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The biological process of differentiation - from a fertilized egg to a human being - is a consecutive mecha-
nism that leads to the establishment of tissue-specific gene expression, but also to a coordinated shut-down
of all those genes that are not necessary for a given cell type. This process is accompanied by post-
translational modifications of the chromatin (DNA methylation and covalent histone modifications), also
termed the “epigenetic layer”. All epigenetic processes are mediated by protein complexes that either
mediate specific DNA methylation patterns, or modify nucleosomal proteins in a covalent fashion (acety-
lation, methylation, phosphorylation and ubiquitinylation). One important player involved in epigenetics is
the MLL protein which represents a histone H3 methyltransferase. The MLL gene gained much atten-
tion because of its frequent genetic rearrangements, thereby creating oncogenic MLL fusion genes that
cause acute leukemia in pediatric and adult patients. This article is summarizing certain functional aspects
about MLL, but is mainly emphasizing on an alternative splice event within the PHD domain. This changes
the biological properties of the MLL protein, thereby influencing its ability of being either a transcriptional
activator or repressor.

1. Introduction

MLL biology has been fascinating - and still is - for many scien-
tific groups around the world because this protein represents a
molecular platform for the assembly of a large, nuclear protein
complex that exhibits a very crucial function in eukaryotic cells:
the MLL protein complex represents a histone methyltransferase
(HMT) that di- and trimethylates lysine-4 residues of the his-
tone H3 protein (Nakamura et al. 2002; Yokoyama et al. 2004).
This H3K4me2/3 signature can only be found in promotor regions
of transcriptionally “active genes”. Therefore, all genes that are
transcribed in a given cell type need to attract the MLL complex
(or a functionally equivalent enzyme) to their promotor region.
This is normally being done by the help of transcription factors
that are able to recruit the MLL complex. Direct binding of tran-
scription factors like e.g. MENIN1, LEDGF, MYB and GATA-3
to the N-terminus of the MLL protein has already been demon-
strated (Yokoyama et al. 2004; Yokoyama and Cleary, 2008; Jin
et al. 2010; Nakata et al. 2010).
By contrast, other histone signatures, like e.g. H3K9me2/3 or
H3K27me2/3, are mediating transcriptional silencing (Turner
2002). These signatures are deriving from nuclear protein com-
plexes termed Polycomb repressor complexes I and II (PRCI,
PRCII), respectively. The essential core components that exe-
cute the histone H3 methylation process are SUV39H1/2 (PRCI;
H3K9me) and EZH1/2 (PRCII; H3K27me). Noteworthy, these
repressor complexes can differ in their composition, depending
on the differentiation state or the investigated tissue (Kuzmichev
et al. 2005; Kato et al. 2007; Müller and Verrijzer, 2009; Schüt-

