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ABSTRACT

Cordycepin (39 deoxyadenosine) has long been used in the study of in vitro assembled polyadenylation complexes, because it
terminates the poly(A) tail and arrests the cleavage complex. It is derived from caterpillar fungi, which are highly prized in Chinese
traditional medicine. Here we show that cordycepin specifically inhibits the induction of inflammatory mRNAs by cytokines in
human airway smooth muscle cells without affecting the expression of control mRNAs. Cordycepin treatment results in shorter
poly(A) tails, and a reduction in the efficiency of mRNA cleavage and transcription termination is observed, indicating that the
effects of cordycepin on 39 processing in cells are similar to those described in in vitro reactions. For the CCL2 and CXCL1 mRNAs,
the effects of cordycepin are post-transcriptional, with the mRNA disappearing during or immediately after nuclear export. In
contrast, although the recruitment of RNA polymerase II to the IL8 promoter is also unaffected, the levels of nascent transcript are
reduced, indicating a defect in transcription elongation. We show that a reporter construct with 39 sequences from a histone gene
is unaffected by cordycepin, while CXCL1 sequences confer cordycepin sensitivity to the reporter, demonstrating that polyadenyla-
tion is indeed required for the effect of cordycepin on gene expression. In addition, treatment with another polyadenyation inhibitor
and knockdown of poly(A) polymerase a also specifically reduced the induction of inflammatory mRNAs. These data demonstrate
that there are differences in the 39 processing of inflammatory and housekeeping genes and identify polyadenylation as a novel target
for anti-inflammatory drugs.
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INTRODUCTION

Inflammation is an important process that mediates the

response of the body to infection and injury. Misregulated

inflammation causes chronic inflammatory diseases such as

asthma and rheumatoid arthritis and contributes to many

other conditions including cancer, cardiovascular disease, and

diabetes (Karin 2006; Barnes 2010; Hummasti and Hotamisligil

2010; Puntmann et al. 2010). Inflammatory cytokines medi-
ate a well-defined inflammatory response in many cell types

through transcription factor families such as NFkB, AP-1,

STAT, and IRF. Central to NFkB-mediated transcription

is the degradation of cytoplasmic IkB, leading to the release

and translocation of NFkB to the nucleus. This induces the

transient transcription of inflammatory genes, including

cytokines, chemokines, and PTGS2 (Beg and Baltimore
1996; Hoffmann et al. 2003; Tian et al. 2005). While the

transcriptional induction determines which genes respond

to inflammatory stimuli, the stability of the mRNAs pro-

duced by inflammatory genes determines the timing of the

response (Hao and Baltimore 2009). Therefore, as in the

most current understanding of gene expression, the major

regulators of the levels of inflammatory mRNAs are thought to

be localized in the promoter of the gene (for transcription) and
the 39-untranslated region of the mRNA (for mRNA stability).

An aspect of inflammatory gene expression that has

received much less attention is the 39 processing of these

mRNAs. In general, all mRNAs are thought to be cleaved

soon after the cleavage site has been transcribed and, with

the exception of histone mRNAs, become polyadenylated

immediately afterward (Zhang et al. 2010; Di Giammartino
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et al. 2011; Proudfoot 2011). Cleavage and polyadenylation

factors are recruited to the RNA when the polyadenylation

signal and surrounding sequences emerge from the RNA

polymerase. The efficiency of this step is dependent on the

sequence of the polyadenylation signal and other elements

in its close vicinity (Moore and Proudfoot 2009; Richard

and Manley 2009; Wang et al. 2010; Zhang et al. 2010).

Cleavage of the mRNA is also required for efficient termi-
nation of transcription by RNA polymerase II (Luo et al. 2006;

West et al. 2008; Richard and Manley 2009). Termination is

influenced by the rate of transcription elongation, by the

efficiency of cleavage and polyadenylation, as well as by

sequences found in the terminator region and in the pro-

moter, giving rise to gene-specific effects on termination rates

(Banerjee et al. 2009; West and Proudfoot 2009; Milcarek et al.

2011; Mukundan and Ansari 2011). Recently, five research
groups reported that the induction of specific mRNAs by

transcription factors and their associated transacting factors

are mediated to a significant extent by effects on cleavage,

polyadenylation, and transcription termination (Chipumuro

and Henriksen 2011; Milcarek et al. 2011; Mukundan and

Ansari 2011; Nagaike et al. 2011; Waldholm et al. 2011).

One of these studies describes STAT1-mediated recruitment

of polyadenylation factors to the IRF1 gene through chro-
matin modification of the terminator region of this gene

(Chipumuro and Henriksen 2011). These recent discov-

eries indicate that cleavage, polyadenylation, and transcrip-

tion termination are commonly regulated in a gene-specific

manner, and that they are likely to also play a role in the

induction of inflammatory gene expression.

The polyadenylation inhibitor cordycepin (39 deoxyadeno-

sine) is an active component of the caterpillar fungi
(Cordyceps or Ophiocordyceps). These fungi are highly

prized in Tibetan and Chinese traditional medicine and

used for a large number of afflictions, including kidney,

heart, and lung conditions such as asthma (Winkler 2010).

A variety of studies indicate that cordycepin has clear

biological activities, it is antiproliferative, antimetastatic,

and anti-inflammatory, and it inhibits the unfolded protein

response (Nakamura et al. 2005; Lee et al. 2009, 2010; Noh
et al. 2009; Wong et al. 2010; Cheng et al. 2011; Kim et al.

2011; Kitamura et al. 2011). Because of its structure,

cordycepin could potentially interfere with any process re-

quiring adenosine or ATP. In particular, cordycepin tri-

phosphate was proposed to be a chain terminator for

transcription, but it was reported early that total nuclear

mRNA precursors are less affected than cytoplasmic mRNA

(Penman et al. 1970). In contrast, it has been demonstrated
to be an efficient chain terminator for mRNA polyadenyla-

tion by poly(A) polymerases (Rose et al. 1977). In addition,

some studies indicate that cordycepin may act through

adenosine receptors, by inhibiting poly(ADP) ribose poly-

merase (PARP) or by modulating methylation reactions

through incorporation in an S-adenosylmethionine ana-

log (Kredich 1980; Chen et al. 2010; Kim et al. 2011).

In this study we show that cordycepin specifically in-

hibits the expression of inflammatory mRNAs and affects

mRNA polyadenylation and cleavage in cells. Other

methods of reducing polyadenylation also affect the inflam-

matory mRNAs. All of our data are consistent with cordy-

cepin affecting inflammatory gene expression through its

ability to inhibit polyadenylation, providing new avenues for

the development of anti-inflammatory drugs.

