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Interferon-beta (IFN-B) is a critical antiviral cytokine and is essential for innate and acquired immune
responses to pathogens. Treatment with polyinosinic:polycytidylic acid (poly(I:C)) induces transient
accumulation of IFN-B mRNA, which involves an increase and a decrease of IFN-B mRNA. This phenom-
enon has been extensively analyzed as a model for understanding the mechanisms of transient gene

Keywords: induction in response to external stimuli. Using a new RNA metabolic labeling method with ethynyluri-
:)ntler(flegn—beta dine to directly measure de novo RNA synthesis and RNA stability, we reassessed both de novo synthesis
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and degradation of IFN-p mRNA. We found that transcriptional activity is maintained after the maximum
accumulation of IFN-B mRNA following poly(I:C) treatment on immortalized human bronchial epithelial
cells. We also observed an unexpected change in the stability of IFN-p mRNA before and after the max-
imum accumulation. The results indicate that this method of RNA metabolic labeling provides a general
approach for the simultaneous analysis of transcriptional activity and mRNA stability coupled with tran-
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scriptional timing.
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1. Introduction

Changes in the dynamic levels of mRNA play a critical role in the
physiology and pathology of our bodies. A typical example is inter-
feron-beta (IFN-), a cytokine that is involved in cellular responses
and confers resistance to viral infections, enhances innate and ac-
quired immunity and modulates cell survival and death [1]. The
mechanisms of IFN-B gene expression have been extensively ana-
lyzed as a model for understanding the mechanisms of transient
gene induction in response to external stimuli. Treatment of epi-
thelial cells with polyinosinic:polycytidylic acid (poly(I:C)) induces
a transient increase and a rapid decrease of IFN-f mRNA. Poly(I:C)
is recognized by toll-like receptor 3 (TLR3) and melanoma differen-
tiation-associated gene 5 (MDA5). Once recognized, the down-
stream transcription factor, interferon regulatory factor 3 (IRF3),
is activated and induces the initial transcription of IFN-. Induced
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IFN-B protein creates a positive feedback loop after IFN-B is recog-
nized by IFN-B receptors on cell surfaces. IFN-$ recognizing recep-
tors activate a complex containing IRF9 to induce IRF7 expression,
which in turn strongly induces IFN-B expression [1-3]. The tran-
scriptional repressor of IFN-B, PRDI-BF1, which is induced by virus
infection, probably represses transcription of IFN-f in response to
poly(I:C) stimulation [4]. Shutoff of IFN-B gene expression involves
not only transcriptional repression, but also a rapid degradation of
IFN-B mRNA [5,6]. IFN-B mRNA has two major mRNA destabilizing
elements, an AU-rich element (ARE) and a coding region instability
determinant (CRID) [6,7]. ARE post-transcriptionally regulates the
fate of various cytokine mRNAs, including IFN-B [8,9]. These previ-
ous studies have revealed both positive and negative feedback
mechanisms of IFN-B gene transcription and mechanisms of IFN-
B mRNA degradation; however, lack of methodologies for evaluat-
ing the rates of synthesis and degradation of RNA in vivo have hin-
dered our understanding of the relationship between transcription
and degradation.

In previous studies, nuclear run-on assays on isolated nuclei
have been used to evaluate the rate of transcription; and study
of the IFN-B gene has reported that its transcriptional activity par-
allels IFN-B mRNA accumulation [5]. Whether such a method can
evaluate the transcription rate in vivo remains unclear. Analyses
of RNA degradation have used transcriptional inhibitors such as
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actinomycin D and 5,6-dichloro-1-B-p-ribofuranosylbenzimidazole
(DRB). However, these inhibitors cause global transcriptional ar-
rest, disrupt cellular physiology [10,11] and interfere in the IFN-B
mRNA degradation rate [5]. Therefore, transcriptional inhibitors
cannot address dynamic settings in response to extracellular stim-
ulation and cannot be combined with a nuclear run-on assay.

Recent methodological advancements in RNA metabolic label-
ing using various uridine analogs have provided an accurate mea-
surement of transcriptional activity in physiological conditions
in vivo [12-14]. RNA metabolic labeling also provides a method
for analyzing the RNA degradation rate without interfering with
transcription [11,15,16].

In this study we reassess the relationship between mRNA accu-
mulation, transcriptional activity and mRNA stability of [FN-B after
poly(I:C) treatment as a model system using a new RNA metabolic
labeling method with ethynyluridine (EU) in physiological
conditions.