tengruber and Cavalli, 2009; Bouyer et al. 2011; Zhang et al.
2011).
The PRCI complex - also termed the “Polycomb maintenance
complex” - contains several polycomb-group proteins like e.g.
PHC1-3 (polyhomeotic homolog), SCMH1/2 (sex comb on
midleg homolog), RING1 (ring finger protein 1) and BMI1
(polycomb ring finger oncogene). The essential core protein
SUV39H1 or 2 (suppressor of variegation 3-9 homolog) binds
directly to HP1/CBX5, RB1, EVI1, HDAC1 and DNMT1, and
thus, interacts also with components of the DNA methylation
machinery.
The PRCII complex - also termed the “Polycomb initiator
complex” - is composed by SUZ12 (suppressor of zeste 12
homolog), EED (embryonic ectoderm development) and EZH1
or 2 (enhancer of zeste homolog) in conjunction with RBBP4
(retinoblastoma binding protein 4), RBBP7 (retinoblastoma
binding protein 7) and HDAC1/2. This complex is also able
to directly interact with DNMT1, DNMT3A and DNMT3B.
DNMT3A and DNMT3B are thought to mediate the initial
5meCpG signatures. PRCII is already active in embryonic stem
cells where it blocks all differentiation pathways (Lee et al.
2006), while the triumvirate consisting of NANOG, OCT4 and
SOX2 regulates the transcription of stem cell maintenance genes
(Boyer et al. 2005). Thus, stem cells often carry dual signatures
in their promotor regions (H3K4me and H3K27me; Cui et al.
2009). This bivalent signature is important as it allows to rapidly
turn-on or turn-off genes during development (Weishaupt et al.
2010).
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Fig. 1: The PHD domain of the human MLL protein. A. The complete structure of the PHD domain of the MLL protein is depicted. Yellow and green spheres represent cysteine-
and histidine-residues, respectively. The numbers represent the amount of spacing amino acids. The smaller blue circles represent Zn2+ ions that are coordinating the
structure of the PHD or zinc finger domains. The PHD domain is flanked by the MT-domain (depicted in blue; aa 1180-1227) and the BD-domain (depicted in pink; aa
1669-1803). The PHD domain is comprised by PHD1 (aa 1467-1512), PHD2 (aa 1515-1563), ZF1 (aa 1566-1592), PHD3 (aa 1602-1660), ZF2 (aa 1909-1929) and PHD4
(aa 1969-2013). ZF1 and PHD3 are termed also ePHD3, while ZF2 and PHD4 are termed ePHD4. The MT domain is known to bind hemi-methylated CpG dinucleotide
motifs. This region is also important for binding BMI1, HPC2 and HDAC1. PHD3-BD is known to be involved in H3K4me3 reading, or, CYP33/PPIE binding. The BD
and ePHD4 region was recently shown to be involved in binding the E3-ligase ASB2 that controls the half-life of MLL. B. The protein structure of PHD3-BD domain is
shown (3LQH). PHD3 is shown in green, the linker region in pink, the BD domain in cyan blue. This domain is able to bind to trimethylated lysine-4 residues of histone
H3 protein (3LQJ). When the RRM domain of the CYP33/PPIE protein binds to PHD3, the PHD domain becomes isomerized which allow efficient binding of the RRM
domain (organge; 3MDF). Thus isomerization of PHD3 is a switch between histone H3 reading and CYP33 binding.C. The alternatively spliced products of PHD3. All
splice events occur at the MLL exon 15/16 junctions and lead to variants of the PHD3 domain (0, –3, –11, –14).

Therefore, 3 distinct histone H3 methylation signatures are
basically decrypting the epigenetic information: H3K4 methy-
lation is activating the transcriptional process, while H3K27 and
H3K9 methylation leads to a transcriptional shut-down. The
H3K9 methylation signature is recognized by Heterochromatin
protein 1 (HP1/CBX5) that helps to form inactive heterochro-
matin by condensing the chromatin structure (Eskeland et al.
2007). HP1/CBX5 binds also directly to MBD1, MECP2 and
DNMT3A/3L.
The MLL protein is encoded by a gene that localizes at chro-
mosome 11q23. This gene exhibits 37 exons and has a length
of about 90 kb (Nilson et al. 1996). The longest mature mRNA
transcript of the MLL gene has a length of 16,693 nucleotides
and exhibits an open reading frame of 12,015 nucleotides. Thus,
a full-length MLL protein is encoded by 4,005 amino acids.
However, about 75% of all MLL transcripts are missing exon 2
(Meyer et al. 2006) which has a length of only 99 nucleotides
(Nilson et al. 1996). Thus, most public databases are displaying
the MLL gene only with 36 exons, encoding an MLL protein
with only 3,972 amino acids. Here, we are following the MLL
exon/intron nomenclature (37 exons) that has been established
by our own group already in 1996 (Nilson et al. 1996).
Relatively little is known about alternatively spliced transcripts
deriving from the human MLL gene. An obvious alternative
splice event affects MLL exon 11 (Mbangkollo et al. 1995)

