The PCR runs were
repeated twice, and no significant differences between replicate runs
were observed (data not shown). For the microarray experiments, the
total RNA was extracted from whole embryos collected at 12 or
24 hpf.

ANTISENSE MORPHOLINO EXPERIMENTS

The translational start site of the zebrafish SAP30L mRNA
(Ensembl ID: ENSDARGO00000030213) was targeted with two
independent antisense morpholinos: SAP30L-MO1 and SAP30L-
MO2 (Fig. 2a, Supplementary Table I). Their sequences exhibited no
significant similarity to other loci in a search of a zebrafish database.
The random control morpholino (RC, see Supplementary Table I) has
no gene targets or observable biological activity in the zebrafish.
The p53-targeting morpholino was also used (Supplementary
Table I). All morpholinos were purchased from Gene-Tools, LLC.
The effective concentrations of morpholinos were experimentally
titrated and are indicated in the figures or figure legends.

WESTERN BLOTTING

The efficacy of MO1 and MO2 in blocking the translation of the
SAP30L mRNA was analyzed using a human anti-SAP30L antibody
[Korkeamaki et al., 2008]. MO1-, MO2-, or RC-injected larvae were
collected at 2 dpf (days post-fertilization) directly into 2x Laemmli
buffer (10 larvae/50 wl), and lysed by boiling and passing through a
pipette vigorously. The lysates were centrifuged for 5 min to remove
the debris, and the soluble fraction was used for further analysis. The
proteins were resolved on 12% SDS-PAGE gels and transferred to
nitrocellulose membranes (Amersham Biosciences). The immuno-
blots were probed with an anti-SAP30L antibody, and the proteins
were detected by enhanced chemiluminescence. In all zebrafish
lysates, the anti-SAP30L-antibody recognized only a single band,
the molecular weight of which is a few kilodaltons lower than in
human control (lysed cells transfected with Myc-His-tagged
SAP30L), as expected due to the presence of the tag and the larger
size of human SAP30L.
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ANALYSIS OF HEART MORPHOLOGY AND FUNCTION

Heart morphology at 5 dpf was assessed visually and categorized as
normal or deformed, examples of which are shown in Supplemen-
tary Figure S3. Heart rates were determined visually in unanaesthe-
tized morphant and control larvae at 5dpf. Ventricular and atrial
performance was analyzed on 10-20s time-lapse videos. The
longitudinal fractional shortening was calculated according to the
formula (LDd — LDs)/LDd, where LDd is the longitudinal diameter at
diastole and LDs the diameter at systole.

HISTOLOGICAL STAINING

The morphant and control larvae were fixed in a 4% formaldehyde-
PBS solution at +4°C and embedded in 2% agarose. The samples
were dehydrated by incubating them in a series of alcohol solutions
(70%, 96%, and absolute ethanol) for 1-2h in each solution, and
finally in xylene for at least 1 h. The samples were then embedded
in paraffin and 5 pm-thick sections were cut in longitudinal
orientation. The sections were fixed on glass slides and depar-
affinised by incubating them twice in xylene (4 4 min), twice in
absolute ethanol (4 3 min), twice in 96% ethanol (a4 3 min), once
in 70% ethanol, and rinsing once with water. Hematoxylin-eosin
staining was performed by incubating the samples in Mayer’s
hematoxylin (2 min), running water (2 min), water (1.5 min), 70%
ethanol (15s), eosin Y (15s), 96% ethanol (30s, twice), absolute
ethanol (1 min, twice), and xylene (1-4 min). After this the slides
were mounted and pictures were taken under a BX60 microscope
using the Cell’D program (Olympus).

