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Summary
Infant leukaemia is an embryonal disease in which the underlying MLL translocations initiate in
utero. Zebrafish offer unique potential to understand how MLL impacts haematopoiesis from the
earliest embryonic timepoints and how translocations cause leukaemia as an embryonal process. In
this study, a zebrafish mll cDNA syntenic to human MLL spanning the 5’ to 3’UTRs, was cloned
from embryos, and mll expression was characterized over the zebrafish lifespan. The protein
encoded by the 35-exon ORF exhibited 46.4% overall identity to human MLL and 68–100%
conservation in functional domains (AT-hooks, SNL, CXXC, PHD, bromodomain, FYRN,
taspase1 sites, FYRC, SET). Maternally supplied transcripts were detected at 0–2 hpf. Strong
ubiquitous early zygotic expression progressed to a cephalo-caudal gradient during later
embryogenesis. mll was expressed in the intermediate cell mass (ICM) where primitive
erythrocytes are produced and in the kidney where definitive haematopoiesis occurs in adults. mll
exhibits high cross species conservation, is developmentally regulated in haematopoietic and other
tissues and is expressed from the earliest embryonic timepoints throughout the zebrafish lifespan.
Haematopoietic tissue expression validates using zebrafish for MLL haematopoiesis and
leukaemia models.
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Introduction
Infant acute leukaemias are embryonal cancers in which the characteristic translocations
leading to disruption of the MLL transcription factor that give rise to transformation initiate
in utero (Ford, et al 1993). MLL translocations also are archetypal of secondary leukaemias
after chemotherapeutic topoisomerase II poisons (Rowley and Olney 2002), and occur less
often in childhood and adult acute leukaemias (Liedtke and Cleary 2009). Fusions of 5’ MLL
with >60 partner genes, many of which encode transcriptional regulatory or cell signaling
proteins (Meyer, et al 2009), generate diverse chimeric proteins believed to play key roles in
leukaemogenesis by altering transcription (Liedtke and Cleary 2009). Patients with
leukaemias marked by particular MLL translocations are at high risk for a poor outcome
(Balgobind, et al 2009, Hilden, et al 2006, Pieters, et al 2007).

Despite substantial progress, how MLL affects normal haematopoiesis and how MLL
translocations lead to leukemogenesis are incompletely understood. From murine models it
is known that MLL is essential for primitive yolk sac (Hess, et al 1997, Yu, et al 1995) and
definitive fetal liver (Yagi, et al 1998) haematopoiesis and is expressed in adult myeloid and
lymphoid cells (Jude, et al 2007), though its precise roles remain enigmatic. Zebrafish are an
attractive model to better understand MLL because of the embryonal origin of infant
leukaemia (Ford, et al 1993), and the unique in vivo access to the earliest developmental
timepoints inaccessible in mammals but possible with abundant, transparent, rapidly and
externally growing zebrafish embryos (Payne and Look 2009).

MLL SNL (speckled nuclear localization), PHD (plant homeodomain) and SET (Su (var)3–
9, Enhancer of zeste, trx) domains were highly conserved through evolution from
Drosophila trx, pufferfish mll, murine Mll and the human ortholog (Caldas, et al 1998,
Djabali, et al 1992, Tkachuk, et al 1992), predicting a similar zebrafish protein. Drosophila
trx is a transcriptional maintenance factor for homeobox gene expression, which is
antagonized by transcriptional repressive effects of Polycomb group proteins (Liedtke and
Cleary 2009). Homeobox gene expression regulation by trx is critical for cell fate
specification during development, a function conserved through evolution as evidenced by
defective body patterning and lethality with Mll deficiency in mice, where Mll maintains
homeobox gene expression during skeletal, neuronal, craniofacial and haematopoietic
development (Hess, et al 1997, Yu, et al 1998, Yu, et al 1995).

The MLL oncoprotein undergoes taspase1 proteolysis into amino and carboxyl fragments
with transcriptional repression and activation properties, which reassociate in a multiprotein
complex (Hsieh, et al 2003, Yokoyama, et al 2002) that orchestrates epigenetic nucleosome
and histone modifications (Milne, et al 2002). Its amino terminus contains AT-hooks that
promote p21 and p27 upregulation, cell cycle arrest and monocyte differentiation (Caslini, et
al 2000a), SNL motifs that direct subnuclear localization (Caslini, et al 2000b) and a CXXC
region characteristic of chromatin associated proteins, which binds to non-methylated CpG
dinucleotides (Allen, et al 2006, Caslini, et al 2000a, Xia, et al 2003, Yokoyama, et al
2002). Central PHD zinc fingers mediate homodimerization and protein interactions
including binding to a nuclear cyclophilin, which modulates target gene expression (Fair, et
al 2001). The carboxyl SET domain with histone H3K4-specific methyltransferase activity
interacts with the SWI/SNF chromatin remodeling complex (Milne, et al 2002). Taspase1
proteolysis is critical for proper MLL nuclear sublocalization and homeobox gene regulation
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(Hsieh, et al 2003). Taspase1 proteolysis (Takeda, et al 2006) and bimodal MLL
degradation by specific E3 ligases (Liu, et al 2007) affect cell cycle progression.

Until now, zebrafish Mll has not been characterized even though zebrafish orthologs of
numerous mammalian haematopoietic genes (Chen and Zon 2009) and various leukaemia-
associated oncogenes, tumor-suppressor genes and MLL partner genes (Song, et al 2004)
have been identified and other zebrafish leukaemia models are emerging (Payne and Look
2009). Interestingly, mll recently was identified as a maternally supplied transcript in a
genome-wide screen for SET domains with potential developmental roles in early histone
programming (Sun, et al 2008). The purposes of this work were to clone the full-length
zebrafish mll cDNA and define spatio-temporal mll expression throughout the zebrafish
lifespan as a critical foundation for utilizing zebrafish for further investigations of MLL in
developmental haematopoiesis and disease.

