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Background: Primary response genes (PRGs) are important for proliferation and play a prominent role in B cell activation.
Results: Distinct stimuli produce distinct modes of PRG regulation at the levels of both splicing and transcription.
Conclusion: RNA maturation and splicing are regulated in a signal-specific manner.
Significance: The nature of signaling controls the duration of transcriptional and splicing responses.

Deregulated gene expression in B cells often results in various
lymphoid malignancies and immune deficiencies. Therefore,
understanding signal-induced gene regulatory pathways
involved during B cell activation is important to tackle patholo-
gies associated with altered B cell function. Primary response
genes (PRGs) are rapidly induced upon signaling in B cells and
other cell types and often encode oncogenic transcription fac-
tors, which are associated with various malignancies. However,
an important issue that remains unclear is whether the funda-
mental mechanism of activation of these genes is essentially the
same under such diverse conditions. c-fos is a PRG that is
induced rapidly upon activation of B cells in response to a wide
variety of stimuli. Using the c-fos gene as a candidate PRG, we
addressed here how it is regulated in response to tumor-pro-
moting and antigen-mimicking signals. Our results show that
although the mRNA was induced and extinguished within min-
utes in response to both signals, surprisingly, apparently full-
length unspliced pre-mRNA persisted for several hours in both
cases. However, although the mitogenic signal resulted in a
more sustainedmRNA response that persisted for 4 h, antigenic
signaling resulted in a more robust but very transient response
that lasted for <1 h.Moreover, the pre-mRNA profile exhibited
significant differences between the two signals. Additionally,
the splicing regulationwas also observedwith egr-2, but notwith
c-myc. Together, these results suggest a previously underappre-
ciated regulatory step in PRG expression in B cells.

B cells are essential components of our immune system, and
they respond to various cell extrinsic signals to mount an
immune response. However, stimulation through different
receptors will result in engagement of different signaling path-
ways and subsequently will result in qualitative differences in
programs that initiate the proliferative process (1). As prolifer-
ation will have profound effects on the regulation of B cell dif-

ferentiation, survival, and pathologies, strong regulation at
multiple points is necessary for proper B cell function (2, 3).
B cells mature in multiple stages, and signaling via the B cell

receptor (BCR)2 dictates B cell fate depending on the particular
stage of maturation. Thus, BCR signaling in immature B cells
results in cell death, whereas BCR signaling in mature B cells
results in survival and proliferation of these cells (2–4). More-
over, mature B cells respond differently to transient versus sus-
tained BCR signaling (5). Interestingly, although the early
kinetics (1–2 h) of expression of most primary response genes
(PRGs) are very similar in both transient and sustained signal-
ing, some of the PRGs are expressed for an extended period
(6–9 h) only after sustained signaling (5). Taken together, these
results suggest that both the duration of signaling and the cell-
type context are important for biological responses and that the
levels of expression of PRGsmight have distinct effects in deter-
mining these responses (5–8).
The stimulation of mature B cells by both anti-IgM (BCR

signaling) and the addition of the mitogenic agent phorbol
12-myristate 13-acetate together with the ionophore ionomy-
cin (P�I) promotes transition from the restingG0 state into the
G1 phase of the cell cycle (9–12). These changes are associated
with de novo protein synthesis-independent rapid induction of
PRGs, which include c-myc, c-fos, egr-1, egr-2, and junB, and
have been found to play a role in B cell proliferation (9–13). For
example, regulated expression of c-myc is associated with
stage-specific B cell proliferation (14). B cells activated by anti-
IgM also transiently express the c-fos mRNA within 0.5 h and
then enter into S phase of the cell cycle within 4–8 h (9–13).
However, the mechanisms of such rapid transcriptional induc-
tion in B cells are unknown. Most information regarding c-fos
regulation has been obtained in fibroblasts. Transcription of
the c-fos mRNA peaks within 15–30 min after the addition of
fresh serum or growth factor to the culture medium and then
declines abruptly, returning to initial low levels by �60 min
(15). Although these events take place long beforeDNA synthe-
sis and changes in nucleosome structure during nucleosome
assembly at the replication fork, it is a challenge to understand
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both the basal and induced chromatin status of this gene (16,
17).
Given that induction of c-fos plays a critical role in driving

signal-induced B cell proliferation, we sought to study its tran-
scriptional and epigenetic regulation in response to anti-IgM
and P�I stimulation using a mature murine B cell line as a
model system. Although both signals regulate c-fos expression
in similar ways, there are differences in c-fos expression in
response to these signals particularly in terms of unspliced pre-
RNA generation. In addition, we show that another PRG, egr-2,
is regulated in a similar fashion as c-fos, whereas c-myc is not.
Our results reveal an unexpected regulatory step of PRG
expression at the level of primary transcription.