O-DIANISIDINE STAINING

Detection of hemoglobin by o-dianisidine staining was performed as
described previously [Ransom et al., 1996]. Larvae stained at 3 dpf
were scored as normal, reduced, or severely reduced based on their
qualitative level of staining which was assessed visually. In the
normal category, staining was judged to be equivalent to that of wild
type larvae, reduced staining was visibly decreased as compared to
wild type, and in the severely reduced category, the larvae showed
little or no staining.

mRNA RESCUE

The mRNA rescue experiments were performed by injecting
simultaneously SAP30L-MO1 or SAP30L-MO2 and a capped
synthetic mRNA encoding the gene of interest. We used various
doses of mRNA in the injections, and the data were pooled for
analysis. The mRNA was synthesized using a T7 mMESSAGE
mMACHINE Kit (Ambion) according to the manufacturer’s instruc-
tions. Briefly, a plasmid template linearized with HindlIll was mixed
thoroughly with components of the kit and incubated at +37°C for
2h, after which the template DNA was removed by a DNase
treatment. The synthesized mRNA was purified using a MEGAclear
kit (Ambion) according to the manufacturer’s protocol and further
concentrated by ammonium acetate precipitation. The templates
used in the synthesis reactions had been created by cloning the
desired cDNA into the pcDNA3.1/mycHis(—)A-vector (Invitrogen)
using EcoRI and Hindlll restriction sites. The constructs contained
full-length zebrafish SAP30L (drSAP30L) or full-length zebrafish
nkx2.5 (Nkx2.5), each without a stop codon.

STATISTICAL ANALYSES

Quantitative data are given as mean =+ standard deviation. When
appropriate, differences between groups were compared by using
the two-tailed Student t-test or the x? test for cross tabulations. A P-
value of less than 0.05 was considered statistically significant.
Statistical calculations were performed using PASW Statistics
version 18.

MICROARRAYS

200 ng of total RNA was amplified and labeled with Cy3 using a Low
Input Quick Amp Labeling kit (Agilent Technologies). The samples
were processed using an RNA Spike In kit (Agilent Technologies).
1.65 pg of each Cy3-labeled sample was hybridized to Agilent’s
4 x 44K Zebrafish V3 Gene Expression Microarray overnight at 65°C
in the buffers of Agilent’s Gene Expression Hybridization kit. The
arrays were washed according to the manufacturer’s instructions
and scanned with an Agilent Technologies’ scanner (model
G2565CA), using scan profile AgilentHD_GX_1Color. Numerical
data were extracted with Agilent’s Feature Extraction software,
version 10.7.1., using grid 026437_D_F_20100719 and protocol
GE1_107_Sep09.

MICROARRAY DATA ANALYSIS

The R programming language and environment [R Development
Core Team, 2008] and its Bioconductor module [Gentleman et al.,
2004] were used for analysis of data from the microarrays. The raw
data were normalized with quantile normalization, and the quality
of the data was checked with several quality control methods.
Statistical testing was performed with the Limma package [Smyth,
2005], and stringent filtering thresholds were used for both time
point comparisons (fold change FC>|3| and P-value P<0.001).

SAP30L mRNA IS EXPRESSED DURING EMBRYOGENESIS AND IN
ADULT ZEBRAFISH TISSUES

SAP30 and SAP30L have been implicated in the regulation of gene
repression through the Sin3A-corepressor complex [Laherty et al.,
1998; Zhang et al., 1998; Viiri et al., 2006, 2009b]. Their function
in vivo remains unknown and we therefore set out to examine the
function of SAP30L using the zebrafish as a model. Contrary to the
human and mouse genomes, only one member of the SAP30 family
has thus far been identified in the zebrafish genome, and its derived
protein sequence more closely resembles human SAP30L than
SAP30 (Supplementary Fig. S1; Viiri et al., 2009a).