which was frequently observed by many groups, mainly because
this exon lies within the breakpoint cluster region and could
be skipped during transcription and the subsequent splice pro-
cess when MLL is translocated to a translocation partner gene
(TPG). Therefore, diagnostic RT-PCR analyses result frequently
in two alternative mRNA species that span the breakpoint on the
der(11) chromosome.
The first alternatively spliced mRNA ever described and not
associated with chromosomal translocations was found for
the third PHD finger domain of the MLL protein, where 9
nucleotides could be missing at the exon 15/16 junction (Ma
et al. 1993; Mbangkollo et al. 1995). Later, a more extensive
study was performed that identified additional splice variants of
MLL (Nam et al. 1996), however, most of them displayed splice
variations concerning MLL exon 4 and MLL exon 28, where
shorter variants have been cloned and sequenced after RT-PCR
amplification. Finally, it should be mentioned that MLL tran-
scripts can be terminated within MLL intron 8 and intron 9 at
cryptic poly-A sites (Kowarz et al. 2011), while a gene-internal
promotor resides upstream of MLL exon 12 that allows the tran-
scription of only MLL exons 12-37, coding for the MLL* protein
(Scharf et al. 2007).
This paper is particularly focussing on the MLL PHD-domain
and its splice variants. The amino acid sequence of the MLL
PHD-domain predicts 3 consecutive PHD-domain that are dis-
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Fig. 2: The PHD3 domain variants. A. The PHD3 domain is depicted. The blue helical structure is changed by the alternative splice processes. This helical domain is important to
form contacts to the BD-domain. Pink: linke region to the BD-domain. Grey: zinc ions. The -11 splice variant will cause a complete deletion of the blue helical structure.
B. The -3 splice variant is shown. The -14 splice variant will also result in the deletion of the blue helical structure. C. Semiquantitative RT-PCR experiments with primer
sets that exclusively detect only the 0, -3, -11 and -14 splice variants. As shown for 5 different cell lines, the transcription rate of all 4 splice variants is nearly equal in the
investigated cell lines. D. Yeast-2-hybrid mating experiments for PHD3 and CYP33/PPIE. Growth of diploid yeast cells after mating is shown by either “-” or “+” to “+++”.
For CYP33/PPIE either the RRM domain alone of the full-length protein was used. E. Yeast-2-hybrid mating experiments for PHD1-3, �PHD1-3 and CYP33/PPIE.
Growth of diploid yeast cells after mating is shown by either “-” or “+” to “+++”. For CYP33/PPIE either the RRM domain alone of the full-length protein was used.

rupted by a normal zinc finger (ZF1). This PHD1-3-domain
is followed by a Bromo-domain (BD) and another zinc finger
(ZF2) and a final PHD4-domain. Both the ZF1/PHD3- and the
ZF2/PHD4-domains are also termed ’ePHD3’ and ’ePHD4’,
respectively. The Bromo-domain of MLL has no capacity for
binding acetylated histone but is responsible for enhancing the
functions of the PHD3-domain. The 2-dimensional structure
of the complete domain, with its typical cysteine and histidine
residues, is schematically depicted in Fig. 1A.
The MLL PHD1-3-domain was first described to confer
oligomerization (Linder et al. 2000). Later, the PHD3-domain
was described to bind to the CYP33/PPIE protein (Fair et al.
2001; Xia et al. 2003) and to recognize methylated lysine-
4 residues of histone H3 (Chang et al. 2010). Binding of
the PHD3-domain to H3K4me2/3 peptides was described to be
greatly enhanced by the adjacent Bromo-domain (Wang et al.
2010); only a tiny linker of 8 amino acids (N-TERHPAEW-C;
depicted in pink in Fig. 1B) separates both domains. Binding
of CYP33/PPIE has a dramatic effect on the biological activ-
ity of the PHD3-Bromo-domain, as CYP33/PPIE represents a
prolyle peptidyl isomerase (PPIase) that changes the conforma-
tion of co-bound proteins. CYP33/PPIE performs a cis-trans
isomerization of the proline-1665 residue that localizes in the
tiny linker region between the PHD3- (aa 1602-1660) and the
Bromo-domain (aa 1669-1803). This cis-to-trans conversion
now allows efficient binding of CYP33/PPIE to PHD3-Bromo-
domain, which is mutual exclusive with H3K4me2/3 binding by
the PHD3-domain. The reason became clear from the structural
analysis: the RRM-domain of CYP33/PPIE (RNA recognition
motif; depicted in orange in Fig. 1B) binds to the PHD3-domain
in a way, that binding to histone H3 is inhibited (reviewed in
Grow and Wysocka 2010). This way, the human MLL protein

switches from a transcriptional activator/maintenance factor to
a transcriptional repressor.
Noteworthy, the same Bromo-domain - enhanced by the ePHD4-
domain - triggers a specific degradation process that was
identified recently (Wang et al. 2012). Binding of ASB2 to the
Bromo-domain causes a rapid degradation of the MLL protein.
Thus, different functions and the steady-state stability of MLL
are controlled by this particular domain.
Here, we present data addressing the splice junction between
MLL exon 15 and 16. This splice junction is important for
the structure and function of the PHD3-domain of the MLL
protein which turned out to be an important molecular switch
that enables the MLL complex to be either a “transcriptional
activator” or “repressor”.