2. Materials and methods
2.1. Cells, reagents and antibodies

Immortalized human bronchial epithelial cells (BEAS-2B TetOff)
were generated as described previously [10]. BEAS-2B TetOff cells
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% fetal bovine serum, 100 U/ml penicillin and
100 pig/ml streptomycin. Poly(I:C) was purchased from InvivoGen.
Antibodies to IRF3 (#sc-9082, Santacruz), IRF7 (#3384-1, EPITO-
MICS), IRF9 (#3467-1, EPITOMICS) and GAPDH (#ab8245, abcam)
were obtained commercially.

2.2. RT-PCR analysis

BEAS-2B Tet-Off cells (4.9 x 10%/plate) were seeded on 10 cm
plates in DMEM medium. The cells were treated with 12 pg of
poly(I:C) and 30 pl of polyethylenimine mixture in 1 ml of PBS that
was incubated for 15 min at room temperature. Two hours after
poly(I:C) treatment, cells were washed twice with 10 ml of PBS.
Cells were harvested at the time-points indicated in the figures,
and total RNA was purified using an RNeasy Plus Mini Kit (QIAGEN).
c¢DNA was synthesized using a SuperScript VILO cDNA Synthesis Kit
(Life Technologies). Real-time quantitative RT-PCR (qRT-PCR) was
performed by incubating the reverse transcribed product using a
TagMan Gene Expression Assays Probe (ABI) and qPCR Mastermix
(Nippongene) with a iCycler iQ Real-Time PCR Detection System
(Bio-Rad). Values were normalized to the 18S ribosomal RNA. Mean
values + standard error represent more than 3 independent experi-
ments. The following probes were used: IFN-B (#Hs01077958_s1);
MDA5 (#Hs00223420_m1); TLR3 (#Hs01551078_m1); IRF3
(#Hs01547283_m1); IRF7 (#Hs01014809_g1); IRF9 (#Hs00196051_
m1); GAPDH (#Hs02758991_g1); and 18S rRNA (#4319413E).

2.3. Metabolic labeling of RNA by 5-ethynyluridine

Metabolic labeling of RNA by EU for the analysis of de novo
mRNA synthesis and mRNA half-lives was performed according
to the Click-iT Nascent RNA Capture Kit (Life Technologies) man-
ual. 200 uM of EU was added 2 h before RNA extraction for the
analysis of de novo mRNA synthesis. For mRNA half-lives, 100 pM
of EU was added at 2 intervals, 4-6 h or 6-8 h, after poly(I:C) treat-
ment. EU was washed out with PBS and fresh medium was added
after 2 h of RNA pulse metabolic labeling. qRT-PCR analysis was
performed as described above. To avoid the effect of remaining
in vivo EU, mRNA was analyzed 2 h after EU removal. Dynabeads

MyOne Streptavidin T1 (Life Technologies) was used for biotinat-
ed-RNA purification.

3. Results

3.1. Analysis of IFN-f gene expression induced by poly(I:C) treatment
on BEAS-2B cells

BEAS-2B cells are derived from normal human bronchial epithe-
lial cells. They have frequently been used as a cellular model to
study the role of bronchial epithelial cells in airway inflammation
[17], and can induce IFN-B in response to poly(I:C) [18]. To reassess
the kinetics of well-characterized IFN-B gene expression, we first
performed a time course analysis of IFN-B mRNA accumulation in
BEAS-2B cells following 2 h of treatment with poly(I:C). Total
RNA was collected at the indicated time-points after poly(I:C)
treatment, and IFN-B mRNA accumulation was measured by qRT-
PCR. IFN-B mRNA, normalized to18S rRNA, and showed an increase
within 2 h after poly(I:C) treatment. It reached a peak after 6 h,
after which, levels gradually decreased (Fig. 1A). The transcription
of IFN-B mRNA is under positive feedback regulation [1]. As ex-
pected, the major cellular receptors of poly(I:C), TLR3 and MDA5
[2,3], the major downstream transcription factor of IFN-B, IRF9
[1-3], and the inducible IFN-B trans-activator, IRF7, were induced
presumably in responses to secreted IFN-B as a positive feedback
mechanism (Fig. 1B and C). To ensure that protein production of
IRF7 responded to poly(I:C) treatment, we analyzed the protein
expression of IRF7 on BASE-2B cells. IRF7 protein was induced
8 h after poly(I:C) treatment, reached a peak after 10 h, and subse-
quently slightly decreased (Fig. 1D). No apparent alternations
were observed for IRF3, the control, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) transcript (Fig. 1A) and protein
(Fig. 1D). Note that the expression of IRF7 protein, trans-activator
of IFN-B, continued increasing (Fig. 1D), while expression of IFN-
B mRNA decreased 8 h after poly(I:C) treatment (Fig. 1A).