Methods and Materials
Gene prediction tools

The existence of a zebrafish mll gene and relationship to human MLL were queried with
BLASTP (www.ncbi.nlm.nih.gov/BLAST/). Corresponding transcripts were studied using
BLAST and ENSEMBL (www.ensembl.org). GNOMON was used to align the predicted
transcript and protein to the genome (www.ncbi.nlm.nih.gov/genome/). CDART was
employed to find relationships between the zebrafish and human proteins
(www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi). Synteny was analysed using the
ENSEMBL genome assembly (Zv7) database.

Zebrafish maintenance
Wild-type zebrafish were raised and maintained under standard conditions and utilized
according to US Institutional Animal Care and Use Committee (IACUC) guidelines.

Molecular analyses of predicted zebrafish mll ortholog
The most highly conserved regions in human MLL, mouse Mll and pufferfish mll CXXC
and SET domains were identified using ClustalW (www.ebi.ac.uk/clustalw/). Degenerate
cross-species primer mixtures for degenerate reverse transcriptase polymerase chain reaction
(dRT-PCR) (TABLE SI) were designed from these regions, accounting for fold degeneracy
after examining codons with a mismatched base
(boneslab.bio.ntnu.no/degpcrshortguide.htm). Eliminating sequence wobble in some codons
reduced primer degeneracy, even if there was a mismatched base. Random hexamer primed
first strand cDNA, prepared from total RNA from a whole wild-type adult zebrafish using
SuperScript™ III reverse transcriptase (Invitrogen, Carlsbad, CA), was amplified with
Expand High Fidelity Taq polymerase (Roche, Indianapolis, IN).

Cross-species Southern blot analysis was performed using the B859 human MLL (ALL-1)
breakpoint cluster region (bcr) cDNA as probe (Gu, et al 1992). To predict restriction
fragments that would be detected, restriction maps of a projected genomic sequence
corresponding to a zebrafish mll cDNA derived with gene prediction tools (Entrez Gene
557048), were simulated in the region of highest homology to the probe. Genomic DNA (20
µg) from a whole wild-type adult zebrafish extracted using DNeasy (Qiagen, Valencia, CA),
was digested with BamHI, BglII, NheI, SacI, XbaI or HindIII. Conditions were those
employed for human DNAs (Felix, et al 1997); BamHI-digested human lymphocyte DNA
(10 µg) was the control.
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Molecular cloning of zebrafish mll cDNAs
TABLE SI contains details of the molecular cloning experiments including target amplicons.
RT-PCR primers were designed from reference sequences derived with gene prediction
tools, or sequences of partial cDNAs derived herein.

Total RNAs were isolated from whole wild-type adult zebrafish or 24 hpf (hours post
fertilization) embryos (~25–50 per experiment) using TRIzol® reagent (Invitrogen) or
RNeasy (Qiagen) (TABLE SI) and treated with DNase I (Roche); 1–5 µg of total RNA was
used to prepare cDNAs. All RT-PCRs were replicated at least twice.

RT-PCR analysis of a predicted single transcript spanning two proximal chromosome 15
“similar to MLL” cDNAs (XM_680024, XM_679940) was performed by synthesizing
oligo(dT) primed first strand cDNA with SuperScript™ II reverse transcriptase and
performing PCR with Expand High Fidelity Taq Polymerase (Roche).

To generate cDNAs spanning exons 1–35 including all but 199 bases of the 5’ end and 46
bases of the 3’ end of the ORF by long-range RT-PCR, AccuPrime™ High Fidelity Taq
DNA Polymerase (Invitrogen) and primers in TABLE SI were used to amplify either oligo-
dT primed first strand cDNA from adults, or a mixture of oligo-dT primed and random
hexamer primed first strand cDNA from 24 hpf embryos synthesized with a SuperScript™ II
First Strand Synthesis kit (Invitrogen). Products were subcloned into pCR-XL-TOPO
(Invitrogen) and a sequence contig generated.

The 5’ and 3’UTRs were cloned by RACE (Rapid Amplification of cDNA ends) with
primers in TABLE SI using 5’ and 3’ RACE Systems (Invitrogen) according to
manufacturer’s instructions for first strand cDNA synthesis, and the Expand High Fidelity
PCR System (Roche) for PCRs. The products were subcloned into pCR 2.1-TOPO
(Invitrogen); their sequences informed primers for further RT-PCRs.

The same first strand cDNAs used above to clone exons 1–35, and High Fidelity Taq
Polymerase (Invitrogen) were employed to generate a cDNA with an engineered 5’ NotI site
comprising the 5’UTR and spanning the BsrGI site in exon 3, and another cDNA containing
exons 33–35 encompassing the ClaI site in exon 35 with an engineered 3’ KpnI site. A full-
length ORF cDNA subclone from 24 hpf embryos was obtained by restriction enzyme
cleavage of the 5’UTR-exon 3 PCR product with NotI and BsrGI, of the larger central exon
1–35 subclone with BsrGI and ClaI, and of the exon 33–35 PCR product with ClaI and
KpnI, followed by ligation of the 5’ and 3’ fragments to the BsrGI or ClaI sites in the larger
central fragment and to NotI and KpnI sites in pCR-XL-TOPO (Invitrogen).

A cDNA spanning the 5’UTR through the 3’UTR was generated from random hexamer
primed cDNAs by long-distance RT-PCR using AccuPrime™ High Fidelity Taq DNA
Polymerase (Invitrogen), subcloned into pCR-XL-TOPO (Invitrogen) and sequenced.

Bioinformatic analyses of cloned zebrafish mll cDNA and predicted protein
The ORF finder algorithm (www.ncbi.nlm.nih.gov/gorf/gorf.html) was used to identify the
ATG codon consistent with the ORF and the Genome Browser Gateway (genome.ucsc.edu)
to define exon/intron boundaries. The 3’ RACE PCR product was examined for
polyadenylation signals and regulatory elements.

