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ABSTRACT We recently isolated an RNA polymerase II
elongation factor from rat liver nuclei and found it to be
homologous to the product of the human ELL gene, a frequent
target for translocations in acute myeloid leukemia. To fur-
ther our understanding of the possible role(s) of ELL in
transcriptional regulation and human disease, we initiated a
search for ELL-related proteins. In this report we describe
molecular cloning, expression, and characterization of human
ELL2, a novel RNA polymerase II elongation factor 49%
identical and 66% similar to ELL. Mechanistic studies indi-
cate that ELL2 and ELL possess similar transcriptional
activities. Structure–function studies localize the ELL2 elon-
gation activation domain to an ELL2 N-terminal region that
is highly homologous to ELL. Finally, Northern blot analysis
reveals that the ELL2 and ELL genes are transcribed in many
of the same tissues, but that the ratio of their transcripts
exhibits tissue-to-tissue variation, raising the possibility that
ELL2 and ELLmay not perform completely general functions,
but, instead, may perform gene- or tissue-specific functions.

The elongation stage of eukaryotic messenger RNA synthesis
is a major site for the regulation of gene expression (1, 2).
Moreover, a growing body of evidence suggests that misregu-
lation of transcription elongation may be a key element in a
variety of human diseases (3).
To date, one virally encoded protein (Tat) and five cellular

proteins [SII, P-TEFb, TFIIF, elongin (SIII), and ELL] have
been defined biochemically and shown to be capable of
controlling the activity of the RNA polymerase II elongation
complex. Among these elongation factors, three have been
implicated in human disease. The HIV-1 encoded Tat protein
is required for efficient transcription of HIV-1 genes and for
productive infection by the virus (4). Elongin (SIII) is a
potential target for regulation by the product of the von
Hippel–Lindau tumor suppressor gene, which is mutated in the
majority of clear-cell renal carcinomas and in families with von
Hippel–Lindau disease, a rare genetic disorder that predis-
poses individuals to a variety of cancers (5, 6). The ELL gene
on chromosome 19p13.1 was originally isolated as a gene that
undergoes frequent translocations with the Drosophila tritho-
rax-like MLL gene on chromosome 11q23 in acute myeloid
leukemia (7, 8).
As part of our effort to understand how elongation by RNA

polymerase II is controlled under normal cell conditions and
in disease, we are attempting to reconstitute the RNA poly-
merase II elongation apparatus. In this report, we describe

identification and characterization of ELL2, a novel ELL-
related RNA polymerase II elongation factor from human
cells.

MATERIALS AND METHODS

Cloning and Expression of Wild-Type and Mutant ELL2.
Searches of the Human Genome Sciences and GenBank
databases identified overlapping expressed sequence tags
(ESTs) that form a contig spanning a predicted ELL2 ORF.
These ESTs include Human Genome Sciences cDNAs
HNEAK22, HNFDO55, HBWAL95R, HBWAH80R,
HSBAI43R, HOUDO79R, HCE2D15R, HPRAE28R,
PM1163767, HSXCR53RA, and HATDQ29R (9, 10) and
GenBank cDNAs with accession numbers W94585, T89063,
R16400, R12663, W92650, AA009921, PM770010, and
PM717576.
A DNA fragment including ELL2 coding sequences was

obtained by PCR amplification of a Lambda Zap human fetal
heart library using a 59 primer (59-CAATTAACCCTCATA-
AAGGGAAC-39) identical to a sequence in the Lambda Zap
vector and a 39 antisense primer (59-CAAAGTTTCACCTTT-
TAGAATCTAGAGCAACTC-39) corresponding to a se-
quence in the 39-untranslated region of the ELL2 gene. The
construct for expression of histidine-tagged ELL2 in bacteria
was prepared in two steps. First, a DNA fragment encoding
ELL2 amino acids 11–640 was generated by PCR amplification
of the original ELL2 ORF-containing PCR product using the
ELL2- specific primers 59-GAGGTGTCGACGAGGAG-
CAGCGCTATGGGCTGTCGTGCGGAC-39 and 59-GTG-
TGGATCCTCATCACTAGGACCATGACTCTGCTTGC-
TGTTG39 and was introduced into the SalI and BamHI sites
of M13 mpET (11). An expression vector containing the entire
ELL2 ORF was then generated by oligonucleotide-directed
mutagenesis (12) with the Muta-Gene M13 in vitro mutagen-
esis kit (Bio-Rad) and confirmed by DNA sequencing; N- and
C-terminal ELL2 deletion mutants were constructed by the
same procedure. Wild-type and mutant ELL2 proteins were
expressed in Escherichia coli, purified from guanidine-
solubilized inclusion bodies by nickel affinity chromatography,
and renatured as described (13). Where indicated, the ELL2
protein was further purified by preparative SDSyPAGE (13).
The human ELL protein was expressed in E. coli and purified
as described (13).

