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Background: RNA processing is altered when ELL2, a transcription elongation factor, is induced during differentiation to
plasma cells.
Results: Knocking down ELL2 by siRNA reduces IgH secretory mRNA and histone H3K4 and H3K79 methylations, marks of
open chromatin.
Conclusion: Opening downstream chromatin favors proximal poly(A) sites and exon skipping, thereby modifying gene
expression.
Significance: Differentiation often favors downstream poly(A) sites, but ELL2 reverses this.

In plasma cells, immunoglobulin heavy chain (IgH) secretory-
specific mRNA is made in high abundance as a result of both
increased promoter proximal poly(A) site choice and weak
splice-site skipping. Ell2, the eleven-nineteen lysine rich leuke-
mia gene, is a transcription elongation factor that is induced
�6-fold in plasma cells and has been shown to drive secretory-
specific mRNA production. Reducing ELL2 by siRNA, which
reduced processing to the secretion-specific poly(A) site, also
influenced themethylations of histoneH3K4 andH3K79 on the
IgH gene and impacted positive transcription factor b (pTEFb),
Ser-2 carboxyl-terminal phosphorylation, and polyadenylation
factor additions toRNApolymerase II. Themultiple lineage leu-
kemia gene (MLL) and Dot1L associations with the IgH gene
were also impaired in the absence of ELL2. To investigate the
link between histone modifications, transcription elongation,
and alternative RNA processing in IgH mRNA production, we
performed chromatin immunoprecipitation on cultured mouse
B and plasma cells bearing the identical IgH �2a gene. In the
plasma cells, as comparedwith the B cells, theH3K4 andH3K79
methylations extended farther downstream, past the IgH
enhancer to the end of the transcribed region. Thus the down-
stream H3K4 and H3K79 methylation of the IgH associated
chromatin in plasma cells is associated with increased poly-
adenylation and exon skipping, resulting from the actions of
ELL2 transcription elongation factor.

Alternative processing of the immunoglobulin heavy chain
(IgH) mRNA regulates antibody production, an important

component of the adaptive immune response. When B cells
differentiate into plasma cells with their high levels of IRF-4,
blimp-1, and ELL2 2 (eleven-nineteen lysine-rich leukemia
gene 2), both the IgH mRNA is extensively polyadenylated at
the secretory-specific site (sec-mRNA) and the splice between
CH3 and M1 is skipped, precluding use of the downstream
membrane exons (1). In addition, IgH sec-mRNA abundance is
increased at least 10-fold, leading to large amounts of mature
mRNA and subsequently secreted Ig protein (2). Transcrip-
tional elongation is an important regulator for RNA splicing (3,
4). Changes in mRNA splicing can occur as a consequence of
changes in histoneH3methylations (5, 6), which are themselves
linked to transcription elongation. How these impact the alter-
native splicing and polyadenylation of IgHmRNAprocessing is
an important question.
Ell2 closely resembles Ell1, a transcription elongation factor

and fusion partner with MLL, the multiple lineage leukemia
gene (7). ELL2, is induced 6-fold in plasma cell differentiation
and has been shown to have a central role in directing efficient
alternative mRNA processing, influencing both proximal
poly(A) site choice and exon skipping, as well as IgH alternative
processing (1). The molecular context in which ELL2 acts to
influence RNA processing remains unclear, but some informa-
tion is emerging. In 293 HEK cultured cells, ELL1, -2, and -3
were shown to purify together in two distinct entities, either in
the super elongation complex (SEC) or in another complex
containing KIAA0947 and NARG2 proteins (8). The SEC is
composed of positive transcription factor b (pTEFb), a protein
heterodimer of cdk9 and cyclin T, as well as many of the previ-
ously identified MLL fusion partners that can perturb gene
expression (8). ELL and ELL-associated factor (EAF) have also
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been implicated in interactions with pTEFb and some of the
sameMLL fusion partner components of SEC inHIV-mediated
Tat-TAR regulation ofmRNA synthesis; ELL2 alone was impli-
cated in one study (9), whereas ELL1 and -2 were described in
another (10). The SEC or Tat link the transcription elongation
elements to the polymerase-associated factor (paf1) and poly-
adenylation factors; thus their assemblymay represent a crucial
control point for gene regulation. In contrast, the KIAA0947-
NARG2 components isolatedwith ELL and EAF in 293 cells are
less well characterized. Both NARG2 and KIAA0947 were
found as neuronal-associated transcripts and show decreased
expression in more differentiated cells (11, 12).
The appearances of methylated forms of histone H3, modi-

