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Recognition of nucleic acids results in the production of type I IFNs,
which activate the JAK/STAT pathway and promote the expres-
sion of IFN-stimulated genes. In a search for modulators of this
pathway, we discovered an unexpected requirement for cyclin-
dependent kinases (CDK) in the production of type I IFN following
nucleic acid sensing and virus infection. Inhibition of CDK activity
or knockdown of CDK levels leads to a striking block in STAT
activation and IFN-stimulated gene expression. CDKs are not re-
quired for the initial nucleic acid sensing leading to IFN-β mRNA
induction, nor for the response to exogenous IFN-α/β, but are
critical for IFN-β release into culture supernatants, suggesting a
posttranscriptional role for CDKs in type I IFN production. In the
absence of CDK activity, we demonstrate a translational block
specific for IFN-β, in which IFN-β mRNA is removed from the ac-
tively translating polysomes, while the distribution of other cellu-
lar mRNAs or global translation rates are unaffected. Our findings
reveal a critical role for CDKs in the translation of IFN-β.

type I interferon | IFN-stimulated genes | cyclin-dependent kinases |
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Organisms have evolved multiple ways to detect and respond
to pathogens. A key step involves the activation of innate

immune responses: a critical defense system that protects the host
against invasion. These responses need to be tightly regulated,
since a failure to activate them can lead to damaging infections,
while uncontrolled activation can lead to autoimmune disorders.
The recognition of pathogen-associated molecular patterns
(PAMPs) triggers the activation of diverse immune pathways.
The molecular details of many nucleic acid-sensing pathways
have been recently characterized (reviewed in refs. 1–4). Sensing
of nucleic acids involves the recognition of specific molecules by
pattern recognition receptors. Endosomal nucleic acids are rec-
ognized by Toll-like receptors (TLRs), whereas cytosolic DNA
and RNA can be recognized by cGAS and RIG-I or MDA5,
respectively. These sensors signal through specific adaptor mol-
ecules to activate critical transcription factors, such as IRF3
and NF-κB, which stimulate the production of IFNs and other
proinflammatory cytokines. The cytokines are then released from
the cell, interact with their receptors on the cell surface, and ac-
tivate receptor-associated Janus kinases (JAKs). JAKs, in turn,
activate the signal transducers and activators of transcription
(STAT) family of transcription factors that become phosphor-
ylated, dimerize, and translocate to the nucleus to activate the
transcription of IFN-stimulated genes (ISGs) and establish an
antiviral state.
Cyclin-dependent kinases (CDKs) are a family of Ser/Thr ki-

nases originally identified due to their role in the regulation of
the cell cycle. CDKs form complexes with the cyclin family of
proteins, which are characterized by dramatic shifts in abundance
depending on the stage of the cell cycle. The human genome contains
13 CDK genes, and at least twice as many cyclin-related genes,
allowing the formation of a large number of combinations that
function in many different processes in the cell. Because of their role
in cell cycle progression and their deregulation in various cancers,
CDKs have been attractive targets for drug development. There are

currently over 60 clinical trials listed within the United States testing
the efficacy of 11 CDK inhibitor compounds for various forms of
cancer. Two CDK inhibitors, palbociclib and ribociclib, have recently
been Food and Drug Administration-approved for the treatment of
advanced breast cancer (5, 6). Besides their role in cell cycle pro-
gression, CDKs also carry out essential functions in transcriptional
regulation, mediated by the phosphorylation of the RNA polymerase
II carboxyterminal tail (CTD).
With the identification of many novel CDK targets, it has

become increasingly apparent that CDKs have many more
functions besides regulating the cell cycle or transcription. In
particular, several CDKs have been linked to the regulation of
inflammatory pathways (reviewed in ref. 7). Here, we in-
vestigated the role of CDKs in nucleic acid-induced cellular in-
nate immune responses. We report that reducing cellular CDK
levels by RNA interference or inhibiting CDK activity by small-
molecule compounds strongly prevents STAT activation and ISG
induction following nucleic acid challenge. JAK/STAT activation
following addition of exogenous IFN is not affected by inhibition
of CDK activity, indicating that the events downstream of type I
IFN receptor (IFNAR) signaling are intact. The early events of
sensing of nucleic acids also proceed normally, as shown by
IRF3 activation and IFN-β mRNA induction, but there is a
strong posttranscriptional block to IFN production. We dem-
onstrate that lack of CDK activity blocks efficient translation of
the IFN-β mRNA, without having global effects on cellular
translation. We also show that the effect of CDK inhibition on
type I IFN production occurs very rapidly, is reversible, and is
observed for different immunostimulatory ligands in different
cell types with multiple CDK inhibitors. Our results reveal a

Significance

Innate immune responses are the first line of defense against
pathogens. Upon sensing a pathogen, cells produce IFNs: sig-
naling molecules that activate a diverse array of genes in-
volved in antiviral immunity. Cyclin-dependent kinases (CDKs)
are enzymes involved in cell cycle progression and transcrip-
tion. We discovered that CDKs are essential for IFN production
following nucleic acid sensing and virus infection. Depletion of
CDK activity results in a block to the translation of IFN mRNA
into protein, even though the mRNA levels remain unchanged.
This block is specific for IFN, as the translation of other mRNAs
proceeds normally. Our results establish a previously unknown
and critical requirement for CDKs for IFN production in the
response against pathogens.
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previously unknown link between CDK activity, type I IFN
production, and innate immune activation.