RESULTS

Cordycepin affects the nuclear polyadenylation
of newly transcribed mRNAs

We have previously demonstrated that cordycepin affects

the poly(A) tails and the abundance of steady-state mRNAs
in HeLa and NIH3T3 cells. We hypothesized that this was

through inhibition of polyadenylation of newly made mRNAs

(Wong et al. 2010). To determine whether cordycepin does

indeed have effects on nuclear polyadenylation, we treated

HeLa cells and NIH3T3 fibroblasts with cordycepin for 2 h

and isolated nuclear and cytoplasmic RNA. To determine

the length of poly(A) tails, we used 39-end labeling followed

by degradation of the non-poly(A) RNA with RNAses A
and T1 and electrophoresis on a denaturing polyacrylamide

gel. As can be seen in Figure 1A, cordycepin affected the

maximal poly(A) tail length in the cytoplasm only by 50–80

residues, but had a much stronger effect on the nuclear

poly(A) content, reducing the maximum length by 150–200

residues for the 50-mM dose. The reduction of poly(A) tail

length in the cytoplasm could be secondary to a lack of

polyadenylation in the nucleus, or could be due to effects
on cytoplasmic polyadenylation. We therefore examined

newly made mRNA by labeling HeLa cell RNA with

thiouridine in the presence or absence of cordycepin for

2 h. After RNA isolation, the labeled RNA was recovered by

coupling of the incorporated thiouridine with biotin and

binding to streptavidin magnetic beads. Streptavidin-

bound RNA has been synthesized within the last 2 h, while

unbound RNA is predominantly older than 2 h. As can be
seen in Figure 1B, a strong effect of cordycepin on poly(A)

tails was observed in the bound RNA, while little effect was

seen in the unbound RNA. These data show that cordycepin

acts predominantly on newly synthesized RNA, consistent

with an effect on transcription-coupled polyadenylation.

Cordycepin-terminated poly(A) tails appear not
to accumulate

A caveat of the experiments described above is that any

poly(A) tails that are terminated by cordycepin would not be

labeled using the method above. Because poly(A) ribonu-

clease (PARN) is inhibited by the presence of cordycepin at

the 39 end of a poly(A) tail (Åstrom et al. 1991), it is even

possible that the tails are actually longer than in untreated

Polyadenylation inhibition reduces inflammation

www.rnajournal.org 2237

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


cells because cordycepin-terminated mRNAs may not be

deadenylated. We therefore treated HeLa cells with cordycepin,
isolated the RNA, and digested it with RNases A and T1to

leave only poly(A) tails intact. The poly(A) tails were

isolated by oligo d(T) chromatography and labeled on the

59 end using T4 polynucleotide kinase or on the 39 end

using RNA ligase. The labeled RNA was subjected to

denaturing polyacrylamide electrophoresis. If a significant

percentage of poly(A) tails are terminated by cordycepin

it should cause these tails to be either shorter (through
chain termination) or longer (through inhibition of

deadenylation). In either case, we would expect to observe

cordycepin-induced differences in the distribution and rela-

tive intensity of labeling between 59 and 39 labeling of poly(A)

tails. As can be seen in Figure 1C, no such differences were

detected. We can conclude that poly(A) tails in cordycepin-

treated cells are indeed shortened and that there appears to be

no significant accumulation of mRNAs with poly(A) tails that
terminate in a cordycepin phosphate residue.

Cordycepin reduces the response to TNF in human
airway smooth muscle cells

To elucidate the mechanism of action of cordycepin, we

chose to study the induction of inflammatory mRNAs by

tumor necrosis factor (TNF) in primary human airway
smooth muscle (ASM) cells. This system has relevance for

chronic inflammatory diseases such as asthma and chronic

obstructive pulmonary disease. Other considerations were

that the inflammatory response is well-defined and that we

can exclude effects through repression of mTOR signaling

on protein synthesis (Wong et al. 2010) by using serum-

deprived cells in which this pathway is already repressed.
To confirm the suitability of the system, we determined

protein synthesis rates in the presence of cordycepin and

TNF by the incorporation of radioactive amino acids. In

this and all following experiments, unless indicated differ-

ently, cells were serum starved overnight and treated with 0,

10, or 50 mM cordycepin for 30 min, after which TNF was

added and the cells were incubated for 1 h. To determine

protein synthesis rates, the cells were incubated with 35S
label for 20 min, and incorporated radioactivity was pre-

cipitated with TCA before scintillation counting. TNF

treatment led to a small increase in protein synthesis. As

expected, protein synthesis was not inhibited by cordycepin

(Fig. 2A), even leading to a small increase of incorporation in

untreated cells. Using the MTT metabolic cell viability assay,

we determined that cordycepin also did not affect cell survival

(Fig. 2B). In contrast, cordycepin still affects nuclear poly(A)
tail length when we examine total poly(A) tails in RNA from

cells treated with cordycepin and TNF as described, using the

end-labeling method as in Figure 1 (Fig. 2C).

To examine the effect of cordycepin on inflammatory

mRNA expression, ASM cells were incubated for 30 min

with the indicated concentrations of cordycepin, and then

TNF was added. RNA was isolated at the specified times

after TNF addition, and mRNA levels were determined by
RT-qPCR. Normalization was to GAPDH mRNA. As in all

of the following experiments, unless indicated differently,

three biological replicates were performed. As can be seen in

Figure 3A, cordycepin significantly inhibited the accumulation

of all six inflammatory response mRNAs tested (CXCL1,

FIGURE 1. Cordycepin inhibits the nuclear polyadenylation of newly transcribed mRNAs. Total RNA was isolated from tissue culture cells
treated with the indicated concentrations of cordycepin for 2 h. The RNA was 39 end-labeled and non-poly(A) RNA degraded, resulting in
a smear representing the total poly(A) in the cell. Occasionally, discrete bands were observed and probably represent incompletely digested highly
structured ribosomal RNA superimposed on the poly(A) pattern. These experiments are representative. (A) Poly(A) tails in cytoplasmic and
nuclear RNA from HeLa and NIH3T3 cells. (B) Poly(A) tails in newly synthesized RNA recovered by purification of RNA labeled in HeLa cells
with thiouridine and the indicated dose of cordycepin for 2 h. (C) HeLa cells were treated with cordycepin, RNA isolated, and digested as
described. The remaining poly(A) tails were isolated by oligo d(T) chromatography and labeled on the 59 or 39 end.
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IL8, CCL2, LIF, CCL11, VCAM1). These included both

transient and persistently induced genes. However, cordycepin
did not affect the levels of housekeeping mRNAs encoding

b actin (ACTB) and a ribosomal protein (RPL10A), nor the

levels of rarer noninflammatory mRNAs encoding the nu-

clear exosome subunit (EXOSC10), the kinase AKT1, or the

tumor suppressor p53 (TP53). The cell cycle inhibitor p21

(CDKN1A) was weakly induced during the first hour of TNF

treatment and then down-regulated. This was not affected by

cordycepin treatment. Because TNF does not induce the
important inflammatory gene PTGS2 (COX2) in these cells

(Pang and Knox 1997), we treated ASM cells with interleukin

1b after a 30-min preincubation with different doses of

cordycepin, and found that PTGS2 mRNA induction is also

very sensitive to cordycepin treatment (Fig. 3B). The effect

on the mRNA levels was also reflected in the protein levels,

as determined by Western blot on cellular lysate for PTGS2

and by ELISA on medium for IL8, CCL2, and CCL11
(Fig. 3B,C). These data demonstrate that inflammatory gene

induction by two pro-inflammatory cytokines is effectively

blocked by cordycepin in ASM cells.

Cordycepin specifically inhibits inflammatory
gene expression

Because of the high stability of mRNAs for housekeeping

proteins such as RPL10A and GAPDH, changes in their

synthesis may not be detected in Figure 3A. We therefore

used thiouridine labeling to isolate newly made mRNA.