fied at lysine 4, lysine 36, or lysine 79 (aka H3K4me2/3,
H3K36me3, and H3K79me2,3) are signals of gene activation (13).
These are linked to serine phosphorylation of the carboxyl-
terminal domain (CTD) of RNA polymerase II (RNAP-II),
reviewed in Ref. 14. How H3 methylations relate to changes in
RNA processing of the nascent transcripts and their distribu-
tion on genes undergoing alternative polyadenylation is not
understood. Themethylation of histoneH3K4 is brought about
by yeast SET1 and Complex Proteins Associated with Set1 or
the MLL protein in mammalian cells at sites including the
Hoxa7 and Hoxa9 genes, hallmarks of multiple lineage leuke-
mia, aka MLL (15). The H3K36me3 mark has been associated
with CTD Ser-5 and Ser-2 phosphorylation and recruitment of
splicing factors to exons (16); H3K36 methylations can modu-
late alternative splicing by recruiting polypyrimidine tract-
binding protein to suboptimal exons (5). H3K79 methylations
are brought about by Dot1L (13), where conversion of mono-
methyl into di- and trimethyl is correlated with the transition
from low to high level gene transcription. The multisubunit
Dot1 complex (Dot-com) includes MLL partners: Enl, Af9/
Mllt3, Af17/Mllt6, and Af10/Mllt10 (17). Although ENL is also
present in the SEC, two separate complexes, namely SEC and
Dot-com, were found (17). In another study, ENLwas shown to
independently associate with Dot1L to methylate Lys-79 (18).
In the MLL-AF4 fusion-induced leukemia, a complex of MLL,
SEC components, and Dot1L was found (19). Thus the associ-
ations of ELL2, the SEC, Dot-com, and the polyadenylation fac-
tors that occur for these H3-lysine modifications are still
unclear, but elucidating this sequence of events would aid in
understanding the assembly of the transcription elongation
complex in general and in elucidating IgH mRNA alternative
processing in B cells versus plasma cells in particular.

To relate histone modifications in the IgH locus to ELL2 and
mRNA processing changes, we used cultured mouse B and
plasma cells bearing the identical rearranged IgH �2a gene.We
found that the quantity and distribution of Lys-4, Lys-36, and
Lys-79 methylations on the IgH gene differed when comparing
B cells and plasma cells. In plasma cells with their high ELL2
levels, histone H3K4 and H3K79 methylations extended past
the enhancer all the way to the end of the gene; in contrast, in B
cells, there was an abrupt transition to Lys-4 and Lys-79 meth-
ylation-poor histones in B cells after the enhancer. The expres-
sions of many factors involved in the SEC and transcription
elongation are increased in the plasma cells, but ELL2 is the
most elevated. We found that reducing ELL2 by siRNA influ-

ences the H3K4 and H3K79 methylations but did not inhibit
RNA polymerase binding or Ser-5 phosphorylation, early initi-
ation events. Although siRNA inhibition of ELL2 significantly
alters processing at the secretion-specific poly(A) site, it also
influences pTEFb and polyadenylation factor additions to the
RNAP-II, MLL, and Dot1L associations with the gene. Thus
ELL2 is important for the histone modifications accompanying
transition from membrane-specific to secretory IgH mRNA
expression.

EXPERIMENTAL PROCEDURES

Chromatin Immunoprecipitations—The culturing and isola-
tion of mouse splenic B cells plus andminus LPS and the A20 B
cell line and plasma cell lines AxJ and J558L have been
described (1). The AxJ line (2) was made as a hybridoma fusion
of the A20 line and J558L, which lacks its own heavy chain gene
but retains the plasma cell phenotype; the expressed IgH V
genes in A20 and AxJ are identical (20). The chromatin immu-
noprecipitation (ChIP) experiments were conducted as
described previously (1, 20) using the ChIP-ITTM express kit
from Active Motif (Carlsbad, CA) revised for magnetic beads
coated with protein G (catalogue number 53014). Reverse
cross-linking of the protein from theDNAwas performedusing
NaCl and RNase at 67 °C overnight. Proteinase K digestion was
increased to 20 �g/reaction at 37 °C for 2 h. DNA was then
isolated on QIAquick� PCR purification kit (Qiagen, Gaithers-
burg, MD).
Antibodies for ChIP—Antibodies were used at 1–3 �g per