Results
Nucleic Acids Induce ISG Induction and STAT Activation. To in-
vestigate nucleic acid-induced innate immune responses, we
challenged PMA-treated THP-1 cells with calf thymus DNA
(CT-DNA; henceforth DNA) by transfection, and measured the
induction of ISGs CXCL10, ISG54, IFIT1, MX1, and ISG15 by
qRT-PCR. DNA transfection resulted in a dramatic increase
ISG mRNA levels (Fig. 1A) and STAT1 phosphorylation at ty-
rosine 701 (Y701), indicative of its activation (Fig. 1B). We
confirmed STAT1 activation in response to poly(dA:dT), poly(I:
C), and 5′ triphosphate RNA transfection (Fig. S1A). These
results were observed in both PMA-treated and untreated THP-
1 cells, as well as in primary normal human dermal fibroblasts

(NHDF) (Fig. 1B). To examine the kinetics of DNA-induced
STAT activation, we transfected THP-1 cells with DNA, and
collected lysates at different time points (1–4 h). We observed
STAT1 and STAT3 phosphorylation as early as 2 h post-
transfection, increasing at later time points (Fig. 1C). These data
demonstrate that nucleic acids trigger ISG induction and STAT
activation rapidly after challenge with nucleic acids.

CDK Inhibition Dramatically Blocks ISG Induction and STAT Activation.
To examine the role of CDKs in nucleic acid-induced innate
immune responses, we assayed STAT activation and ISG in-
duction in the presence of small-molecule CDK inhibitors. We
first tested R547, a selective inhibitor of CDKs 1, 2, and 4 with Ki
values between 1 and 4 nM, as previously described in other
studies (8) (Table S1). Treatment with R547 at 3- to 10-nM
concentration strongly reduced DNA-induced STAT Y701

A

B C

E

D

Fig. 1. Inhibition of CDK activity prevents nucleic acid-induced ISG induction and STAT1 activation. (A) THP-1 cells were treated with the CDK inhibitor R547
(10 nM) or DMSO, and transfected with DNA (4 μg/mL) or mock. mRNA levels for the indicated genes were quantified by qRT-PCR 4 h posttransfection, and are
presented relative to GAPDH mRNA levels. Values presented are the average of at least three independent experiments, error bars represent the SEM,
statistical significance was determined by unpaired Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant. (B) THP-1 and NHDF cells were
challenged with DNA (4 μg/mL) or IFN-α (10 U/mL) with R547 or DMSO. Total cell lysates were collected 2 h later and analyzed by Western blot with the
indicated antibodies. (C) THP-1 cells were treated with R547 or DMSO and transfected with DNA (4 μg/mL) or mock. Total cell lysates were collected at the
indicated time points, and analyzed by Western blot. (D) THP-1 cells were treated with CDK inhibitors R547 (10 nM), dinaciclib (10 nM), AZD-5438 (50 nM),
palbociclib (50 nM), SNS-032 (100 nM), or DMSO, and transfected with DNA. Lysates were analyzed as in B. (E) NHDF primary fibroblasts were transfected with
siRNAs for CDKs 1, 2, and 4, or a nontargeting control. Knockdown levels of CDKs 1, 2, and 4 were determined at the protein level (Right). Cells were
challenged with poly(I:C) (4 μg/mL), and lysates were collected 2.5 h later and analyzed by Western blot (Left) for STAT1 and IRF3 activation.
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phosphorylation (Fig. 1B and Fig. S1B). In addition, treatment of
THP-1 cells with R547 completely abolished ISG mRNA in-
duction compared with vehicle control (DMSO)-treated cells
(Fig. 1A). Although the activating phosphorylation of STAT1 at
Y701 was inhibited, phosphorylation at S727 was not affected
(Fig. 2C). We observed similar results for STAT3, which was
phosphorylated at the corresponding tyrosine residue Y705 upon
DNA transfection, and again the response was abolished by
CDK inhibition (Figs. 1C and 2C). The effect of R547 treatment
on STAT activation was reversible, as the removal of the com-
pound from culture media after transfection restored STAT
activation. The effect of CDK inhibition on STAT activation was
confirmed in NHDF primary fibroblasts and A549 cells (Fig. 1B
and Fig. S1C). We tested other human and mouse cell lines,
including Jurkat, U937, TE671, HeLa, mouse embryonic fi-
broblasts, and L929 cells, but found no induction of STAT1
phosphorylation upon DNA challenge with or without CDK in-
hibition (Fig. S1D). Some of these lines are known to be non-
responsive due to loss of expression of critical players involved in
nucleic acid-sensing pathways, or transformation by viral on-
cogenes (9–11). These data indicate that inhibition of CDK ac-
tivity results in the loss of ISG induction and STAT activation in
cells responsive to nucleic acids.