Labeled RNA recovered in the bound fraction represents

mRNA synthesized during the labeling period, in which

both housekeeping and inflammatory mRNAs are being

transcribed. ASM cells were treated with cordycepin at

the specified concentrations for 1 h and TNF was added.

Thiouridine was added 15 min after the start of TNF
treatment and the cells were incubated for another 45 min.

Total RNA was isolated, labeled with biotin, and purified

using streptavidin beads. Purified labeled RNA was reverse

transcribed and subjected to qPCR. Normalization was to

ribosomal RNA, as this is very stable but still significantly

transcribed in the time period. As can be seen in Figure 4A,

the effect of cordycepin on inflammatory gene expression

was even more pronounced using this method (CXCL1,
IL8, and LIF), but no effects were detected on the control

mRNAs that were transcribed in the same time period

(GAPDH, RPL10A, and ACTB). To exclude the possibility

that the observed lack of effect on the control mRNAs is

due to nonspecific binding of these abundant mRNAs to

the streptavidin beads, we repeated the experiment with

a control in which thiouridine label was omitted. As can be

seen in Figure 4B, levels of these mRNAs were very low in
this control. Cordycepin does, therefore, specifically affect

the expression of inflammatory mRNAs and not of house-

keeping mRNAs, even though both of these classes of

mRNAs are known to be subject to polyadenylation.

Effects of cordycepin do not correlate
with mRNA stability

In a previous publication, we suggested that cordycepin

could be specifically affecting unstable mRNAs (Wong et al.

2010). The inflammatory mRNAs are well known to have

a large spectrum of stabilities and this is a major determinant

in the kinetics of their induction (Hao and Baltimore 2009).

We therefore tested the stability of the inflammatory mRNAs

in our system by inducing mRNAs with TNF for 1 h and

adding the transcripton inhibitor actinomycin D with or
without the indicated concentrations of cordycepin. RNA

was isolated at timepoints up to 4 h after actinomycin D

addition and analyzed by RT-qPCR with normalization to

GAPDH mRNA. Inflammatory mRNA half-lives have been

reported to vary from 45 min (CXCL1) to >4 h (CCL11)

(Hao and Baltimore 2009). The data presented in Figure 4C

largely confirm that this is also the case in ASM cells.

However, for the CCL11 and VCAM1 mRNAs, levels appear
to rise over time. This rise is not due to a reactivation of

transcription, as unspliced VCAM1 pre-mRNA levels remain

very low (‘‘VCAM1 unspliced’’ panel in Fig. 4C). Presum-

ably, at the later timepoints these mRNAs are more stable

than the control RPL10A and ACTB control mRNAs and the

GAPDH mRNA to which the qPCR data are normalized.

CDKN1A mRNA was unstable with a half-life of z80 min.

FIGURE 2. The effect of cordycepin on ASM cells. (A) Cordycepin
does not repress protein synthesis in serum-starved ASM cells in the
presence or absence of TNF. Incorporation of S35-labeled amino acids
in protein in the presence of the indicated compounds. Cordycepin
was added first, TNF and 35S-label 30 min later for 1 h, and labeling
was performed after this for 20 min. Error bars show standard
deviations over four replicates. Incorporation was determined as
previously described (Wong et al. 2010). Statistical significance in
a paired T-test for comparison with the untreated control (no TNF,
no cordycepin) is indicated, (*) P # 0.05. (B) Cordycepin does
not change cell viability. Cell number was determined after 8 h of
incubation with cordycepin using the MTT assay. Error bars represent
standard deviations over four replicates. (C) Cordycepin inhibits
nuclear polyadenylation in airway smooth muscle cells. End labeling
on cytoplasmic and nuclear RNA was performed as for Figure 1A.
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Addition of cordycepin at the same time as actinomycin

D had no effect on the decay of the short-lived inflamma-

tory mRNAs (CXCL1, IL8, and CCL2), and caused only

a small increase in degradation at the earlier timepoints for

the long-lived mRNAs (VCAM1 and CCL11). This latter

effect may indicate that mRNAs recently transcribed from

the VCAM1 and CCL11 genes are still sensitive to cordy-
cepin, but mRNAs older than 30 min are unaffected. The

control mRNAs, RPL10A, ACTB, and CDKN1A were

again unaffected by cordycepin treatment in this experi-

ment. These data show that there is no significant

correlation between the stability of an mRNA and its

sensitivity to cordycepin. In addition,

cordycepin treatment does not appear

to affect the stability of mRNAs if they

have been transcribed and processed in

its absence.

Cordycepin acts intracellularly
and as a phosphorylated nucleotide

Cordycepin has been described to in-

fluence gene expression by activating

adenosine receptors (Nakamura et al.

2006; Kitamura et al. 2011). To investi-

gate whether this is the case in ASM cells,

we preincubated the cells with inhibitors

of the adenosine transporter (nitroben-
zylthioinosine, NBTI) and adenosine ki-

nase (iodotubericidin, ITU) (Bontemps

et al. 1983; Newby et al. 1983; Parkinson

and Geiger 1996; Ward et al. 2000;

SenGupta et al. 2002). Cells were then

treated with cordycepin and TNF as

previously described, RNA was isolated

and subjected to RT-qPCR with normal-
ization to GAPDH mRNA. As can be

seen in Figure 5A, the inhibitors com-

pletely abrogated the effect of cordycepin

on the induction of IL8 mRNA, indicat-

ing that cordycepin has to enter the cell

using the adenosine transporter and be

phosphorylated by adenosine kinase to

affect the inflammatory response.

Cordycepin does not affect
recruitment of NFkB or RNA
polymerase to the promoter

As described in the introduction, TNF

binding to its receptor ultimately leads

to degradation of IkB, which causes

nuclear import of the NFkB transcrip-

tion factors and their binding to the
promoter of inflammatory genes. To

assess whether cordycepin inhibits inflammatory gene

expression at the level of NFkB import, we investigated

the degradation of IkB and the nuclear translocation of

NFkB in the presence of cordycepin by cell fractiona-

tion and Western blotting after treating ASM cells with

cordycepin and TNF as previously described. As can be seen

in Figure 5, B and C, neither of these processes were affected.
To investigate whether the DNA binding of NFkB or the

recruitment of RNA polymerase to the inflammatory gene

promoters was affected, we isolated nuclei from ASM cells

treated with cordycepin for 30 min before the addition of

TNF and incubation for another 30 min. Chromatin

FIGURE 3. Cordycepin inhibits the accumulation of inflammatory mRNAs. (A) Primary
human airway smooth muscle (ASM) cells were pretreated with the indicated concentrations
of cordycepin for 30 min before treatment with inflammatory cytokines. RNA was isolated at
the indicated times, RT-qPCR performed for the indicated mRNAs, and the mRNA levels
expressed relative to GAPDH mRNA. Untreated control values (no TNF, no cordycepin) were
set at 1. (B) PTGS2 mRNA levels expressed as in A from cells treated with interleukin 1b
(IL-1b), and Western blot for PTGS2 from cells treated for 8 h in this manner. (C) Cytokine
and chemokine production is affected by cordycepin treatment. Cytokine and chemokine
levels in medium from cells treated as in A, incubated for 4 h, determined by ELISA. All error
bars in this figure are standard deviations over three biological replicates.
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immunoprecipitation (ChIP) for the

