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2-Aminopurine (2-AP) inhibits specific kinases that phosphorylate the o subunit of eukaryotic translation
initiation factor 2. One of these, PKR, is also involved in signal transduction. We show here that 2-AP
selectively inhibits expression of tumor necrosis factor alpha (TNF-a) mRNA in primary human lymphoid
cells. 2-AP does not inhibit transcription of the human TNF-« gene, nor does it affect mRNA stability. Instead,
the flow of short-lived precursor transcripts into mature TNF-a« mRNA is blocked. When 2-AP is present
during induction, unspliced TNF-a precursor transcripts accumulate at the expense of mRNA. Using RNase
protection analysis with genomic probes for different exon-intron junctions, we show that 2-AP blocks splicing
of TNF-a mRNA. Neither the TNF-f3 nor the interleukin-1$ gene shows such regulation. 2-AP also inhibits
splicing of precursor RNA transcribed from an exogenous human TNF-« gene. Sequences within this gene thus
confer sensitivity to 2-AP. Yet, control is not exerted at a specific splice site. Our results reveal the involvement
of a 2-AP-sensitive component, expressed in functional form before induction, in the splicing of TNF-ao mRNA.

2-Aminopurine (2-AP), an isomer of adenine, is an inhibitor
of the ATP-dependent phosphorylation of the a subunit of
eukaryotic initiation factor 2 (eIF-2a) by two specific kinases,
one controlled by heme (12, 21) and the other, PKR, activated
by double-stranded RNA (dsRNA) (8, 12). Phosphorylation of
elF-2a results in inhibition of the initiation of translation (26,
41). 2-AP also inhibits the autophosphorylation of PKR nec-
essary for its activation (53). PKR is expressed constitutively at
low levels in most cell types (2, 28) but is induced by viruses,
dsRNA, and interferon (IFN). 2-AP prevents the establish-
ment of the antiviral state in IFN-treated cells (56). To allow
viral protein synthesis, many viruses depend critically on strat-
egies to inhibit the function of PKR or its activation by viral
dsRNA. Thus, the vaccinia virus E3L gene product interferes
with the binding of PKR to dsRNA, while its K3L gene product
exhibits homology to eIF-2« and acts as a decoy substrate (7).

In addition to its role in translational regulation, PKR func-
tions in signal transduction (23, 27, 42, 44). This kinase is a
transducer for the activation of transcription factor NF-kB
signaling by dsRNA but not by tumor necrosis factor alpha
(TNF-o) (34, 39). 2-AP inhibits transcription of murine TNF-a
(24), IFN-a, and IFN-B genes (6); inhibition of murine IFN-3
gene induction by 2-AP is cell type specific (6). Moreover,
2-AP inhibits induction of human TNF-« and IFN-8 mRNA in
monocyte and B-cell lines (18) and expression of the murine
c-myc and c-fos genes (59). 2-AP prevents induction of gene
expression by phorbol myristate acetate (PMA) or epidermal
growth factor without affecting activation of protein kinase C
(37). By blocking induction of mRNA encoding the 48-kDa
DNA binding component of IFN-stimulated gene factor 3 (1),
2-AP prevents transcriptional activation of human IFN-in-
duced genes (54, 56).

TNF-a plays an essential role in inflammatory, antitumor,
and antiviral responses (3, 14). TNF-a shares all of its biolog-
ical activities with TNF-B and some of them with interleu-
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kin-1B (IL-1B) (35, 49). Human TNF-a and TNF-3 genes show
structural and functional homology (46, 49); they are arranged
in tandem within the major histocompatibility gene cluster and
transcribed in the same direction (46, 50). TNF-« is expressed
in activated monocytes and T cells, while TNF-B, like IL-2,
which regulates the clonal expansion of T cells, is a T-cell
product (13). All-frans-retinoic acid, lipopolysaccharide (LPS),
PMA, and inhibitors of translation induce the coordinate ex-
pression of human TNF-a and IL-1B genes (29).

Recently, it was shown that cytokine gene expression is reg-
ulated when nuclear processing of precursor transcripts occurs.
The induction of human IL-2 gene expression elicits a transient
wave of unstable mRNA (10, 11, 15). Transcription continues
unabated well beyond the time when the wave has subsided
but does not yield more mRNA. Instead, IL-2 precursor tran-
scripts accumulate. The flow of precursor transcripts into ma-
ture mRNA becomes inhibited in the course of induction.
When translation is blocked by cycloheximide (CHX) or em-
etine, expression of IL-2 mRNA can be superinduced by 2
orders of magnitude, without a significant increase in the level
of primary transcription or mRNA stability. Instead, splicing
of nuclear IL-2 precursor transcripts is facilitated (15). Induc-
tion of the IL-1B gene by the physiological inducer all-trans-
retinoic acid is similarly regulated, processing of precursor
transcripts being the dominant element of control in induced
cells (29).

In this report, we show that 2-AP does not inhibit transcrip-
tion of the human TNF-a gene in primary human lymphoid
cells. Instead, the flow of unspliced precursor transcripts into
mature TNF-a mRNA is blocked. Neither the TNF-f gene nor
the IL-1B gene shows such regulation. Our results reveal the
involvement of a 2-AP-sensitive component in the splicing of
human TNF-a mRNA.