Multiple CDK Inhibitors Block DNA-Induced STAT Activation. To test
whether the inhibition of STAT1 phosphorylation was specifically
due to the loss of CDK activity, we challenged THP-1 cells with
DNA in the presence of an array of CDK inhibitors. Treatment
with the compounds dinaciclib (10 nM), AZD5438 (50 nM), and
SNS-032 (100 nM) (12–14) abolished STAT1 Y701 phosphoryla-
tion in response to DNA (Fig. 1D), indicating that CDK inhibition
by structurally different compounds have the same effect. The
cellular targets and published IC50 values of the inhibitors used
are provided in Table S1. There was no apparent toxicity of the
drugs at the concentrations used within the time frame of our
experiments (2–4 h); however, prolonged incubation with the
CDK inhibitors (24 h) can induce cellular toxicity. Notably,
palbociclib, a drug highly specific for CDK4 and CDK6 (15),
had no effect on STAT1 phosphorylation, suggesting that the
block to STAT activation is due to the inhibition of CDKs tar-
geted by the three active compounds, but not due to the sole in-
hibition of CDK4 or CDK6.

Knockdown of CDK1, -2, and -4 Phenocopies CDK Inhibition. To
identify the specific CDKs responsible for nucleic acid-induced
STAT1 activation, we used siRNA-mediated knockdown of CDKs
that are targeted by the inhibitor R547, specifically CDK1, -2,
and -4, in NHDF primary fibroblasts. Similar to the observa-
tions in R547-treated cells, knockdown of all three CDKs to-

gether markedly reduced STAT1 activation following DNA
challenge (Fig. 1E). Knockdown of different CDKs individually
(CDKs 1, 2, 4, 5, 6, 7, 8, or 9) had no effect on STAT1 activation
after nucleic acid challenge, suggesting redundancy among differ-
ent CDKs (Fig. S2A). We also tested other combinations of double
and triple knockdowns but none of the combinations recapitulated
the effect seen by CDK inhibitors. Efforts to silence all eight CDKs
together were largely unsuccessful, due to the strong reduction in
knockdown efficiency and subsequent cell death. Taken together,
the fact that identical results were obtained using different CDK
inhibitors and the combined silencing of CDK1, -2, and -4 strongly
suggest a critical role for these enzymes in response to nucleic
acids, which is necessary for JAK/STAT pathway activation and
subsequent ISG induction.

CDK Inhibition Prevents STAT1 Activation by Different Nucleic Acid
Ligands.Different nucleic acid structures are recognized by specific
cellular sensors that initiate innate immune signaling pathways.
We asked whether STAT1 activation induced by different nucleic
acid ligands would also be blocked by CDK inhibitors. We used
two different nucleic acid structures: (i) a Y-form DNA with un-
paired G nucleotides, previously shown to be a strong inducer of
innate immune signaling through cGAS (cGMP-AMP synthase)
(16); and (ii) 5′ triphosphate RNA, a well-characterized RIG-I
ligand (17). Transfection of THP-1 cells with either nucleic acid
species induced strong STAT1 phosphorylation in vehicle-treated
cells, but treatment with R547 severely impaired all responses
(Fig. 2A), suggesting that the effect of CDK inhibition in blocking
STAT1 activation occurs at a step common to different nucleic
acid-recognition pathways.

Exogenous IFN Induces STAT1 Activation Normally in the Presence of
CDK Inhibitors. The lack of STAT1 activation and ISG induction
in the presence of CDK inhibitors prompted us to test whether
the inhibitors blocked a step downstream of IFN signaling.
Whereas DNA-induced STAT1 phosphorylation was abolished
by R547 treatment, IFN-α–induced STAT1 phosphorylation was
not affected (Fig. 1B and Fig. S1D). We investigated the effect
of CDK inhibition on STAT1 phosphorylation in response to in-
creasing doses of type I IFN and R547 concentration. Treatment
with IFN-α or IFN-β induced STAT1 phosphorylation in a dose-
dependent manner, as expected (Fig. 2B and Fig. S1E). R547
treatment had no effect on STAT1 phosphorylation in response to
IFN-α/β at any concentration tested. Thus, CDK inhibition blocks
DNA-induced STAT1 activation, but has no effect on type I IFN-
induced signaling. These results suggest that the block occurs before
the production of IFN or other cytokines necessary for JAK/STAT
pathway activation.
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Fig. 2. CDK inhibition does not affect IRF3 activation
or IFN-induced responses. (A) THP-1 cells were trans-
fected with a Y-form DNA (16) or 5′ triphosphate RNA
(5′PPP). Total cell lysates were collected 2 h later and
analyzed by Western blot with the indicated anti-
bodies. (B) THP-1 cells were treated with increasing
amounts of IFN-β in the presence of 0, 10 or 100 nM
R547, as indicated. Lysates were analyzed by Western
blot 30 min after treatment. (C) THP-1 cells were
transfected with DNA (4 μg/mL) in the presence of
R547 (10 nM) or DMSO and assayed by Western blot
after 2 h for STAT1, STAT3, and IRF3 phosphoryla-
tion using the indicated phospho-specific antibodies.
Results are representative of at least two independent
experiments.
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IRF3 Activation Occurs Normally in the Absence of CDK Activity. Cy-
tosolic DNA is recognized by the major DNA sensor cGAS,
which signals through the adaptor protein STING (10, 18). Ac-
tivation of STING leads to IRF3 phosphorylation, dimerization,
and translocation to the nucleus (19). We examined DNA-
induced IRF3 activation in THP-1 cells in the presence of
CDK inhibitors using phospho-specific antibodies for S386 and
S396 residues, which are phosphorylated by TBK1 and IKK-e.
Following DNA challenge, IRF3 phosphorylation occurred
normally at both residues regardless of CDK inhibition (Fig. 2C).
These results demonstrate that the sensing of nucleic acids and
the ensuing IRF3 activation occur normally in the presence of
CDK inhibitors, indicating that a step after IRF3 activation but
before STAT activation is blocked.