�3 � 105 cell equivalents of fixed and sheared chromatin in a
100-�l volume with the Active Motif protein G-coupled mag-
netic beads: anti-RNAP-II, N-20 sc 899X (Santa Cruz Biotech-
nology, Santa Cruz, CA); anti-cdk9, H-169 sc 8338X (Santa
Cruz Biotechnology); anti-cyclinT1H245 sc 10750 (SantaCruz
Biotechnology); anti-H3, catalog number 1791 (Abcam, Cam-
bridge, UK); anti-H3K36 me3, ab9050-100 (Abcam); anti-
H3K4 me1, 8895 (Abcam); anti-H3K4 me2, 07-030 (Upstate
Biotech Millipore) and ab32356 (Abcam); anti-H3K4 me2,3,
6000-100 (Abcam); anti-H3K4 me3, 39160 (Active Motif) and
07-473 (Millipore); anti-H3K79 me1, 2886-100 (Abcam); anti-
H3K79 me2 ab3594 (Abcam); anti-H3K79 me3, 2621-100
(Abcam); anti-MLL, A300-086A (Bethyl Laboratories, Mont-
gomery, TX); anti-Dot1L, A300-953A (Bethyl Laboratories);
and normal rabbit serum from unimmunized animals as a neg-
ative control. Anti-Ser-2 and Ser-5 phosphorylated CTD of
RNAP-II (Covance) were described previously (1, 20); these are
IgMantibodies and require a secondary anti-IgM formaximum
immunoprecipitation.
Primers for qPCR—Primers for the qPCR on the chromatin

immunoprecipitated DNA for IgM and IgG heavy chains used
here have been described (1, 20). For the gastrin promoter, we
used 5�-CGG CAG TCA CTG GGC TGT GG-3� forward and
5�-AGA GGG GGA GAG ACG GGG CT-3� reverse. Primers
used in the quantification of the mRNAs in the B cells versus
plasma cells (�2a heavy chains) and the transfectedMPC11 �2b
gene, used in Ref. 1, are shown in Table 1, as are all the probes
used in quantitative RT-PCRs.
siRNA for ELL2—The cloning of oligonucleotide inserts into

pSilencer hygro 2.1-U6 (Ambion/Invitrogen) was previous
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described (1). The cloned DNA produces an siRNA driven by
the U6 promoter. The clone with the maximal inhibition of
ELL2 protein synthesis was CM482 (1), which contains the
insert: 5�-Tcgagg CCA GTA GCT ACA CTG CTT CTT CAA
GAGAGAAGCAGTGTAGCTACTGGTTTTTTACGCG
TA-3� and the complementary strand 5�-Agc ttac gcg taa aaaa
CCA GTA GCT ACA CTG CTT CTC TCT TGA AGA AGC
AGT GTA GCT ACT GGC C-3�. The siell2 sequence is not
present in the transfected ELL2 cDNA clone used in these stud-
ies CM565. The ELL2 mRNA is decreased, and the expression
of the secretory-specific Ig mRNA is reduced 5-fold with this
siell2 (1). Another oligonucleotide clone of pSilencer hygro 2.1-
U6, designated, CM 501, had no effect on ELL2 protein expres-
sion (1) andwas used as a control (nonsense siRNA). The oligo-
nucleotide sequence of CM 501 is 5�-Tcgagg TAT ATC GCT
ATC GTC TCC TTT CAA GAG AAG GAG ACG ATA GCG
ATA TAT TTT TTA CGC GTA-3�, and its complement if
5�-Agc ttac gcg taa aaaa TAT ATC GCT ATC GTC TCC TTC
TCTTGAAAGGAGACGATAGCGATATACC-3�. Trans-

fections were performed with Lipofectamine 2000TM (Invitro-
gen) according the manufacturer’s directions. Cells were incu-
bated for 48 h before chromatin was isolated as detailed above.
Statistics—All experiments were repeated a minimum of

three times with different biological replicates. The values for
actin are indicated and served as an internal control. The error
bars on the graphs indicate � S.E. Samples in a given set were
compared by two-way analysis of variance using the Prism
5TM/GraphPad Program with a Bonferroni post test. Signifi-
cance is indicated by *, p � 0.05, **, p � 0.01, ***, p � 0.001 and
****, p � 0.0001.

RESULTS

Plasma Cell Lines Express Higher Levels of Elongation Fac-
tors, Especially ELL2—Our rationale for these studies was that
changes in mRNA processing to IgH secretion in plasma cells
might be linked to changes in multiple elongation factors and
subsequent histonemodifications both in amount and distribu-
tion across the gene. To study this, we used the A20 mouse cell
line, which is representative of the B cell where sec and mem-
brane (mb) IgHmRNA are about equal (sec�mbmRNA). The
AxJ line, a plasma cell (where sec �� mbmRNA), was made by
fusing A20 and a non-IgH-producing plasma cell line J558L (2).
Each line is rapidly growing and expresses the identical IgH �2a
Vh gene (V-J2) with identical transcription start sites (20).
We examined the expression of transcription elongation fac-

tor mRNAs in these B cells and plasma cells. In Fig. 1, data are
tabulated using quantitative RT-PCR, where values in each cell
are normalized to hypoxanthine-guanine phosphoribosyltrans-
ferase. The mRNAs are grouped into four sets representing:
ELL1 and -2 and its associated factors; the pTEFb components
and associated genes; potential MLL fusion partners and other
factors associated with them; and the histone methylases, etc.
ELL2 expression is significantly increased (�6-fold) in the
plasma cells, the highest increase seen among any of these fac-
tors (Fig. 1A). Meanwhile for ELL1, the mRNA level is not
altered with differentiation to plasma cells, also confirmed by
protein expression (data not shown). There is a significant (�2-
fold) increase in themRNAs for subunits of, or genes associated
with, pTEFb (Fig. 1B) including cyclin T; spt5, the suppressor of
yeast Ty homologue; the 7SK, a small but highly abundant
RNA; and HEXIM. HEXIM protein and 7SK RNA have been
shown to regulate pTEFb (21).
A significant almost 3-fold increase is seen in the mRNA for