These observations support the concept that precursor
mRNA splicing constitutes, more widely than hitherto thought,
an essential step for regulating cytokine mRNA expression.
Only after mRNA has been generated can the control of its
stability begin to serve as a secondary target for posttranscrip-
tional regulation.



VoL. 16, 1996

B T
M o 1 3 8 1

a04-

203- e

242-

67-

219 -
190 -

TNF-a - "
mRNA

2-AMINOPURINE INHIBITS SPLICING OF TNF-a mRNA 2815
+ - - - - - - CHX
-+ o+ - - .- PMA
- - - + + + + LPS
10 - 10 - - 2510 2-AP(mMm)
8 6 6 0 4 4 4 h
- u . A
TNF-a

sew - B

iL1p

‘ - D - - - — “ - actin

CHX
2-AP (10 mM)
h

-18S5

FIG. 1. Inhibition of human TNF-a mRNA induction by 2-AP. PBMC were induced with CHX, PMA, or LPS as indicated. 2-AP was included from the onset of
induction at the concentrations shown. Cell viability remained constant. At the times shown, total RNA was isolated, subjected to agarose-formaldehyde gel
electrophoresis, and blot hybridized with a 3?P-labeled TNF-« antisense RNA probe covering a portion of the 3’ untranslated region (C), or it was subjected to RNase
protection analysis with antisense RNA probes complementary to a 341-nt portion of TNF-a exon 4 (A) (for a map, see Fig. 4), a 72-nt portion of IL-1B exon 1 (B)
(for a map, see Fig. 2), or a 215-nt portion of a-actin mRNA. Marker (M) lanes show end-labeled pGEM-3 DNA digested with Mspl.

MATERIALS AND METHODS

Materials. 2-AP, PMA, LPS, CHX, cordycepin triphosphate, staurosporine
(STS), H7 [1-(5-isoquinolinylsulfonyl)-2-methylpiperazine], and W7 [N-(6-amino-
hexyl)-5-chloro-1-naphthalenesulfonamide] were from Sigma.

Cell culture and induction. Peripheral blood mononuclear cells (PBMC) were
separated from buffy coats from healthy donors, washed, resuspended at 4 X 10°
cells per ml, and preincubated overnight at 37°C in RPMI 1640 medium (29).
BHK-21 cells were grown in Dulbecco modified Eagle medium supplemented
with 2 mM glutamine, 40 mM NaHCO;, 10 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid; pH 7.3), 100 wg each of penicillin and
streptomycin per ml, 10 pg of nystatin per ml, and 10% fetal calf serum. HL-60
cells were grown in RPMI 1640 medium containing the above supplements
except NaHCO;. PMA was used at 10 ng/ml, and LPS was used at 15 pg/ml.
Unless otherwise indicated, 2-AP was present at 10 mM. To prepare a stock
solution of 0.15 M, 2-AP was dissolved in phosphate-buffered saline by heating
to 70°C for 10 min. Where indicated in Fig. 1 and 5 through 7, CHX was added
to a final concentration of 20 pwg/ml and actinomycin D was added to 4 pg/ml.

Plasmids for transfection. phTNF-a, which contains the entire human TNF-a
gene, including the upstream regulatory sequences (17), in pUC13pML, was
obtained from Arjun Singh (Genentech, South San Francisco, Calif.) and used
for transfection. pSV,CAT containing the bacterial chloramphenicol acetyltrans-
ferase (CAT) gene (20) was used to monitor transfection efficiency.

Cell transfection. Monolayers of BHK-21 cells were seeded at a density of 1 X
10° to 2 X 10° cells per 8-cm-diameter petri dish and grown overnight; 4 h before
cotransfection, the culture medium was replaced. A mixture of 10 pg of
phTNF-a DNA, 2 ug of pSV,CAT DNA, and 4 pg of salmon sperm DNA carrier
was allowed to permeate cells by the calcium phosphate-DNA coprecipitation
technique. After 16 h, the culture medium was replaced with fresh medium
prewarmed to 37°C.

Plasmids and hybridization probes. For RNase protection analysis, DNA was
subcloned in pBS (Stratagene) under the control of the T3 or T7 promoter and
transcribed with [a-*>P]JUTP to generate labeled antisense RNA transcripts. A
TNF-a RNA probe (see Fig. 2) was generated from a 259-bp Aval-Aval fragment
consisting of adjoining segments of exon 3 and intron 3 (29). A second TNF-a
RNA probe (see Fig. 4) was generated from a 700-bp Sau3AI-Sau3AlI fragment
consisting of 10 bp of intron 2, exon 3, intron 3, and part of exon 4. A third
TNF-a RNA probe (see Fig. 6C) was generated from an 821-bp EcoRI-Sau3AI
fragment containing the 5’ flank and 169 bp of the 5’ untranslated region. A
TNF-B RNA probe (see Fig. 2) was generated from a 324-bp EcoRI-Bsu361
DNA fragment containing part of exon 1, exon 2, exon 3, and a portion of intron

3 that was derived from pSV-LT, obtained from Rao Movva (Biogen S.A,,
Geneva, Switzerland). A human IL-1B genomic clone in \EMBL3 phage was
from Alan R. Shaw. An IL-18 RNA probe (see Fig. 1 and 2) was generated from
a 516-bp HindIII-Xbal fragment consisting of a 72-bp segment of exon 1 adjoin-
ing part of intron 1; a second IL-18 RNA probe (see Fig. 6D) was generated
from a 267-bp Ncol-PstI fragment consisting of adjoining segments of exon 2 and
intron 2 (29). A probe of 250 nucleotides (nt), generated from a HindIII-EcoRI
fragment of the coding region of the CAT gene (20), was used to quantitate CAT
mRNA in cotransfection experiments. The intact size of each RNA probe was
assessed by polyacrylamide gel electrophoresis.

