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ABSTRACT

ELL2 (eleven-nineteen lysine-rich leukemia tran-
scription elongation factor), a component of a larger
complex with pTEFb (cyclin T and CDK?9) and AF4,
is up-regulated in plasma cells where it influences
MRNA processing by increasing exon skipping and
enhancing proximal poly (A) site use. ELL2 is needed
to produce the secretory-specific lIg heavy chain
MRNA while ELL1 mRNA does not change in abun-
dance with B cell stages. To investigate the potential
interactions of other proteins with the ELL1 and
ELL2 proteins, we preformed yeast two-hybrid stud-
ies. HSP40 and Testin were found to bind to ELL2 in
its amino-terminal half. PCNA binds to ELL2 in a
region encompassing amino acids 186 - 344. The po-
tent transcription factors HIF1 « and ZNF622 inter-
act with both ELL1 and 2 in the central, proline rich
region. Meanwhile, BBS2 and ING3 interact with
ELL1 but not ELL2 in this central proline-rich re-
gion. Many of the ELL-interacting-proteins uncov-
ered in the two-hybrid screen are tumour suppressors
that may work through the ELL: pTEFb complex to
suppress or activate sets of genes in plasma cells.

Keywords: Transcription Elongation; Immunoglobulin
Synthesis; Yeast Two-Hybrid System

1. INTRODUCTION

The RNA polymerase II on the Ig heavy chain gene (Igh)
in plasma cells is associated with high levels of serine
phosphorylation of the carboxyl-terminal domain, addi-
tion of polyadenylation factors, and the transcription
elongation factors ELL2 and PC4 [1]. This sets the po-
lymerase apart from the RNAP-II in B cells, where it is
factor poor [2]. ELL2 has been shown to drive Igh alter-
native mRNA processing [3]. ELL2 (Eleven-nineteen
Lysine-rich Leukemia gene 2) is part of a large “super
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elongation complex” (SEC) that contains pTEFb and
other elongation factors including AF4/affl [4]. While
ELL1, 2, and 3 proteins, encoded by separate genes,
were all shown to be in SECs [5], subsequent analysis of
the SECs indicated sub-types with specificity for differ-
ent genes [6]. Only ELL2 was found in the SEC with
pTEFb and HIV-1 Tat and TAR in T-lymphocytes [7,8].
As shown in Figure 1, other investigators found a dis-
tinct ELL2 sub-complex [9]. ELL2 also links to AF4 and
to the PAF complex (mPAF or polymerase associated
factor); this is crucial for regulation since PAF recruits
the mRNA polyadenylation factors, linking SEC to pro-
ductive elongation and promoter proximal 3’ end proc-
essing [8,10].

As shown in Table 1, the ELLs are very similar from
aa 1 - 180. This NH2-proximal region is responsible for
elongation enhancement and PAF binding [11]. EAFI
was found to interact with ELL in the elongation and C-
terminal domains [12]. EAF2 binds to the ELL elonga-
tion domain but not the C-terminal domain [13].
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Figure 1. Interactions of ELL2 with pTEFb composed
of cyclin T and Cdk9, a serine kinase. The mRNA for
Affl and ELL2 are both up-regulated in plasma cells
[2]. Adapted from [9].
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Table 1. Map of human ELL2 indicating important regions discussed in text. In the predicted structure, blue represents regions of

alpha helices; red, the beta sheets; and yellow, the unstructured loops.
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Regions sub-cloned for these Y2H studies

Al = amino acids 9 - 186
A2 = amino acids 186 - 344
AltoA2=2aa9-344
B = amino acids 357 - 509
A2 to B =aa 186 - 509
C = amino acids 512 - 640

ELLI and 2 differ from each other at aa ~352 - 443
and 473 - 516, mapping in exon 8. The mid-portion of
mammalian ELL3 is much shorter because of an exten-
sive deletion in this same region and from 180 - 248. The
differences in the region covering 352 - 516 may drive
unique protein associations of ELL 1 & 2. This portion of
ELL1 and 2 is rich in hydrophobic amino acids like
proline and leucine but also contains hydrophilic charged
residues like lysine and glutamate. No known protein
motif has been identified in this domain. It has, however,
been determined to be the region that is required for
dELL association with heat shock puffs in Drosophila
[14].