We studied the expression of the SAP30L gene during zebrafish
embryogenesis in whole embryos by qRT-PCR, and determined the
localization of the expression by WISH at 12, 24, 36, 48, and 72 h
post-fertilization (hpf) (Fig. 1a and b). The results show that SAP30L
mRNA is widely expressed during embryogenesis (Fig. 1a and b). The
expression is strongest in the brain, including forebrain, midbrain,
and hindbrain, at the 24, 36, 48, and 72 hpf time points (Fig. 1a). The
pectoral fin buds (at 36 and 48 hpf) and pectoral fins (72 hpf) also
show strong expression of the mRNA. Next to the pectoral fin buds,
staining is seen also in the region of common cardinal vein (see
dorsal view in Fig. 1a) starting at 36 hpf. Furthermore, the heart area
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Expression of SAP30L mRNA in zebrafish embryos, larvae, and adult tissues. A: WISH analysis of SAP30L mRNA expression during embryogenesis at indicated time
points. Staining with an antisense probe is shown in dorsal (top row) and lateral (middle row) views, and a control sense-strand probe is shown in lateral view (bottom row). The
black asterisk points out the heart next to it, the black arrow indicates the pectoral fin bud/pectoral fin, and the white arrow indicates the region of the common cardinal vein. B:
qRT-PCR analysis of SAP30L mRNA in whole embryos during embryogenesis. SAP30L mRNA levels are normalized to the level at 1 day post-fertilization (dpf). C: qRT-PCR
analysis of SAP30L mRNA in adult tissues. SAP30L mRNA levels (mean = SD) are expressed relative to those of the housekeeping gene, EF1A. [Color figure can be seen in the
online version of this article, available at http://wileyonlinelibrary.com/journalfjcb]
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shows positive staining, first seen in the pericardial cavity (24 hpf)
and later in the heart itself. In addition, moderate expression of
SAP30L mRNA is seen in the trunk (including the area of the
intermediate cell mass, ICM), and some embryos show weak staining
in the blood island at 24 hpf. In adult fish, strong expression is seen
in the brain and moderate expression in muscle, eye, gonad, and
heart tissues (Fig. 1c).

DESIGN AND VALIDATION OF THE SAP30L-TARGETING
MORPHOLINOS
In zebrafish embryos, morpholino oligonucleotides (MO) can be

Fig. 2. The morpholinos used to target the SAP30L mRNA. A: Sequence of
the coding strand of the zebrafish SAP30L gene, showing the 5'-untranslated
region (normal font) and part of the first exon (boldface starting from the ATG-
codon). Complementarity of the sequences of the morpholinos SAP30L-MO1
and SAP30L-MO2 to the coding strand of the gene is illustrated. B: Western
blotting analysis of SAP30L protein levels in 2dpf larvae injected with
SAP30L-MO1 (MO1), SAP30L-MO2 (M02), or random control morpholino
(RC). Morpholino concentrations used: 400 pM for MO1, 600 pM for M0O2,
600 .M for RC. The numbers under the lanes indicate band intensity relative to
RC. The lysates contain identical numbers of larvae per volume of lysis buffer,
and equal volume of sample was loaded on the gel in each case.

used to knock down expression of genes of interest. We designed
two translation-blocking morpholinos (MO1 and M02) which target
the translation initiation site in the SAP30L mRNA (Fig. 2a). In an
in vitro translation assay, a specific and dose-dependent inhibition
of translation of SAP30L mRNA was detected with the MO1 but not
with RC control (Supplementary Fig. S2). The ability of morpholinos
to block translation of SAP30L was further investigated by using the
SAP30L antibody and Western blotting. A significant reduction
in SAP30L protein levels was detected in MO1- and MO2-treated
zebrafish embryos at 2dpf, demonstrating the efficacy of these
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morpholinos in down-regulating the expression of the SAP30L
protein in vivo (Fig. 2b).