For RNA blot hybridization, an antisense RNA probe was generated from a
human TNF-a cDNA fragment covering a portion of the 3’ untranslated region,
subcloned under the phage T7 promoter of pPGEM-3 (Promega Biotec) (29); the
DNA was derived from p-hTNF5 obtained from Jan Tavernier (Roche Research,
Ghent, Belgium).

RNase protection analysis. Total RNA was isolated with guanidinium isothio-
cyanate-CsCl. RNase protection analysis with RNases A and T, was performed
with genomic riboprobes as indicated for each figure. Protected RNA fragments
were separated by electrophoresis in 5% polyacrylamide-8 M urea gels. Size
markers were generated by Mspl digestion of pGEM-3 DNA and by filling in
with [a-3?P]dCTP (29), except for the experiment shown in Fig. 8A, for which
digestion was with Hinfl, and filling in was with [«->*P]dATP.

RESULTS

Inhibition of TNF-a mRNA expression by 2-AP. Human
PBMC were stimulated with the translation inhibitor CHX,
PMA, or LPS, and inductions of TNF-a and IL-13 mRNA
were analyzed by RNase protection analysis. In Fig. 1A, a
341-nt fragment of the genomic antisense RNA probe is pro-
tected by exon 4 of TNF-a mRNA. CHX elicited a rapid ac-
cumulation of TNF-a mRNA that reached a maximum within
3 h and then declined. CHX-mediated induction of TNF-a
mRNA was inhibited completely by 10 mM 2-AP. Likewise, 10
mM 2-AP blocked the induction of TNF-a« mRNA by PMA or
LPS (Fig. 1A). Even at 2.5 mM, 2-AP severely inhibited induc-
tion of TNF-a« mRNA. Although the kinetics of the CHX-
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FIG. 2. 2-AP selectively elicits accumulation of unspliced TNF-a precursor RNA. PBMC were induced with PMA for 6 h in the presence of increasing
concentrations of 2-AP as indicated. Cell viability remained constant. Total RNA was isolated and subjected to RNase protection analysis with 3>P-labeled antisense
RNA probes (maps) complementary to adjacent portions of an exon and an intron of the TNF-a (A, D, and E), IL-18 (B and F), or TNF- gene (C and G). For panels
A to C, mRNA protects 41, 72, and 263 nt, respectively, while unspliced precursor transcripts protect 259, 384, and 324 nt, respectively, in these probes (P). Amounts
of precursor transcripts (@) and mRNA (O) in panels A to C were quantitated by microdensitometry and are plotted in panels E to G, respectively. (D) Cytoplasmic
RNA was isolated and analyzed as described for panel A. Panels A, B and C, and D represent three different experiments; a-actin RNA controls are shown for each.

M, size marker.

mediated induction of IL-18 mRNA closely resembled those
for TNF-a mRNA (Fig. 1A and B), 2-AP caused only a partial
reduction in CHX-induced expression of IL-13 mRNA. In-
deed, 2-AP failed to inhibit IL-18 mRNA expression induced
by PMA or LPS (Fig. 1B). CHX-mediated induction of mature
TNF-a mRNA, analyzed by Northern (RNA) blotting (Fig.
1C), was prevented equally by 2-AP. These results show that
2-AP inhibits the expression of TNF-o mRNA elicited by dif-
ferent inducers yet has little, if any, effect on the expression of
IL-18 mRNA.

2-AP selectively elicits accumulation of TNF-a precursor
transcripts. In Fig. 2A, PMA-induced expression of TNF-a
precursor transcripts and spliced mRNA was monitored by
RNase protection analysis, using an antisense RNA probe cov-
ering adjacent portions of exon 3 and intron 3. A 41-nt frag-
ment is protected by mRNA, and the entire 259-nt probe is
protected by unspliced precursor transcripts (29). Increasing
concentrations of 2-AP caused a progressive decrease in the

level of expression of TNF-a mRNA at 6 h (the time of max-
imal expression), which was matched by a pronounced increase
in the level of precursor transcripts (Fig. 2A and E). Both
effects were maximal with 10 mM 2-AP; higher concentrations
had no additional effect (30). The reciprocal shifts in the ex-
pression of TNF-a mRNA and precursor transcripts observed
in the presence of 2-AP, with half-maximal expression of each
RNA species occurring at the same 2-AP concentration (Fig.
2E), demonstrate that the inhibition of mRNA expression does
not result from a lack of precursor RNA.