EXPERIMENTAL PROCEDURES

Cells and Induction—The mature mouse B cell lymphoma
BAL17was cultured inRPMImediumwithHEPES (Invitrogen)
supplemented with 100 units/ml penicillin, 100 �g/ml strepto-
mycin, 1mM sodiumpyruvate, 0.5mM2-mercaptoethanol solu-
tion (all Invitrogen) and 10% fetal calf sera (Atlanta Biologicals).
1–2� 106 cells were used for RNA-based assays, and 2� 107 cells
were used for ChIP. 10 ng/ml phorbol 12-myristate 13-acetate
(Sigma) and 150 nM ionomycin (Sigma) were added to cell
medium for P�I induction of transcription. For BCR induction,
goat IgGFab fragments specific formouse IgM(Jackson Immuno-
Research Laboratories) were added at 10 �g/ml to cells for
various times. 5,6-Dichloro-1-�-D-ribofuranosyl-1H-benz-
imidazole (DRB; Sigma) was used at 100 �M for 10 min prior to
stimulation. Meayamycin (18) was incubated with cells at a
concentration of 10 nM for 30 min prior to cell stimulation.
Mouse primary splenic cells were isolated from 8-week-old

C57BL/6 male mice (The Jackson Laboratory) following nor-
mal procedures. Resting B cells were isolated by labeling
splenocytes with antibody against the activation marker CD43
(Miltenyi) and isolating the negative population (CD43�) as
resting B cells following the manufacturer’s protocol. The cells
were incubated on ice for 30 min with or without ligands, 25
�g/ml Salmonella typhimurium typhi LPS (Sigma) or 10 �g/ml
goat IgG Fab fragments specific for mouse IgM, before incuba-
tion at 37 °C and 5% CO2 for the times indicated.
Quantitative Real-time PCR—RNA was isolated with the

Ambion� PureLink RNA mini kit (Invitrogen), followed by
digestion with DNase I (Ambion) and purification with a sec-
ondary PureLink RNA column. Random primers and reverse
transcriptase (Applied Biosystems) were employed to produce
cDNA, which was then digested with RNase (Sigma). Samples
were diluted in SYBR Green solution (Applied Biosystems) fol-
lowing the manufacturer’s instructions. Primers were kept at
900 nM, and samples were run in triplicate with a thermal pro-
file of 95 °C for 10 min and 40 cycles of 95 °C for 15 s and 60 °C
for 45 s with the recommended thermal dissociation curve pro-
vided by the Applied Biosystems 7300 real-time PCR system.
The RT-PCR signals were monitored for consistent dissocia-
tion curves and temperatures. All analyses were performed in
triplicate. The following primers were used: c-fos mRNA,
GGATTTGACTGGAGGTCTG and TGGGCTCAGGGTCG-
TTGA; c-mycmRNA,TCTCCACTCACCAGCACAACTACG
and ATCTGCTTCAGGACCCT; egr-2 mRNA, ATCCTGCG-

ACCTCGAAAGTA and TCAGAGCGTGAGAACCTCCT;
and �-actin mRNA, CCTCTATGCCAACACAGTGCGT-
GCTA and GGAGCCAGAGCAG. The primary transcript
primers were as follows: fos, GGCTCTCCTGTCAACACACA
and TCCAGAGCGAAAAAGGAAGA (exon 1 to intron 1),
CCTGTGCTGGAACCTCCTC and TGTCACCGTGGGGA-
TAAGT (intron 1 to exon 2), GAATGGTGAAGACCGT-
GTCA and AGCCCCACAAAGGTCCAGAAT (exon 2 to
intron 2), ACTGGGGTGACTGAATGGAG and CCTTCGG-
ATTCTCCGTTTCT (intron 2 to exon 3), AGAAACGGAGA-
ATCCGAAGG and GTTCAACCTACCGCTTGGAG (exon 3
to intron 3), and GTTGGAGCTTGGGACTATGG and TGC-
AACGCAGACTTCTCATC (intron 3 to exon 4); c-myc, AGA-
GCTCCTCGAGCTGTTTG and CGCTACATTCAAGACG-
CAGA (intron 1 to exon 1) and AGACTTGCTTCCCTTG-
CTGTandAGGGCTGTACGGAGTCGTAG(intron 2 to exon
2); and egr-2, GACCATCTTCCCCAATGGTandCCACAAG-
CTCCGAAGAAGAC (exon 1 to intron 1) and CTCATTG-
TCCCACCTCTTCC and GGAGATCCAGGGGTCTCTTC
(intron 1 to exon 2).
ChIP—To prepare chromatin, 2 � 107 BAL17 cells were