2. Investigations and results

During our studies of the functional properties of the MLL
PHD1-3-domain (amino acids 1467-1660) we identified 4 dif-
ferent mRNA species that differ only by a few nucleotides at
the splice junction between MLL exon 15 and 16 (Fig. 1C).
Besides the normal transcript (0) and the splice variant that
misses 9 nucleotides from the end of MLL exon 15 (-3 vari-
ant), an additional splice variant was identified that misses
either the first 33 nucleotides of MLL exon 16 (-11 variant),
or 9 and 33 nucleotides are missing at both exon junctions (-14
variant). Consequently, all these splice variants change the con-
formation of the PHD3-domain, in particular the alpha-helix
of the PHD3-domain (depicted in blue in Fig. 2A, B). This
alpha helix is known to be important for the protein-protein
interaction with the adjacent Bromo-domain (see Fig. 1B, the
Bromo-domain is depicted in cyan blue), and thus, influences
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Fig. 3: Breakpoints within the MLL gene influence the PHD domain structure. A. The PHD1-3 domain of the MLL protein, or, a reciprocal MLL fusion protein with a
chromosomal breakpoint within MLL intron 9 and 10. B. The �PHD1-3 domain of a reciprocal MLL fusion protein with a chromosomal breakpoint within MLL intron
11. Due to the alternative folding, the properties of this domain may be compromised. Only PHD3 seems to be intact, but ZF2 is lost. C. According to our mating data, all
4 PHD3 splice variants are able to dimerize with other PHD3 domain variants (10 combinations possible due to the symmetry displayed in Table 2D). While the 0 and -3
variant of the PHD3-domain should be able to bind directly to H3K4me3 signatures of nucleosomes, only the -3 splice variant is capable of binding to the RRM domain of
CYP33/PPIE protein. This allows binding to BMI1, HPC2/CBX4, JARID1B/KDM5B and HDAC1 which dock to the MT domain and repress transcription (TX). D. The
dimerization of �PHD1-3 is compromised, while binding to CYP33/PPIE is not affected. Whether BMI1 is still able to bind is unclear, because of the missing
MT-domain in reciprocal MLL fusion proteins.

also CYP33/PPIE binding (see Fig. 1B, orange domain: RRM-
domain of CYP33/PPIE) and binding to histone tails containing
the epigenetic H3K4me2/3 modification (see Fig. 1B, blue struc-
ture: H3K4me3). This alpha-helix has either a length of 12 amino
acids (0 variant), 9 amino acids (-3 variant) or is completely
absent in the -11 and -14 variants (Fig. 2A,B: green dotted line).
Therefore, we first performed RT-PCR experiments (30 cycles)
to ascertain a semi-quantitative analysis. However, all 4 MLL
transcript variants (0: 213 bp; -3: 218 bp; -11: 182 bp; -14:
183 bp) are nearly equally transcribed in all investigated cell
lines (HEK293T, HEK293, Nalm-6, Kasumi-1, SEM; Fig. 2C).
Thus, their relative abundance should be quite equal in different
tissues.
We next cloned the PHD3-domain in all four variations into
the yeast expression vectors pGADT7 and pGBKT7 that can be
used for yeast-2-hybrid mating experiments. In addition, we also
cloned the RRM-domain of the CYP33/PPIE protein (aa 2-82)
as well as the full-length CYP33/PPIE protein (aa 1-301). Sta-
bly transfected yeast clones were mated into diploid cells, and