The induction of IL-18 mRNA, by contrast, was insensitive
to 2-AP (Fig. 2B). IL-1p precursor transcripts protect a 384-nt
RNA fragment consisting of exon 1 and an adjacent segment
from intron 1, while mRNA protects 72 nt of exon 1 (29). The
level of IL-18 mRNA remained constant throughout the range
of 2-AP concentrations tested. With 10 mM 2-AP, the level of
IL-1B precursor transcripts increased 1.4-fold (Fig. 2F), an
insignificant effect when compared with the 60-fold increase in
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FIG. 3. Effect of pentoxifylline on human TNF-a RNA expression. PBMC
were induced with PMA for 6 h in the presence of pentoxifylline (POF) at the
indicated concentrations. Total RNA was isolated and subjected to RNase pro-
tection analysis with 3>P-labeled antisense RNA probes complementary to adja-
cent portions of an exon and an intron of the TNF-a gene as performed for the
experiment shown in Fig. 2A to quantitate precursor transcripts (A) or as per-
formed for the experiment shown in Fig. 4 to quantitate mRNA (B). Amounts of
precursor transcripts in panel A (@) and mRNA in panel B (O) were quantitated
by microdensitometry and are plotted in panel C.

the level of TNF-a precursor RNA observed in the experiment
shown in Fig. 2E. Similar results were obtained with an IL-1B
genomic antisense RNA probe covering adjacent portions of
exon 2 and intron 2 (30).

Expression of the TNF-B gene was examined in the same
experiment. In Fig. 2C, TNF-B precursor transcripts protect a
324-nt RNA fragment consisting of part of exon 1, exon 2, exon
3, and a portion of intron 3, while mRNA protects 263 nt of
exons 1 to 3. In contrast to the reciprocal changes in levels of
TNF-a precursor transcripts and mRNA (Fig. 2A) and the
unabated expression of IL-1 precursor transcripts and mRNA
(Fig. 2B), levels of TNF-B precursor transcripts and spliced
mRNA declined in parallel, indicating that here, inhibition of
mRNA expression by 2-AP resulted from a lack of precursor
transcript synthesis (Fig. 2C and G). 2-AP similarly inhibited
the induction of IL-2 precursor RNA (16). In the absence of an
inducer, 2-AP had no effect on the basal level of expression of
the TNF-a, IL-1B, or TNF-B gene (30).

These results were reproducible. They strongly suggest that
the inhibition of TNF-o mRNA expression by 2-AP and the
concomitant, sharp rise in the level of precursor transcripts
result from a failure of precursors to be spliced into mRNA.
The inhibition is selective for the TNF-o gene.

Inhibition of splicing by 2-AP is not narrowly localized
within TNF-a precursor RNA molecules. Results similar to
those of the experiments shown in Fig. 2A and E were obtained
with another genomic probe (for a map, see Fig. 4) that detects
splicing at the intron 2-exon 3, exon 3-intron 3, and intron
3-exon 4 junctions in TNF-a precursor transcripts (30).

As shown for murine TNF-B RNA (47, 57), RNA species
that retain an intron may be transported into the cytoplasm
and even translated. In Fig. 2D, abundant amounts of spliced
TNF-a mRNA appeared in the cytoplasm within 6 h of induc-
tion by PMA. This accumulation was prevented completely
when 10 mM 2-AP was added at the onset of induction and was
reduced when 2-AP was added later, at 3 h. Even though this
concentration of 2-AP induced a massive accumulation of pre-
cursor transcripts in total cellular RNA (Fig. 2A), precursors
could not be detected in the cytoplasm (Fig. 2D). Thus, when
2-AP inhibits induction of TNF-a mRNA, unspliced precursor
transcripts are not exported into the cytoplasm, as would be
expected during a splicing block.

Pentoxifylline inhibits expression of TNF-a precursor tran-
scripts. Pentoxifylline, a methylxanthine, was suggested to in-
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hibit the processing of murine TNF-a precursor RNA into
mRNA (24). It was thus of interest to compare the effects of
pentoxifylline and 2-AP for the human TNF-a gene. However,
the presence of increasing concentrations of pentoxifylline, in
the range used to study murine TNF-a gene expression (24),
induced a parallel decline in the levels of human TNF-« pre-
cursor transcripts (Fig. 3A) and mRNA (Fig. 3B), indicating an
inhibition of synthesis of precursor RNA rather than an effect
on their splicing (cf. Fig. 2E and 3C).