Protein domain alignment with human MLL was achieved using SMART (Simple Modular
Architecture Research Tool, smart.embl-heidelberg.de/) and NCBI BLAST programs.
ClustalW2 (www.ebi.ac.uk/Tools/clustalw2/) and the neighbor-joining method within the
MEGA4 program (Tamura, et al 2007) was employed to place the protein predicted by the
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cloned cDNA in a consensus phylogram tree with MLL proteins of other species; amino
acid identity to human was analysed using the EMBOSS Pairwise Alignment Algorithm
Needle (www.ebi.ac.uk/emboss/align/).

Temporal RT-PCR analysis
First strand cDNAs synthesized from RNAs from pooled staged wild-type embryos and a
whole wild-type adult using random hexamers (Applied Biosystems, Foster City, CA), were
amplified using High Fidelity Taq Polymerase (Roche) and primers for zebrafish mll or
tuba1 (TABLE SI). Where possible, amplicons spanned exon junctions. Amplification of
zebrafish mll was confirmed by direct sequencing.

Temporal and tissue specific quantitative real-time PCR (Q-RT-PCR) analyses
mll expression was analysed in whole wild-type embryos, larvae and adults over a
developmental timecourse, and in dissected adult tissues, compared to whole adult tissue.
Random hexamer primed first strand cDNAs were amplified by Q-RT-PCR with the ABI
Prism 7900HT sequence detection system (Applied Biosystems), Platinum SYBR Green
SuperMix (Invitrogen) as per manufacturer's instructions, and primers targeting exons 1–3
(TABLE SI).

The temporal Q-RT-PCR experiment was repeated 4 times on entirely independent animals
using 3 replicates per probeset per experiment.

To quantify mll expression in tissues, respective organs microdissected from three wild-type
adults using standard methods were homogenized together, total RNAs were prepared and
quadruplicate experiments (three replicates per probeset apiece) were performed on each
sample. The same procedure was repeated on RNAs from pooled tissues from 3 more adults.
The control sample for all 8 experiments was prepared by extracting total RNA after
homogenizing two each whole wild-type adult males and females altogether.

Relative mll expression over the developmental timecourse, or in specific dissected adult
tissues compared to whole wild-type adult, was determined by calculating 2−ΔCT values
(Livak and Schmittgen 2001) after normalization to bactin1.

Whole mount in situ hybridization (WISH) analysis of mll in zebrafish embryos
Probes were created using 662 bp 5’ (5’UTR-exon 3) and 447 bp 3’ (exon 33–35) plasmid
subclones corresponding to positions −46 to 616 and 12181 to 12657 in cDNA clone
EU179544. Plasmids were linearized and anti-sense and sense probes were generated using
the DIG RNA labeling kit SP6/T7 (Roche). In situ hybridization was performed as
previously described (Panzer, et al 2005). Images were acquired with a compound
microscope (DMR, Leica, Allendale, NJ) equipped with a digital camera (DC500, Leica).

Results
Prediction of zebrafish mll ortholog using bioinformatics

At the outset of this work several gene and protein prediction methods supported the
existence of a single zebrafish mll gene with functional similarity to human MLL. BLASTP
searching using human MLL (Accession no. NP_005924) as the reference, identified two
putative zebrafish “similar to MLL proteins” (Accession nos. XP_685032, XP_685116), for
which there were corresponding GenBank entries for predicted 5’ and 3’ 17- and 18-exon
transcripts in close proximity on zebrafish chromosome 15 (Accession nos. XM_680024,
XM_679940). The two transcripts were predicted by ENSEMBL and GNOMON,
respectively, to comprise a single gene (Accession no. NW_633640) coding for one
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transcript (Entrez Gene 557048). CDART analysis (Geer, et al 2002) indicated conservation
of the important human MLL domains in the predicted protein from this composite
transcript (FIG 1A).

Human and zebrafish genes can have one-to-many or, due to duplication during evolution,
many-to-many relationships (Tatusov, et al 1997); these predictions of a single gene,
transcript and protein were most consistent with a one-to-one relationship. Importantly, a
conserved block of syntenic chromosome band 11q23 genes surrounding human MLL and
the predicted mll on zebrafish chromosome 15 was identified (FIG 1B), suggesting that
zebrafish mll is a functionally similar ortholog (Barbazuk, et al 2000) to human MLL.

Cross species molecular analyses detect highly conserved regions of zebrafish mll
RT-PCR experiments on total RNA from a zebrafish adult using degenerate primers
matching MLL CXXC and SET domain amino acids (FIG 2A) that are highly conserved
between human, murine and pufferfish, yielded products (FIG 2B) with 100% identity to
corresponding regions in the predicted “similar to MLL” transcripts (Accession nos.
XM_680024, XM_679940). These results indicated that transcript regions encoding MLL
functional domains were highly conserved through evolution and gave the first experimental
evidence that the transcript suggested by gene prediction tools was bona fide zebrafish mll.

Similarly, cross-species Southern blot analysis demonstrated that the human MLL cDNA
probe (Gu, et al 1992) was able to detect zebrafish mll. FIG 2C summarizes the simulated
restriction mapping of the projected 36,662 bp zebrafish mll genomic sequence (Entrez Gene
557048) and projected restriction enzyme fragments in the region of highest homology to
the probe. The sizes and numbers of BamHI, BglII, XbaI, SacI and NheI fragments found by
actual Southern blot analysis exactly matched those that were predicted (FIG 2D). However,
a single HindIII fragment was predicted and two fragments were detected, probably due to
generation of the zebrafish mll genomic sequence with a gene prediction tool.

Molecular cloning of full-length zebrafish mll ORF and flanking UTRs
RT-PCR analysis of whole wild-type adult RNA amplified a single transcript spanning the
predicted cDNAs for both “similar to MLL proteins”, giving evidence that the two cDNAs
were from the same gene (FIG 3A); a similar partial cDNA cloned from zebrafish kidney
marrow (Accession no. DQ355790) supported these results. Nonetheless, it was important to
clone the full-length cDNA because cDNAs derived with gene prediction tools are
imprecise, especially at exon boundaries.