Aff1 in the plasma cells (Fig. 1C). AFF1/af4 has been shown to
influence epigenetic signatures and pTEFb kinase activation in
the context of the MLL-af4 fusion (19). Among the remaining
factors we surveyed,Dot1L, an H3K79 histonemethyl transfer-
ase, and CstF2 (poly(A) CstF2), a polyadenylation factor, were
increased slightly in plasma cells (Fig. 1D). Thus many factors
involved in the transcriptional super elongation complex (8),
Dot-com complex for H3K79 methylation (17), and the Tat-
tar-associated factors (9, 10) are increased in plasma cells; ELL2
shows the largest increase of all of those tested.
IgH Secretory mRNA Expression Is Influenced by ELL2—To

explore the mechanism of action of ELL2, B cells were trans-
fectedwith an IgH reporter (Fig. 2A) capable of being processed
to the secretory-specific andmembrane-specific mRNA forms.

TABLE 1
Primers for RT-qPCR

mRNA
Primers for RT-qPCR forward (top)

and reverse (5� to 3�)

7SK RNA CGCTCCATGTGCGTCCCTCC
AGGGGAGCGCAGCTACTCGT

Af9 GCAGCAGACCACTCCTGCCAC
CCCTGCCATTCCCTCTTTGTGCT

Aff1 aka af4 AGCGCCCAGGTCCTCCTCAG
GCTGCTGGCACTTCTGGGGG

Aff4 TCCTGGTGTACTCCTTGGCATTGT
TCGCAACAGTCTAACTTTGGCCCT

Brd4 TATGCCTGGCCTTTCTACAAGCCT
ATCAGCACCAAATTCCTGGGCATC

Cdk8 GAACCAGGACAGCGCCCACG
TCCCATGCTGCTCTGGGGCT

Cdk9 AGAATAGCCAGCCCAACCGATACA
ACGAGTCCACATCTCTGCCATGAT

Cyclin C1 and C2 TGTGCAGGACATGGGCCAGGA
GCGATCATGAACGGAGGGTACAGC

Cyclin T1 CAACCAACAGCCTGCATTTGACCA
AGGTCACAGTGGCGTCAACATACT

Dot1L GTGCCTACAGCAGCCACGGG
TGGGAGTGCTCCTCGCCCTC

Eaf1 CCGGGCAAGTGCAAGGCCAT
TGCCAACCTGTAGTTCTCCTTCACA

Eaf2 AAACCTGCTTCTAATGATACTTCTTGTG
ACTGTGACTGGTGGAGGTGAACCT

ELL1 GGTGTGATGGTTGCAAGATGGCG
CTCACGCGCCCACACGACAA

ELL2 AGCGTCTTTGCTGGAACAC
CTGGCCAGGTTACAGTGAGA

ENL AACACCCGCAAGGCCAACCC
GAGGGAGCGGCTTCTGGGGA

HEXIM AAAGTTCGACGAGAAGCAGAGCCT
ATCCATGAGGAACTGCGTGGTGTT

Hprt GAGACAGCCGCATCTTCTTGT
CCACAGGACTAGAACACCTGCTAA

Irf4 AGGATTGTTCCAGAGGGAGCCAAA
ATGGGATTTCTGGGTGTGACTGGT

IgG2b sec AAAAATTACTACCTGAAGAAGACC
TTTTTTTTTTTTTTTTTTTTACATGGTACC

IgG2b mb GGTCTGAAAAATTACTACCTGAAGAAG
CTTTACCTTGAAGAGTGTGACAG

Kiaa0947 GCCTGGACACTGGGTCCCCA
GTGGCTTCCTCCTTGGGGG

MLL GCAGGCGTCCCTCAAGCAGG
GGAGGCTTGGCAGCCTGACG

Narg2 AGGCCTTCGTAGGCGGGCA
AACTCAGGGTCCCAAGCGGCT

Nsd1 CACCAGGGGCAGGGCTTTGG
CCCCCAGCAGACCAGCAAGC

poly(A) CstF2 GATCCTGAGATTGCGCTGAAA
GGCTGAGGGTTGCCTGAAA

ELL2 Influences Histone Modifications

SEPTEMBER 30, 2011 • VOLUME 286 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 33797