DNA-Induced STAT1 Activation Requires Transcription, Translation,
and Transport. DNA-induced STAT activation occurs rapidly,
within 2 h after transfection (Fig. 1C). To test whether complex
processes, such as signal transduction, transcription, translation,
and cytokine production could occur within such a short time
frame and whether they were required for the response, we
challenged THP-1 cells with DNA transfection in the presence of
actinomycin D, cycloheximide, or GolgiPlug, which are inhibitors
of transcription, translation, and protein transport, respectively.
Blocking any of these processes at the time of transfection pre-
vented DNA-induced STAT1 activation (Fig. S2B). These results
show that cells do need to go through transcription, translation,
and protein secretion before they can induce STAT activation
following nucleic acid challenge, as expected for the induced
production of cytokines. In contrast, IFN-induced phosphoryla-
tion of STAT1 occurred normally in the presence of any of these
inhibitors, demonstrating that these processes are not required
for signaling downstream of IFN, as expected (Fig. S2B). Addi-
tion of actinomycin D to cells 45 min after transfection failed to
block STAT phosphorylation (Fig. S2C), suggesting that mRNA
synthesis required for STAT1 activation occurs very rapidly
following transfection.

DNA-Induced STAT1 Activation Requires JAKs, but Not Src Family
Kinases. We next asked whether STAT1 activation in response
to nucleic acids required JAK-induced signaling by treating THP-
1 cells with the pan-JAK inhibitor CYT387 (10 μM) or the vehicle
control DMSO, followed by treatment with different amounts of
IFN-α or transfection with DNA. JAK inhibition completely
blocked STAT1 activation induced by both DNA and IFN-α,
suggesting that both of these pathways require the canonical JAK-
induced STAT1 phosphorylation (Fig. 3A). Src family kinases are
also involved in the activation of STAT proteins following re-
ceptor signaling (20). To test whether the effects of CDK inhibi-
tors are mediated by inhibition of Src kinases, we assessed the
effects of two Src kinase family inhibitors, dasatinib and PP1, on
IFN-α and DNA-induced STAT1 activation. Neither inhibitor
diminished STAT1 phosphorylation (Fig. S3A), suggesting that
Src family kinases do not play a role in the activation of STAT1 at
the early time points following nucleic acid transfection.

Phosphatase, Proteasome, or Lysosome Inhibitors Do Not Restore
STAT Activation. We hypothesized that CDK inhibition might
prevent the Ser/Thr phosphorylation of essential CDK targets
involved in innate immune responses, or make such targets prone
to dephosphorylation by phosphatases. In that case, treatment of
cells with phosphatase inhibitors would rescue the effect of CDK
inhibition on STAT activation. We treated THP-1 cells with
DMSO or R547, and transfected them with 4 μg/mL of DNA in
the presence of β-glycerolphosphate or sodium fluoride, two broad
Ser/Thr phosphatase inhibitors. Blocking cellular phosphatase
activity failed to rescue the STAT1 activation defect caused by
CDK inhibition (Fig. S3B), suggesting the mode of action is un-
likely to be due to phosphatases that act on a CDK target protein.
We reasoned CDK inhibition could prevent a stabilizing phos-
phorylation event on a key target, resulting in the degradation of

factors required for JAK/STAT pathway activation in response to
nucleic acids. In this scenario, proteasomal or lysosomal inhibitors
should rescue the effect of CDK inhibition on STAT1 activation.
Treatment of cells with MG132 or chloroquine, however, did not
rescue DNA-induced STAT activation in the presence of R547
(Fig. S3C), suggesting that the effect of CDK inhibition on
STAT1 activation is not mediated through protein degradation.