5’ RACE, long-distance RT-PCR, conventional RT-PCR, and 3’ RACE, respectively,
yielded cDNAs comprising the 5’UTR, a ~12.4 kb central fragment of the ORF, the 3’ ORF
to the stop codon, and the entire 3’UTR through the poly-A tail, from whole wild-type
zebrafish adults and 24 hpf embryos (FIG 3B). Further RT-PCR amplification of the 5’UTR
with an engineered NotI site, and ligation of overlapping fragments, enabled subcloning of
an mll cDNA spanning the 5’UTR through the stop codon from 24 hpf embryos (FIG 3C,
boxed) (Accession no. EU179544). The 5’UTR and 3’UTR sequences (FIG 3C, middle)
informed additional long-range RT-PCR and subcloning of a 12.8 kb cDNA from 24 hpf
embryos spanning the entire ORF and flanking UTRs (Accession no. FJ748888) (FIG 3C,
bottom).

FIG 3D summarizes the structure of the zebrafish mll cDNA. Four potential ATG start
codons were identified, only one of which was consistent with the ORF, indicating that 152
bases of subclone EF462415 (FIG 3C, middle) were from the 5’UTR. The ORF in zebrafish
mll (Accession no. EU179544) contained 12657 bases, compared to the 11910 base human
ortholog (Accession no. NM_005933). Comparison with the UCSC zebrafish genome
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database to define exon/intron boundaries indicated that zebrafish mll spans 36.7 kb and has
35 exons (FIG 3D) of similar lengths to those in human MLL. Whereas the first eight exons
all align, zebrafish mll exon 9 resembles human MLL exons 9–10, suggesting splicing as one
unit; zebrafish mll exons 10–35 then maintain similarity to human MLL exons 11–36
(TABLE I).

The portion of the 3’ RACE PCR product non-overlapping with the 3’ ORF indicated that
the 3’UTR is 1193 bases long; a 44 base poly-A sequence followed (FIG 3E). Two
AAUAAA and one AUUAAA canonical cis-elements, which serve as polyadenylation
signals (PAS) (Hu, et al 2005), were identified. A U-rich element indicative of a strong PAS
occurred between the more 3’ AAUAAA and the poly-A tail (Hu, et al 2005). There were
four AUUUA AU-rich elements (AREs) one of which was embedded in a UUAUUUAUU
nonamer, which has been implicated in mRNA destabilization (Barreau, et al 2005, Zubiaga,
et al 1995).

Zebrafish mll ortholog contains all critical functional domains of human MLL
Alignments of the protein encoded by the cloned cDNAs identified all of the important
functional domains of human MLL including AT-hooks, SNL, CXXC, PHD, bromodomain,
FYRN, taspase1 sites, FYRC, and SET. There are 4218 amino acids in zebrafish Mll with
46.4% overall sequence identity to the 3969 amino acid human protein. Regionally, the
highest amino acid identity (53%) is in the central portion of the protein containing the
PHDs, bromodomain and FYRN, but high identity (50%) also was detected in a less well
defined amino terminal region, and in the more carboxyl terminal region where the taspase1
sites, FYRC and SET domain are located (FIG 4A). However, there is much higher (68–
100%) sequence similarity and, in some instances, identity within the functional domains
(FIG 4B). As expected, phylogram tree analysis revealed closer relationships between
human and mammalian MLL proteins relative to the other non-mammalian vertebrates
zebrafish and pufferfish and the more distant fly (FIG 4C). Still, there was substantial
conservation of all of the critical functional domains from zebrafish to human.

Whereas the predicted single zebrafish Mll protein derived from a composite transcript from
the two proximal predicted similar to mll transcripts using CDART contained only two
PHDs (FIG 1A), all four PHDs are represented in the protein predicted by the cloned cDNA
(FIG 4A,B), further underscoring the merit of molecular cloning of the full-length ORF.

mll mRNA is maternally supplied, expressed throughout the zebrafish lifespan and in
haematopoietic tissues

From other studies it is well established that haematopoiesis in zebrafish progresses through
primitive and definitive waves and generates similar blood cell lineages as in mammals,
although in different anatomic sites. Whereas in mammals primitive haematopoiesis takes
place in the extraembryonic yolk sac, primitive haematopoiesis in zebrafish is
intraembryonic. First, primitive macrophages are produced in early gastrula in the anterior
lateral mesoderm (ALM) (Herbomel, et al 1999). Then primitive erythroid cells are detected
as early as the 2 somite stage (10–11 hpf) in the posterior stripes (posterior lateral
mesoderm; PLM) that, at ~18 hpf, converge to form the indermediate cell mass (ICM)
(Detrich, et al 1995, Thompson, et al 1998). A transient wave of haematopoiesis generating
definitive erythroid progenitors recently was suggested in the murine yolk sac (Palis 2008)
and definitive haematopoiesis in mammals also occurs transiently in the placenta (Rhodes, et
al 2008, Zeigler, et al 2006). Likewise, in zebrafish, once circulation is established (~24 hpf)
there is a transient definitive wave of haematopoiesis in the posterior blood island (PBI)
producing erythromyeloid progenitors between 24–36 hpf (Bertrand, et al 2007, Rhodes, et
al 2005). Intraembryonic definitive haematopoiesis producing haematopoietic stem cells
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(HSCs) in mammals first occurs in the aorto-gonad-mesonephros (AGM), then in fetal liver
and finally in the bone marrow (Chen and Zon 2009). Between ~30 hpf to 3 days post
fertilization (dpf) in zebrafish there is migration of definitive HSCs from the AGM first to
the caudal haematopoietic tissue (CHT), which is remodeled from the PBI and considered
the zebrafish equivalent of mammalian fetal liver (Murayama, et al 2006), as well as to the
thymus and, then ~4 dpf, to the kidney marrow, which is the zebrafish equivalent of the
bone marrow in mammals where adult HSCs are produced (Bertrand, et al 2007, Chen and
Zon 2009).

The purpose of the next experiments was to characterize developmental mll expression over
the zebrafish lifespan, tissue-specific mll expression in adults, and spatio-temporal mll
expression in embryos, all in relation to the timepoints when, and tissues where,
haematopoiesis occurs in zebrafish.