In B cells or cells transfected by empty vector, the ratio of IgH
sec to mb-specific form of mRNA produced is about 1.2:1 (Fig.
2B). As we showed previously (1), after transfection with ELL2,
the amount of the secretory-specific mRNA increases to about
five times that of themembrane form, whereas ELL1 and CstF2
have little or no effect on shifting mRNA production (Fig. 2B).
Co-transfection with an shRNA encoding plasmid that pro-
duces an siell2 RNA against ELL2 reduced the sec:mb ratio
about 5-foldmore than empty vector-treated B cell. The sec:mb
ratio observed for the same gene in plasma cells is 10:1, shown
for comparison. Thus ELL2 alone is able to induce secretory-
specific IgHmRNA production in B cells almost to the amount
seen in plasma cells, which have increased expression of multi-
ple elongation factors.
ELL2 Influences the Level of Histone H3 Methylations—As

shown above, an increase in ELL2 in plasma cells appears caus-
ally linked to the alternative processing of IgH mRNAs. We
asked whether ELL2 plays a role in changes in histone H3
methylations, some of which were associated with alternative
mRNA processing (5). The density of histone methylation at
the IgH transcription start site (TATA and V-J2) of the trans-
fected IgH gene in plasma cells (location diagrammed in Fig.
2A) was determined by ChIP and qPCR. As shown in Fig. 2C,
the presence of the siRNA that targets ELL2 substantially
decreased H3K4 di- and trimethylation andH3K79 trimethyla-
tion. Adding an ELL2-specific cDNA (lacking the siell2 target
site) back restores themethylations. Thus ELL2 affects both the
H3K4 and the H3K79methylase activities. The H3K36methyl-
ation was unaffected by siell2.
ELL2 Influences Association of Many Factors and RNAP-II

Modifications—To determine which steps in transcription
elongation of the IgH gene are impacted after siell2 co-trans-
fections, we performed ChIP experiments. As summarized in
Fig. 2D, the amount of RNAP-II on the IgH transcription start
site remained unchanged relative to a control actin promoter
when siell2 was present. The amount of Ser-5 phosphorylation
of the CTD of RNAP-II was elevated when siell2 was present,
perhaps reflecting stalling of RNAP-II. The presence of siell2
decreasedMLL associationwith the IgH transcription start site;
the association of Dot1Lwith the complexwas also diminished.
The siell2 reduced the presence of ELL2, as expected, and also
decreased pTEFb (cyclin T plus cdk9) and the Ser-2 phosphor-
ylation of the CTD of RNAP-II and reduced association with
CstF2, part of the mRNA cleavage/polyadenylation complex.
Thus siell2 blocks the H3K4 and H3K79 methylation activities
(Fig. 2C) by reducing the amount of the enzymes associated
with the transcription complex (Fig. 2D). Adding back a cDNA

FIGURE 1. The mRNA expression pattern in plasma cells favors transcrip-
tional elongation. The mRNA expression in the B cell line (white bars) was
compared with that of the plasma cell line (dark gray bars) using dT priming
for cDNA synthesis followed by quantitative PCR. Expression of hypoxan-
thine-guanine phosphoribosyltransferase (HPRT) was set as 1 in each cell
type, and the expression relative to hypoxanthine-guanine phosphoribosyl-
transferase was plotted on the x axis. Note the differences in scales between
the groups of mRNA. A, contains mRNAs for the eleven-nineteen lysine-rich
leukemia gene 1 or 2 or its associated factors eaf1 and eaf2. ELL2 shows the
highest level of induction in plasma cells among this and all groups. B, pTEFb
(cdk9 and cyclin T) and associated factors. The highly abundant 7SK RNA was
primed by random oligonucleotides for the RT reaction and compared with

an hypoxanthine-guanine phosphoribosyltransferase random-primed reac-
tion; the amount of 7SK was divided by 1,000 to plot it on the same scale as
the other pTEFb factors. Many of these factors are significantly increased in
plasma cells. C, components of the super elongation complexes recently
described (see “Results”). D, the mRNA abundance of the histone methylases
(MLL, Dot1L, and Nsd1), cyclin C (CCNC), and its associated cdk8 and the
polyadenylation cleavage factor CstF-64 (pA cstF2). Significant differences in
plasma cells versus B cells were determined in the Bonferroni post test follow-
ing two-way analysis of variance as indicated with *, p � 0.05, **, p � 0.01, ***,
p � 0.001, ****, p � 0.0001; the error bars represent S.E. in this and all subse-
quent graphs derived from at least three different biological replicates.
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with ELL2 lacking the siell2 target region restored the normal
modifications on the gene.
The IgH Locus in Plasma Cells Displays High H3K Methyla-

tions beyond the Enhancer Region—We performed ChIP analy-
ses of the identical IgH locus (upper panel) in the two different
cell types to determine whether there were histone modifica-
tion changes associated with the increase in ELL2 in plasma
cells. In B cells, the histoneH3K79 di- and trimethylations were

clustered between theTATAbox and the heavy chain enhancer
andwere significantly decreased downstreamof that (Fig. 3B), a
pattern similar to that seen for the Lys-79 methylations in LPS-
activated splenic B cells (see supplemental Fig. 1). In contrast, in
plasma cells (Fig. 3C), the initial levels of H3K79 di- and tri-
methylations at TATA were higher than in B cells by �2-fold.
Those methylations of H3K79 extended into the region down-
stream of the enhancer and all the way to the 3� membrane