washed twicewith PBS and chromatin cross-linked by 1% form-
aldehyde exposure, followed by the addition of 0.125 M glycine
to stop cross-linking. Cells were then washed twice with 10 ml
of cold PBS and stored at�80 °C for subsequent processing. For
processing, cell pellets were resuspended in 1ml of ice-cold cell
lysis buffer (5mMPIPES (pH8.0), 85mMKCl, and 0.5%Nonidet
P-40) supplemented with protease inhibitor mixture (Sigma).
After centrifugation, the remaining nuclei were resuspended in
200 �l of ice-cold nuclear lysis buffer (50 mM Tris-Cl (pH 8.1),
10 mM EDTA, and 1% SDS) supplemented with protease inhib-
itormixture. After a short incubation on ice, the sample volume
was increased to 500 �l with ChIP dilution buffer (1% Triton
X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCl (pH
8.1)) supplemented with protease inhibitor mixture. Chroma-
tin was sonicated with a Branson 350 Sonifier at a continuous
setting of 2 for 10 cycles of 20 s each. After centrifugation,
chromatin was precleared with protein A-Agarose (Santa Cruz
Biotechnology), and the samples were diluted to 2mlwithChIP
dilution buffer and incubated overnight at 4 °C with protein
A-agarose prelinked to various antibodies (see below). There-
after, chromatin-agarose was washed with 1 ml of cold buffer
containing 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris-Cl (pH 8), and 150 mM NaCl; with 1 ml of cold buffer
containing 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris-Cl (pH 8), and 500 mM NaCl; with 1 ml of cold radioim-
mune precipitation assay buffer containing 50 mM HEPES (pH
7.6), 1mMEDTA, 0.7% sodiumdeoxycholate, 1%Nonidet P-40,
and 0.5 M LiCl; and twice with Tris/EDTA (pH 7.5). Chromatin
was then eluted with 100 �l 1% SDS and 0.1 M NaHCO3 for 30
min at room temperature. Eluted chromatin and input DNA
(5% of the pre-immunoprecipitation sample) were incubated
for 15 h at 65 °C. DNA was purified using PureLink PCR puri-
fication kits (Invitrogen), treated with RNase mixture (Sigma),
and quantified with the Qubit dsDNA HS system (Invitrogen).
Samples were then analyzed by real-time PCR as described
above. The following antibodies were used: 2 �g of rabbit anti-
acetyl-histone 3 antibody (Upstate); 4 �g of rabbit anti-mouse
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RNA polymerase II (Pol II) polyclonal antibody N-20 (sc-899
X), 4 �g of mouse anti-phospho-Ser5 Pol II monoclonal anti-
body (sc-47701X), 5�g of rabbit anti-cyclinT1 antibodyH-245
(sc-10750 X), and 5 �g of rabbit anti-Spt5 polyclonal antibody
H-300 (sc-28678) (Santa Cruz Biotechnology); 2 �g of rabbit
anti-H3K4me3 (histone 3, lysine 4 trimethylation) polyclonal
antibody and 2 �g of rabbit anti-H3K36me3 polyclonal anti-
body (Abcam); and 5 �g of mouse anti-mouse U2AF65 mono-
clonal antibody (clone MC3, Sigma).
The ChIP primers used were as follows: fos�339, CCTTTA-

CACAGGATGTCCATATTAGGA and CGTGTAGGATTT-
CGGAGATGGT; fos�116, GGCTTTCCCCAAACTTCGA
and GCTACTGCAGCGGGAGGAT; fos�1016, CTGTCCG-
TCTCTAGTGCCAACTT and GAGACCAGAGTGGGCT-
GCA; fos�1694, CTCCTGAAGAGGAAGAGAAACG and
GTGTATCTGTCAGCTCCCTCCT; and fos�2667, GGACC-
TTACCTGTTCGTGAAACA and TGAGGACTGGAGG-
CCAGATG.

RESULTS

Signal-induced mRNA Production—To analyze the signal-
specific induction kinetics of c-fos mRNA in the BAL17 B cell
line, we stimulated these cells either with P�I (Fig. 1A) or with
anti-IgM (BCR) (Fig. 1B). In both experiments, the basal levels
of c-fos mRNA were insignificant without induction (Fig. 1).
However, as noted previously (9–11), the mRNA levels were
induced sharply after 30 min of stimulation. Although BCR
induced much greater c-fos expression compared with P�I
stimulation, the mRNA levels were sharply decreased and were
undetectable beyond 2 h, whereas significant levels of mRNA
persisted for 4 h upon P�I stimulation. Importantly, similar
kinetics and expression patterns were observed in freshly iso-
lated murine splenic B cells. Although BCR induced c-fos
mRNAwith essentially identical kinetics as observedwith the B
cell line, LPS, which stimulates via TLR4 (Toll-like receptor-4)
(19, 20), induced c-fos mRNA production with a slightly
delayed kinetics reminiscent of the P�I induction observed
with the B cell line (see Fig. 5A). Overall, these data agree with
previous reports (9–11).
Signal-induced Chromatin Changes—The rapid kinetics of