First mll expression was examined in whole wild-type zebrafish embryos, larvae and adults
over a developmental timecourse. Analysis of four different regions of the transcript
(TABLE SI) by RT-RCR and analysis of exons 1–3 by Q-RT-PCR (TABLE SI) in whole
wild-type zebrafish, demonstrated mll expression throughout embryonic development and in
the adult. RT-PCR yielded products at all embryonic timepoints tested (2, 6, 12, 24, 48, 72
hpf) and in 5 dpf larvae and adults (FIG 5A). Similarly, Q-RT-PCR yielded products at as
early as 0 and 0.75 hpf, throughout embryonic development as well as in adults (FIG 5B).
Given that zebrafish zygotic gene expression does not begin until 3 hpf and most maternal
transcripts are degraded by 5 hpf, after which most transcripts are zygotic (Chatterjee, et al
2005, Christie, et al 2004), these results suggest the presence of maternally supplied mll
transcripts at the single cell stage through the earliest developmental stages in the embryo.
Furthermore, mll transcript levels were highest at these timepoints (0–2 hpf) (FIG 5B). The
next Q-RT-PCR experiments comparing mll transcript abundance in dissected wild-type
adult zebrafish tissues to that in whole adults showed enriched expression in the kidney (FIG
5C). Consistent with what was expected from mammals (Yu, et al 1998), mll was expressed
abundantly in the brain. As the kidney marrow is the site of definitive haematopoiesis in
adults (Chen and Zon 2009, Weinstein, et al 1996), these results demonstrated zebrafish mll
expression in a haematopoietic tissue.

Characterization of spatio-temporal mll expression in whole wild-type zebrafish using
WISH

Next, WISH analyses of mll expression over a developmental timecourse were performed on
zebrafish embryos. The results demonstrated abundant mll expression at the 1–2 cell stage
(FIG 6A), consistent with the RT- and Q-RT-PCR results suggesting that mll transcripts are
maternally supplied (FIG 5). The strong signal in the head and tailbud, among other tissues,
suggested abundant zygotic mll transcripts throughout the 12 hpf embryo (FIG 6B,C). At 24
hpf, mll transcripts were highly expressed in the central nervous system (CNS) (FIG 6D) but
expressed in peripheral tissues at lower levels including in the ICM, where primitive
erythrocytes are produced (Bertrand, et al 2007, Chen and Zon 2009, Detrich, et al 1995)
(FIG 6F–I). mll expression was absent over the yolk, which is not a site of primitive
haematopoiesis in the zebrafish, but rather is a site to which primitive haematopoietic cells
from the ALM and PLM migrate before circulation is established (Detrich, et al 1995,
Herbomel, et al 1999) (FIG 6B,C,D). A prominent cephalo-caudal gradient was observed by
30–48 hpf. At 30 hpf low level mll mRNA expression was detected in the spinal cord, ICM
and other caudal tissues (FIG 6J), whereas by 48 hpf mll mRNA expression was not detected
by WISH in these tissues but remained high in the CNS (FIG 6K,L) consistent with the role
of Mll as a modulator of neuronal development in mice (Yu, et al 1998). Sense controls,
examples of which are shown at 24 hpf, did not show hybridization (FIG 6E,G,I).
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Discussion
The first aspect of this work on molecular cloning established that there is a single mll gene
in zebrafish syntenic to human MLL, which encodes not only all of the same functional
domains in a structurally similar ORF, but also regulatory elements found in mammalian
3’UTRs controlling transcript turnover. The molecular cloning provided prerequisite cDNA
sequences to investigate developmental and tissue specific expression. Elucidation of mll as
a developmentally regulated gene expressed first as maternally supplied transcripts at the
one cell stage and in the early embryo and, later, as zygotic transcripts in tissue-specific
patterns throughout further embryogenesis into the adult, opens entirely new avenues to
better understand Mll as an in vivo transcriptional modulator at whole organism and cellular
levels throughout the zebrafish lifespan. Additionally, mll transcripts were detected in
haematopoietic cells and tissues, providing rationale to elaborate roles of MLL in
developmental haematopoiesis and leukemogenesis using zebrafish.

Pursuit of a zebrafish mll ortholog was strengthened by prior characterization of a single
MLL-like gene with structural similarity and high overall sequence identity to human MLL
in pufferfish (fugu), which is another teleost (Caldas, et al 1998). Because synteny is an
important gauge of functional similarity (Barbazuk, et al 2000), the conserved block of
syntenic genes suggested that the predicted single zebrafish mll on chromosome 15 was an
ortholog with the same function as human MLL, rather than a paralog with a different
function arising through gene duplication during evolution (Tatusov, et al 1997).

Our bioinformatics predictions of a single syntenic zebrafish mll were first borne out when
cross-species dRT-PCR and Southern blot analyses with a human probe detected conserved
regions of zebrafish mll. Amplification of a transcript spanning predicted chromosome 15
cDNAs for both “similar to MLL” proteins then gave experimental evidence that the two
cDNAs comprised a single gene. The molecular cloning of the full length ORF and flanking
UTRs that followed is significant because, until now, there were only partially cloned
cDNAs of limited regions of the ORF, and the UTRs were totally uncharacterized.

At the genomic level, the 12657 bp ORF is a close replica of human MLL and, with only one
exception, exhibits identical exon/intron structure. We also found all of the same functional
domains implicated in transcriptional regulation by MLL, to be represented in the predicted
protein. Even though overall amino acid sequence identity to human MLL is 46.4%, identity
and similarity are far greater in the functional domains. Interestingly, domains specifically
involved in DNA interactions and epigenetic transcriptional regulation are among the most
highly conserved sequences. The CXXC DNA binding region is 98% similar to that in
human MLL (2 conservative/ 1 non-conservative substitutions) and contains the same two
CGXCXXC motifs and two distal cysteines implicated in properly folding the human MLL
CXXC domain for zinc ion binding (Allen, et al 2006). The carboxyl SET domain where
histone H3K4 methyltransferase activity resides (Milne, et al 2002) is 94% similar to
human. Additionally there is 100% identity at the taspase1 sites required for MLL
proteolysis (Hsieh, et al 2003), and high similarity at the SNL sequences, the bromodomain
and all four PHDs. Therefore, despite evolutionary distance, we identified high regional
amino acid similarity and even identity to human MLL in the zebrafish ortholog. Even
though the phylogram tree reflects expected evolutionary divergence of mammals from
teleosts, the high conservation of critical functional domains from zebrafish to human,
which is much greater than the overall identity, predicts that zebrafish will be useful to
model MLL.