FIGURE 2. ELL2 influences IgH secretory mRNA production, histone methylations, and factor associations with the IgH gene. A, The IgH and its mRNA
products are diagrammed. Primers used for quantification of mRNA levels are indicated on the respective mRNAs and listed in Table 1. The regions indicated
on the gene are: TATA, for transcription start site or TATA box; V:J2, for the V to J fusion region; J4 for the unused joining-region remaining in the intervening
sequence; EH for the heavy chain enhancer region also known as E�; CH1, for constant heavy chain region 1; CH2, constant heavy chain region 2; sec pA for the
secretory specific poly(A) site; sec � 200, the region 200 bp downstream of the secretory poly(A) site; IVS for the intervening sequence between the secretory
and membrane specific regions; M1 for membrane-specific exon 1; pAmb3� for a probe just 3� of the membrane specific poly(A) site. B, the B cells were
transfected with the intact IgH of �2b on a plasmid and the indicated cDNAs for ELL2, ELL1, or CstF2 or siRNA as described previously. Cells were harvested 48 h
after transfection, and the level of IgH secretory and membrane forms of mRNA was determined using quantitative RT-PCR with the probes diagramed in Panel
A on the mRNAs. The value for the sec:mb mRNA ratio in plasma cells is shown for comparison. %IP, percentage immunoprecipitated. C and D, a plasma cell
lacking its own IgH was co-transfected with an intact IgH gene and siRNA to ell2, a nonsense siRNA, or an ELL2 cDNA lacking the siell2 target sequence. After
48 h, the cells were subjected to chromatin immunoprecipitation with the indicated antibodies. The qPCR signals for the TATA and V-J region of the transfected
IgH were averaged from at least three biological replicates. C, ChIP was performed with antibodies to the various H3K methylations. D, ChIP was performed with
antibodies to the indicated initiation and elongation factors. ns, normal serum.
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poly(A) site. H3K79 is within the histone core region, andmod-
ifications in this region could be significant in allowing DNA
unwinding for transcription (22). The gastrin gene (Gast) tran-
scription start site serves as a negative control as it is not
expressed in B cells or plasma cells (data not shown). �-Actin
(Actb) serves as a positive control in these studies. The H3K79
modifications on the actin promoter did not differ substan-
tially between B cells and plasma cells. We conclude, based
on the requirement for ELL2 to allow H3K79 trimethylation
and Dot1L binding, that this pattern in plasma cells is the
result of the action of this transcription elongation factor.
Because siell2 influencedMLL association with the IgH gene

and H3K4methylation (Fig. 2), we tested whether the distribu-
tion pattern of H3K4me across the IgH gene would differ
between B cells and plasma cells. We saw a peak in both cell
types of H3K4 me2 and me3 near the transcription start site
at probes TATA and V-J2 (Fig. 4B). This is the pattern seen
in many genes as reported in the literature A (14) and in

splenic B cells (see data in supplemental Fig. 1). However, in
plasma cells (Fig. 4C), the H3K4 me2 and me3 modifications
continue downstream to the regions designated as CH1, sec
poly(A), IVS, and poly(A) m3� well beyond the IgH enhancer.
The amount of RNAP-II on these genes in this region does
not differ between cell types as shown below, but the chro-
matin modifications at H3K4 are indicative of more activa-
tion farther downstream in plasma cells through the action
of elongation factors, especially ELL2.
Comparison of Associations of RNAP-II and Histone H3 on

IgH between B Cells and Plasma Cells—The patterns of
immunoprecipitations of fixed chromatin were performed
using antibodies to the RNAP-II and histone H3 across the
IgH gene (Fig. 5). There is a higher signal for polymerase in
the plasma cells than in the B cells around V-J2, about 300 bp
downstream of the transcription start site and about 1 kb
upstream of the heavy chain enhancer region (Fig. 5B). The
transcription start site region is open and thus depleted of
histones in both cell types. The patterns obtained with total
histone H3 and acetylated H3K9 and H3K14 (not shown)
were similar to those we saw previously (20). There is no
significant difference between the cell types in polymerase
loading across the rest of the IgH gene despite the higher
amount initially in the plasma cells. There is a small peak of

FIGURE 3. The distribution of H3K79 di- and trimethylation is enhanced in
the region downstream of the IgH enhancer in plasma cells. A, the 11-kb
IgH �2a gene in the two cell lines representing the B cell (membrane IgH �
secretory) and plasma cell (sec IgH �� membrane) is identical and in the
normal Ig locus context, as diagrammed in this panel. Probes used in the
subsequent qPCRs are shown. The IgH �2a-producing cells were fixed, and
chromatin immunoprecipitation was performed as described using antibod-
ies to the individual Lys-79 methylations. B and C, B cells (B) and plasma cells
(C). %IP, percentage immunoprecipitated.