The C-terminal domain is conserved in phylogeny in
all the members of the ELL-family including Drosophila;
it shares homology with occludin, an integral plasma
membrane protein located in tight junctions. The C-ter-
minal occludin-like domain of all the ELLs forms a
unique structure with a highly positively-charged surface;
these have been proposed to facilitate protein: protein
interactions [15]. This region of ELL2 also contains a
ubiquitination site acted on by Siahl which controls its
degradation; binding of AF4 blocks Siahl binding and
enhances stability [16]. The C-terminal domain of dELL
is required for viability in Drosophila [14]. The C-ter-
minal domain of mammalian ELL1 is sufficient for im-
mortalization of myeloid progenitors most likely through
its interactions with p53 [17]. By analogy, the interaction
of ELL3 with p53 in mouse stem cells is most likely
through this conserved C-terminal domain [18].

Copyright © 2013 SciRes.

To uncover proteins that might interact with the ELL
proteins, a yeast two-hybrid screen was performed. Since
the C-terminal domain trans-activated transcription in the
yeast two hybrid system on its own, our search was con-
fined to the first ~509 amino acids. Unique protein: pro-
tein interactions were uncovered in our screens; ELLI1
and ELL2 had some shared and some discrete partners.

2. MATERIALS AND METHODS
2.1. Plasmid Constructs

Portions of the human ELL2 protein coding region, as
shown in Table 1, were cloned and then transformed into
the pGBKT?7 vector construct using the Yeastmaker™
Yeast Transformation System (Clonetech). The bait vector
used was pGBKT7 and pGADT7 RecAB, the prey vector
(Clontech). We cloned human ELL2 divided into 3 parts
designated A1-A2, A2-B, and B (Tables 1 and 2) into the
multi-cloning site of pGBKT7. All pPGADT7 RecAB and
pGBKT7-derived vectors were transformed into Y187
and Y2HGold yeast strains, respectively (Clontech Yeast-
maker Yeast Transformation System 2). The transfor-
mants were, respectively, selected on Leu- and Trp-
minimal media plates after growth at 30°C for 3 to 5
days.

2.2. Yeast Two-Hybrid Screening

To test for new interactions with the ELL proteins, a
yeast two-hybrid screen was performed as described pre-
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Table 2. Interactions found through yeast two hybrid assays between segments of human ELL bait and cDNA prey segments in a
HeLa activation domain library. The Genebank identifiers and nucleotide numbers encoding the interacting cDNAs are indicated

within the boxes.

ELL2 A1-A2 ELL2 A2-B

ELL2 B ELL1B

Y2H partner::
BBS2
HIF1 o variant 1
HIF1 o variant 2
HIF1 o variant 3
Hsp 40, subfamily B NM_006145.1/1690-2233
ING3, variant 1
ING3, variant 3