relA subunit of NFkB (p65) and for

RNA polymerase was performed, fol-

lowed by quantitative PCR (qPCR) with

primers for the promoter regions. As

can been seen in Figure 5D, cordycepin

did not decrease the binding of NFkB or

RNA polymerase to the promoter in
response to TNF treatment for any of

the inflammatory genes examined

(CXCL1, IL8, and CCL2). In fact, pro-

moter recruitment of RNA polymerase

was increased by 40% for CXCL1. We

can conclude that the signal transduc-

tion leading to recruitement of RNA

polymerase complexes on inflammatory
genes is not inhibited by cordycepin in

these cells. In order to determine the

effects of cordycepin on termination of

RNA polymerase II, we performed

ChIP, followed by qPCR, with primers

for the terminator regions 39 of the

cleavage site. The signal here and in

the body of the genes was very low and
we could only obtain reliable results for

the CXCL1 gene, as shown in Figure 5F.

The association of RNA polymerase was

not significantly altered for the exon

2/intron 2 boundary, the poly(A) site,

or 750 nt downstream from the cleavage

site, but there was a clear increase in

RNA polymerase levels 1700 nt down-
stream from the cleavage site, suggestive

of a termination defect.

Cordycepin acts post-transcriptionally
on CXCL1 and CCL2, but not
on IL8

To determine whether the effect of
cordycepin is post-transcriptional, we

measured the levels of unspliced pre-

mRNA in cordycepin and TNF-treated

ASM cells using RT-qPCR and the

primers depicted in Figure 5E. Normal-

ization was to GAPDH mRNA. As can

be seen in Figure 6A, cordycepin in-

creased the levels of unspliced pre-
mRNA for CXCL1, indicating that

the increase in RNA polymerase levels

on the promoter found in Figure 5D

does indeed lead to increased tran-

scription. Unspliced pre-mRNA for

CCL2 was unaltered by cordycepin

treatment. These data show that the

FIGURE 4. The effect of cordycepin is gene specific and unrelated to mRNA stability.
(A) ASM cells were pretreated with cordycepin (50 mM) or vehicle for 60 min, then TNF or
vehicle (Ctrl) was added. Fifteen minutes after TNF or vehicle addition, 500 mM thiouridine
was added. Cells were lysed 45 min after addition of thiouridine, RNA was isolated, and
thiouridine-labeled RNA was purified as described. RT-qPCR for the indicated mRNAs was
performed and normalized to RT-qPCR values for ribosomal 18S RNA. Values shown are
relative to the average value for untreated. Error bars represent standard deviations over thee
biological replicates. (B) ASM cells were treated with TNF in the presence or absence of
cordycepin as described in A, but thiouridine was left out in one plate of cells (TNF no 4sU).
Values shown are relative to the TNF induced signal (TNF) in each replicate. Error bars
represent standard deviations over two biological replicates. (C) Airway smooth muscle cells
were treated with TNF for 1 h, when 5 mg/mL of the transcription inhibitor actinomycin D was
added with or without cordycepin at the indicated concentrations. RNA was isolated at the
indicated times and RT-qPCR performed as described. Error bars are standard deviations over
three biological replicates.
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cordycepin-induced reduction in gene expression is entirely
post-transcriptional for CXCL1 and CCL2. In contrast, IL8

pre-mRNA levels were severely reduced by cordycepin,

despite the lack of effect on the recruitment of RNA

polymerase to the promoter, indicating an effecton tran-

scription elongation.

Cordycepin causes transcription termination
and cleavage defects

The results in Figure 5F indicate that RNA polymerase is not

released properly after transcribing the gene, and therefore is

found further downstream from the polyadenyation site.

FIGURE 5. Cordycepin does not prevent recruitment of NFkB or RNA polymerase in human airway smooth muscle cells. (A) To repress
inflammatory gene expression, cordycepin has to be imported and phosphorylated. Cordycepin import was inhibited with 10 mM NBTI, while
cordycepin phosphorylation was inhibited with 0.1 mM ITU and cells were treated with cordycepin and TNF as previously. Values shown are
relative to the TNF-induced signal (DMSO, no cordycepin) in each replicate. Error bars show standard deviations over two biological replicates.
(B) IkBa is degraded normally in human airway smooth muscle cells treated with cordycepin. Cells treated as in Figure 3A: 30-min pretreatment
with cordycepin, followed by 30-min TNF treatment. (C) Cordycepin does not inhibit nuclear import of the p65 subunit of NFkB. Airway
smooth muscle cells were pretreated with cordycepin for 30 min and incubated with TNF for 30 min. Nuclear and cytoplasmic extracts were
prepared and subjected to Western blotting for the indicated proteins. (D) RNA polymerase recruitment is not inhibited. Chromatin
immunoprecipitation (ChIP) was performed with antibodies against NFkB (p65) and RNA polymerase II subunits on chromatin from human
airway smooth muscle cells. If indicated, cells were pretreated with cordycepin for 30 min before TNF was added for 30 min, and cells were
harvested. qPCR using primers for the promoters of the genes indicated. Values are expressed as the % signal relative to the background
(control IgG IP of untreated sample). (E) Four genes with the location of the primers used in Figures 5 and 6. Primer sequences can be found in
Supplemental Table 1. (F) There appears to be a termination defect. qPCR on RNA polymerase ChIP samples prepared as described for
D, using primers in the middle and 39 end of the CXCL1 gene. All error bars for the ChIP data are standard deviations over three biological
replicates, except the first column in C, which is a duplicate. Statistical significance in a paired T-test for comparison with noncordycepin
treated is indicated: (*) P # 0.05, (**) P # 0.01.
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This is a transcription termination defect that is observed if

the efficiency of pre-mRNA cleavage is reduced (Luo et al.

2006; West et al. 2008; Richard and Manley 2009). We

therefore examined the levels of uncleaved pre-mRNA and

runthrough transcripts in total RNA isolated from ASM

cells treated with cordycepin and TNF as described pre-
viously using RT-qPCR with the primers indicated in

Figure 5E. The data in Figure 6A clearly show that

uncleaved and runthrough transcripts were increased in

cordycepin-treated cells for both CXCL1 and the control

RPL10A gene. CCL2 exhibited the same effect to a lesser

extent. The reduction in transcription on the IL8 gene was

evident for all primer pairs, except the uncleaved, which

had very large variability. The IL8 terminator RNA was

less reduced than the unspliced mRNA, indicating that

termination defects may also be occurring in addition to

the transcription reduction. These data demonstrate that
cordycepin causes defects in transcription termination and

mRNA cleavage on both control and inflammatory genes.