The Effect of CDK Inhibition Is Independent of the MAPK Pathway.
One of the common transcriptional pathways involved in relaying
stress-related signals to downstream effectors is the mitogen-
activated protein kinase (MAPK) pathway. To investigate
involvement as a target of CDK inhibition, we monitored the
activation of the three arms of the MAPK pathway, specifically
Erk1/2 (ERK), c-Jun activating kinase (JNK), and p38, using
phospho-specific antibodies (Fig. S3D). There was no indication
of ERK activation in response to DNA. JNK and p38 phos-
phorylation increased in response to DNA transfection, in-
dicative of their activation, but these responses were not affected
by R547 treatment. These results suggest that the MAPK path-
way is unlikely to be involved in mediating the effects of CDK
inhibition on STAT activation.

CDK Inhibitors Function at the Stage of Cytokine Production. To in-
vestigate whether CDK inhibitors act at the step of cytokine
production, we collected conditioned culture supernatants from
DNA-transfected THP-1 cells at different time points, added
these supernatants to naïve THP-1 cells, and assayed for
STAT1 activation. Supernatants conditioned for 2 h after DNA
transfection were already able to activate STAT1 in recipient
cells, indicating that factors are rapidly released into super-
natants, whereas supernatants from mock-transfected cells had
no activity (Fig. 3B). The ability of supernatants to activate
STAT1 was blocked by R547 treatment of the producer cells. We
confirmed that the activity in the supernatants was not due to
nucleic acids in the transfection mix, as benzonase treatment had
no effect on the ability to induce STAT1 phosphorylation (Fig.
S4A). Heat inactivation of supernatants completely blocked the
activity, suggesting that STAT activation is due to a heat-labile
factor rather than a small molecule like cGAMP (Fig. S4B). To
address whether R547 truly prevents the release of a factor into
the media, rather than blocking receptor signaling by the
released cytokines, we collected supernatants from DNA- or
mock-transfected cells, and added either R547 or DMSO before
applying them to naïve cells. R547 addition to supernatants had
no effect on STAT1 activation by the supernatants from DNA-
transfected cells (Fig. S4C), suggesting that CDK inhibition does
not block ligand-receptor signaling. We also transferred condi-
tioned supernatants to HEK293T and HeLa cells, both of which
respond to IFN but are nonresponsive to DNA due to in-
activation of the cGAS/STING pathway as a result of their
transformation with DNA tumor virus oncogenes (9). Transfer of
supernatants from transfected THP-1 cells to HEK293T and
HeLa cells induced STAT1 phosphorylation in both cell types,
whereas supernatants from R547-treated cells did not (Fig. S4D).
To address whether CDK inhibition truly blocks the pro-

duction of a cytokine rather than secretion of it into culture
supernatants, we transfected THP-1 cells with DNA in the
presence or absence of R547, lysed the cells after 2 h, diluted the
lysates in media, and added them to naïve recipient cells. One
hour later, we analyzed lysates from recipient cells for STAT
activation. If the cytokine produced was blocked in secretory
compartments because of CDK inhibition, addition of cell lysates
would still activate STAT1 in recipient cells. Lysates from DNA-
transfected cells with DMSO (control) treatment activated
STAT1 in recipient cells, but lysates from DNA-transfected and
R547-treated cells did not (Fig. S4E). Taken together, these
results demonstrate that the effect of CDK inhibition on nucleic
acid induced responses occur at the stage of cytokine production.
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CDK Inhibition Prevents Expression from IFN-Stimulated Response
Element and NF-κB Promoters. We next investigated the effect of
CDK inhibition on luciferase reporters under the control of an
IFN-inducible promoter containing an IFN-stimulated response
element (ISRE), and an NF-κB responsive promoter. We gener-
ated cell lines containing each reporter, and challenged these cells
with Sendai virus (SeV; Cantell strain), which induces a robust
IFN response in infected cells. Infection of reporter cells with SeV
dramatically induced luciferase expression at 24 h, but R547
treatment at the time of infection abolished this response in both
reporter cell lines (Fig. 3C). It should be noted that prolonged
treatment with CDK inhibitor can show toxicity on cells, in-
terfering with basic cellular processes. Thus, it remains a possi-
bility that the effects of R547 treatment at 24 h is due to general
toxicity, rather than a specific block to reporter activation.
It has been reported that CDK inhibitors can block cytokine

expression through down-regulation of the p65 subunit of NF-κB
(21). We monitored NF-κB activation by nuclear localization of
p65 by fractionation of lysates in NHDF primary fibroblasts fol-
lowing stimulation. DNA transfection induced nuclear trans-
location of p65 to higher levels than mock-transfected cells, as
expected. CDK inhibition failed to block the induced nuclear
translocation of p65, and even increased the basal levels of nuclear
p65 (Fig. 3D). These results suggest that CDK inhibition blocks
expression from ISRE and NF-κB promoters, but this block is not
due to a reduction in NF-κB levels or changes in its localization.