RESULTS

Identification of Human ELL2. Searches of the Human
Genome Sciences and GenBank databases identified multiple
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overlapping ESTs that formed a contig spanning a predicted
ELL2ORF similar in sequence to the ORF of the human ELL
gene (Fig. 1). An'1.9-kb DNA fragment containing the entire
predicted ELL2 ORF was obtained by PCR amplification of a
human fetal heart library and sequenced. The ELL2 ORF
encodes a 640-amino acid protein with a calculated molecular
mass of 72,354 Da. As determined by the BESTFIT program of
the Genetics Computer Group (Madison, WI) package (14),
ELL2 is 49% identical and 66% similar to ELL (alignment
score '64 SD).
Expression of ELL2 and ELL in Human Cells. To investi-

gate the expression of ELL2 and ELL in human tissues,
Northern blots containing poly(A)1RNA from various human
tissues were hybridized with ELL2- and ELL-specific probes
(Fig. 2). Consistent with previous studies (7, 8), the ELL-
specific probe hybridized to two mRNA species of'4.4 kb and
'2.7 kb. As shown in Fig. 2, the ELL2-specific probe hybrid-
ized to two mRNA species of '6 kb and '4.1 kb. At present,
it is not clear whether the '6-kb and '4.1-kb ELL2 mRNAs
are alternatively processed forms or the products of closely
related genes. The results of Northern blot analyses indicate
that both ELL2 and ELLmRNAs are expressed in many of the
same tissues. Notably, the ratio of ELL2 and ELLmRNAs, and
the ratios of the two different forms of each mRNA, exhibit
tissue-to-tissue variation; for example, the ratio of ELL2 to
ELL is greater in liver than in kidney, skeletal muscle, lung,
and placenta.
ELL2 and ELL Possess Similar Transcriptional Activities.

In a previous study, we demonstrated that ELL is capable of
potently stimulating the overall rate of RNA chain elongation
by RNA polymerase II (13). To determine whether ELL2 is
also capable of stimulating elongation by RNA polymerase II,
a DNA fragment containing the ELL2 ORF was introduced
into a bacteriophage M13 expression vector under control of
the T7RNA polymerase promoter (11) and expressed inE. coli
with an N-terminal histidine tag. The recombinant ELL2

protein was purified to homogeneity from guanidine-
solubilized inclusion bodies by nickel-affinity chromatography
and preparative SDSyPAGE (Fig. 3A) and then tested for its
ability to stimulate elongation.
As shown in Figs. 3 B and C, ELL2 is an RNA polymerase

II elongation factor with functional properties similar to those
of ELL. In these experiments, the abilities of ELL2 and ELL
to stimulate elongation were compared during either promot-
er-specific transcription carried out in the presence of the
general initiation factors or promoter-independent transcrip-
tion carried out using an oligo(dC)-tailed template assay, in the
absence of auxillary transcription factors.
To compare the abilities of ELL2 and ELL to stimulate the

rate of elongation of promoter-specific transcripts, preinitia-
tion complexes were assembled by preincubation of purified
RNA polymerase II, TBP, TFIIB, TFIIE, TFIIF, and TFIIH
with a DNA template containing the AdML promoter. Short,
highly radioactive transcripts were then synthesized during a
brief pulse carried out in the presence of ATP, GTP, UTP, and
a limiting concentration of [a-32P]CTP. These short, promot-
er-specific transcripts were then chased into full-length runoff
transcripts in the presence of an excess of nonradioactive CTP
and in the presence or absence of approximately equivalent
levels of recombinant ELL2 or ELL. As shown in Fig. 3B,
comparison of the kinetics of accumulation of full-length
runoff transcripts reveals that ELL2 and ELL have similar
effects on the rate of elongation of promoter-specific tran-
scripts by RNA polymerase II.
An oligo(dC)-tailed template assay was used to compare the

abilities of ELL2 and ELL to stimulate the rate of elongation
of promoter-independent transcripts. Briefly, transcription
was initiated by addition of RNA polymerase II to reaction
mixtures containing the oligo(dC)-tailed template pCpGR220
SyPyX (15), ATP, GTP, and [a-32P]CTP. Under these con-
ditions, RNA polymerase II synthesizes'135-nucleotide tran-
scripts on the T-less cassette of pCpGR220 SyPyX. These