To examine at what stage the CCL2 and IL8 transcripts

disappear during cordycepin treatment, we examined the levels

of cytoplasmic, nucleoplasmic, and chromatin-associated RNA

FIGURE 6. Effects of cordycepin on nascent and mature mRNA. (A) RNA was isolated from ASM cells. RT-qPCR was performed for mature
mRNA (mRNA), unspliced pre-mRNA (unspliced), uncleaved pre-mRNA (uncleaved), and for runthrough RNA transcribed from the terminator
region, 750 or 1500 nt from the cleavage site (Rdthr750 and Rdthr1500). The location of the primers used is indicated in Figure 5B. mRNA levels
were normalized to GAPDH mRNA levels. All error bars in this figure are standard deviations over three biological replicates. Statistical
significance in a paired T-test for comparison with noncordycepin treated is indicated: (*) P # 0.05, (**) P # 0.01. (B) Chromatin associated,
nucleoplasmic and cytoplasmic fractions are successfully separated. RNA fractions were isolated and RT-qPCR for spliced and unspliced RPL10A
mRNA was performed. The ratio of unspliced over spliced for each sample was divided by this ratio in the cytoplasmic fraction. Error bars
represent standard deviations over three biological replicates. (C) The effect of cordycepin (Cordy) on inflammatory and control mRNA levels in
chromatin-associated, nucleoplasmic, and cytoplasmic RNA isolated from TNF-treated ASM cells, as determined by RT-qPCR. Data were
normalized to GAPDH mRNA levels, and the ratio between cordycepin-treated and noncordycepin-treated samples was graphed (a value of
1 therefore indicating no change). Error bars represent standard deviations over three biological replicates.
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isolated from cordycepin and TNF-treated ASM cells by RT-

qPCR, normalized to GAPDH mRNA. Our fractionation

method was validated by a strong observed enrichment of

unspliced RPL10A pre-mRNA in the chromatin-associated

fraction (Fig. 6B) and a lack of pre-mRNA amplification

in the absence of reverse transcription, indicating that

the genomic DNA has been effectively removed from the

chromatin-associated RNA preparation. As can be seen in
Figure 6C, CXCL1 and CCL2 mRNA levels were affected only

marginally by cordycepin treatment in the chromatin and

nucleoplasmic fraction, but the mRNA is virtually absent

from the cytoplasm. These data indicate once more that the

effect of cordycepin on CXCL1 and CCL2 mRNAs is post-

transcriptional and suggest that the mRNAs are degraded

during or immediately after nuclear export. While IL8 mRNA

levels were strongly reduced in chroma-
tin-associated mRNA, confirming an ef-

fect on IL8 transcription, further reduc-

tions were observed both in nucleoplasm

and in cytoplasm, indicating that post-

transcriptional effects also contribute to

the reduction of IL8 levels in the pres-

ence of cordycepin.

Polyadenylation-competent
39 sequences are required
for cordycepin sensitivity

We then sought to determine whether

sequences in the 39 end of the gene

influence cordycepin sensitivity. We con-

structed luciferase reporter constructs
under the control of a synthetic NFkB-

dependent promoter. In one construct

we placed a histone 39 UTR and termi-

nator sequences. This construct should

be processed and terminated indepen-

dently of polyadenylation, and therefore

be insensitive to cordycepin. We also

constructed reporters with the SV40
polyadenylation signal and terminator

sequences from the b globin and

CXCL1 genes, as well as a construct

containing both the CXCL1 39 UTR and

poly(A) signal and its terminator se-

quences. These reporters are depicted in

Figure 7A. For the transfection experi-

ments, we chose to work with serum-
starved A549 lung carcinoma cells, as

the batch of ASM cells we used

throughout this study gave very poor

transfection efficiencies. A549 cells re-

spond to TNF, although not as strongly

as ASM cells. As for the ASM cell

treatment, A549 cells were serum

starved overnight and treated with the indicated doses of

cordycepin for 30 min, followed by a 1-h treatment with

TNF. The induction of cytokine mRNAs was reduced by

cordycepin to 70%–50% (Fig. 7B). We transfected A549

cells with these constructs, changed the medium to serum-

free after 24 h, and examined the luciferase activity 24 h

later, either without stimulation or 2 h after TNF treat-

ment. As can be seen in Figure 7C, the luciferase activity
produced by the reporter gene with histone H4 cleavage

and termination sequences was insensitive to cordycepin

treatment. In contrast, the SV40 poly(A) signal with b

globin terminator sequences showed some sensitivity to

cordycepin, reducing induction by 20% at the highest dose.

Similarly, the activity of the construct with the SV40

poly(A) signal and the CXCL1 terminator (pCXCL1Ter)

FIGURE 7. Cordycepin sensitivity of reporter genes requires 39 sequences. (A) NFkB
responsive firefly luciferase reporter genes with terminator or 39 UTR sequences from the
CXCL1 (pCXCL1-Ter, pCXCL1-39Ter), histone H4 (pHistH4), and b globin (pHBB) genes
were constructed. (Black circles) NFkB binding sites; (arrow) promoter start; (gray boxes)
SV40 derived 59 and 39 UTR sequences; (white box) luciferase coding region; (black boxes) 39
sequences from the indicated human genes. Sizes of these regions are not to scale. (B) TNF-
induced chemokine mRNA induction in A549 cells is also sensitive to cordycepin. mRNA
levels were determined as previously after 1 h TNF induction as described for Figure 3A. Error
bars represent 1 standard deviation over three qPCR replicates. This is a representative
experiment of several performed under similar but not identical conditions. (C) These
reporters were transfected into A549 cells and the cells were treated with TNF in the absence or
presence of cordycepin for 2 h. The induction in the control cells (with TNF, no cordycepin)
was set at 1 for each construct. Error bars in this figure are standard deviations over three
independent biological replicates. Statistical significance in a paired T-test for comparison with
noncordycepin treated is indicated: (*) P # 0.05, (**) P # 0.01.
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was reduced by 30% by 50 mM cordycepin. The combina-

tion of CXCL1 39 UTR and terminator (pCXCL139Ter)

showed a further repression to nearly 50%, indicating that

both regions contain sequences necessary for full cordycepin

sensitivity. These data show that a reporter that is not

dependent on polyadenylation is not sensitive to cordycepin,

indicating that cordycepin is indeed acting through the

inhibition of polyadenylation. Furthermore, the sensitivity
to cordycepin is enhanced by sequences in the 39 UTR of

the CXCL1 gene.

Other methods of polyadenylation inhibition
also affect the inflammatory response

The data shown above are consistent with inhibition of

polyadenylation being the primary mode of action of
cordycepin for the repression of inflam-

matory responses. To confirm this mech-

anism, we used another adenosine analog

known to mediate chain termination of

polyadenylation, 8-aminoadenosine (Chen

et al. 2009). Using the end-labeling

protocol outlined before, we confirmed

that this analog affects poly(A) tail size
in airway smooth muscle cells, while

other adenosine analogues (8-chloro-

adenosine and 8-bromoadenosine) did

not (Fig. 8A). Strikingly, a 30-min

preincubation with 8-aminoadenosine

prevented the accumulation of inflam-

matory mRNAs in response to TNF

in ASM cells, while incubation with
8-chloroadenosine did not. This dem-

onstrates that of the adenosine analogs

we tested, only the polyadenylation in-

hibitors have anti-inflammatory prop-

erties (Fig. 8B).