PRGs is explained partly by their constitutively open chromatin
architecture (16). Thus, PRGs show a high level of pre-existing
H3K4me3 across the promoter region as well as H3K36me3 in
the coding region. In addition, there is a dynamic turnover of

histone acetylation by the action of histone acetyltransferases
and histone deacetylases, which affects all K4me3-modified
histone H3, which is also detectable in the absence of signaling
(16, 17). Therefore, to further understand the signal-specific
regulation of c-fos, we sought to analyze how the chromatin
marks are altered upon induction of B cells with either P�I or
BCR by employing ChIP assays.
First, we looked at H3K4me3 throughout the gene (Fig. 2A)

with an H3K4me3-specific antibody. As noted previously (16,
17), significant levels of constitutive H3K4me3 were observed.
However, signal-induced enhancement of H3K4me3 was
observed upon both stimulations and in a time-dependent
manner. In accordance with H3K4me3 being predominantly
associated with promoter activation, the highest signal was
observed around the promoter region spanning the transcrip-
tion start site (TSS) and dropped precipitously farther down-
stream and was barely detectable at the 3�-end of the gene (Fig.
2A). In addition to the H3K4me3 mark, significant levels of
constitutive H3 acetylation (total) were also observed (Fig. 2B),
and the signals were sharply enhanced upon both stimulations.
Once again, the H3 acetylation signals were reduced drastically
at downstream regions (Fig. 2). In summary, although minor
differences were noted, no dramatic chromatin changes were
observed in c-fos upon P�I versus BCR stimulation.
Recruitment of Pol II—Wesubsequently analyzed the recruit-

ment of Pol II at the c-fos gene upon P�I or BCR stimulation.
Previous studies indicated that a transcriptional pausing/elon-
gation block regulates many genes, including c-fos (21–25).
Collectively, these studies suggest that in the basal/uninduced
state, Pol II is engaged at the promoter-proximal region of these
genes, pausing at �40 nucleotides downstream of the TSS.
Mitogenic signals remove the elongation block and induce an
elongation-competent complex that completes elongation and
gene expression (22–24). In agreementwith these observations,
we noticed a significant level of total Pol II signal in the absence
of any signaling (Fig. 2C). As expected, Pol II recruitment at the
promoter region spanning the TSS and the first exon was
greatly enhanced upon both types of signaling, and a noticeable
amount of Pol II persisted in this region even at 4 h post-stim-
ulation when mRNA was undetectable (Fig. 1). This was most
apparent uponBCR stimulation (Fig. 2C, right panel). However,
the Pol II density at downstream regions (particularly at exon 3,
position 1694) was drastically reduced (Fig. 2C). Therefore, sig-

FIGURE 1. Induction of c-fos mRNA. BAL17 cells were induced either with P�I (A) or with antibody fragments against BCR (B) for the indicated times. Isolated
total RNA was analyzed by real-time PCR with primers specific for c-fos and �-actin (ActB) as a control. Data were analyzed in triplicate and are expressed as the
mean � S.D. of the ratio of c-fos to �-actin (normalized to unstimulated cells). This experiment was repeated three times.
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nificant levels of Pol II persisted around the c-fos promoter
region well after mRNA expression was extinguished. Interest-
ingly, there appeared to be a low but above background level of
Pol II accumulation at the 3�-end of the gene in both cases.
Because phosphorylation of the C-terminal domain of Pol

II is associated with regulation of transcriptional initiation
and elongation at many promoters (26, 27), we analyzed
these events at the c-fos promoter (Fig. 2D). As observed
previously for other PRGs (28, 29), an increase in phospho-
Ser5 Pol II roughly paralleled the increase in total Pol II.
Interestingly, significantly elevated signals were observed at
30 min for each of the exons tested (Fig. 2D), although P�I
induction in general exhibited a much higher phospho-Ser5
Pol II signal compared with BCR induction. Therefore,
active Pol II persists throughout the body of the c-fos gene,
with the highest levels associated with the promoter region
spanning the TSS. Phospho-Ser2 Pol II levels were not found
to be significantly different between uninduced and induced
conditions (data not shown).
Transcriptional Elongation at the c-fos Gene—As noted pre-

viously,many of the PRGs are regulated at the level of transcrip-
tional elongation (1, 25, 30). Given that we observed a signifi-
cant level of Pol II persisting at the promoter, we testedwhether
the polymerases are associated with elongation factors. DSIF
(DRB sensitivity-inducing factor) exerts dual regulatory effects
by stably interacting with Pol II and recruiting various other
factors to the Pol II elongation complex (31). DSIF is composed

of Spt4 and Spt5 subunits, which were originally isolated in
yeast by a genetic screen for regulators of transcription initia-
tion sites (32, 33). Using an antibody against Spt5, we observed
that it closely mirrored Pol II recruitment (Fig. 3A), suggesting
that the polymerase is perhaps elongation-competent. A nota-
ble difference was observed at the 3�-end with very little Spt5
recruitment. However, given that Pol II is usually associated
with Spt5 (31), the sensitivity of the anti-Spt5 antibody might
not be high, and any signal at the 3�-end might be below the
detection limit under our assay conditions. Once again, the
highest recruitment of Spt5 was observed around the promoter
region, and the general pattern of its recruitment in response to
either signal was similar, with relatively minor differences (Fig.
3A).
Because H3K36me3 is proportional to transcriptional activ-

ity (34), we also tested this particular histone mark in response
to both P�I and BCR stimulation. Although P�I stimulation
resulted in a marked increase in H3K36me3 in a time-depen-
dent fashion across the entire gene, H3K36me3 levels due to
BCR stimulation were much less pronounced (Fig. 3B). How-
ever, for both stimuli, the levels of H3K36me3 remained high
even after 4 h across the entire gene (compare with Fig. 1),
suggesting persistent transcriptional activity even after signifi-
cant mRNA is undetectable.
Analysis of Pre-RNA and Splicing—Several recent reports

suggest that histone modifications may have a role in the regu-
lation of splicing by modulating either the recruitment of the