3.2. Analysis of de novo synthesis of IFN-8 mRNA induced by poly(I:C)
treatment on BEAS-2B cells

Although a previous study has demonstrated identical kinetics
of IFN-B mRNA accumulation and nuclear transcription measured
by an in vitro nuclear run-on assay [5], it could not explain the ob-
served expression discrepancy of IFN-p mRNA and its transcrip-
tional activator, IRF7 protein. To clarify the mechanism of this
discrepancy we re-examined the de novo synthesis of IFN-f mRNA
induced after poly(I:C) treatment on BEAS-2B cells. To achieve this,
we adapted a chemical method to detect RNA synthesis in cells,
based on the biosynthetic incorporation of the uridine analog 5-
ethynyluridine (EU) into newly transcribed RNA [13]. Metabolic
labeling methods can precisely monitor the de novo synthesis of
newly transcribed RNA during labeling in vivo [12-14].

BEAS-2B cells were labeled with EU for 2 h prior to harvest at
the indicated time points after poly(I:C) treatment (Fig. 2A). After
RNA purification, EU-labeled de novo synthesized RNA was biotin-
ylated using a copper (I)-catalyzed cycloaddition reaction with
PEG4 carboxamide-6-azidohexanyl biotin. Biotinylated de novo
synthesized RNA was then collected by streptavidin dynabeads
and analyzed by qRT-PCR. No noticeable cell toxicity was observed
by EU pulse-labeling for 2 h on BEAS-2B cells. Also, compared with
non-EU labeling (Fig. 1A), no significant alternations in IFN-B
expression patterns were observed by RNA metabolic labeling
using EU (Supplementary Fig. S1). This indicates that EU labeling
did not have a major influence on IFN-B mRNA expression.

As shown in Fig. 2B, de novo synthesis or transcription of IFN-
mRNAs appeared 2-4 h after poly(I:C) treatment, reached a peak
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Fig. 1. Poly(I:C) treatment induces IFN-B gene expression pathway. (A-C) mRNA expression on BEAS-2B after poly(I:C) treatment. Poly(I:C) was washed out after 2 h of
treatment. Total RNA from BEAS-2B was purified at 0, 2, 4, 6, 8, 10, 12 and 24 h after poly(I:C) treatment. The relative mRNA levels of IFN-B [diamond, solid line] and GAPDH
[square, dot line] (A), MDA5 [diamond, solid line] and TLR3 [square, dot line] (B), IRF7 [diamond, solid line], IRF9 [square, dot line] and IRF3 [triangle, small dot line] (C) on
BEAS-2B were determined by qRT-PCR, normalized to 18S ribosomal RNA. mRNA levels at time O were set to 1. Data were obtained through triplication of 3 experiments.
Results are shown as the means * standard error. (D) Poly(I:C) treatment induces IRF7 protein expression. Cell lysate was collected at 0, 2, 4, 6, 8, 10, 12 and 24 h after
poly(I:C) treatment. Poly(I:C) was washed out after 2 h of treatment. Lysates were analyzed using the antibodies indicated.

after 8-10 h, and subsequently dropped after 10-12 h. No signifi-
cant differences were observed for the de novo synthesis or tran-
scription of control IRF3 mRNA (Fig. 2C). The results indicate that
transcription of IFN-B mRNA continues even after the peak of
mRNA accumulation, and is similar to IRF7 protein accumulation.
The results also show that EU can be an effective method for ana-
lyzing transcriptional activity.

3.3. Analysis of the stability of IFN-f mRNA induced by poly(I:C)
treatment on BEAS-2B cells

We hypothesized that IFN-f mRNA became unstable 6 h after
poly(I:C) treatment, while its transcription remained unchanged.
Previous studies analyzing IFN-B mRNA stability were performed
by blocking cellular transcription with the inhibitor actinomycin

D [10,11]. This method suffers from the disadvantage that actino-
mycin D has a profound impact on cellular physiology and has
been shown to alter the stability of IFN- mRNA [5], and cannot
be combined with the analysis of transcriptional activity. RNA met-
abolic labeling using EU provided not only a method for the accu-
rate measurement of mRNA de novo synthesis, but also for the
analysis of mRNA stability without affecting transcription using
the same method.

To determine IFN-B mRNA stability, we pulse-labeled RNA with
EU for 2 h at intervals of 4-6 h after poly(I:C) treatment. Following
EU removal, cells were collected at different times. Remaining EU-
labeled mRNA was analyzed as a function of time by qRT-PCR
(Fig. 3A). The half-life of IFN-B mRNA, pulse-labeled by EU for 2 h
at 4-6 h interval was ty;; 4.16 h (Fig. 3B). Such stability of INF-B
mRNA cannot explain the rapid disappearance of IFN-B mRNA
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Fig. 2. De novo synthesis of IFN-p mRNA after poly(I:C) treatment. (A) Flowchart illustrating the analysis of de novo synthesis of IFN-B mRNA using EU on BEAS-2B after
poly(I:C) treatment. (B and C) Total RNA was extracted at the time-points indicated after 2 h of mRNA metabolic labeling. EU-labeled RNA was collected using streptavidin
dynabeads after biotination. The relative mRNA abundance, normalized to 18S ribosomal RNA, was then analyzed by qRT-PCR for IFN-B (B) or IRF3 (C). IFN-B and IRF3 mRNA
levels at time 0-2 h were set to 1. Data were obtained through triplication of 3 experiments. Results are shown as the means + standard error.