KNOCKDOWN OF SAP30L EVOKES CARDIAC DEFECTS AND
REDUCED HEMOGLOBIN LEVELS

In order to investigate the role of SAP30L in zebrafish development,
we injected morpholinos (MO1 or M0O2) into 1- to 4-cell stage
embryos, and observed their development for 5-6 dpf. The SAP30L
morphants showed prominent and progressive pericardial edema.
Importantly, most of the SAP30L morphants exhibited deformed
cardiac morphology (85-89%; Fig. 3a, Supplementary Fig. S3),
with the hearts remaining string-like and visible on a single plane,
in contrast to the three-dimensional complexity of the healthy
hearts in the control larvae (Fig. 3b). Cardiac function was assessed
by determining the heart rates and the contractility of the chambers.
The results demonstrate significantly reduced heart rates in
MO1- and MO2-injected morphants (Fig. 3c), with the differences
detectable already at 3 dpf. Similarly, a substantial decrease in
the longitudinal fractional shortening values was seen in both
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the atrium and the ventricle, as compared to control hearts
(Fig. 3d). Videos illustrating the diminished cardiac function can be
found in the Supplementary data (SV1-3). The results are compatible
with the WISH and qRT-PCR analyses which showed expression of
SAP30L in the developing and adult heart (Fig. 1a and c), and
suggest that the phenotype results specifically from the knockdown
of SAP30L.

In some SAP30L morphants, the red blood cells seemed
paler as compared to those in control larvae. In a Sin3B-
knockout mouse, impaired erythroid differentiation has been
reported, with a 43% reduction in the number of circulating red
blood cells and a 37% reduction in hemoglobin levels [David et al.,
2008]. In order to determine hemoglobin levels in the SAP30L
morphants, o-dianisidine staining was performed on 3 dpf embryos
(see examples in Supplementary Fig. S4). As summarized in
Figure 3e, the morphants exhibited reduced staining, indicating
reduced hemoglobin levels in the red blood cells. The observed effect
on erythroid differentiation is consistent with the fact that SAP30L
expression is seen at the area of the common cardinal vein and ICM,
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Fig. 3. The phenotype induced by knockdown of SAP30L involves defects in the heart and in hemoglobinization of red blood cells. A: The majority of the SAP30L morphant

larvae have deformed hearts (see close-up images of normal and deformed hearts in Supplementary Fig. S2). B: Histological analysis of cardiac morphology. Hematoxylin—eosin
staining of sections reveals string-like appearance of the heart in the MO1- and MO2-injected larvae, in contrast to the RC-injected controls. V, ventricle; A, atrium; Y, yolk sac.
C: SAP30L morphant larvae exhibit reduced heart rates. Heart rates (beats per minute, bpm) are represented as mean bpm =+ SD. D: Both atrial and ventricular performance in
SAP30L morphant hearts are impaired, as shown by the decreased longitudinal fractional shortening values (represented as mean =+ SD). “*P= 0.002; **P< 0.001; ***P= 0.005;
****P=0.006, as compared to RC control. The morpholino concentrations used in A-D: 300-750 uM for MO1, 500-600 pM for MO2, 400-750 .M for RC. E: SAP30L
morphants exhibit defects in hemoglobinization of red blood cells (see examples in Supplementary Fig. S4). MO1-, MO2-, or RC-injected larvae are scored as normal, reduced, or
severely reduced based on hemoglobin staining by o-dianisidine. Morpholino-concentrations used: 400 uM for MO1, 600 uM for M02, 600 uM for RC. [Color figure can be
seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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where developing erythrocytes are present [Davidson and Zon,
2004].

In addition, some morphant larvae were slightly smaller than
control larvae, and showed edema in the head and brain (data not
shown).

The phenotypes obtained with both SAP30L-targeting morpho-
linos were essentially similar, with MO2-morphants showing
slightly delayed onset, which concurs with the less decreased level
of SAP30L protein in these morphants as compared to MO1-
morphants (Fig. 2b). Since morpholinos are known to induce off-
target p53-mediated effects [Robu et al., 2007], we co-injected
both morpholinos with the p53-morpholino. Larvae injected with
SAP30L-MO2 alone or together with the p53-morpholino, did not
differ in phenotype. SAP30L-MO1 morphants exhibited a slightly
alleviated but essentially similar phenotype when co-injected with
the p53-morpholino (data not shown).