FIGURE 2. Analyses of chromatin marks and Pol II. BAL17 cells were induced with either P�I or BCR for the indicated times in minutes. The recruitment of
H3K4me3 (A) and total acetylated histone 3 (H3Ac; B) was measured by ChIP. Immunoprecipitated DNA was analyzed with primers targeting various segments
of c-fos as indicated (positions are relative to the TSS depicted in the schematic). The samples were analyzed in triplicate and are reported as the mean � S.D.
of the percentage of input DNA. The data shown represent one of three comparable experiments. The levels of total Pol II (C) and Pol II phosphorylated at
Ser5 of the C-terminal domain (Ser5-P; D) were measured by ChIP following stimulation with either P�I or BCR for the indicated times in minutes. Immuno-
precipitated DNA was analyzed with primers targeting various segments of c-fos as indicated (positions are relative to the TSS depicted in the schematic). The
samples were analyzed in triplicate, and the resulting data are reported as the mean � S.D. of the percentage of input DNA. The data shown represent one of
three comparable experiments.

PRG Regulation in B Cells

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14909



spliceosome or the Pol II elongation rate (34–36). Moreover,
H3K36me3 affects alternative splicing decisions by modulat-
ing the recruitment of splicing regulators (35, 37). Thus, we
analyzed the production of primary unspliced mRNA
(pre-mRNA) across the c-fos gene in response to both stim-
ulations. In agreement with our observation that H3K36me3
persisted across the entire gene (Fig. 3B), significant levels of
pre-mRNA were detected even at 4 h (Fig. 4A), although the
highest levels in both experiments were observed at the
30-min time point. Of note, we observed a precipitous drop
in pre-mRNA at later time points across the gene in response
to BCR compared with P�I stimulation (the -fold induction
is reported here in log scale).
Pre-mRNA splicing can occur co-transcriptionally, suggest-

ing that splicing and transcription are mechanistically coupled
(35, 37–39). Pre-mRNA splicing is an essential step in the
expression of intron-containing genes and requires the assem-
bly and activity of a spliceosome (37, 40). Because U2AF65 is a
component of the spliceosome, we tested the recruitment of
U2AF65 across the c-fos gene in response to both signals.
U2AF65was found to be constitutively associatedwith the c-fos
gene, and its recruitment was enhanced upon both types of
signaling (Fig. 4B). However, the increase in U2AF65 was most
noticeable at later time points. As reported previously (37), the
promoter region and downstream regions through to the
intron 2/exon 2 region showed maximum recruitment of
U2AF65,whereas farther downstream regions showed substan-
tially less U2AF65 following mRNA expression kinetics. Thus,
it seems that a significant portion of apparently full-length pre-
RNA escapes splicing and persists when the mRNA ceases to
exist.

Importantly, a very similar pattern of mRNA production was
also observed in splenic B cells in response to LPS and BCR
signaling (Fig. 5A). Given that P�I represents an artificial stim-
ulation, we instead used LPS in primary B cells as a proxy for
innate immune signaling. Unfortunately, BAL17 cell lines do
not appear to express TLR4, and thus, they did not respond to
LPS (data not shown). Although the c-fosmRNA expression in
these cells showed a sharp peak at �30 min, the pre-mRNA
profile persisted for �2 h (Fig. 5, A and B). Next, we tested
whether any other PRGs might behave in a similar fashion.
Indeed, egr-2 exhibited a profile similar to c-fos: pre-mRNA
expressionwas high evenwhenmRNAproductionwas severely
reduced (Fig. 6, A and B). Importantly, not all PRGs are regu-
lated similarly. Thus, in the case of c-myc, both mRNA and
pre-mRNA expression appeared to follow similar patterns (Fig.
7, A and B).

We analyzed the production of pre-mRNA by using primers
specific for exon/intron junctions, which indicated that these
are elongated transcripts and that the signals are not due to the
production of short abortive transcripts. To further confirm
our results, we also tested the effects of the splicing inhibitor
meayamycin (18, 35) on both mRNA and pre-mRNA produc-
tion. As expected, meayamycin drastically inhibited the pro-
duction of spliced mRNA in response to both P�I and BCR,
whereas it did not inhibit the production of unspliced
pre-mRNA (Fig. 8A). In fact, meayamycin enhanced produc-
tion of pre-mRNA in both experiments. Finally, we evaluated
these pre-mRNA transcripts in the presence of DRB, which is a
nucleoside analog that inhibits Pol II transcription (31). In the
presence of DRB, synthesis of pre-mRNAs and mRNAs is
strongly inhibited (31). Consistent with these observations,