CDK Inhibition Causes a Posttranscriptional Block to IFN-β Production.
To investigate which cytokines are blocked by CDK inhibitors,
we quantified the mRNA levels for IFN subtypes by qRT-PCR
4 h after DNA transfection in the presence or absence of CDK

inhibitors. We did not detect any of the IFN-α subtypes by qRT-
PCR, consistent with early reports that THP-1 cells do not
produce IFN-α (22). We did observe strong IFN-β mRNA in-
duction following DNA transfection; however, the levels were
not significantly reduced in cells treated with the CDK inhibitor
(Fig. 4A, Left). We attempted to measure type I IFN released
into tissue culture supernatants by ELISA, but found that the
levels at 4 to 6 h posttransfection were below the limit of de-
tection (25 pg/mL). We were also unable to detect IFN-β protein
by ELISA in total cell lysates. It remained possible that unde-
tectably low levels of type I IFN were still responsible for STAT
activation. At later time points (24 h), we did detect IFN-β re-
lease induced by DNA transfection, and this release was pre-
vented by CDK inhibitor treatment (Fig. 4A, Right). Similar
results were observed with SeV infection of THP-1 cells: IFN-β,
CXCL10, and ISG54 transcription was strongly induced in re-
sponse to SeV infection (Fig. 4 B and C and Fig. S5A). While the
CXCL10 and ISG54 mRNA levels were markedly decreased
upon CDK inhibition by R547 or dinaciclib, IFN-β mRNA levels
remained unaffected (Fig. 4 B and C and Fig. S5A). Once again,
IFN-β released into culture supernatants 24 h after infection was
diminished (Fig. 4B). It is plausible that IFN-β release at 24 h has
a similar basis to the DNA-initiated response detected at 2 h, but
we cannot rule out potential secondary effects of prolonged in-
cubation with the inhibitor following transfection.
Given the undetectable levels of IFN-β within the time frame

of our experiments, we asked whether other cytokines may be
responsible for STAT activation. We assayed the factors released
by THP-1 cells into supernatants after DNA transfection using a
cytokine antibody array. We transfected THP-1 cells with DNA
or mock in the presence or absence of R547, and assayed
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supernatants 4 h later by incubating them with a membrane
containing an array of anti-human cytokine antibodies. We
screened for factors that were specifically induced in response to
DNA transfection that were also blocked upon R547 treatment.
Of the cytokines tested in the array, there were only two that fit
this description: IL-6 and CXCL10 (Fig. S5B). To investigate
whether the differential production of these cytokines were re-
sponsible for STAT activation in our system, we treated THP-
1 cells with various doses of recombinant IL-6 and CXCL10 and
assayed for STAT1 phosphorylation (Fig. S5C). Neither treat-
ment caused STAT activation to the same levels as DNA
transfection, suggesting that the production of another factor,
most likely undetectable levels of type I IFN, must be blocked in
cells that lack CDK activity.

Type I IFN Is the Major Cytokine Produced as a Result of Nucleic Acid
Recognition. Because IFN-β levels were too low for detection by
ELISA within the time frame of our experiments, we used a
biological assay for activity in culture supernatants, and tested
for inhibition with specific neutralizing antibodies. We harvested
culture supernatants from DNA-transfected THP-1 cells, and
transferred them to naïve recipient cells. The supernatants
proved to contain potent activity promoting STAT1 activation
(Fig. 4D, lanes 1 and 2). We then pretreated supernatants with
antibodies targeting the cytokines IFN-γ, IL-6, or a control IgG,

or with recombinant purified VACV B18R protein, an inhibitor
of type I IFN responses (23). After 1 h of incubation, we applied
the supernatants to recipient cells for 2 h and assayed for
STAT1 activation. Treatment with antibodies against IFN-γ, IL-
6, or control IgG had no effect, but VACV B18R protein com-
pletely inhibited the STAT-inducing activity (Fig. 4D, lanes 3–6),
suggesting that its target (i.e., type I IFN) is the major cytokine
produced in response to DNA transfection. Next, we pretreated
the cells with antibodies against either the type I IFN recep-
tor (IFNAR2), type III IFN receptor (IFNLR), or a control
IgG, before the addition of culture supernatants from DNA-
transfected THP-1 cells onto recipient cells. IFNAR2 antibody
completely prevented STAT1 activation, whereas IFNLR anti-
body had no effect (Fig. 4D, lanes 7–9). THP-1 cells are reported
to be defective in IFN-α production due to a genomic deletion
(22); thus, IFN-β is the only type I IFN produced by THP-1 cells
in response to DNA transfection. In support of this notion, in-
cubation of supernatants from DNA-transfected THP-1 cells
with an anti–IFN-β antibody strongly reduced the majority of
STAT1 phosphorylation in recipient cells (Fig. S5D), whereas a
control antibody had no effect. The remaining signal could be a
result of nonneutralized IFN-β present in the supernatants due
to low antibody concentration, or there might be another cyto-
kine produced by THP-1 cells in response to DNA. Regardless,
our results indicate that DNA-induced STAT activation is
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dependent on type I IFN signaling, specifically IFN-β, and in-
hibition of CDK activity somehow prevents its production or
release into culture supernatants.