protein interactions (= cell growth) were studied on correspond-
ing selective drop-out media. We have tested all combinations
to investigate (a) dimerization capacity and (b) binding to the
RRM-domain of full-length protein of CYP33/PPIE. As shown
in Fig. 2D, the 4 different PHD3 variants exert quite different
functions.
The most important result of these experiments was that only
the -3 variant of the PHD3-domain was capable of binding to the
RRM-domain or to the full-length CYP33/PPIE protein. Note-
worthy, the -3 PHD3 variant was exactly the protein that has
been co-crystalized with the BD-domain, the RRM-domain or
the modified Histone H3 lysine-4 residue (H3K4me3; Wang et al.
2010; Chang et al. 2010). All other PHD3 variants that have been
tested were unable to directly interact with the RRM-domain of
the CYP33/PPIE protein. Moreover, the -3 PHD3 variant dis-
played a weaker homodimerization capacity, suggesting that it
may preferentially interact with the other 3 possible PHD3 vari-
ants that display no RRM-domain binding capacity. This may
indicate that MLL dimerization is only favored when the PHD3
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domains are alternatively spliced. In principle there are 10 dif-
ferent combinations possible of which only 4 are able to directly
bind to the CYP33/PPIE protein (marked in light red in Fig. 2D).
Next, we investigated the complete PHD1-3-domain (-3 vari-
ant; aa 1467-1660) by analyzing its interaction capacity with
all 4 PHD3-domain variants. This analysis revealed no measur-
able differences (Fig. 2E, upper panel). We also tested the -3
variant of a �PHD1-3-domain that misses the first 11 amino
acids (aa 1478-1660). This shorter protein mimics a chromo-
somal translocation that had occured within intron 11 of the
MLL gene. This is the predominant recombination site diagnosed
in infant acute leukemia patients that bear a t(4;11) translo-
cation. We assumed that such a �PHD1-3-domain - without
the first 2 cysteine residues of PHD1 - may result in folding
deficiencies of the PHD1 and PHD2 structure, while PHD3
should not be affected. As expected, the partial deletion of
PHD1 amino acids sequences had no effect on binding the
four PHD3-domain variants (Fig. 2E, upper panel). However,
we saw a reduced capability of binding to the RRM-domain
of CYP33/PPIE protein (Fig. 2E, lower panel), and more
importantly, an inability to bind either to another PHD1-3
domain or another �PHD1-3 domain. Thus, the deletion of
11 amino acids deriving from the PHD1 domain was suffi-
cient to severely compromize the dimerization function of the
PHD1-3-domain.

3. Discussion

Here we present for the first time experiments that aimed to
unravel the functional consequences of an alternative splice pro-
cess that create different variants of the PHD3-domain of the
human MLL protein. The splice events all occur at the MLL
exon 15/16 junction and lead to 4 protein variants that strongly
affect the conformation of this domain, as those protein variants
eliminate an alpha-helix, depicted in blue in Fig. 2A and 2B.
This helix was shown to be important, because it represents the
docking site of the adjacent BD-domain. We termed the inves-
tigated PHD3 splice variants according to their missing amino
acids either the “0”, “–3”, “–11” or “–14” variant. Only one of
these 4 splice variants, the -3 variant, result in a PHD3-domain
that was capable of binding to the CYP33/PPIE protein or the
RRM-domain thereof.
Based on our yeast-2-hybrid mating studies, all 4 splice vari-
ants display an equal capacity for dimerization when analyzing
the PHD1-3-domain in toto, however, there are slight differ-
ences when focussing only on a single PHD3-domain. Our
interaction studies revealed that the CYP33/PPIE binding -3
variant of PHD3 has the lowest capacity of dimerizing to the
other PHD3 variants (0, -11 and -14). This may indicate that
the PHD1- and PHD2-domain are functionally stabilizing the
dimerization process mediated by PHD3. We also observed
that the full-length CYP33/PPIE protein binds much stronger
to the PHD1-3-domain than the RRM-domain alone. This may
be another hint that there are additional interactions between
other protein domains of CYP33/PPIE and PHD1 or PHD1-2.
A striking result of our studies is the functional consequence
of disrupting the MLL gene within intron 11. This kind of
genetic rearrangement is frequently identified in infant Acute
Lymphoblastic Leukemia (ALL), childhood ALL and therapy-
induced Acute Myeloid Leukemia (t-AML), while adult t(4;11)
ALL patients display a tendency for chromosomal translocations
preferentially to occur within MLL introns 9 and 10 (Reichel
et al. 2001). All these patients loose the first 11 amino acids
of their PHD1 domain (encoded by MLL exon 11; see Fig. 4).
This may cause either a non-functional PHD1 domain, or alter-
natively, cause an alternative folding process that inflicts the
whole PHD1-3-domain structure. As outlined in Fig. 3A vs.