FIGURE 3. Analyses of transcriptional elongation. BAL17 cells were induced with either P�I or BCR for the indicated times in minutes, and the status of
elongating Pol II was evaluated by ChIP. The recruitment of Spt5, a component of the elongation factor DSIF (A), and the levels of H3K36me3 (B) were analyzed.
Immunoprecipitated DNA was analyzed with primers targeting various segments of c-fos as indicated (positions are relative to the TSS depicted in the
schematic). The samples were analyzed in triplicate, and the resulting data are reported as the mean � S.D. of the percentage of input DNA. The data shown
represent one of three comparable experiments.
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mRNA and pre-mRNA production was significantly inhibited
in the presence of DRB (Fig. 8B). Interestingly, the production
of mRNA was more dramatically reduced compared with that

of pre-mRNA in the presence of the same concentration of
DRB, indicating that a portion of the detectable pre-mRNA
pool could perhaps represent short transcripts. Taken together,

FIGURE 4. Analyses of pre-mRNA and splicing. BAL17 cells were induced with either P�I or BCR for the indicated times in minutes. A, time-dependent
production of long unspliced RNA was monitored by real-time PCR and is reported relative to �-actin (ActB) expression (normalized to unstimulated cells). The
data are reported with a logarithmic y axis. B, association of the RNA splicing factor U2AF65 with c-fos was monitored by ChIP for the indicated times in minutes.
Immunoprecipitated DNA was analyzed with primers spanning each of the exon (Ex)/intron (In) borders across the length of the c-fos gene (the exon/intron
positions are relative to the TSS depicted in the schematic). The results were analyzed in triplicate and are reported as the mean � S.D. of the percentage of
input DNA. Data are representative of one of three comparable experiments.

FIGURE 5. Analyses of c-fos mRNA and pre-mRNA in primary splenic B cells. Primary resting B cells were isolated using negative selection against the
activation marker CD43 and induced with either 25 �g/ml LPS or 10 �g/ml BCR. Isolated total mRNA was analyzed by real-time PCR with primers specific for
c-fos mRNA (A) or pre-mRNA (B). �-Actin (ActB) was used as a normalization control. Data were analyzed in triplicate and are expressed as the mean � S.D. of
the ratio of fos to �-actin (normalized to unstimulated cells). The visualization of the c-fos data was with a logarithmic y axis. Ex, exon; In, intron.
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these results indicate that although the spliced c-fosmRNAs are
produced following known kinetics and are rapidly extin-
guished between 30 and 60min post-stimulation, production of
unspliced transcripts continues long after this time point. Thus,
the c-fos gene (and other PRGs, e.g. egr-2) is persistently tran-
scribed, and at least a significant portion of transcription of

these genes might be uncoupled from splicing, a phenomenon
recently observed by Smale and co-workers (41).

DISCUSSION

Post-embryonic cells, in a non-proliferating quiescent state
(G0), require mitogenic signaling to drive them into cell cycle

FIGURE 6. Analyses of egr-2 mRNA and pre-mRNA in primary splenic B cells. Primary B cells were isolated and stimulated as described in the legend to Fig.
5. Isolated total mRNA was analyzed by real-time PCR with primers specific for egr-2 mRNA (A) or pre-mRNA (B). �-Actin (ActB) was used as a normalization
control. Ex, exon; In, intron.

FIGURE 7. Analyses of c-myc mRNA and pre-mRNA in primary splenic B cells. Primary B cells were isolated and stimulated as described in the legend to Fig.
5. Isolated total mRNA was analyzed by real-time PCR with primers specific for c-myc mRNA (A) or pre-mRNA (B). �-Actin (ActB) was used as a normalization
control. Ex, exon; In, intron.
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entry (G1). A characteristic of G0 cells stimulated with growth
factors is the induction of PRGs that are often turned on within
minutes after stimulation (8). Because of such rapid kinetics of
PRG induction, it has always been a challenge to interrogate the
changes in the chromatin landscape of these genes in the
absence and presence of signaling. Chen and Allfrey (15) were
the first to provide a correlation between alterations in chro-
matin architecture, histone acetylation, and PRG (c-fos and
c-myc) transcription. Since then, numerous studies have
addressed specific chromatin changes in eukaryotic genes,
including PRGs (42–45). Although the mRNA-encoding PRGs
usually constitute �1% of the total message in the growing cell,
they are necessary to drive cells to re-enter the cell cycle (1).
However, given that many PRGs are proto-oncogenes, whose
sustained expression can have profound effects on cellular
growth, the regulation of PRG expression in response to induc-
tive signals is very tightly regulated at multiple levels, including
transcriptional initiation and elongation and co-transcriptional
and post-transcriptional events (1, 8).
c-fos is one such PRGwhose rapid but transient expression is

associated with cellular proliferation (8, 15). Stimulation of
mature B cells with anti-Ig promotes transition from the resting
G0 state into the G1 phase of the cell cycle and rapidly induces
mRNA expression of a set of genes, including c-fos, egr-1, egr-2,
c-myc, and junB (9–11). Because induction of c-fos transcrip-
tion is one of the early hallmarks of B cell activation, studying
c-fos epigenetic and transcriptional regulation might provide
mechanistic insights to early events during B cell activation (11,
46). Toward this goal, we undertook a detailed study of c-fos