CDK Activity Is Not Required for Posttranscriptional Processing of
IFN-β mRNA. We investigated why IFN-β may not be produced as
efficiently in cells treated with CDK inhibitors. A number of
posttranscriptional processes essential for proper gene expression,
such as 5′ capping, 3′ cleavage, and polyadenylation, splicing, and
nuclear export, may rely on proper CDK activity. IFN-β, like many
other IFN genes, does not contain any introns, and thus lack of
IFN production cannot be due to a splicing defect. The tran-
scriptional elongation of IFN-β mRNA seems to progress nor-
mally even in the absence of CDK activity, as the qRT-PCR assays
for mRNA levels were performed with two primer sets near the 5′
and the 3′ of the IFN-β message (Table S2).
Inhibition of RNAP II CTD phosphorylation by CDK inhibi-

tors was reported to impair posttranscriptional processing of
viral genes, resulting in truncated transcripts that lack poly(A)
tails (24). To address whether CDK inhibitor treatment led to
IFN-β messages lacking poly(A) tails, we quantified IFN-β
mRNA using cDNA generated by either of two ways: primed by
random hexamers or by oligo(dT). We reasoned that if the IFN-β
message produced in the presence of R547 lacks a poly(A) tail, we
would observe a decrease in mRNA levels when using the oligo(dT)
primers, but not random hexamers. We did not see any difference in
mRNA levels measured in these two ways, suggesting that defective
IFN-β production is not due to lack of polyadenylation. To examine
whether there was a defect in nuclear export, we performed sub-
cellular fractionation and quantified the levels of nuclear and cy-
toplasmic IFN-β mRNAs after stimulation, but there was no dif-
ference in the levels of mRNAs in different fractions, indicating
that the defect is also not due to differential nuclear export. Taken
together, our results point to a posttranscriptional block in IFN-β
production that is unlikely to be due to elongation, splicing, poly-
adenylation, or nuclear export.

CDK Activity Is Required for Efficient Translation of IFN-β mRNA. To
test whether CDK inhibitors prevented translation in general, we
first used a rabbit reticulocyte lysate in vitro translation system
for a control luciferase mRNA in the presence of DMSO, R547,
or cycloheximide, and measured protein production by luciferase
assay. Whereas cycloheximide treatment completely abolished
the signal, there was no difference in the signal produced in
DMSO- vs. R547-treated samples, suggesting that CDK in-
hibition does not block translation in an in vitro system (Fig. 5A).
Although CDKs are highly conserved across species, it remained
possible that the CDK inhibitors generated against human pro-
teins did not act on rabbit proteins in the in vitro system. To
measure the effect of CDK inhibition on cellular translation in
human cells, we measured 35S-labeled amino acid incorporation
into newly synthesized proteins in THP-1 cells in the presence
or absence of R547. The total protein content is shown by
Coomassie staining, and 35S incorporation is shown by autora-
diography (Fig. 5B). Once again, there was no difference in global
translation between DMSO- vs. R547-treated cells, suggesting that
the effects of CDK inhibition on IFN-β translation is not due to a
nonspecific shutdown of host translational machinery.
To better understand how CDK inhibition affects the trans-

lational efficiency of IFN-β mRNA, we performed polysome
fractionation in THP-1 cells challenged with DNA transfection,
with or without CDK inhibition. Briefly, cytoplasmic lysates were
separated by sucrose gradient centrifugation, and samples were
collected with a pump connected to a UV absorbance reader at
260 nm in line with a fractionator and plotted by a tracer (25).
Analysis of DMSO or R547-treated cells showed typical poly-
some profiles, with the ribosome peaks at 40S, 60S, and 80S
sufficiently visible, and there was a clear region corresponding to
the polysomes (Fig. 5C). RNA was isolated from each fraction
and the levels of specific mRNAs were quantified by qRT-PCR.
In DMSO-treated cells, 64% of IFN-β mRNA was found to be

associated with the polysome fraction, whereas this number was
reduced to only 26% in R547 treatment (Fig. 5D). The distri-
bution of housekeeping mRNAs such as GAPDH and β-actin, or
another cytokine produced by THP-1 cells, CCL5, were not af-
fected (Fig. 5D). Taken together, our data demonstrate that CDK
activity is essential for efficient translation of IFN-β mRNA
without having a major effect on global translation, although we
cannot rule out that there may be other messages whose trans-
lation is affected by CDK inhibition besides IFN-β.

Discussion
In this study, we show that inhibition of CDK activity prevents
nucleic acid-induced STAT activation and subsequent induction
of ISGs. These effects are observed using different CDK in-
hibitor compounds at low nanomolar concentrations, in different
cell types, and using different nucleic acid ligands, indicating that
the phenotype is due to inhibition of CDKs and not other ki-
nases. Notably, simultaneous knockdown of CDK1, -2, and
-4 phenocopies the effect of CDK inhibitor treatment and blocks
nucleic acid-induced STAT activation. This block is not due to
inhibition of JAK activity, because IFN-induced STAT activation
remains unaffected. Detailed analysis of the steps following
nucleic acid recognition leading to type I IFN production
revealed a critical requirement for CDK activity in the trans-
lation of IFN-β message (Fig. 6).
Recognition of nucleic acids by specific sensors ultimately re-