Fig. 3B, such an alternative fold may result in similar fold of
PHD1 and PHD2, but will eliminate ZF1. Such a misfolding
could in principle result either in (1) a different protein structure,
(2) different protein stability (higher turn-over), or (3) a func-
tional impairment of the PHD1-3-domain. We observed in our
�PHD1-3 experiments a reduced affinity to the RRM-domain
of CYP33/PPIE, and moreover, to a complete inability to form
protein dimers. This could be of functional relevance because
this disables the reciprocal AF4-MLL fusion protein, shown to
initiate the development of proB ALL in our recently established
mouse model (Bursen et al. 2010), to form protein dimers. Thus,
this particular reciprocal MLL fusion protein will be unable to
form functional dimers with another AF4-MLL fusion protein or
with a wildtype MLL protein. Depending on which splice variant
is actually produced in a leukemic cell, binding to CYP33/PPIE
will be still possible, but there are are only 4 instead of 10 func-
tional combinations remaining (compare Fig. 3C with Fig. 3D).
Binding of CYP33/PPIE has an important consequence for the
wildtype MLL protein. The isomerization of the PHD3-domain
leads to the binding of the RRM-domain of the CYP33/PPIE
protein. This converts the CYP33/PPIE protein from an RNA-
binding protein to an mediator for protein interactions. This
allows the MLL protein (or MLL fusion protein) to interact
with BMI1 and other proteins related to the “Polycomb main-
tenance complex” (CtBP, HPC2/CBX4 and HDAC1; Xia et al.
2003). HPC2/CBX4 represents a SUMO E3-ligase that sumoy-
lates several target proteins (e.g. CtBP; Agrawal et al. 2008), and
was shown to bind directly to JARID1B/KDM5B (H3K4me1-3

demethylase; Zhou et al. 2009). The latter protein inactivates
gene loci by erasing their necessary histone H3K4me2/3 signa-
ture. All this explains how the MLL protein is being converted
from a transcriptional maintenance factor into an inhibitory
protein for gene transcription. This particular and switchable
feature is important and explains why gene expression profil-
ing of homozygous Mll k.o. vs. wildtype cells not only caused
a decrease in gene transcription, but displayed twice as many
genes that displayed an increase of gene transcription (Schraets
et al. 2003). Thus, MLL has a bivalent role in transcriptional
maintenance: activation and repression. This bivalent role can
be explained by the alternative splice process that was inves-
tigated here, because only the -3 variant of PHD3 confers the
possibility to bind to CYP33/PPIE, and thus, to the inhibitory
proteins BMI1, HPC2/CBX4, JARID1B/KDM5B and HDAC1
(Fig. 3C).
The functional consequences for reciprocal MLL fusion proteins
have to be investigated in the future. However, reciprocal MLL
fusion protein - exhibiting either a normal or altered PHD1-3
domain - exhibit per se no MT-domain which was shown to
be important for binding BMI1 and other cooperating proteins
(Fig. 3D). Thus, the question remains whether reciprocal MLL
fusion proteins still have the property to bind to these Polycomb
repressor proteins, or not. If not, it would explain the oncogenic
effects deriving from the AF4-MLL (. . .a prototypic reciprocal
MLL fusion protein) which have been experimentally shown
in vitro and in vivo (Bursen et al. 2004; Gaussmann et al. 2007;
Bursen et al. 2010).
Also of importance is the fact that the recently identified gene-
internal promotor within the MLL protein (Scharf et al. 2007),
necessary to drive expression of the MLL C-terminus in those
leukemia patients that do not bear a functional reciprocal fusion
(Meyer et al. 2009), will always result in an MLL* protein that
do neither exhibit the PHD1-3- nor the BD-domain. This N-
terminal truncated MLL protein was shown to start with a bona
fide AUG start codon within MLL exon 18, and thus, encodes
only the ZF2 and PHD4 domain. This novel N-terminal region
of the MLL* protein may have lost its ability to bind to the E3
ligase ASB2. Thus, important biological properties of MLL*,
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Fig. 4: MLL exons encoding the PHD/zinc finger domains. Again, the complete structure of the PHD domain of the MLL protein is depicted. Yellow and green spheres represent
cysteine- and histidine-residues, respectively. The smaller blue circles represent Zn2+ ions that are coordinating the structure of the PHD or zinc finger domains. Red lines
are now indicating the exon/exon boundaries. Numbers indicate the amino acids spacing either cysteine/histidine residues and the amount of amino acids encoded by the
single exons. Between the first three and the fourth PHD domain, the BD-domain is localized and depicted in pink (aa 1669-1803). The table on the right side is
summarizing all relevant information about MLL exons 11-23 (length of each exon in nucleotides (nt) and coding capacity in amino acids (aa)).

like e.g. protein stability, should be investigated in the future to
shed light on the putative functions of this not yet investigated
variant of the MLL protein.
In summary, we provide important new information about a
novel regulatory mechanism of the MLL protein that has not
been analyzed in such detail before. An alternative splice pro-
cess seems to convert the MLL protein from a positive modulator
of gene transcription into a transcriptional repressor complex.
This new knowledge will allow new research activities in order
to unravel the last mysteries of the human MLL protein.