(Fig. 1A), given that there is continuous de novo synthesis of IFN-
mRNA (Fig. 2B).

Because pulse-labeling of RNA by EU at 4-6 h after poly(I:C)
treatment was the time-point at which IFN-B mRNA expression
and de novo synthesis increased, we assumed that the stability of
de novo synthesis of IFN-f mRNA was determined at the time of
transcription. In other words, IFN-p mRNA transcribed at later
times may become much more unstable than at the 4-6 h interval.
To assess this possibility, we analyzed the half-life of IFN- mRNA,
pulse-labeled by EU at the 6-8 h interval—the time-point when
decreasing expression of IFN-B mRNA was observed (Fig. 3A). The
results support the notion that the half-life of IFN-B mRNA,
pulse-labeled by EU at 6-8 h, was shorter (Fig. 3C; t;/; 2.27 h) than
that at 4-6 h. It is worth noting that IFN-B mRNA transcribed at 4-
6 h was more stable than IFN-B mRNAs transcribed at 6-8 h, even
when decay was followed at the 10-12 h interval after poly(I:C)
treatment (Fig. 3D). No significant alternations were observed for
the stability of the control, IRF3 mRNA, between the time-points
of pulse-labeling (Fig. 3E and F). Collectively, these results show
that the intrinsic stability of IFN-B mRNA changes during the time
course of poly(I:C) treatment, which seems to depend on the time
when it is transcribed.

4. Discussion
In this study we analyzed the de novo synthesis of IFN-f mRNA

by RNA metabolic labeling using EU (Fig. 2). Using RNA metabolic
labeling for kinetic analysis of the accumulation and de novo syn-

thesis of IFN-B mRNA, we unexpectedly revealed that decreasing
transcriptional activity of IFN-B occurs more than 2 h after the
maximum accumulation of IFN-p mRNA in response to poly(I:C)
treatment on BEAS-2B cells (Figs. 1A and 2B). These results are dif-
ferent from a previous study, which showed virtually identical
kinetics of IFN-p mRNA accumulation and nuclear transcription
measured by a nuclear run-on assay [5]. Intriguingly, a strong cor-
relation between the transcriptional activity of IFN- mRNA and
the accumulation of IRF7 protein was observed (Fig. 1C and D).
Such results are consistent with our current understanding. The
IRF3 homo-dimer, and possibly the IRF3:IRF7 hetero-dimer, initiate
early phase IFN-B transcription. Newly secreting IFN-B then in-
duces IRF7 induction for robust IFN-B transcription in response
to poly(I:C) treatment [1,19]. The high transcriptional activity of
IFN-B during decreased expression might be mediated by IRF7.
By using RNA pulse-labeling with EU, we observed that IFN-B
mRNA transcribed at times when accumulation is increasing is
more stable compared with IFN-B mRNA transcribed at later times
when accumulation is decreasing (Fig. 3A-C). The stability of ear-
lier transcripts is more stable than later transcripts, even in the
same time frame (Fig. 3D). IFN-p mRNA destabilization factor(s)
might newly synthesize and degrade IFN-B mRNA, as is reported
in TNFao [20] and IL6 [21]. It is possible that transcriptional timing
determines the destiny of IFN-B mRNA stability. Further study is
required to clarify the precise mechanisms and regulation of IFN-
B in response to poly(I:C) treatment. Our results revealed that
decreasing expression levels of IFN-B mRNA were initially caused
by the instability of newly transcribed products, but not by the
destabilization of IFN-B mRNA transcribed at the time when its
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either 4-6 or 6-8 h intervals.

expression was still increasing, followed by a decrease in transcrip-
tional activity.

In conclusion, using a new RNA metabolic labeling method with
EU, we demonstrate that the robust transcriptional activity of IFN-
B continues after the peak of its mRNA accumulation following
activation by poly(I:C) treatment on BEAS-2B cells. Additionally,
we reveal the possibility that the stability of IFN-f mRNA depends
on the time of synthesis. RNA metabolic labeling by EU is a useful
tool to investigate the relationship between transcriptional activ-

ity, accumulation and stability for individual gene expression in a
unified technique.
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