Another aspect of the cloning involved characterizing regulatory elements in the 3’UTR.
The identification of a AAUAAA polyadenylation signal (PAS) <40 bp upstream of the
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poly-A tail (Hu, et al 2005), a U-rich element between the PAS and poly-A tail (Hu, et al
2005) and the mRNA instability motifs, AUUUA and UUAUUUAUU (Zubiaga, et al 1995),
suggests that the zebrafish mll 3’UTR contains essential regulatory sequences for the mRNA
to be fully functional. Although incompletely characterized, the human MLL 3’UTR
contains four AUUUA instability motifs and a 3’ PAS (Accession no. AB209508), and other
mammalian genes feature these same elements (Hu, et al 2005).

Consistent with the recent genome-wide screen identifying mll amongst maternally supplied
SET domain containing transcripts (Sun, et al 2008), our results from temporal RT-PCR, Q-
RT-PCR and WISH experiments indicate that mll is maternally supplied. However, our RT-
PCR, Q-RT-PCR and WISH experiments took this observation further by also
characterizing the developmental timecourse of expression of the zygotic transcript. That mll
mRNA is maternally supplied, expressed throughout embryogenesis from when zygotic
transcription initiates, and expressed in the adult, indicates that this transcriptional regulator
is important during the entire zebrafish lifespan.

The Q-RT-PCR and WISH provide detailed data on the relative abundance of maternal mll
mRNA and how zygotic mll expression fluctuates with age and in different tissues; this may
provide new leads to developmental roles of Mll in zebrafish and, ultimately, to similar roles
of its orthologs in mammals. The whole animal Q-RT-PCR analyses demonstrated that mll
expression is highest in early embryogenesis. The abundant mll expression detected in the
brain and eye of adults by Q-RT-PCR, and in the head of embryos by WISH, is in keeping
with the role of Mll as a maintenance factor for neuronal development in mammals (Yu, et
al 1998). By 24 hpf, mll is present both throughout the CNS as well as in haematopoietic
tissue in the ICM where primitive erythroid cells are formed (Bertrand, et al 2007, Chen and
Zon 2009, Detrich, et al 1995, Gering, et al 1998). By 30–48 hpf, there is a pronounced
rostral-caudal gradient. Thus up to 48 hpf, mll transcripts are highly expressed in the rostral
CNS and hindbrain, and they are developmentally regulated in the ICM and other tissues.

The timecourse experiments performed, using more sensitive RT-PCR and Q-RT-PCR and
the WISH experiments altogether, indicated that mll transcripts are not only expressed at
various times throughout early embryogenesis, but more importantly appear to be expressed
during critical timepoints during the primitive and definitive waves through which
haematopoiesis progresses in the zebrafish. Although the anatomic sites are different,
zebrafish haematopoiesis and blood cell morphology closely parallel those of mammals
(Galloway and Zon 2003). Mammalian primitive haematopoiesis occurs in extraembryonic
yolk sac blood islands; later in embryogenesis, definitive haematopoiesis in mammals
occurs transiently in the yolk sac (Palis 2008) and placenta (Rhodes, et al 2008, Zeigler, et
al 2006) and progresses to the AGM, fetal liver (Medvinsky and Dzierzak 1996), and
eventually the bone marrow (Morrison, et al 1995). Zebrafish lack extraembryonic yolk sac
blood islands, and primitive haematopoiesis giving rise to primitive macrophages and
primitive erythroid cells, respectively occurs in the ALM and PLM, which becomes the ICM
(Chen and Zon 2009, Detrich, et al 1995, Herbomel, et al 1999, Thompson, et al 1998).
Detection of mll transcripts at 12 hpf and 16 hpf is consistent with mll expression during
primitive haematopoiesis, and mll transcripts were also present at the start of circulation at
24 hpf. After 24 hpf, haematopoietic ontogeny in zebrafish is believed to progress through
transient definitive and definitive waves that respectively generate erythromyeloid
progenitor cells in the PBI between 24–36 hpf (Bertrand, et al 2007, Rhodes, et al 2005),
and definitive HSCs that migrate from the AGM between 30 hpf and 3 dpf to the CHT (the
zebrafish equivalent of mammalian fetal liver), the thymus and, ultimately, to the kidney
marrow, which becomes the primary haematopoietic organ in the adult (Chen and Zon 2009,
Weinstein, et al 1996). The Q-RT-PCR and WISH timecourse experiments also indicated
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the presence of mll transcripts during the transient definitive (30 hpf, 32 hpf) and definitive
waves of haematopoiesis (48 hpf, 72 hpf, 5 dpf, adult) in the zebrafish.