FIG. 1. Comparison of the deduced amino acid sequences of human ELL2 and ELL. ELL2 residues 11–640 are from the sequence of a DNA
fragment obtained by PCR amplification of a human fetal heart cDNA library. Residues 1–10 are from Human Genome Sciences ESTs HNFD055
and HNEAK22 and from an EST in the GenBank database (accession number W94585). Identical amino acids are shown in white letters on a black
background; similar amino acids (A, S, T, P; D, E, N, Q; H, R, K; I, L, M, V; F, Y, W) are shown in black letters on a gray background. Conserved
regions 1, 2, and 3 are indicated by single, double, and triple underlines, respectively.
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highly radioactive transcripts were then chased into longer
RNAs with UTP and an excess of nonradioactive CTP, in the
presence or absence of approximately equivalent levels of
recombinant ELL2 or ELL. As shown in Fig. 3C, transcripts
synthesized in the presence of either ELL2 or ELL were
substantially longer than transcripts synthesized in their ab-
sence; we note that many transcripts synthesized in the pres-
ence of ELL2 and ELL appear to be plasmid length. In
addition, comparison of the kinetics of accumulation of long
transcripts and of the distribution of RNA intermediates
reveals that ELL2 and ELL have similar effects on elongation
of transcripts synthesized by RNApolymerase II in the absence
of auxillary transcription factors on the oligo(dC)-tailed
pCpGR220 SyPyX template.

Localization of the ELL2 Elongation Activation Domain.
Comparison of the ELL2 and ELL ORFs revealed three
conserved regions (Figs. 1 and 4A): an N-terminal region
(region 1, R1) between ELL2 residues 7 and 350, a short
lysine-rich region (region 2, R2) between ELL2 residues 443
and 474, and a C-terminal region (region 3, R3) between ELL2
residues 516 and 640. Although neither ELL2 nor ELL have
obvious structural features such as zinc finger, leucine zipper,
or helix-turn-helix motifs commonly found in transcription
factors, a TBLASTN search of the GenBank database revealed
that conserved region 3 of ELL2 and ELL exhibits striking
similarity to the ZO-1 binding domain of occludin (16), an
integral membrane protein found at tight junctions (17). As
determined by the BESTFIT program of the Genetics Computer

FIG. 2. Tissue distribution of ELL2 and ELL mRNAs. A human multiple tissue
northern blot (MTN1, CLONTECH) was probed sequentially with PCR-generated
ELL2- and ELL-specific probes chosen from a region of sequence that was most
divergent between the two genes. The ELL-specific probe contained sequences encoding
amino acids 317–621, and the ELL2-specific probe contained sequences encoding amino
acids 327–474. As a loading control, the same blot was probed with a probe specific for
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) mRNA. Probes were labeled with
[a-32P]dCTP by random priming performed according to themanufacturer’s instructions
(Rediprime kit, Amersham). The blot was prehybridized in 10 ml of Hybrisol I solution
(Oncor) for 3 h at 428C. Probe DNA was denatured and added to hybridization solution
at 106 cpmyml of solution. Hybridization was carried out at 428C overnight. The blot was
washed 10 min in 23 standard saline citrate (SSC)y0.1% SDS at room temperature, 15
min in 0.23 SSCy0.1% SDS at 458C, 10 min in 0.13 SSCy0.1% SDS at 558C, and then
exposed to film (Hyperfilm-MP, Amersham) overnight at 2808C.