PCNA

NM_182649.1/735-

NM_031885.3/1005-1895

NM_001530.3/3583-4082 NM_001530.3/3583-4082

NM_181054.2/3456-3955 NM_181054.2/3456-3955

NM_001243084.1/3480-3979 NM_001243084.1/3494-3953
NM_19071.2/14-401
NM_198267.1/14-918

1314

NM_002592.2/771-1350

TES/testin, variant | ~ NM_015641.3/809-1295

TES/Testin, variant2 ~ NM_152829.2/643-1129

ZNF622

ZNF622

NM_033414.2/1005-1709

NM_033414.2
1069-1705 & 1018-1697

viously [19,20] using the Matchmaker Gold Yeast Two-
Hybrid System (Clonetech Catalog # 630489). The bait
plasmids described in section 2.1 were transformed into
the yeast strain Y2H Gold. The resulting strains were
then mated with the yeast strain Y187 that was pre-
transformed with the Mate & Plate Normalized HeLa
Library (Clonetech Catalog # 630479). Colonies were
selected on synthetic dropout plates plus 40 ug/ml X-a-
Gal, lacking adenine, histidine, leucine, and tryptophan
(SD/-Ade/-His/-Leu/-Trp). Blue colonies (indicating po-
tential protein interaction) were then restreaked on the
same dropout plates containing 40 ug/ml X-a-Gal and
125 ng/ml Aureobasidin A to reduce the possibility of
false positives. Plasmids from the positive colonies were
then isolated and transformed back into Stellar compe-
tent E. coli cells. The transformed plasmids were isolated
again and sequenced using T7 universal primers to iden-
tify the cDNA inserts from the HeLa library. For final
conformation, isolated plasmids were transformed indi-
vidually into Y187 yeast and mated again with Y2HGold
yeast containing ELL2 fragments in the method de-
scribed above. The positive plasmids obtained from these
subsequent interactions were isolated and transformed
into Stellar competent E. coli cells and were finally se-
quenced using T7 primers to confirm the interactions
found in the library screen.

2.3. mMRNA Analyses

The total RNA from B220+ splenic B-cells was isolated
from fresh mouse spleens as previously described [3].

Copyright © 2013 SciRes.

Briefly RNA was isolated using the RNeasy mini kit
(Qiagen # 74106). The mRNA was copied with reverse
transcriptase using Superscript first strand synthesis (In-
vitrogen # 11904-018) and a dT-primer, and then quanti-
tative polymerase chain reaction was performed using
the Sybergreen PCR master mix (Applied Bio # 4309155)
and the indicated primers. The Ct values of each sample
were normalized relative to HPRT. PCR primers were as
follows:

HPRT/ ref 16083680/1

Forward CCTAAGATGAGCGCAAGTTGAA

Reverse CCACAGGACTAGAACACCTGCTAA

ELL1/ ref 87855970/1

Forward GGAGTTACGGGTTGTCGTGT

Reverse AGAGATGTGCCCTTGGCTTC

ELL2/ ref 23545157/8

Forward: CTGGCCAGGTTACAGTGAGA

Reverse AGCGTCTTTGCTGGAACAC

ELL3/ ref 85776881/2

Forward: AGAGCCTCTCAGCTCCATCAGCC

Reverse GCCCCAACTCGAGCATGCAG

3. RESULTS AND DISCUSSION

3.1. ELL mRNA Expression Pattern in Spleen
Cells

We measured the expression of the mouse ELL 1, 2 and
3 mRNAs in the differentiation of B cells to plasmablasts
and plasma cells, induced ex vivo by Lipopolysaccharide
(LPS), by dT-primed reverse transcriptase followed by
real-time quantitative PCR. In these experiments the

OPEN ACCESS



F. Arumemi et al. / Advances in Bioscience and Biotechnology 4 (2013) 774-780 777

amount of ELL message was normalized to HPRT set as
1; we have previously shown that HPRT levels do not
change in the B to PC transition [21]. We see a shift in
the ELL expression patterns, Figure 2. The level of
ELL2 mRNA increases at least 6-fold after LPS induc-
tion and comprises a substantial portion of the total ELL
mRNA population in those cells. Meanwhile ELL3
mRNA is the most abundant ELL in the resting B cells
but its level falls 3 - 10 fold after LPS stimulation such
that then it comprises less than 10% of the total ELL
mRNAs. It is more difficult to estimate how much of
each protein is present at the various stages based on the
affinities of the antibodies used in westerns, but we have
shown previously that ELL2 protein increases substan-
tially versus a control following LPS stimulation [3].

An analysis of B cell stages by mRNA micro-array re-
ported in the http://www.immgen.org web site came to a
similar conclusion. As we report here, the amount of
ELL1 mRNA does not vary significantly among B cell
stages. Meanwhile, ELL2 was highest in germinal cen-
ters, where the most mature plasma cells reside, while
ELL3 expression was highest in marginal zone B cells,
representing less mature B cell stages.

The magnitude of the changeover to ELL2 expression
in mature cells following LPS stimulation leads us to ask
what factors might be interacting with ELL1 and 2 and
how these could modulate IgH secretory mRNA proc-
essing. The unique regions between aa 357 to 509 both in
mouse and human ELL1 and 2 are the likely targets for
interactions with distinct regulatory molecules.