As another method for reducing

polyadenylation activity, we knocked

down the mRNA for the main nuclear
poly(A) polymerase, poly(A) polymer-

ase a (PAPOLA) using siRNA trans-

fection in A549 and airway smooth

muscle cells. Knockdown of PAPOLA

mRNA reduced the protein levels to

15%–20% of control as measured by

Western blotting, but end labeling of

poly(A) tails showed that the influence
on total poly(A) tail size in the cells was

small, indicating that other poly(A) poly-

merases make major contributions in

these cells (Fig. 8C,D). However, knock-

down of PAPOLA is sufficient to signif-

icantly reduce the induction of CXCL1,

IL8, and CCL2 mRNA by a 1-h TNF

treatment in ASM cells, demonstrating the sensitivity of

inflammatory gene expression to the inhibition of poly-

adenylation (Fig. 8E). Control mRNAs were unaffected by

PAPOLA knockdown at the time of measurement, 50 h

after the initial siRNA treatment. These data indicate that

the effects of cordycepin on inflammatory gene expression

are indeed mediated through its effects on polyadenylation.

DISCUSSION

In this study we show that the effects of cordycepin on

inflammatory gene expression in airway smooth muscle cells

are gene specific and likely to be mediated by inhibition of

polyadenylation and/or 39 processing. Cordycepin inhibits

the accumulation of inflammatory mRNAs, but not of

housekeeping mRNAs (Figs. 3, 4). Contrary to our previous

FIGURE 8. Inhibition of polyadenylation reduces the inflammatory response. (A) 8-Amino-
adenosine but not 8-chloroadenosine inhibits polyadenylation. End-labeling was performed as
described for Figure 1 on RNA from NIH3T3 cells treated with 50 mM of the indicated
adenonsine (ado) derivatives for 2 h. (B) 8-aminoadenosine also inhibits accumulation of
inflammatory mRNAs. Airway smooth muscle cells were pretreated for 30 min with 50 mM of
the indicated compounds, after which TNF was added and RNA was isolated 1 h later. RT-
qPCR for the indicated mRNAs was performed as described on three biological replicates. (C)
Knockdown of PAPOLA has little effect on total poly(A) tails. RNA from A549 cells treated
once (31) or twice (32) with siRNAs was analyzed by end labeling as described for Figure 1.
(D) Western blot for PAPa shows the siRNA knockdown is successful. A nonspecific band
(NS) serves as a loading control. (E) Knockdown of PAPOLA reduces the induction of CXCL1,
IL8, and CCL2. Airway smooth muscle cells were treated with control siRNA or siRNA against
the mRNA for PAPOLA (poly(A) polymerase a). Cells were treated for 1 h with TNF and RNA
was isolated. RT-qPCR for the indicated mRNAs was performed as described. Values are
shown as % of control siRNA treated for four biological replicates. The P-values were
calculated by comparing with RPL10A using an unpaired T-test: (*) P # 0.05, (**) P # 0.01,
(***) P # 0.001.
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hypothesis, the effect appears not to be related to the stability

of the mRNAs, because relatively stable transcripts like

CCL11 and VCAM1 are also affected (Figs. 3A, 4C; Wong

et al. 2010). Promoter binding of RNA polymerase is not

reduced, also ruling out effects on NFkB recruitment and

function (Figs. 5, 6). A reporter gene with histone 39

processing signals was not sensitive to cordycepin, indicating

that polyadenylation-dependent 39 processing is the target
of cordycepin (Fig. 7). In addition, a different polyadenyl-

ation inhibitor and knockdown of PAPa also specifically

inhibited the induction of inflammatory genes, demon-

strating that inflammatory genes have a particular sensi-

tivity to the inhibition of polyadenylation (Fig. 8).

For CXCL1 and CCL2 the effect is clearly post-

transcriptional, as unspliced pre-mRNA expression and

chromatin and nucleoplasmic mRNA levels are largely
unaffected by cordycepin treatment (Fig. 6). The mRNAs

appear to be degraded during or immediately after nuclear

export. Presumably, these mRNAs are targeted for rapid

degradation because of a lack of cleavage, an incomplete

poly(A) tail, or a lack of deposition of nucleophosmin on

the 39 end of the mRNA (Yen et al. 2004; Martick et al.

2008; Meaux et al. 2011; Sagawa et al. 2011). A fundamental

difference between the inflammatory messenger ribonu-
cleoprotein complexes (mRNPs) and the RPL10A mRNP

must exist that exempts RPL10A mRNA from this degra-

dation pathway, as the effects on termination and cleavage

are similar for RPL10A and CXCL1. There may be specific

sequences in the inflammatory gene transcripts mediating

this difference, as our data indicate that the 39 UTR and

terminator sequences of CXCL1 contribute to cordycepin

sensitivity (Fig. 7). For instance, 39 UTR sequences from
inflammatory mRNAs could mediate extreme instability of

transcripts with short poly(A) tails, or housekeeping

mRNAs may contain 39 UTR sequences stabilizing such

transcripts. The degradation pathway of the inflammatory

mRNAs synthesized in the presence of cordycepin appears

to be similar to that reported for an mRNA cleaved by an

atypical mechanism (Meaux et al. 2011), and is also consistent

with effects of cordycepin on adenovirus mRNA expression
(Zeevi et al. 1982).

For IL8, effects on unspliced mRNA are similar to those

for mature mRNA, and both chromatin and nucleoplasmic

mRNA levels are affected, indicating that despite the

recruitment of RNA polymerase, transcription is inhibited

during late initiation or during elongation (Figs. 5, 6). This

phenomenon could be mediated through the recently

reported effects of defects in 39 processing on the recycling
of transcription initiation and elongation factors from the

terminator to the promoter (Mapendano et al. 2010). In

addition, interactions between the transcription elongation

factor PAF1c and the polyadenylation machinery could

play a role (Rozenblatt-Rosen et al. 2009). The difference

between the mechanism of action of cordycepin on the

CXCL1 and IL8 genes may well lie in the weak poly(A)

signal in the IL8 gene (AAUAUAA), which could make the

gene more sensitive to defects in the coupling of transcrip-

tion and 39 processing.

There are eight candidate poly(A) polymerase genes in

the human genome: PAPa-g (PAPOLA,B,G), PAPD1,

PAPD2, PAPD4, PAPD5, and PAPD7 (Hirose and Manley

1998; Wahle and Rüegsegger 1999; Topalian et al. 2001;

Houseley and Tollervey 2008; Kashiwabara et al. 2008;
Radford et al. 2008; Rammelt et al. 2011). They have a

variety of substrates and functions, ranging from targeting

aberrant transcripts for degradation in the nucleus to

stabilizing microRNAs in the cytoplasm (Katoh et al.

2009; Shcherbik et al. 2010). Poly(A) polymerase a (PAPa,

official gene name PAPOLA) is the best-studied family

member and has been presumed to be the main poly(A)

polymerase for the nuclear polyadenylation of mRNAs.
However, in a proteomic study of the mRNA polyadenyla-

tion complex, only its close relative PAPg was recovered

(Shi et al. 2009). In addition, it has recently transpired that

a subset of mRNAs are polyadenylated by the more distantly

related poly(A) polymerase called Star-PAP/PAPD2 in re-

sponse to specific signal transduction (Gonzales et al. 2008).