Two independent experiments established that mll is expressed anatomically in zebrafish
haematopoietic tissues: First is that WISH analysis of 24 hpf embryos identified mll
transcripts in the ICM, the site of primitive haematopoiesis that gives rise to primitive
erythrocytes, indicating mll expression in a haematopoietic tissue of the embryo. Second is
that Q-RT-PCR detected enrichment of mll expression in the adult kidney, the definitive
haematopoiesis site analogous to the bone marrow in mammals. Given that the first wave of
definitive haematopoiesis in zebrafish embryos initiates with committed erythromyeloid
progenitors in the posterior blood island (PBI) at ~24 hpf (Bertrand, et al 2007, Chen and
Zon 2009) and the ICM also overlaps posteriorly with the anlagen of the PBI, the mll
expression in the posterior ICM may also be consistent with the presence of mll transcripts
in the nascent PBI, where important cell fate decisions are determined among
erythromyeloid progenitors (Rhodes, et al 2005). However, further study would be
necessary to show this more definitively. Interestingly, mll expression appears to be absent
over the yolk sac, which is not the site of primitive haematopoiesis in zebrafish as it is in
mammals, but rather a site of primitive haematopoietic cell migration before the circulation
is established (Detrich, et al 1995, Herbomel, et al 1999). Taken together, these results are
starting to unravel patterns of mll expression at mammalian-equivalent sites of blood cell
production and migration in zebrafish, and they support an important role of Mll in zebrafish
haematopoiesis like in mammals, where Mll is essential for primitive yolk sac
haematopoiesis (Hess, et al 1997, Yu, et al 1995) and definitive fetal liver haematopoiesis
(Yagi, et al 1998), and expressed in haematopoietic cells of adults (Jude, et al 2007).

Thus, the cloning and characterization of the full-length zebrafish mll ORF and flanking
UTRs indicates high cross-species conservation of all of the critical functional domains of
human MLL, as well as 3’UTR regulatory elements utilized in mammals. The finding by us
and others (Sun, et al 2008) that mll transcripts are maternally supplied to zebrafish embryos
extends the developmental window when MLL is important to the single cell stage of
embryogenesis, providing a foundation to uncover novel, previously unappreciated functions
of this oncoprotein in haematopoiesis and development at a stage that, so far, has not been
accessed using mice. Enrichment of mll expression in haematopoietic cells of embryos and
in the kidney, the site of definitive haematopoiesis in the zebrafish adult (Weinstein, et al
1996), substantiates further utilization of zebrafish for investigating MLL in haematopoiesis
and leukaemogenesis. Zebrafish embryos also should enable better definition of how
leukaemia is linked to normal MLL functions gone awry in embryogenesis, because MLL
leukaemogenesis in infants initiates in utero (Ford, et al 1993). This work lays the
groundwork for detailed functional analyses as the next steps in these investigations.
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Fig 1.
Bioinformatic predictions of zebrafish mll ortholog. (A) CDART analysis of human MLL
protein and zebrafish “similar to MLL proteins.” Conserved domains of human MLL,
putative zebrafish “similar to MLL” proteins, and hypothetical single zebrafish Mll protein
obtained by joining of the two zebrafish “similar to MLL” protein sequences are shown.
Abbreviation: zf, zinc finger. (B) Syntenic relationship between human MLL and zebrafish
mll genes determined using ENSEMBL genome assembly (Zv7) database. Genes in same
map order and similar uninterrupted segments (UBE4A/ube4a and CBL/cbl) are underlined.
Human MLL and zebrafish mll are bold. Distances are to scale.
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Fig 2.
Molecular identification of predicted mll ortholog in zebrafish. (A) Amino acid sequences
from highly conserved CXXC and SET domains in human MLL and mouse and pufferfish
(fugu) proteins corresponding to amplicons in degenerate reverse transcriptase (dRT)-PCR.
Boxed insets indicate amino acids used to design sense (forward arrows) and antisense
(reverse arrows) primers. Sense primer designs are shown in detail at bottom. Bold indicates
mismatched bases across species. Bold underlined indicates degenerate bases used in
primers (Y, C/T; R, A/G; M, A/C; H, A/C/T; N, A/C/G/T). Reverse primers were designed
using similar considerations. (B) Products of dRT-PCR analysis of whole wild-type adult
zebrafish RNA with degenerate cross-species primers, sequences of which were 100%
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identical to corresponding regions in predicted XM_680024 and XM_679940 cDNAs. (C)
Simulated restriction maps of predicted 36,662 bp zebrafish mll genomic sequence (Entrez
Gene ID 557048) in region most homologous to B859 human MLL bcr cDNA (Gu, et al
1992); approximately 90 bases of predicted zebrafish mll cDNA matched the probe exactly.
(D) Cross-species Southern blot analysis of whole wild-type adult zebrafish genomic DNAs
with indicated restriction enzymes using B859 human MLL bcr cDNA (Gu, et al 1992) as
probe and BamHI digested normal human peripheral blood lymphocyte DNA as the control.
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Fig 3.
Molecular cloning of zebrafish mll cDNA. (A) Reverse transcriptase (RT)-PCR design and
products identifying single transcript spanning predicted cDNAs for both “similar to MLL
proteins” in wild-type adult zebrafish total RNA. (B) Products of 5’ RACE containing
5’UTR (left), central ORF fragment obtained by long-range RT-PCR with gene-specific
primers from predicted exons 1 and 35 (middle left, Accession no. EF462416), products of
RT-PCR with primers from exon 33 and the predicted exon 35 containing the 3’ end of ORF
to stop codon (middle right) and products of 3’ RACE PCR (right). (C) Strategy for
subcloning cDNA spanning flanking sequence in 5’UTR and entire ORF through stop codon
(Accession no. EU179544) into pCR-XL-TOPO vector (Top, boxed). Restriction sites in
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overlapping partial cDNAs (filled triangles) and engineered restriction sites (open triangles)
that were used are indicated. cDNA subclones of 5’UTR (Accession no. EF462415), or
spanning 3’ORF, 3’UTR and poly-A tail (Accession no. FJ748889) (middle), and cDNA
subclone of entire ORF and partial flanking UTRs from single long-range PCR (Accession
no. FJ748888) (bottom), are diagramed with respective GenBank entries. (D) Structure of
zebrafish mll cDNA including UTRs. PAS indicates polyadenylation signals. (E) Sequence
of zebrafish mll 3’UTR. AUUUA pentamers, underlined; UUAUUUAUU nonamer, grey
highlight; polyadenylation signals corresponding to (D), bold; U-rich element, boxed; poly-
A tail, lowercase.
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Fig 4.
Comparisons of protein encoded by cloned zebrafish mll cDNA to human MLL. (A)
Conserved domains found by SMART (smart.embl-heidelberg.de/) are indicated. The
percentages indicate amino acid identity determined by NCBI BLAST. (B) Protein domain
alignment found by SMART with percentage of amino acid identity and similarity within
domains determined by EMBOSS Pairwise Alignment Algorithm Needle
(www.ebi.ac.uk/emboss/align/). Black indicates amino acid identity; gray, non-conservative
substitution; bold, conservative substitution; numbered boxes, CGXCXXC motifs and distal
cysteine residues in CXXC domain. (C) Consensus phylogram tree of MLL proteins
produced by ClustalW and the neighbor-joining method within the MEGA4 program
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(Tamura, et al 2007). Note node values (100) indicating 100% bootstrap confidence derived
from 1000 replicates. Branch lengths represent evolutionary change. Numbers at right
represent the percentage of amino acid identity to human determined using EMBOSS
Pairwise Alignment Algorithm Needle (www.ebi.ac.uk/emboss/align/). The accession
numbers for this tree analysis are: NP_005924, Human MLL; NP_001101609, Rat Mll,
NP_001074518, Mouse Mll; XP_417896.2, Chicken Mll; AF036382.1, pufferfish mll;
EU179544, zebrafish Mll; NP_599109, trithorax.
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Fig 5.
Analysis of mll expression in whole zebrafish and demonstration of enrichment of zebrafish
mll expression in haematopoietic tissues. (A) Temporal RT-PCR analysis of zebrafish mll
mRNA expression. Developmental timepoints are indicated above each lane; target
amplicons are at left. Sequencing confirmed respective transcripts. (B) Q-RT-PCR analysis
of developmental mll expression. mll amplicon spanned exons 1–3; bactin1 housekeeping
gene target amplicon was exons 4–5. Expression normalized to bactin1 is shown for each
timepoint relative to whole adult. Data were analysed using comparative Ct method (Livak
and Schmittgen 2001). Results represent 4 experiments per timepoint with 3 replicates per
probeset per experiment; error bars represent standard deviation. Abbreviations: hpf, hours
post-fertilization; dpf, days post-fertilization. (C) Q-RT-PCR analysis of mll expression in
dissected wild-type zebrafish adult tissues. Results represent quadruplicate experiments on
RNAs from respective pooled dissected tissues of 3 wild-type adults, and independent
quadruplicate experiments on RNAs from respective pooled dissected tissues of 3 more
wild-type adults (8 experiments per tissue total). The same probesets were used as in (B).
Normalized expression is shown relative to the RNA sample prepared from two whole wild-
type adult males and females each. Data were analysed using comparative Ct method (Livak
and Schmittgen 2001). Error bars represent standard deviation of all 8 experiments. Note
enriched mll expression in the adult kidney.
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Fig 6.
WISH analysis of mll mRNA expression in wild-type zebrafish embryos. Anti-sense (A–
D,F,H, J–L) mll probe, and sense negative control probe (E, G, I) were used; examples of
sense control are at 24 hpf. A. At the 1–2 cell stage, each cell is positive, suggesting that mll
transcripts are maternally supplied. B, C. At 12 hpf, mll transcripts are ubiquitously
expressed throughout the embryo. D. By 24 hpf, mll transcripts are highly expressed in the
CNS. F. By 24 hpf, mll transcript expression is lower than at 12 hpf, but is present in
peripheral tissues including the ICM (F, vertical line) at lower levels. H. Transverse section
(vertical line in F) just posterior to yolk extension showing mll expression at 24 hpf in the
posterior ICM and other peripheral tissues. ICM, intermediate cell mass; NC, notochord; S,
somite. J. At 30 hpf, mll transcripts still remain highly expressed in the CNS (not shown)
but are lower in the tail and in region of ICM. K, L. By 48 hpf, mll expression is not
detected in peripheral tissues and is absent from the ICM, although transcripts are still
expressed in the CNS. WISH probes from 2 regions of mll (662 base probe from 5’UTR-
exon 3; 477 base probe from exon 33-exon 35) gave the same results. Scale bars: D, 500 µm
(A–E); H, 20 µm (H, I); L, 500 µm (F, G, J, L); K, 500 µm (K).
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Table I