3.2. Yeast Two Hybrid Interactions

We conducted yeast two hybrid interaction studies using
regions of human ELL2 and ELL1 that we cloned in the
Gal4-binding domain (BD) as “bait”. We omitted ELL3
from our analyses since its level drops rather than rises
after LPS stimulation. We screened our bait against a
cDNA library (segments encoding ~200 amino acids),
using the normalized library of HeLa S3; here the
cDNAs are cloned into a plasmid containing the tran-
scriptional activation domain (aka “prey” in an AD li-
brary). The HeLa “normalized” library was chosen be-
cause it was pre-hybridized to eliminate highly abundant
genes like TRNA proteins and HeLa expresses numerous
plasma cell mRNAs and proteins, for example blimp-1
and IRF4 (data not shown).

Regions of human ELL2 were cloned in the BD vector
as outlined in Table 1 and tested for whether the AD
HeLa library cells were required for transcriptional acti-
vation. Theoretically, in the yeast two-hybrid system
only when the two domains (BD and AD) interact, tran-
scription of a reporter gene ensues. We found that the C-
region of ELL2 in the BD trans-activated all by itself,
that is, in the absence of any added mammalian activa-

Copyright © 2013 SciRes.
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Figure 2. Expression of ELL mRNAs in mouse
splenic B-cells relative to HPRT mRNA standard.
***indicates P < 0.001, error bars show SEM.

tion domain partners; this excluded it from further analy-
ses here. This transcriptional activity could be because
the C-terminal fragment interacts with basal yeast factors
or with DNA through the high positive charge. The
cloned ELL2 segments Al or A2 alone failed to produce
any AD partners, perhaps because they were too small.
On the other hand, ELL2 fragments encompassing Al to
A2 and A2 to B and B alone interacted with proteins
cloned in the AD HeLa library, and yielded multiple iso-
lations of segments of several proteins, as indicated in
Table 2.

Segment ELL1 B, but not ELL2 B, in the BD vector
interacted with BBS2 in the AD. Mutations in the BBS2
gene have been observed in patients with Bardet-Biedl
syndrome type 2, an autosomal recessive disorder char-
acterized by severe retinopathy, obesity, polydactyly,
renal malformation, and mental retardation. The mouse
knockout of BBS2 shows kidney abnormalities [22]. The
significance of this ELL1 interaction is not known.

Repeatedly we found that a protein made from a por-
tion of the HIF1 a mRNA clone bound to ELL2 in the
middle/B region and to ELL1 in the same area, amino
acids 357-509, corresponding roughly to exon 8 (Tables
1 and 2). The regions in common between the two pro-
teins are at the beginning and end of exon 8§ but not the
middle ~79 amino acids; one or both of these may be
responsible for the interactions. ELL1 had previously
been reported to interact with HIF1 a only by co-IP stud-
ies [23]. HIF1 a has also been shown to interact with
EAF2 [24]. EAF2 interacts with ELL [25] so those co-
IPs may have been detecting complex formation; here we
show a direct ELL1 or ELL2:HIF1 a interaction. Our
mapped interactions occur in sequences where a putative
exon resides in the 3’ UTR of the HIF a mRNA, a region
that is not part of the main HIF1 « open reading frame.
But transcript variant 3 (Table 2) was found to use an
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alternate in-frame acceptor splice site at the next exon
compared to variant 1 [26]. In that paper, a novel mRNA
isoform of human HIF-1 o was found to be up-regulated
following T cell receptor stimulation. This activation-
inducible isoform was expressed using the alternative
first exon 1.3 and would encode a protein 24 amino acids
longer than the ubiquitous HIF-1 o isoform. This isoform
1.3 shows its highest expression in peripheral blood leu-
kocytes (neutrophils, B and T cells) and the thymus [26].
This suggests that ELL2 may play a role in the exon
skipping and alternative splicing of HIF-1a in lymphoid
cells. Hypoxia inducible factor (HIF-1) is a transcription
factor with two subunits, a constitutive f subunit and an
o subunit; its expression is increased in mammalian cells
cultured under reduced oxygen and HIF-1 induces nu-
merous genes [27]. Those induced proteins play essential
roles in responses to hypoxia and may also link inflam-
matory mediators to ion channel expression [28]. Plasma

cells produce immunoglobulins under hypoxic conditions.