FIGURE 4. The distribution of H3K4 dimethylation differs between B cells
versus plasma cells. A, the 11-kb IgH �2a gene, is illustrated. The B cells and
plasma cells were immunoprecipitated with antibodies to the H3K4 methyl-
ations as described above and subjected to qPCR analyses. B represents the
data obtained with B cells, whereas C shows the data obtained in plasma cells.
%IP, percentage immunoprecipitated.
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RNAP-II in the region between the secretory-specific
poly(A) site and the membrane exons. This region had been
shown to be a polymerase pause site (23) that does not differ
significantly in polymerase occupancy between B cells and
plasma cells.
Histone H3K36 Methylation Is Increased beyond the IgH

Enhancer in Plasma Cells—We performed ChIP assays of the
H3K36 methylation patterns across the IgH �2a gene in B cells
versus plasma cells (Fig. 5C). We found that the amount of
H3K36 trimethylation was significantly higher in plasma cells
than in B cells, especially 3� of the IgH enhancer region. Higher
levels of modification are centered around the region (sec pA)
where the secretory poly(A) site is located in both cell types.
The higher level of H3K36 methylation in plasma cells in the
region between CH1 and 200 bp beyond the sec poly(A) site
cannot be attributed to a difference in the amount of the
RNAP-II in that region based on the data shown in Fig. 5B.

DISCUSSION

We previously demonstrated that the addition of ELL2 can
drive IgH secretory-specific mRNA production by facilitating

exon skipping and proximal poly(A) site use (1). Higher Ser-2
phosphorylation of the CTD of RNAP-II and greater associa-
tion of ELL2 and the polyadenylation factors with the start of
IgH gene were seen in plasma cells versus B cells (20). Here we
found that ELL2 influences factor associations and histone
methylation at H3K79 and H3K4. These H3 modifications
extend beyond the IgH enhancer in plasma cells in contrast to
their promoter proximal clustering in B cells. Thus to process
IgH mRNA to the secretory-specific form in plasma cells, sev-
eral things occur as a result of the addition of ELL2: (a) pTEFb
association and Ser-2 phosphorylation occur; (b) the poly-
adenylation capacity of the RNAP-II is increased, and the skip-
ping of less optimal splice sites, like that of the one in the ter-
minal secretory exon, is enhanced; and (c) changes occur in the
methylation of the H3 histones, especially at H3K4 andH3K79,
allowing the downstream chromatin to open more readily and
be transcribed more efficiently.
Our experiments show that reducing ELL2 with siRNA

decreases the association of pTEFb, the Ser-2 phosphorylation
of RNAP-II, and the association of polyadenylation/cleavage
factor CstF64 (CSTF2). Thus efficient elongation, Ser-2 phos-
phorylation, and the polyadenylation capacity of the polymer-
ase are linked. This is similar to the paf1 subunit cdc73 where
siRNA depletion experiments of cdc73 showed that mRNA
abundance and first poly(A) site utilization were impacted neg-
atively (24). The paf1 complex is necessary for association of the
polyadenylation/cleavage factors with RNAP-II.
Histone Modifications—Methylation of the histone H3 tails

has been closely linked through enzymes detecting the phos-
phorylation of the CTD of RNAP-II. H3K4 methylation near
the promoter is associated with phosphorylation of the CTD of
RNAP-II at Ser-5 and Ser-7 of the heptad repeats via TFIIH-
cdk7 kinase activity (25) and the subsequent CTD interactions
with MLL or SMYD2, the histone methylases (Ref. 15 and
reviewed in Ref. 26). We found a reduction inMLL bound near
the IgH promoter in the presence of siRNA to ELL2, although
Ser-5 phosphorylation of CTD was not affected. This was sur-
prising because it was known that MLL targets the 5� end of
genes and brings along the elongation factors, yet it was not
previously known whether the absence of elongation factors
such as ELL2 would influence MLL binding as we have seen
here.
Because H3K79 resides within the histone core, its methyla-

tion may serve to help unwind the DNA from the histone more
readily, leading to increased transcription readthrough. Point
mutations in the yeast histones at a comparable position facili-
tate DNA unwinding, and the DNA is traversed by RNAP-II as
if it were devoid of nucleosomes (22). H3K79 methylations are
brought about by Dot1L (13). Previous studies showed that
Dot1L preferentially occupies the proximal transcribed region
of active genes, correlating with enrichment of H3K79 di- and
trimethylation there (13). Here we showH3K79methylation in
downstream regions of the IgH gene when its RNA product is
being processed to the secretory-specific form in plasma cells.
Conversion of H3K79 that is monomethylated into di- and
trimethylated forms is correlated with the transition from low
to high level gene transcription, mostly likely because of a
decrease in the histone-DNA interaction. Recent studies on