2-AP inhibits processing of TNF-« precursor transcripts in
transfected cells. To examine if processing of precursor RNA
transcribed from an exogenous TNF-a gene is sensitive to
2-AP, the human TNF-a gene was transiently expressed by
transfection into BHK-21 cells (Fig. 4). Endogenous hamster
TNF-a mRNA could not be detected with the probes used
(30). We quantitated the transient expression of human TNF-a
precursor transcripts (the 259-nt band in Fig. 4A and the
700-nt band in Fig. 4B) and spliced mRNA (the 341-nt band in
Fig. 4C). In the absence of 2-AP, precursors were abundantly
expressed at 18 h after transfection but declined to low levels
by 30 h (Fig. 4A and B). These precursor transcripts were
processed, resulting in an accumulation of mRNA that was
maximal by 24 h (Fig. 4C). The addition of 2-AP at 16 h after
transfection led, however, to a greatly enhanced accumulation
of precursor transcripts within 2 h and to their sustained ex-
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FIG. 4. Effects of 2-AP on splicing of precursor RNA transcribed from a
transfected TNF-a gene. BHK-21 cells were cotransfected with phTNF-a and
pSV,CAT DNA. 2-AP was added at 16 h after transfection. Cell viability re-
mained constant. Total RNA was isolated at the times shown after transfection
and subjected to RNase protection analysis with a 3?P-labeled antisense RNA
probe as performed for the experiment shown in Fig. 2A to quantitate TNF-a
precursor transcripts (A) or as shown in the map to quantitate TNF-a precursor
transcripts (the 700-nt protected fragment) (B and E) and mRNA (the 341-nt
protected fragment) (C and F). CAT mRNA protects 250 nt complementary to
the coding region (D and G). The intensities of the indicated bands in panels B
to D, expressed in the absence (O, [J, and A) or presence (@, m, and A) of 2-AP,
were quantitated by microdensitometry and plotted in panels E to G, respec-
tively. M, size marker; in, intron; ex, exon.
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FIG. 5. Effects of 2-AP and CHX on splicing of unstable TNF-a precursor
transcripts. PBMC were induced with PMA. 2-AP, CHX, or actinomycin D was
added at 3 h where shown. Cell viability remained constant. Total RNA was
isolated at the times indicated and subjected to RNase protection analysis to
quantitate TNF-a precursor transcripts (the 259-nt band) and mRNA (the 41-nt
band) as performed for the experiment shown in Fig. 2A.

pression (Fig. 4A and B). Expression of spliced TNF-a« mRNA,
by contrast, was strongly inhibited at 24 h and beyond (Fig.
4C). In the presence of 2-AP levels of precursor transcripts had
increased by 7.6-fold at 24 h, relative to that of the untreated
control (Fig. 4E), while levels of mRNA had decreased by
7.7-fold (Fig. 4F). These representative kinetic data demon-
strate a significant decline in the flow of precursors into TNF-a
mRNA. They show that the accumulation of precursor tran-
scripts occurs promptly and in the same cells in which the
accumulation of TNF-a mRNA is inhibited. In agreement with
an earlier report (32), expression of mRNA from a cotrans-
fected CAT gene was not noticeably affected by 2-AP (Fig. 4D
and G), showing that efficiency of transfection was constant.
The 2-AP-sensitive mechanism that supports splicing of TNF-a
precursor RNA in PBMC thus is also present in BHK-21 cells.

2-AP elicits accumulation of unstable, functional TNF-«
precursor transcripts. The accumulation of unspliced TNF-«
precursor transcripts occurred when 2-AP was present from
the outset of induction (Fig. 2A). In the experiment shown in
Fig. 5, 2-AP was introduced later, at 3 h, a time at which
precursor levels were still rising. Within 1 h, an extensive in-
crease in the level of precursor transcripts was observed. Their
level became maximal within 3 h before declining gradually,
with large amounts of precursors still present 4 h later (Fig. 5).
However, this increase in the level of precursor transcripts was
not matched by a decrease in the level of TNF-a mRNA.
Indeed, when added after 3 h of induction, 2-AP failed to affect
the subsequent expression of mRNA perceptibly, including the
rise between 4 and 6 h, showing that splicing was no longer
blocked by that time and that the presence of 2-AP did not
affect TNF-a mRNA stability. Because mRNA could still be
generated, the 2-AP-induced rise in the precursor transcript
level apparently involves functional TNF-a RNA molecules

MoL. CELL. BIOL.

rather than abnormal ones that cannot be processed. In this
experiment, expression of IL-18 RNA was insensitive to 2-AP
(30).

The increase in the level of precursors was blocked when
actinomycin D was added together with 2-AP; instead, the
level of precursors declined completely within 3 h (Fig. 5).
Hence, the accumulation of precursors, induced by 2-AP, re-
sults from the synthesis of short-lived precursor transcripts and
not from the stabilization of preexisting ones. The concomitant
decline in the level of TNF-a mRNA shows that it likewise
remained unstable (29) when 2-AP was present.

An increase in the level of precursor transcripts could be
observed also upon the addition of CHX at 3 h, becoming
particularly pronounced by 10 h. In this case, however, the rise
in the level of precursor RNA resulted in an immediate super-
induction of TNF-o mRNA (Fig. 5). Upon the addition of
2-AP, by contrast, nRNA levels failed to increase, even though
by 4 and 6 h, precursor transcripts exceeded the levels seen in
the presence of CHX. Thus, short-lived TNF-a precursor tran-
scripts are processed smoothly into mRNA in the presence of
CHX but not when 2-AP is present.

Effects of other protein kinase inhibitors on TNF-« precur-
sor RNA expression. Protein kinases and phosphatases regu-
late TNF-a gene activity. TNF-a gene expression is blocked by
tyrosine kinase inhibitors (48) and stimulated by inhibitors of
phosphatases 1 and 2A (51). Considering the ability of 2-AP to
inhibit splicing of TNF-a mRNA from precursor transcripts,
we examined the effects of H7 and STS, inhibitors of protein
kinases C and A, on PMA-induced TNF-a RNA expression
(Fig. 6A and B). H7 and STS each blocked PMA-induced
mRNA expression by inhibiting the synthesis of precursor
RNA, resembling actinomycin D in their effects. H7 and STS
thus inhibit TNF-a gene transcription.