Mice with a conditional HIF-1 a deficiency in the B cell
lineage still produced secreted autoantibodies but perito-
neal B1 cells and B2 cell maturation were impaired [29].
Thus the HIF-1 o interactions we see here with ELL2
may be biologically significant for plasma cell develop-
ment.

Hsp40 interacts in the yeast two-hybrid study with the
Al to A2 protein fragment of ELL2, encompassing the
elongation region of ELL2. Hsp40 proteins are con-
served from Escherichia coli to humans; they help to
degrade proteins to which they bind [30]. We previously
showed that in the elongation domain of ELL2, around
amino acids 133 - 186, there are numerous potential
proteolytic cleavage sites, conserved from zebrafish to
humans, on which proteases could act [3]. These poten-
tial cleavage sites coupled with the associations with
Hsp40 may account for the apparent rapid turnover of
ELL2 [7].

A portion of the ING3, inhibitor of growth protein 3,
well within the protein coding region of both spliced
variants, was found in our yeast two hybrid studies to
interact with the unique (B) region of ELL1. The ING
genes encode a conserved homeo-domain that can facili-
tate binding to the trimethylated lysine of histone H3,
H3K4me3, [31]. ING3 contains a PHD-finger, a common
motif in proteins involved in chromatin remodeling.
ING3 can act as a tumor suppressor and interfering with
its degradation may aid in control of tumors, especially
melanoma [32]. ING3 interactions with ELL1 could ac-
count for a suppression of transcription.

PCNA (proliferating cell nuclear antigen) has many
functions in DNA replication and repair; proteins that
bind to PCNA have been shown to be subject to ubiquit-
ination and more rapid turnover [33]. In systemic lupus
erythematous (where many autoantibodies are secreted)

Copyright © 2013 SciRes.

the clinical significance of the anti-PCNA antibodies
remains enigmatic [34]. PCNA is expressed throughout
the differentiation from B cell to plasma cell but the spe-
cific interactions with ELL2 in the A2-B region that we
see here may be biologically significant. PCNA and
Hsp40 interactions may contribute to the degradation of
ELL2 in plasma cells.

TES, the so called testis derived transcript (3 LIM do-
mains) or Testin, is, in fact, ubiquitously expressed and is
involved in adhesion, motility, cell-to-cell interactions
and cell signaling. Testin was found in many tissues but
is differentially expressed in mammary versus coronary
arteries [35]. Testin is also silenced in childhood blood
tumors, like Acute Lymphocytic Leukemia [36]. In our
analyses we found that a portion of the open reading
frame of Testin interacts with the Al to A2 region of
ELL?2. Testin appears to be a tumor suppressor [37]. The
significance of its interaction with ELL2 for plasma cell
differentiation remains obscure but intriguing based on
its role in hematopoietic tumors.

In our studies, ZNF622 interacts with both ELL1 and
ELL2. ZNF622 is a positive regulator of the MAPK cas-
cade and behaves as an activator of the ubiquitous, DNA
bound transcription factor MYBL2 [38].

Thus it seems clear that while ELL1 and 2 each inter-
act with HIF-1a and ZNF622, each has unique interac-
tions with other transcription factors. The significance
of this for the genes that each transcription factor targets
remains to be explained. The interaction of the tumor
suppressor TP53 with the conserved C-terminal portion
of ELL and the interactions of the tumor suppressors
ING3 and TES with other portions of ELL1 or 2 suggest
that they may all act through the pTEFb super elongation
complex to suppress activation of certain genes whose
expression would lead to uncontrolled growth.

4. CONCLUSION

Some have suggested that the role of individual ELL
factors may be redundant but the observation that the
timing of their expression, primary sequence differences,
and their interactions with other proteins as shown here
in the yeast two hybrid system permit us to consider that
each factor may play a unique role in gene expression.
Once we fully understand how polyadenylation is linked
to transcription through the elongation process, and spe-
cifically through ELL2, we may then be able to more
easily see how the competition between splicing and
polyadenylation can be accomplished and if the factors
we have identified play a role.
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