Strikingly, 80% knockdown of PAPa only has a small effect

on the poly(A) population in the cell, but still causes a
significant reduction in the induction of CXCL1, CCL2,

and IL8 mRNA, suggesting that PAPa is perhaps more

important for the expression of inflammatory genes than

for general gene expression (Fig. 8). Possibly, PAPa has

a higher propensity to use cordycepin triphosphate than

other poly(A) polymerases, leading to preferential short-

ening of transcripts polyadenylated by this enzyme. Such

a mechanism could explain the specific effect of cordycepin
on the inflammatory genes.

Cordycepin reduces poly(A) tail lengths in treated cells,

but does not lead to significant accumulation of cordycepin-

terminated mRNAs (Fig. 1). In addition, termination and

cleavage defects are observed on three genes in cordycepin-

treated cells (Fig. 6), similar to effects previously observed

in vitro (Ryner and Manley 1987) and in yeast (Holbein

et al. 2009). It is therefore likely that the effect of
cordycepin on gene expression is at least in part mediated

by a stabilization of an intermediate 39 processing complex

(Zarkower and Wickens 1987), leading either to a depletion

of factors or to a block in the normal exchange of factors

on the 39 end of the pre-mRNA. The cordycepin-arrested

cleavage complex has been shown to contain factors

involved in other aspects of the regulation of gene expres-

sion, including transcriptional regulators and mRNA
export factors (Shi et al. 2009). Mutations in chromatin

remodeling factors including SWI/SNF components and

subunits of the SAGA complex have indeed been shown

to increase cordycepin sensitivity in yeast, indicating

that gene-specific effects of cordycepin may be linked to

differences in chromatin structure (Holbein et al. 2009).

In addition, one of the NFkB subunits, c-Rel, has been
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reported to interact with PAPa (Bouwmeester et al. 2004).

Possibly, the rapid transcriptional induction of inflammatory

genes requires increased loading of poly(A) polymerase to

enable the 39 processing and mRNA export machinery to

keep up with RNA synthesis, leading to the observed

sensitivity to the inhibition of polyadenylation.

The current anti-inflammatory drugs fall predominantly

into just two categories, limiting therapeutic choice. The
nonsteroid anti-inflammatory drugs (NSAIDs) inhibit

cyclooxygenases including PTGS2 (COX2), an enzyme

produced during the inflammatory response, and thereby

reduce the effects of inflammation. In contrast, anti-in-

flammatory steroids act at the start of the inflammatory

response. They reduce the transcriptional activation of

inflammatory genes, thereby directly reducing inflammation.

Both drug classes can have serious side effects and are
ineffective for some patients and conditions (Barnes and

Adcock 2009; Rainsford 2009; Chou et al. 2010; Poetker and

Reh 2010). Therefore, anti-inflammatory drugs acting by an

alternative mechanism could potentially benefit a variety of

patients. Gene-specific differences in transcription termina-

tion and the efficiency of 39 processing have not received

much attention as potential regulators of gene expression or

as targets for therapeutic intervention. It was demonstrated
only recently that these processes can have major effects on

gene expression levels (West and Proudfoot 2009). The data

presented here indicate that inflammatory genes have differ-

ent 39 processing requirements than other genes, and that

these differences can be targeted by small molecule inhibitors,

opening up the possibility of anti-inflammatory drugs work-

ing by a completely novel mechanism.

MATERIALS AND METHODS

Reagents

Cordycepin, nitrobenzylthioinosine (NBTI), actinomycin D (ActD),

and iodotubericidin (ITU) were purchased from Sigma and

dissolved in DMSO at a 1000-fold concentrated stock to ob-

tain the indicated final concentrations. 8-Chloroadenosine and

8-aminoadenosine were purchase from Carbosynth. Thiouridine

was obtained from Sigma.

Tissue culture

NIH3T3 cells were newly obtained from the ECACC and cultured

in DMEM with 10% calf serum with 4.5 g/L of glucose. HeLa and

A549 lung epithelial carcinoma cells were cultured in DMEM with

10% fetal bovine serum with 4.5 g/L of glucose and 4 mM glutamine.

Primary cultures from human airway smooth muscle cells (ASM)

were prepared from explants as described previously (Pang and Knox

1997). The cells were cultured in DMEM supplemented with 10%

fetal bovine serum, 100 U/mL penicillin, 0.1 mg/mL streptomycin,

0.025 mg/mL amphotericin B, and 4 mM L-glutamine. All

experiments were performed on a single batch of cells at passage

6 at 100% confluency. Before treatment with cytokines, cells were

serum starved for 24 h. TNF treatment was with 10 ng/mL,

interleukin 1b treatment at 2 ng/mL, for the indicated times. Cell

viability was determined with the MTT assay by labeling for 8 h as

described previously (Clarke et al. 2004).

RNA isolation, end labeling, thiouridine labeling,
and 35S labeling

Total RNA was isolated using the NucleoSpin RNA II isolation kit

(Macherey-Nagel) or Tri Reagent (Sigma). If required, nuclear

and cytoplasmic fractions were separated using the CelLytic

NuCLEAR Extraction Kit (Sigma) or as described previously

(Felton-Edkins et al. 2006). 39-End labeling using pCp and RNA

ligase was performed as described (Minvielle-Sebastia et al. 1991).

For oligo dT purification of poly(A) RNA we used the PolyAttract

kit (Promega). 59-End labeling was performed with T4 poly-

nucleotide kinase and [g-P32]ATP. For thiouridine labeling, cells

were incubated with 500 mM thiouridine for the indicated times.

RNA was then isolated with Tri Reagent (Sigma) and the labeled

RNA purified by coupling with biotin, capture on streptavidin

paramagnetic particles (Promega), and elution with b mercapto-

ethanol (Dolken et al. 2008). The eluates were precipitated with

RNase free glycogen (Roche) as a carrier and dissolved in water.

For chromatin-associated, nucleoplasmic, and cytoplasmic RNA

isolation, nuclei were isolated as described previously (Felton-

Edkins et al. 2006), followed by extraction of RNA from the nuclei

as described (Wuarin and Schibler 1994; Dye et al. 2006). The

cytoplasmic and nucleoplasmic extracts were precipitated with

1 volume of isopropanol with glycogen as a carrier, and centri-

fuged. The pellets (including the chromatin pellet) were dissolved

in the lysis buffer of a Macherey-Nagel RNA isolation kit. An

additional DNAse treatment was performed on the isolated

RNA from the nucleoplasmic and chromatin-associated fractions.
35S-labeling of proteins for the determination of protein synthesis

rates was performed by labeling for 20 min as described (Wong

et al. 2010).

Quantitative PCR

For RT-qPCR, reverse transcription was performed using M-MLV

Reverse transcriptase (Promega) or Superscript III (Invitrogen)

and random hexamers. Quantitative PCR was performed in

triplicate on each sample using SYBR Premix Ex Taq TaKaRa

(Lonza) or GoTaq qPCR Master Mix (Promega). RNA levels were

expressed relative to GAPDH mRNA levels, except for Figure 4, A

and B, where ribosomal RNA was used. Cordycepin did not affect

GAPDH mRNA levels in total RNA or ribosomal RNA precursor

levels in nuclear RNA (data not shown). Melting curves were

checked and control reactions lacking reverse transcription were

performed. For primer sequences see Supplemental Table 1.