Cordycepin, an inhibitor of polyadenylation (43), affected
neither formation nor splicing of precursors into TNF-oo mRNA
(Fig. 6A and B).

2-AP inhibits CHX-mediated superinduction of TNF-a
mRNA. The results of the experiment shown in Fig. 5 raised
the question of whether 2-AP is able to block the superinduc-
tion of TNF-a mRNA mediated by CHX (29). In Fig. 6C,
accurately initiated precursor transcripts and mRNA (46) pro-
tect 169 nt in a 5" RNA probe used to map and quantitate
TNF-a RNA. Addition of CHX to PMA-induced cells at 6 h
resulted in a marked superinduction of TNF-a RNA, most of
which is mRNA (29). This superinduction was prevented al-
most totally by 8 mM 2-AP, added 3 h earlier (Fig. 6C). By
contrast, 2-AP had no effect on superinduction of IL-1B
mRNA (Fig. 6D). Thus, 2-AP selectively inhibits both induc-
tion of TNF-o mRNA and its superinduction by CHX.

H7, STS, and W7, a specific inhibitor of calcium-calmodulin-
dependent protein kinase, eliminated expression of TNF-a
RNA even when superinduced by CHX (Fig. 6C). This effect
was not selective, because IL-1f precursor transcripts were not
detected in the presence of these three agents and mRNA
levels were strongly reduced (Fig. 6D). Clearly, 2-AP inhibits
TNF-a gene expression through a mechanism distinct from
that used by protein kinase inhibitors of transcription.

Inhibition of TNF-a gene transcription by 2-AP in HL-60
cells. Previous studies with cell lines showed that 2-AP inhibits
transcription of a number of cytokine genes and proto-onco-
genes (18, 56, 59). This raised the question of whether the
posttranscriptional inhibition of TNF-a gene expression by
2-AP, seen in primary human lymphoid cells (Fig. 1 and 2) and
transfected BHK-21 cells (Fig. 4), also operates in a human cell
line capable of expressing its endogenous TNF-a gene.

Exposure of HL-60 cells, a promyelocytic human cell line, to
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PMA elicited a transient wave of TNF-a precursor transcripts
(Fig. 7A) and mRNA (Fig. 7B) that reached a maximum at 3
h and then declined rapidly, showing that transcription had
been activated. The appearance of both precursor transcripts
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and mRNA was blocked by 2-AP, whether it was added at the
onset of induction or 3 h later. Moreover, 2-AP blocked the
superinduction of precursor transcripts and mRNA by CHX.
Expression of TNF-a mRNA was reduced to levels even lower
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FIG. 7. Inhibition of TNF-a gene transcription by 2-AP in HL-60 cells. Aliquots of HL-60 cells were induced with PMA. Actinomycin D (ActD), 2-AP, or CHX

was added as shown. Cell viability remained constant. Total RNA was isolated at

the times indicated and subjected to RNase protection analysis to quantitate precursor

transcripts, as performed for the experiment shown in Fig. 2A (A), or mRNA, as performed for the experiment shown in Fig. 1A (B) (for a map, see Fig. 4). M, size

marker.
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FIG. 8. Inhibition of splicing of TNF-a precursor transcripts by 2-AP at
multiple sites. HL-60 cells (A) or PBMC (B) were induced with PMA. 2-AP was
added at the onset of induction in the indicated concentrations. Total RNA was
isolated at 3 h (A) or 6 h (B) and subjected to RNase protection analysis to
quantitate precursor transcripts (the 700-nt band) and mRNA (the 341-nt band)
(for a map, see Fig. 4). In panel B, a lower exposure of the 341-nt band is shown
at the bottom. M, size marker.

than those seen in the control without CHX. The inhibitory
effect of 2-AP on induction or superinduction was at least as
effective as that of actinomycin D, indicating that in HL-60
cells, 2-AP blocks TNF-a gene transcription.

2-AP inhibits splicing of TNF-a precursor transcripts at
multiple sites. In Fig. 8, the responses of the expression of
TNF-a mRNA and precursor transcripts to increasing concen-
trations of 2-AP in HL-60 cells and PBMC were compared by
using the TNF-a probe shown in Fig. 4. This probe detects
splicing at different sites within human TNF-a primary tran-
scripts: the intron 2-exon 3, exon 3-intron 3, and intron 3-exon
4 junctions. In HL-60 cells, the presence of increasing concen-
trations of 2-AP led to a parallel decline in levels of precursor
transcripts (the 700-nt band) and spliced mRNA (the 341-nt
band), confirming an inhibition at transcription (cf. Fig. 7). In
PBMC, by contrast, increasing concentrations of 2-AP induced
a decline in the level of spliced mRNA concomitant with a rise
in the level of precursor transcripts (Fig. 8B). These reciprocal
shifts extend the data of the experiment shown in Fig. 2A, for
which splicing only at the exon 3-intron 3 junction was ana-
lyzed. Thus, as in transfected BHK-21 cells (Fig. 4), 2-AP
inhibits the splicing of TNF-a precursor transcripts in PBMC
at multiple sites, including intron 2 and intron 3 splice junc-
tions.