FIG. 3. ELL2 and ELL have similar effects on elongation by RNA polymerase II during synthesis of promoter-independent and promoter-
dependent transcripts. (A) Ten percent SDSyPAGE of recombinant ELL2 (rELL2) and ELL (rELL), purified by nickel chromatography and
preparative SDSyPAGE. Proteins were visualized by silver staining. (B) Effects of ELL2 and ELL on the kinetics of promoter-dependent
transcription. Preinitiation complexes were assembled at the AdML promoter with recombinant TBP, TFIIB, TFIIE, TFIIF, and purified rat TFIIH
and RNA polymerase II as described (13). Transcription was initiated by addition of 50 mM ATP, 50 mM GTP, 2 mM UTP, 10 mCi of [a-32P]CTP
(.400 Ciymmol, Amersham), and 7 mM MgCl2. After 10 min at 288C, 100 mM nonradioactive CTP was added to reaction mixture and short
transcripts were chased in the absence or presence of '50 ng of SDSyPAGE-purified rELL2 or rELL for the times indicated. Transcripts were
analyzed by electrophoresis through a 6% polyacrylamidey7.0 M urea gel. (C) Effects of ELL2 and ELL on the kinetics of promoter-independent
transcription. SDSyPAGE-purified histidine-tagged ELL2 and ELL proteins were renatured and assayed in pulse–chase reactions as diagrammed
in the figure using the oligo(dC)-tailed template pCpGR220 SyPyX. Reactions contained '0.01 unit of RNA polymerase II, 100 ng of
pCpGR220SyPyX, and'50 ng of rELL2 or'50 ng of ELL and were performed essentially as described (13). The control reaction (mock) contained
an identically prepared fraction from uninfected JM109(DE3) cells.
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Group package (14), the C terminus of ELL2 and the ZO-1
binding domain of occludin are 33% identical and 61% similar
(alignment score '17 SD) over a 112-amino acid region. In
addition, ELL2 and ELL each contain a proline-rich, noncon-
served region that bridges conserved regions 1 and 2. The
ELL2 proline-rich region includes several PXXP motifs that
are potential binding sites for SH3 domains (18).
To assess the functional significance of the regions con-

served between ELL2 and ELL and to localize the ELL2
elongation activation domain, a series of ELL2 deletion mu-
tants was constructed (Fig. 4A), expressed in E. coli, purified,
and tested for transcriptional activity using the oligo(dC)-
tailed template assay. As shown in Fig. 4B, ELL2 deletion
mutants D194–640, D100–640, and D50–194, which each lack
significant portions of region 1, had significantly reduced
transcriptional activities. In contrast, ELL2 deletion mutants

D1–10, D1–50, D499–640, and D389–640 all exhibited near
wild-type levels of activity. These results demonstrate that
regions 2 and 3 are dispensable for ELL2 elongation activity
and that sequences in conserved region 1 between residues 50
and 389 are sufficient for maximal ELL2 elongation activity
and therefore include the ELL2 elongation activation domain.
At the present time, we do not know whether the elongation
activation domain includes the entire region from residues 50
to 389 or whether some portion of this region is required for
proper folding of the protein during solubilization from inclu-
sion bodies.

DISCUSSION

Here we report identification and characterization of ELL2, a
novel RNA polymerase II elongation factor similar to previ-
ously characterized elongation factor ELL (13). ELL2 is the
newest addition to a growing list of biochemically defined
cellular proteins that are capable of regulating the activity of
the RNA polymerase II elongation complex. In addition to
proteins such as HMG-14 and SWIySNF-like complexes,
which appear to affect elongation by altering chromatin struc-
ture (19, 20), this list includes the six cellular elongation factors
SII, P-TEFb, TFIIF, Elongin (SIII), ELL, and ELL2, which act
directly on the ternary elongation complex and fall into two
distinct functional classes (1).
SII and P-TEFb were shown previously to prevent RNA

polymerase II from arresting transcription prematurely. SII
protects RNA polymerase II from arrest at a variety of
transcriptional impediments, including specific DNA se-
quences that act as intrinsic arrest sites and some DNA-bound
proteins and drugs. SII promotes passage of RNA polymerase
II through these transcriptional impediments by a mechanism
involving reiterative endonucleolytic cleavage and re-
extension of nascent transcripts held in the polymerase site
(21). P-TEFb promotes passage of RNA polymerase II
through DRB-sensitive arrest sites within a few hundred
nucleotides of promoters, by a mechanism that may involve
phosphorylation of the RNA polymerase II CTD (22, 23).
TFIIF, Elongin (SIII), and ELL were all shown previously to
increase the overall rate of elongation by RNA polymerase II
by decreasing the frequency or duration of transient pausing by
the enzyme at many sites along DNA templates (13, 24, 25).
Neither TFIIF, Elongin (SIII), nor ELL is capable of releasing
RNA polymerase II from SII- or DRB-sensitive arrest sites.
As we have shown here, ELL2 regulates the activity of the