One way to demonstrate the specificity of the observed phenotype
is to rescue it by co-injecting the morpholino with the target mRNA
[Eisen and Smith, 2008]. In our case, this strategy could be exploited
only with MO2, since it targets the SAP30L mRNA upstream of the
start codon. No rescue of the reduced hemoglobin staining but a
tendency towards a less severe cardiac phenotype could be observed
in the rescued morphant larvae (data not shown). The incomplete
rescue may be due to various reasons, such as the short half-life of
the injected mRNA, strict temporal or spatial constraints on the
expression at certain developmental stages, inability of the mRNA
to reach the right tissue, or the fine balance between under- and
over-expression of the protein in the embryos and larvae.

SAP30L IS INVOLVED IN MULTIPLE TRANSCRIPTIONAL PATHWAYS
DURING ZEBRAFISH EMBRYOGENESIS

SAP30L is a part of the Sin3A-HDAC multiprotein corepressor
complex [Viiri et al., 2006]. In order to elucidate the transcriptional
pathways in which SAP30L participates during zebrafish embryo-
genesis, we performed a microarray analysis of embryos in which
expression of SAP30L was knocked down. To avoid any secondary
effects on gene expression, we chose early time points at 12 and
24 hpf. It has been reported previously that most developmentally
regulated genes reach their peak expression by 24 hpf, with a sharp
increase in transcript accumulation at 12 hpf [Mathavan et al.,
2005]. In our analysis, 205 genes were up-regulated and 174 genes
down-regulated at the 12hpf time point, whereas at 24 hpf, the
respective numbers were 143 and 64 (Fig. 4, Supplementary Fig. S5).
Of the affected genes, 46 were identified at both time points and
showed similar alterations in expression. Since SAP30L is part of a
transcriptional repressor complex, its knockdown may be expected
to lead to more up-regulation than down-regulation of genes. Our
results bear out this expectation and are in line with the published
microarray data for Sin3, another member of the same repressor
complex. RNAi-mediated knockdown of Drosophila SIN3 resulted in
induction of 364 genes but only 35 genes were repressed [Pile et al.,
2003]. Similarly, in mouse cells in which Sin3A had been knocked
out, the majority of the differentially expressed genes were up-
regulated [Dannenberg et al., 2005]. The results of knockdown of
Drosophila SIN and the mouse mSin3A were similar in that mainly
genes involved in cytosolic and mitochondrial energy-generating

pathways were affected. Our data on knockdown of SAP30L in
Danio rerio show no marked changes in expression of the genes
reported in the Drosophila SIN and mouse Sin3A data sets. Instead,
expression of several nuclear genes encoding mitochondrial
proteins was affected by knockdown of SAP30L. These include
timm8a, cyb5b, ppox, alas2 and fars2 (Fig. 4, Supplementary
Fig. S5).

SAP30L was originally identified in our laboratory as a TGF-beta-
inducible transcript in a cell culture system that models differentia-
tion of the intestinal epithelium [Lindfors et al., 2003]. Interestingly,
down-regulation of SAP30L in the zebrafish resulted in strong
induction of Smad2, a mediator in the TGF-beta signaling pathway.
The 150 kDa TGF-beta-1-binding protein was similarly up-regulat-
ed at 12 hpf, whereas the bone morphogenetic factor 5 (BMP5), a
member of the TGF-beta superfamily, was slightly down-regulated.
These results taken together with our previous findings suggest a
role for SAP30L in TGF-beta signaling events.

In gene ontology analysis, the pathway with the most hits is
associated with regulation of transcription. The same result was
obtained when the analysis was performed on the genes that showed
the largest differences in their expression. Indeed,
transcription factors show altered expression in our microarray
analysis (Fig. 4, Supplementary Fig. S5). Among them are the Wnt-
family transcription factor Wnt7b, which is involved in the

several

development of vasculature, lung, and kidney [Shu et al., 2002;
Lobov et al., 2005; Rajagopal et al., 2008; Yu et al., 2009; Lin et al.,
2010], and Wnt2, which has been shown to be associated with
cardiogenesis and several other developmental processes [Alexan-
drovich et al., 2006; Wang et al., 2007; Goss et al., 2009, 2011; Sousa
et al., 2010]. In addition, Wisp3, a protein involved in modulation of
Wnt and BMP signaling [Nakamura et al., 2007], was affected.