Lengths and nucleotide identity in exons of zebrafish mll cDNA (Accession No. EU179544) and human MLL
(Accession No. L04284)

Exon Number Exon Length (bp)

Zebrafish mll Human MLL Zebrafish mll Human MLL
Nucleotide
Identity (%)

1 1 246 432 41.5

2* 2* 70 70 48.2

3 3 3344 2654 47.2

4* 4* 178 178 79.2

5 5 226 235 68.9

6 6 62 65 69.6

7 7 480 378 45.6

8 8 71 74 54.5

9 237

10* 11* 147 147 69.6

11* 12* 96 96 88.5

12* 13* 121 121 81.1

13* 14* 114 114 78.3

14* 15* 185 185 70.4

15* 16* 174 174 61.5

16* 17* 111 111 82.9

17* 18* 74 74 74.3

18 19 203 194 63.8

19 20 101 107 60.4

20* 21* 138 138 76.8

21* 22* 159 159 70.3

22* 23* 118 118 72.8

23* 24* 79 79 78.8

24* 25* 161 161 65.7

25 26 147 186 41.0

26 27 4447 4249 49.1

27 28 69 81 42.6

28 29 83 65 42.9

29 30 168 171 59.1

30* 31* 75 75 70.9

31* 32* 175 175 71.5

32* 33* 108 108 80.6

33* 34* 84 84 69.3

34* 35* 130 130 73.8

35* 36* 276 276 79.1
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Exon Number Exon Length (bp)

Zebrafish mll Human MLL Zebrafish mll Human MLL
Nucleotide
Identity (%)

Totals 12657 11910 54.5

Legend: Asterisk indicates exon of exact same length. Note that zebrafish mll exon 9 is more identical to human MLL exons 9–10 than exon 9; this
alignment is supported by high conservation of sizes and nucleotide identity in ensuing 3’ exons.
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