DISCUSSION

We show here that 2-AP selectively inhibits expression of
human TNF-a mRNA in PBMC. This inhibition is coupled
with the prompt and extensive accumulation of newly tran-
scribed, unspliced precursor transcripts. Two possible explana-
tions may be considered for the finding that when 2-AP is
present during induction, short-lived TNF-a precursor tran-
scripts accumulate at the expense of mRNA. One explanation
is that 2-AP causes extensive destabilization of TNF-a« mRNA,
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concomitant with an increased transcription level that leads to
a rise in the pool of precursor transcripts. However, although
TNF-a mRNA is unstable (29), the stability of TNF-o« mRNA
is not detectably affected by 2-AP (Fig. 5). There is also no
evidence that 2-AP can stimulate transcription of endogenous
genes; by contrast, 2-AP is known to inhibit transcription of a
number of cytokine genes and proto-oncogenes in cell lines,
and in agreement with these observations (56, 59), we show
that it inhibits transcription of the TNF-a gene in HL-60 cells
(Fig. 7 and 8A). Even if 2-AP were to enhance transcription of
the TNF-a gene in PBMC, this should have resulted primarily
in a rise in the level of mRNA rather than the selective accu-
mulation of precursor RNA that is observed. The inhibition of
mRNA expression shows that in the presence of 2-AP, precur-
sor transcripts are not processed. Indeed, the results reported
here are consistent with the explanation that in PBMC, 2-AP
inhibits the splicing of TNF-a mRNA. Neither the linked
TNF-B gene nor the IL-1B gene shows such regulation.

2-AP inhibits splicing of TNF-a precursor transcripts not
only in primary human lymphoid cell populations but also in
BHK-21 cells transfected with the human TNF-« gene (Fig. 4).
Thus, the 2-AP-sensitive component that supports splicing of
TNF-a precursor RNA in PBMC is also active in a cell line
that does not express its endogenous TNF-a gene.

PMA-induced expression of TNF-a and IL-18 mRNA can
be superinduced coordinately by CHX (29). Although for both
genes, superinduction depends on processing of precursor tran-
scripts (29), 2-AP inhibits superinduction of TNF-a mRNA but
not of IL-18 mRNA (Fig. 6). Thus, both induction and super-
induction of the TNF-a gene are inhibited by 2-AP in a simi-
larly selective manner.

2-AP does not inhibit TNF-a gene transcription in PBMC.
TNF-a precursor transcripts accumulate in the presence of
2-AP (Fig. 2A, 5, and 8B), yet accumulation is prevented by
actinomycin D, indicating that it depends on transcription (Fig.
5). The action of 2-AP on TNF-a gene expression in PBMC is
distinct from those of the kinase inhibitors, H7, STS, and W7,
which inhibit transcription of the TNF-a and IL-1B genes (Fig.
6), and also that of pentoxifylline, which induces a parallel
decline in levels of TNF-a precursor transcripts and spliced
mRNA (Fig. 3), indicating that this agent inhibits transcrip-
tion, as reported earlier for the murine TNF-a gene (24).
Finally, we show that 2-AP affects levels of TNF-a precursor
transcripts and spliced mRNA in opposite ways (Fig. 2A and
8B) but induces parallel declines in levels of TNF-B precursor
transcripts and mRNA (Fig. 2C), supporting the concept that
expression of the TNF-B gene, but not of the TNF-a gene, is
inhibited by 2-AP at transcription. Methods used here to study
TNF-a gene expression in PBMC were capable of detecting an
inhibitory effect of 2-AP on transcription, had it existed. More-
over, using electrophoretic mobility shift analysis of an NF-«kB
oligodeoxyribonucleotide, we could show that 2-AP does not
interfere with NF-«kB signaling (30).

The 2-AP-induced accumulation of TNF-a precursor tran-
scripts results from synthesis of short-lived RNA molecules,
not from stabilization of preexisting ones. These precursor
transcripts decay rapidly in the presence of actinomycin D (Fig.
5). Although in the presence of 2-AP the rate of synthesis of
short-lived precursors must exceed the rate of their degrada-
tion in order to result in a net accumulation, the instability of
TNF-a precursor transcripts prevents their accumulation to
the level of mRNA seen in the control without 2-AP, thus
resulting in an overall reduction in the total level of TNF-a
RNA expressed (Fig. 2A and 8B). TNF-a precursor transcripts
accumulating in the presence of 2-AP do not enter the cyto-
plasm (Fig. 2D) and retain their ability to be spliced (Fig. 5).
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In certain cell lines, 2-AP induces a reversible G, arrest
associated with the induction of expression of transfected
genes (5, 38). In the U937 human promonocytic cell line,
increased levels of transcription and stabilization of mRNA
accompanied the induction of exogenous gene expression by
2-AP; the stability of histidinol dehydrogenase mRNA and
c-myc mRNA increased 15- and 2-fold, respectively (38). In
BHK-21 cells transfected with the TNF-a gene, however, the
2-AP-induced rise in the level of TNF-a precursor RNA was
not accompanied by an increase in the level of TNF-a mRNA.
Instead, 2-AP inhibited TNF-a mRNA expression (Fig. 4).