regulation in response to a strong but generic signal (P�I) as
well as a weaker but highly B cell-specific signal (anti-Ig/BCR).
Consistentwith previous studies (9–11), P�I stimulation led to
the production of steady-state mRNA that persisted for up to
4 h, suggesting amore sustained response. In comparison, BCR
produced amore robust signal but sharply definedmRNA peak
at�30min (Fig. 1), indicating amore transient signaling event.
Although the precise mechanistic basis for this difference is
unclear at present, it has been noted that different signals pro-
duce different extents of antisense transcription from the c-fos
locus in murine B cells (10). Because we measured only total
steady-state RNA, whether our assay conditions also reflect
such a difference or possible transcription originating from the
3�-end is unclear at present.

The chromatin marks that we tested did not reveal any sig-
nificant distinctions between the two signals. Consistent with
previous studies, c-fos exhibited substantial pre-existing
H3K4me3 as well as total acetylated histone 3 marks (Fig. 2, A
and B). In both cases, the marks were higher around the pro-
moter region spanning the TSS and significantly trailed off at
the 3�-end. However, both marks were significantly higher in
response to P�I than BCR, suggesting that P�I stimulation
results in a more open chromatin structure. Similar to pro-
longed mRNA production, these marks also persisted longer
with P�I stimulation than with BCR stimulation.
Consistent with the mRNA production and activating his-

tone marks, the total Pol II recruitment was slightly higher,
especially around the promoter region, in response to P�I (Fig.
2C). Although the recruitment of Pol II to the promoter region

FIGURE 8. Analyses of mRNA versus pre-mRNA. A, to detect BAL17 c-fos pre-mRNA, primers spanning two different exon (Ex)/intron (In) junctions (exon
1/intron 1 and intron 3/exon 4) were employed, and the results are reported as relative cDNA. BAL17 cells were preincubated for 30 min with the splicing
inhibitor meayamycin (M30) at a concentration of 10 nM prior to induction with phorbol 12-myristate 13-acetate (PMA30) or BCR for 30 min. Primers targeting
c-fos mRNA were used to report total transcripts, whereas primers consisting of 5� c-fos�1016 (exon 2) and 3� c-fos�1694 (exon 3) were employed to monitor
spliced c-fos pre-mRNA transcripts. Real-time PCR analysis was performed in triplicate, and the results were normalized to unstimulated cells. B, BAL17 cells
were preincubated for 10 min with 100 �M DRB, followed by induction with P�I for 30 min. Isolated total mRNA was analyzed in triplicate by real-time PCR with
primers specific for c-fos mRNA. As both meayamycin and DRB treatment affected the levels of �-actin mRNA, data are expressed relative to the amount of
starting cDNA in the real-time PCR by dividing the starting amount of DNA by the inverse log of the number of cycles required to reach threshold: ng of
cDNA/(POWER(2,Ct)). Data were normalized to unstimulated cells and expressed as the mean � S.D. of triplicate analyses.
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was substantially reduced in a time-dependent fashion in
response to P�I, it remained high in response to BCR stimula-
tion. Interestingly, despite the fact that the Pol II recruitment
was reduced at downstream regions, it was still noticeable at the
3�-end particularly in response to P�I. This was most apparent
when the Ser5-phosphorylated form of Pol II was assayed (Fig.
2D). In general, the Ser5-phosphorylated form of Pol II exhib-
ited much higher signal in response to P�I compared with
BCR. It is known that phospho-Ser5 Pol II levels remain high as
Pol II transcribes the first few hundred nucleotides of genes but
decline farther downstream (26, 27). As Pol II elongates farther
downstream, the levels of phospho-Ser5 Pol II drop, and phos-
pho-Ser2 Pol II levels increase. However, lower levels of phos-
pho-Ser5 Pol II do persist throughout elongation (27). Consist-
ent with an enhanced recruitment of Pol II at the 3�-end as well
as persistent mRNA production in response to P�I, the phos-
pho-Ser5 Pol II levels also showed a spike at the 3�-end, indicat-
ing persistence of active Pol II at downstream regions. Given
that the ChIP signals of acetylated histone 3 as well as Pol II and
phospho-Ser5 Pol II appear in general to be lower at exon 3 than
at exon 4, there might be another transcript detected at exon 4
(such as an overlapping transcript).
As a marker for transcriptional elongation, we analyzed