NKX2.5 EXPRESSION IS REDUCED IN SAP30L KNOCKDOWN
EMBRYOS

One of the genes down-regulated at 12hpf in the microarray
analysis of SAP30L morphants, Nkx2.5 (Fig. 4), is a well-known
regulator of heart development [Chen and Fishman, 1996; Targoff
et al.,, 2008; Reamon-Buettner and Borlak, 2010]. The down-
regulation of the Nkx2.5 gene was confirmed by qRT-PCR, which
showed a threefold decrease in its expression in SAP30L-MO1-
treated embryos, and a sixfold decrease in SAP30L-MO2-treated
embryos (Fig. 5a). Interestingly, co-injection of Nkx2.5 mRNA with
SAP30L-MO1 could partially rescue the deformed cardiac morphol-
ogy in the SAP30L morphants (Fig. 5b). Previous studies in other
model organisms have implicated Nkx2.5 in various cardiac
developmental processes, including progenitor specification and
proliferation, heart tube extension and looping, and chamber
morphogenesis [Targoff et al., 2008]. Our results suggest that
transcription of Nkx2.5 is regulated by a SAP30L-containing
repressor complex in zebrafish embryos. As SAP30L is a member of
a large corepressor complex and binds DNA only nonspecifically, its
observed effect on expression of Nkx2.5 is likely to be indirect.
Interestingly, some members of the Sin3A corepressor complex are
known to regulate expression of genes critical for cardiac
morphogenesis and function in both the zebrafish and mice. These
include HDAC1 [Pillai et al., 2004; Montgomery et al., 2007], HDAC2
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[Montgomery et al., 2007], HDAC3 [Farooq et al., 2008], and mSDS
[Amsterdam et al., 2004].

GENES INVOLVED HEMOGLOBIN SYNTHESIS ARE
DOWN-REGULATED BY SAP30L KNOCKDOWN

Consistent with the finding of diminished hemoglobin staining in
the morphant larvae, we observed a marked reduction in expression
of genes involved in hemoglobin synthesis and erythropoiesis
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(ppox, alas2, and ball globin-like gene) at 24 hpf (Fig. 4,
Supplementary Fig. S5). The zebrafish ppox, a protoporphyrinogen
oxidase, is expressed in the ICM as early as 22 hpf, similar to other
genes involved in hematopoiesis, including alas2, gatal, and
B-spectrin [Detrich et al., 1995; Brownlie et al., 1998; Liao et al.,
2000]. Down-regulation of ppox was confirmed by qRT-PCR, which
showed a sixfold decrease in its expression in SAP30L-MO1-treated
embryos and a 4.8-fold decrease in SAP30L-MO2-treated embryos
(Fig. 5¢). In the future, it remains to be elucidated whether the lower
hemoglobin levels observed after knockdown of SAP30L are due to
impaired erythropoiesis, a block in heme biosynthesis, or some other
mechanism. Our results suggest that one function of SAP30L may be
to silence the expression of a factor that inhibits heme synthesis or
erythropoiesis.

SAP30 and SAP30L, members of the well-known Sin3A corepressor
complex, have been previously implicated in repression of gene
expression. However, the function(s) of these proteins in the setting
of a living organism has not been established. Zebrafish was chosen
as a model organism because it has only one of these proteins,
SAP30L, enabling us to study its role without interference of
potentially overlapping functions. Here we have demonstrated that
SAP30L is ubiquitously expressed in the zebrafish and participates
in the regulation of transcription of multiple genes. Morpholino-
mediated knockdown of SAP30L protein results in disruption of
cardiac development and function, and a reduction in hemoglo-
binization of red blood cells. Our results give important in vivo
evidence of the role and function of SAP30L during the zebrafish
embryogenesis.
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