FIGURE 5. The distribution of H3K36 trimethylation differs between B
cells versus plasma cells. A, the 11-kb IgH �2a gene in the two cell lines
representing the B cell is shown. B, the cells were fixed, and chromatin immu-
noprecipitation was performed using antibodies to RNAP-II and histone H3
across the IgH gene in either B cells or plasma cells. The distribution in each
cell type is indicated. %IP, percentage immunoprecipitated. C, the profile of
H3K36 trimethylation across the IgH �2a gene.
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leukemia have shown a requirement forDot1L for leukemogen-
esis, whereas there is selective tumor killing by small molecule
inhibitors ofDot1L (27, 28). ThusH3K79methylation is emerg-
ing as an important step in gene dysregulation in cancer. The
action of ELL2 on H3K79 methylation that we show here is
notable, and the broad distribution pattern of H3K79 methyla-
tion in plasma cells may significantly impact the ability of the
mRNA to be processed.
The multisubunit Dot1 complex (Dot-com) includes the

MLL partner ENL, which may functionally link the super elon-
gation complex (SEC) with H3K79 modifications. Some con-
troversy in the literature exists; no stable complexes between
SEC andDot-comwere isolated in one study (17), whereas in an
analysis of MLL-AF4 fusions, large complexes involving not
only pTEFb but also Dot1L have been observed (19). From in
vitro studies, ELL proteins were shown to increase the catalytic
rate of transcription elongation by RNA polymerase II (7, 29).
That activity is consistent with what we see here, the
enhancement of transcription by influencing the unwinding
of the DNA from the histone core, thus bypassing transcrip-
tion pause sites. Depleting ELL2 with siRNA led to decreased
binding of Dot1L to the polymerase complex on the IgH gene
and a consequential decrease in H3K79 trimethylation.
Depleting ELL2 decreases H3K4methylation andMLL bind-
ing. We cannot yet distinguish whether these are sequential
events, whether ELL2 acts independently on both, or
whether ELL2 is part of a larger complex, but this is an
important question for future study.
Role of the IgH Enhancer—The IgH enhancer represents a

unique barrier between high to low levels of H3K4 and H3K79
methylations in B cells, which is breached in plasma cells. The
enhancer region is also an inflection point for H3K36 methyla-
tion, but that occurs in both cell types. In a recent review, the
still enigmatic role of enhancers inmaintenance andmemory of
transcriptional activationwas explored (30). The enhancer (E�)
between the Vh regions and Ch regions was the first transcrip-
tional enhancer discovered (31), yet its mechanism of action
remains obscure. The enhancer seems to be required for both
establishment and maintenance of � heavy chain gene expres-
sion (32). Loss of the IgH enhancer in germline DNA results in
significant reduction in histone acetylation spanning several
hundred kilobases (33). It is clear that there is cross-talk
between 3� end processing and the promoter (34) with proper
polyadenylation and cleavage stimulating transcription. Exactly
how the enhancer functions with the promoter and elongation
factors in IgH to alter chromatin structure for efficient produc-
tion of the IgH secretory mRNA remains an intriguing
question.
The pattern of H3K4 and H3K79 methylations and pTEFb-

ELL2 associations downstream of the IgH enhancer region in
plasma cells may have implications not only for the production
of the secretory-specific IgH mRNA but also for Ig somatic
hypermutation and IgH internal enhancer function. The
mRNA expression patterns of the Aicda (activation-induced
cytidine deaminase) enzyme and Supt5h are reversed in B cells
versus plasma cells; activation-induced cytidine deaminase is
high in B cells, whereas supt5 is low. In B cells, activation-in-
duced cytidine deaminase is associated with Spt5 on stalled

polymerases and initiates Ig hypermutation and class switching
(35).With high pTEFb in plasma cells, the threonine 4 residues
in the C-terminal repeats of Spt5 are phosphorylated, thereby
converting DSIF from a repressor of elongation to an activator
(36). Thus the increased association of pTEFb-SEC-ELL2 in
plasma cells with the RNAP-II, the consequent loss of stalling
by higher levels of Spt5, coupledwith a shutoff of the activation-
induced cytidine deaminase enzyme, could effectively shut
down somatic hypermutation. Therefore the increase of ELL2
in plasma cellsmayhavemany important consequences beyond
alternative RNA processing.
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