4. Experimental

4.1. Cell culture

The Nalm-6, Kasumi-1 and SEM cell lines were cultured in RPMI 1640
containing 10% fetal calf serum. HEK293T and HEK293 cells were main-
tained in DMEM supplemented with 10% fetal calf serum. All media were
supplemented with 1% L-glutamine and 1% Pen/Strep.

4.2. Total RNA extraction and reverse transcription

RNA was prepared from all cell lines by using the Qiagen RNeasy Mini Kit
(Qiagen, Germany). One �g RNA was reverse transcribed using hexamer
primers in a total volume of 25 �l. Final cDNA synthesis was diluted to
50 �l using sterile water. In addition, all isolated RNAs were directly tested
in PCR reactions to exclude any contamination with genomic DNA (data not
shown). Five �l of each cDNA was used as template in 50 �l PCR reactions
throughout all experiments.

4.3. PCR experiments

RT-PCR experiments were performed with Taq-Polymerase (Promega)
using the forward primers 5’-CGCGGATCCCAGGTACAGAAGAT
GAGATGTATGAGAT-3’ for the 0, 5’-CGCGGATCCTGAGAATCTTTC
AGATGAGATGTATGAGAT-3’ for the -3, 5’-CGCGGATCCAGGT
ACAGAAGAAAGTGTGGCCTAC-3’ for the -11 and 5’-
CGCGGATCCAGAATCTTTCAGAAAGTGTGGCCTAC-3’ for
the -14 PHD3 variant. The reverse primer for all reactions was
5’-CGGCTCGAGTTAGCCGGTAGCGTAGCAAATGG-3’.

4.4. Yeast-2-hybrid mating experiments

All yeast-2-hybrid screens of this study were conducted using the MATCH-
MAKER III Two-Hybrid System (Clontech) according to the manufacturers

recommendations. The system provides the two vectors pGBKT7 (bait) and
pGADT7 (prey).
All described constructs (PHD3, PHD1-3, �PHD1-3, RRM-domain and
CYP33/PPIE) were cloned into both vector backbone. pGBKT7 plasmids
were transformed into the MATa yeast strain AH109 whereas the MAT�
strain Y187 was host strain for pGADT7 plasmids using an LiAc transfor-
mation procedure. Transformed cells were plated on appropriate SD agar
plates (–Trp for pGBKT7 and –Leu for pGADT7) to select for transformed
yeast clones. Incubation time was usually 4 to 5 days at 30 ◦C. Yeast mating
was performed with corresponding clones of both transformed yeast strains
(Mata with MAT�) by using microtiter plates. Mated cultures were put on
Leu/Trp drop-out SD agar plates (2x drop-out medium) to select for diploid
cells that bear both plasmids. Growth of diploid cells on agar dishes was usu-
ally 2 days at 30 ◦C. Selected colonies were picked, resuspended in sterile
water, and incubated on Leu/Trp/His/Ade drop-out SD agar plates (4x drop-
out medium) and incubated for 5 days at 30 ◦C. Cell growth was visually
inspected and categorized into “no growth” (“-”), very weak growth (“+”)
sufficient growth (“++”) and very good growth (“+++”). Importanly, control
experiments were performed by mating vector-containing yeast clones with
corresponding yeast clones bearing empty vector controls, and by switch-
ing the vector backbones of tested protein interactions. Thus all mentioned
protein interactions have been double-cross-checked.

4.5. In silico work

The MLL protein structure of 4005 amino acids was used according to
the original publication by Nilson et al. (1996). The structural analyis was
performed with the PDB files 2KYU (Park et al. 2010), 3LQJ (Wang et al.
2010) and 3LQH and 3MDF (Hom et al. 2010) and retrieved from the PDB
database (http://www.rcsb.org/pdb/). For analysis and modelling the open
source program MacPyMol was used.
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