Western blotting and ELISA

Proteins were extracted by scraping the cells in RIPA buffer

(50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%

NP40, 0.25% sodium deoxycholate, 1 mM PMSF, 1 mM Na3VO4,

0.5 mM DTT, 1x protease inhibitor cocktail [Sigma]), followed by

centrifugation for 10 min at 21,000g at 4°C. The soluble protein

extract was quantified with the Pierce BCA Protein Assay Kit

(Thermo Scientific). Proteins were detected by Western Blotting

using the following antibodies: COX-2 monoclonal antibody

clone CX229 (Cayman Chemical), IkB-a (Cell Signaling), NFkB
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p65 C-20, lamin A/C 636, GAPDH 0411 (Santa Cruz Biotechnol-

ogy), PAPOLA (Novus Biologicals). To determine cytokine pro-

duction, medium was collected and analyzed using DuoSet ELISA

Development Systems for human IL8, CCL2, and CCL11 (R&D

Systems).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using the

ChIP-IT Express kit (Active Motif). A total of 50 mL of chromatin

and 4 mg of the following antibodies were used for the immuno-

precipitations: NFkB p65 C-20, PolII H-224 (Santa Cruz Biotech-

nology), and normal rabbit IgG (R&D Systems).

Reporter gene assays

The pGL3.BG.6kB reporter plasmid contains six NFkB-binding

sites upstream of a basal promoter that drives transcription of the

firefly luciferase coding mRNA and terminates in the SV40 late

poly(A) signal (Schwarzer et al. 1998). Precise fusions of the

SV40 sequences up to the poly(A) signal and 1 kb of terminator

sequences from the indicated genes were achieved by splice PCR

(Muddashetty et al. 2002) using the cloning primers indicated in

Supplemental Table 1. The fused sequences were inserted in the

XbaI and BamH1 sites, replacing the SV40 termination sequences

of the original plasmid and checked by sequencing. These firefly

luciferase reporter vectors were cotransfected into A549 cells using

Fugene 6 (Roche) in combination with Ubi-Renilla (Felton-Edkins

et al. 2006) to correct for transfection efficiency. After 48 h, the cells

were treated with TNF and cordycepin as indicated. The renilla and

firefly reporter activities were measured using the Dual Luciferase

Assay (Promega).

siRNA knockdown of PAPOLA

Poly(A) polymerase a (PAPOLA) levels were knocked down in

ASM cells or A549 lung carcinoma cells using the Smartpool

siRNA (5 nM) against PAPOLA (Dharmacon) and INTERFERin

(Polyplus). Cells were transfected in serum containing medium

according to the manufacturer’s instructions. The day after, the

medium was replaced with serum-free medium and the trans-

fection was repeated. Twenty-four hours later, the cells were

treated with TNF for 1 h as described.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Wahle E, Rüegsegger U. 1999. 39 end processing of pre-mRNA in
eukaryotes. FEMS Microbiol Rev 23: 277–295.

Waldholm J, Wang Z, Brodin D, Tyagi A, Yu S, Theopold U, Farrants
AK, Visa N. 2011. SWI/SNF regulates the alternative processing of
a specific subset of pre-mRNAs in Drosophila melanogaster. BMC
Mol Biol 12: 46. doi: 10.1186/1471-2199-12-46.

Wang Y, Fairley JA, Roberts SG. 2010. Phosphorylation of TFIIB links
transcription initiation and termination. Curr Biol 20: 548–553.

Ward JL, Sherali A, Mo ZP, Tse CM. 2000. Kinetic and pharmacological
properties of cloned human equilibrative nucleoside transporters,
ENT1 and ENT2, stably expressed in nucleoside transporter-
deficient PK15 cells. Ent2 exhibits a low affinity for guanosine and
cytidine but a high affinity for inosine. J Biol Chem 275: 8375–8381.

West S, Proudfoot NJ. 2009. Transcriptional termination enhances
protein expression in human cells. Mol Cell 33: 354–364.

West S, Proudfoot NJ, Dye MJ. 2008. Molecular dissection of
mammalian RNA polymerase II transcriptional termination. Mol
Cell 29: 600–610.

Winkler D. 2010. Cordyceps sinensis: A precious parasitic fungus
infecting Tibet. Field Mycology 11: 60–67.

Wong YY, Moon A, Duffin R, Barthet-Barateig A, Meijer HA,
Clemens MJ, De Moor CH. 2010. Cordycepin inhibits protein
synthesis and cell adhesion through effects on signal transduction.
J Biol Chem 285: 2610–2621.

Wuarin J, Schibler U. 1994. Physical isolation of nascent RNA chains
transcribed by RNA polymerase II: Evidence for cotranscriptional
splicing. Mol Cell Biol 14: 7219–7225.

Yen L, Svendsen J, Lee JS, Gray JT, Magnier M, Baba T, D’Amato RJ,
Mulligan RC. 2004. Exogenous control of mammalian gene
expression through modulation of RNA self-cleavage. Nature 431:
471–476.

Zarkower D, Wickens M. 1987. Specific pre-cleavage and post-
cleavage complexes involved in the formation of SV40 late mRNA
39 termini in vitro. EMBO J 6: 4185–4192.

Zeevi M, Nevins JR, Darnell JE Jr. 1982. Newly formed mRNA lacking
polyadenylic acid enters the cytoplasm and the polyribosomes but
has a shorter half-life in the absence of polyadenylic acid. Mol Cell
Biol 2: 517–525.

Zhang X, Virtanen A, Kleiman FE. 2010. To polyadenylate or to
deadenylate: That is the question. Cell Cycle 9: 4437–4449.

Kondrashov et al.

2250 RNA, Vol. 18, No. 12

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


 10.1261/rna.032391.112Access the most recent version at doi:
 2012 18: 2236-2250 originally published online November 1, 2012RNA

  
Alexander Kondrashov, Hedda A. Meijer, Adeline Barthet-Barateig, et al. 
  
Inhibition of polyadenylation reduces inflammatory gene induction

  
Material

Supplemental
  

 http://rnajournal.cshlp.org/content/suppl/2012/10/04/rna.032391.112.DC1

  
References

  
 http://rnajournal.cshlp.org/content/18/12/2236.full.html#ref-list-1

This article cites 79 articles, 31 of which can be accessed free at:

  
Open Access

  
 Open Access option.RNAFreely available online through the 

  
License Freely available online through the RNA Open Access option.

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 http://rnajournal.cshlp.org/subscriptions
 go to: RNATo subscribe to 

Copyright © 2012 RNA Society

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/lookup/doi/10.1261/rna.032391.112
http://rnajournal.cshlp.org/content/suppl/2012/10/04/rna.032391.112.DC1
http://rnajournal.cshlp.org/content/18/12/2236.full.html#ref-list-1
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by& saveAlert=no&cited_by_criteria_resid=rna;18/12/2236&return_type=article&return_url=http://rnajournal.cshlp.org/content/18/12/2236.full.pdf
http://rnajournal.cshlp.org/cgi/adclick/?ad=56663&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fresources%2Ftreasury%3Freferrer%3D%7BAD4C1C0D-2A94-4FB2-A2C4-EEC923A91CDE%7D%26utm_source%3DRNAjournal%26utm_medium%3Dbanner%26utm_campaign%3D22q
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