RNA polymerase II elongation complex by a mechanism more
closely resembling those of TFIIF, Elongin (SIII), and ELL
than those of SII and P-TEFb. ELL2 appears to increase the
overall rate of elongation by RNA polymerase II during both
promoter-dependent and -independent transcription. In addi-
tion, we observe that, unlike SII, ELL2 does not release RNA
polymerase II from arrest or promote the nascent transcript
cleavage reaction (A.S., J.W.C., R.C.C., and J. Elmendorf,
unpublished results).
Although ELL2 and ELL are related proteins, they do not

share sequence similarity throughout their entire ORFs. Align-
ment of their ORFs revealed that ELL2 and ELL share three
regions of high homology: anN-terminal region between ELL2
residues 7 and 353, a short lysine-rich region between ELL2
residues 443–474, and a C-terminal region between ELL2
residues 516–640. Structure-function analysis reveals that
ELL2 transcriptional activity resides in conserved region 1 in
the ELL2 N terminus. Neither the conserved lysine-rich region
2 nor the conserved C-terminal region 3 is required for ELL2
transcriptional activity. The functions of regions 2 and 3 are
presently unknown.
A homology search of the GenBank database revealed that

conserved region 3 of ELL2 and ELL bears a striking resem-
blance to the ZO-1 binding domain of occludin (16), an

FIG. 4. Localization of the ELL2 elongation activation domain.
(A) Summary of ELL2 mutants and their activities in transcription.
Wild-type ELL2 is diagrammed at the bottom of the panel. Conserved
regions 1, 2, and 3 (R1, R2, and R3) are indicated by the shaded boxes.
The alignment of region 3 with the C-terminal ZO-1 binding domain
of occludin was generated with the BESTFIT program of the Genetics
Computer Group package, using the symbol comparison table of
Gribskov and Burgess (34). (B) Wild-type ELL2 and ELL2 mutants
were expressed in E. coli and purified by nickel-affinity chromatog-
raphy as described (13). Approximately 50 ng of each protein (in a
maximum volume of 50 ml) was renatured and assayed as described
(13) for its ability to stimulate synthesis of the 135-nucleotide tran-
script from the T-less cassette of oligo(dC)-tailed template pCpGR220
SyPyX. Reactions containing '0.01 unit of RNA polymerase II, 100
ng template, and the indicated ELL2 proteins were incubated at 288C
for 5 min in the presence of 50 mM ATP, 50 mM GTP, 1.8 mM CTP,
and 10 mCi of [a-32P]CTP. The control reaction (MOCK) contained
an identically prepared fraction from uninfected JM109(DE3) cells.
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integral membrane protein localized at tight junctions in
mammalian cells (17). ZO-1 is a member of the family of
membrane-associated guanylate kinase homologs (MAGUKs)
believed to be important in signal transduction originating
from sites of cell-cell contact (26). The founding member of
the MAGUK family of putative signaling proteins is the
product of the lethal (1) discs large-1 (dlg) tumor suppressor
gene of Drosophila (27). Other members of the MAGUK
family include ZO-2, a second tight junction protein (28),
PSD-95ySAP-90, which localizes to synaptic junctions (29),
p55, which participates in erythrocyte membrane-cytoskeletal
interactions (30), and hdlg, a human homolog ofDrosophila dlg
(31). Recently, ZO-1, which is found exclusively in the cytosol
of contact-inhibited cultured cells, was found to translocate to
the nucleus in subconfluent cells, suggesting that ZO-1 is
involved in signaling pathways controlled by cell-cell contact
(32). Intriguingly, the intracellular localization of the product
of the von Hippel–Lindau tumor suppressor gene, which has
been shown to interact with and negatively regulate the B and
C regulatory subunits of elongin, is similarly regulated by cell
density (33). Whether conserved region 3 of ELL2 or ELL is
capable of interacting with ZO-1 is presently unknown. It is
tempting to speculate, however, that ELL2 and ELL could be
regulated via a signal transduction pathway involving ZO-1 or
ZO-1-like protein(s).
Finally, because of their abilities to stimulate elongation by

RNA polymerase II through a wide variety of DNA template
sequences, TFIIF, Elongin (SIII), and ELL have been consid-
ered ‘‘general’’ transcription elongation factors. Our finding
that the ELL2 and ELL genes are expressed in many of the
same tissues, but that the ratio of ELL2 and ELL mRNAs
exhibits tissue-to-tissue variation, raises the possibility that
ELL2 and ELLmay perform gene- or tissue-specific functions.
Future studies investigating this possibility will be crucial for
an understanding of the roles ELL2, ELL, and the remaining
elongation factors play in gene regulation.
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