The accumulation of unspliced TNF-a precursor transcripts
shows that in the presence of 2-AP, splicing is not coupled to
transcription. 2-AP does not affect the accuracy of initiation of
TNF-a RNA synthesis (Fig. 6C). Using a genomic antisense
RNA probe extending beyond the 3’ end of TNF-a precursor
transcripts, we found that specific cleavage of the 3’ end also is
not altered in the presence of 2-AP (30). Capping of precursor
RNA is not required for splicing, although it influences accu-
racy and efficiency (33). Cordycepin, an inhibitor of polyade-
nylation (43), affected neither formation nor splicing of TNF-a
precursor transcripts (Fig. 6), in agreement with evidence that
polyadenylation also is not essential for splicing (43). The
finding that 2-AP inhibits splicing of TNF-a mRNA, but not of
IL-1B mRNA, also argues against an effect on general process-
ing events.

Control of splicing is not restricted to a specific TNF-a splice
site. Inhibition by 2-AP is observed with probes that monitor
excision of intron 3, as well as splicing at different sites within
human TNF-a primary transcripts: the intron 2-exon 3, exon
3-intron 3, and intron 3-exon 4 junctions. 2-AP thus blocks
splicing at multiple sites. By contrast, at least 2 exons of the
control IL-1p transcript are spliced normally in the presence of
2-AP. A possible explanation for this finding could be that in
the presence of 2-AP, splicing of one TNF-a intron becomes
rate limiting for splicing of other introns. Such cooperation was
demonstrated during normal expression of the murine TNF-3
gene (47). Most likely, regulation by 2-AP is mediated through
a particular sequence within the TNF-a primary transcript to
produce a general inhibition of the splicing of this transcript.
The inhibitory action of 2-AP on splicing of precursor tran-
scripts for the TNF-a gene but not for the IL-18 or TNF-3
gene could be used to identify sequences that confer sensitivity
to 2-AP and differential regulation of splicing of TNF-a
mRNA in intact cells. We have indeed made progress on this
issue by showing, in transfection experiments, that deletion of
a particular sequence from the TNF-a gene renders splicing of
the encoded precursor transcripts resistant to inhibition by
2-AP, while introduction of that sequence into the TNF- gene
shifts the inhibitory effect of 2-AP on TNF-B gene expression
from transcription to splicing (30).

Expression of TNF-a mRNA is inhibited by 2-AP, whether
it is induced with PMA, CHX, or LPS (Fig. 1). Precursor
transcripts are observed in each case (Fig. 2A) (30). Because
these inducers act through distinct pathways of signal trans-
duction to activate TNF-a gene expression, the 2-AP-sensitive
component either is activated by each or functions constitu-
tively. The ability of 2-AP to block expression of TNF-a
mRNA in cells treated with CHX (Fig. 1) shows that the
2-AP-sensitive component is expressed in functional form be-
fore induction.

What is the basis for this novel type of posttranscriptional
control? The fact that splicing of IL-18 mRNA proceeds un-
abated in 2-AP-treated cells (Fig. 1, 2, and 6) shows that no
common step is affected. Sequences within the TNF-a gene
confer sensitivity of splicing to 2-AP. Our results reveal a
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distinct requirement for a 2-AP-sensitive component, most
likely a kinase, in splicing of TNF-a mRNA.

There is evidence for the involvement of protein kinases,
such as SR protein kinase I (22), in pre-mRNA splicing (22, 40,
52, 58), but these are not known to have specific roles in
splicing of particular genes. However, 2-AP is a known inhib-
itor of the ATP-dependent phosphorylation of eIF-2a by PKR
or by the heme-controlled kinase (8, 12, 21). eIF-2, an mRNA-
binding protein, forms a ternary complex with Met-tRNA, and
GTP during the initiation of translation and possesses a bind-
ing site for ATP (19). Conceivably, certain proteins that func-
tion in translation could also participate in splicing and vice
versa. Thus, the cap-binding initiation factor, eIF-4E, localizes
to the nucleus (36), although its role there remains unknown.
Pyrimidine tract-binding protein, a nuclear protein originally
implicated in the splicing of precursor transcripts, facilitates
internal ribosome binding on poliovirus and encephalomyocar-
ditis virus RNA (4, 25) as well as their translation (25) and
binds to the 5’ untranslated region of human insulin-like
growth factor 2 mRNA (9).

PKR is thought to participate in activation of the immediate-
early genes c-myc, c-fos, and JE, because their induction can be
blocked by 2-AP as well as by p21™*, which is believed to cause
an inhibition of PKR (44, 45). Our results indicate that a
2-AP-sensitive component is essential for nuclear splicing of
TNF-a precursor transcripts, but its relationship, if any, to
PKR or heme-controlled elF-2a kinase remains to be estab-
lished. PKR was found in the nucleus, but its function there is
unknown (31). Accumulation of unspliced c-fos and metallo-
thionein precursor transcripts, in a manner similar to that
reported here for the TNF-a gene, was detected in the pres-
ence of 2-AP in serum- and cadmium-induced mouse NIH 3T3
cells, respectively (59), supporting the wider involvement of a
2-AP-sensitive mechanism in the regulation of splicing.

These findings strengthen the concept emerging from stud-
ies of IL-1B (29) and IL-2 gene expression (11, 15, 55) that the
rate of splicing of precursor RNA is tightly regulated and
serves as a limiting step in expression of cytokine mRNA. The
sensitivity of splicing of TNF-a precursor transcripts to 2-AP
can serve as a valuable tool for further study of this type of
posttranscriptional control.
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