recruitment of Spt5 as well as enrichment of the H3K36me3
histone mark. Not surprisingly, Spt5 recruitment in general
tracked that of Pol II in response to both signals, although the
total Spt5 recruitment was slightly higher in response to P�I,
particularly at the 5�-end of the gene (Fig. 3A). However, given
that the ChIP signals were relatively low with anti-Spt5 anti-
body, we suspect that the sensitivity of this antibody is low and
that any signal at the 3�-end is below the detection limit.
Although H3K4me3 is high near promoters, H3K36me3marks
are high along transcribed regions (42–45). Consistent with its
association with transcribed regions, indicating elongating Pol
II, H3K36me3 marks were higher at the downstream regions,
especially in response to P�I (Fig. 3B). Interestingly, the signals
were higher at later time points at most regions tested in
response to P�I. The H3K36me3 signals persisted throughout
the transcribed regions in response to BCR and remained rela-
tively unchanged (Fig. 3B). Because these experiments indi-
cated that transcriptional elongation persisted beyond 30 min
time when the mRNA signal was highest, we tested whether
long (and presumably full-length) pre-mRNA transcripts were
being generated. Indeed, long pre-mRNA transcripts were
detected in response to both signals (Fig. 4A). Surprisingly, no
pre-mRNA transcripts were detected in the absence of any sig-
naling, although a noticeable amount of Pol II was associated
with the c-fos gene under these conditions. Robust levels of
pre-mRNAs were detected post-signaling at both the 5�- and
3�-ends up to 4 h in response to P�I. In contrast, BCR signaling
generated pre-mRNAs primarily at 30 min, which coincided
with mRNA production, although a low level was also detected
at later time points. That c-fos pre-mRNAs are indeed pro-
duced in response to BCR stimulation at later time points is
better illustrated when analyzed in primary splenic B cells (Fig.
5B). In addition to c-fos, egr-2 pre-mRNA expression also per-
sisted at later time points when the mRNA expression was
severely reduced (Fig. 6, A and B). Although the c-fos kinetics

was sharper compared with egr-2 (Fig. 6), this is not unex-
pected, given that c-fos is one of the most rapidly and tightly
regulated genes. Moreover, the total levels of both mRNA and
pre-mRNAwere much higher for c-fos than observed for egr-2.
Our preliminary RNA-Seq results performed under identical
conditions also suggest that several PRGs are indeed regulated
in a similar fashion (data not shown). We also showed that not
all PRGs were regulated in a similar fashion, as exemplified by
c-myc (Fig. 7). This is not totally unexpected given that c-myc
plays a crucial role in B cells and that deregulation in myc is
associated with lymphoid malignancies (2–5). Nevertheless,
although this regulatory step is not observed in all PRGs, it is
clear that significant transcription continues for hours for some
PRGs when mRNA production is sharply reduced.
Because PRGs can be regulated at the level of splicing (28)

and because pre-mRNA splicing can occur co-transcriptionally
(35–40), we tested the recruitment of the important spliceo-
some factor U2AF65 in response to both signals. Surprisingly,
the recruitment of U2AF65 was not substantially enhanced
after 30 min of stimulation with P�I but was enhanced in
response to BCR (Fig. 4B). Moreover, U2AF65 recruitment was
observed at 4 h post-stimulation in response to both stimuli.
However, recruitment of U2AF65 was substantially reduced
almost to the background level at downstream regions. If
U2AF65 recruitment is indicative of splicing activity, our
results suggest that although a significant level of transcription
persists after mRNA subsides (particularly in response to P�I
stimulation), a proportion of these transcripts escape splicing.
In a recent elegant study, Smale and co-workers (41) show by
employing high-resolution deep sequencing that full-length yet
incompletely spliced transcripts accumulate inmacrophages in
response to LPS stimulation, suggesting that splicing often
occurs after transcription has been completed, with transcripts
retained on the chromatin until fully spliced. Although we did
not determine whether the pre-mRNAs we observed were
indeed full-length, they were sensitive to DRB (Fig. 8B), thereby
indicating that they require elongating Pol II. Moreover, unlike
mRNAs, pre-mRNAs were insensitive to the splicing inhibitor
meayamycin (Fig. 8A). Although the increase in pre-mRNA
production in the presence of meayamycin could be directly at
the expense of mRNA production, it remains to be proven.
In summary, our results suggest that regulation of c-fos (and

perhaps other PRGs) in B cells occurs at multiple levels, includ-
ing transcription, splicing, and message stability. They also
show that depending on the nature of the stimulus, the locus
can remain more active (exhibiting activating histone marks as
well as engaging elongating Pol II) well after the functional
effects (in this case, mRNA production) of the stimulus are
extinguished. Thus, themitogenic stimulus appears to be stron-
ger transcriptionally, but the maximum transcript levels are
determined post-transcriptionally. So the fact that P�I pro-
duces more pre-mRNA at later time points might reflect that
there is also detectable mRNA at these times. Hence, the
mRNA levels are proportional to the amount of pre-mRNAs
but only up to some maximum levels (threshold effects).
Accordingly, it remains possible that a significant portion of the
c-fosmRNA under our experimental conditions was produced
concomitant with pre-mRNA but that they were rapidly
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degraded at later time points. All together, our results might
explain the deleterious effects of mitogenic and/or tumor-pro-
moting signals, which can lead to prolonged locus opening and
aberrant transcription and splicing. In this regard, it is interest-
ing to note that splicing factor mutations have recently been
found in several hematological malignancies (46). Future stud-
ies will indicate the precise regulatory steps and signaling inter-
mediates involved in regulation of PRGs in response to anti-
genic and mitogenic signals in B cells.
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