sults in the activation of IRF3, which is necessary for type I IFN
production. In the absence of CDK activity, nucleic acid-induced
IRF3 activation still occurs, as does IFN-β mRNA synthesis. Type
I IFN treatment induces STAT activation even in the presence of
CDK inhibitors, indicating that the steps downstream of IFNAR
signaling are functional. Nucleic acid recognition promotes the
release of type I IFN, specifically IFN-β, into culture supernatants,
and neutralizing antibodies or recombinant proteins against type I
IFN signaling block this activity. Treatment with CDK inhibitors
prevents the production and release of IFN-β, even though the
mRNA induction remains unaffected. Through polysome pro-
filing, we further show that inhibition of CDK activity specifically
prevents IFN-β mRNA from being associated with the actively
translating polysome fraction, whereas the distribution of several
other cellular mRNAs are not altered. Collectively, our data
demonstrate an absolute requirement for CDKs in IFN-β pro-
duction at the step of translation.
Inhibition of CDK activity can potentially result in cell cycle

arrest (26). In our experiments, we used inhibitors on un-
synchronized cells and assayed them within 2 to 4 h, long before
cells would have enough time to go through a complete cycle. It
is therefore highly unlikely that the effects of CDK inhibition on
innate immune responses are mediated by cell cycle arrest.

Translational Control of IFN-β. IFN-β mRNA has unique features
that may render it prone to regulation by specific pathways that
do not affect other cellular genes. Type I IFN production is
tightly controlled; its expression peaks shortly after stimulation
by nucleic acids or infection, and is readily shut down by the
decay of IFN-β mRNA (27). IFN-β is an intronless gene; the
mRNA is not spliced and therefore does not have the exon-
junction complex deposited on it when it leaves the nucleus.
The 3′UTR of IFN-β contains AU-rich elements (ARE), which
can recruit various ARE-binding proteins (ARE-BP) that posi-
tively or negatively regulate its expression and stability (28–30).
One such protein, HuR (ELAVL1) associates with the 3′UTR of
IFN-β and stabilizes it (31). HuR is also phosphorylated by
CDKs 1, 2, and 5, which alters its subcellular localization and
function (32–34). In our experiments we did not detect a loss of
IFN-β mRNA upon CDK inhibition, and preliminary experi-
ments with knockdown of HuR did not rescue the dependence
on CDK activity, suggesting that the effect we observed is likely
independent of HuR. In a different study, another ARE-BP
(KSRP; KH-type splicing regulatory protein), was shown to
cause the decay of IFN-β mRNA by binding to its 3′UTR (35).
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Once again, due to the fact that we have not seen decreased
mRNA stability in our experiments, the effects of CDK in-
hibition do not seem to be mediated by KSRP either. Whether
other RNA-binding proteins are involved in the regulation of
IFN-β translation without affecting the stability of its mRNA
remains to be seen.

Type I IFN Induction and Detection. STAT1 activation in response to
nucleic acids occurs rapidly and is detectable within 2 h after
transfection. CDK inhibition also occurred rapidly without pro-
longed treatment; the block to STAT activation or ISG induction
was observed upon addition of the drugs at the time of trans-
fection. This effect was reversible, such that removal of the in-
hibitor from the media 1 h after transfection recovered STAT1
phosphorylation. ELISAs are not sensitive enough to detect any
IFN protein in either culture supernatants or in cell lysates within
6 h after transfection, even in responsive cells. Similar results were
previously reported in other studies where no IFN release could
be observed within the first 8 h of treatment with a TLR ligand,
possibly reflecting the unavailability of secreted IFNs for ELISA
due to their immediate consumption by the cells or the sensitivity
of the assay (36). But a sensitive bioassay could be used to detect
IFN, and to show that CDK inhibitors indeed blocked IFN re-
lease. Loss of STAT activation by treatment with neutralizing
antibodies confirms that the phenotype is due to differential type I
IFN release in CDK inhibitor-treated cells.

Redundancy Among CDKs. Knockdown of different CDKs in-
dividually failed to recapitulate the effects observed with inhibitors,
suggesting functional redundancy among different CDKs, consistent
with their functions in other settings (37, 38). We tested the si-
lencing of different combinations of CDKs, including double, triple,
and quadruple knockdowns, and found that the only combination
that phenocopied CDK inhibitor treatment was combined silencing
of CDK1, -2, and 4. We also show that CDK4 and CDK6 are not
the sole players, because palbociclib, a specific inhibitor for CDK4/
6, had no effect on DNA-induced STAT1 phosphorylation. These
results establish a critical role for CDKs 1, 2, and 4 in type I IFN
production, and suggest that these kinases may phosphorylate a
common substrate important for IFN-β translation.

CDKs and STATs. CDKs have been linked to STATs in other set-
tings: CDK8 was shown to directly phosphorylate STAT1 at S727,
as well as the corresponding residues on STAT3 and STAT5 (39).
We did not detect a difference in S727 phosphorylation of
STAT1 upon treatment with CDK inhibitors, nor did we observe a
lack of STAT1 activation in CDK8 knockdown cells, indicating
that the block to STAT1 activation by CDK inhibitors in our
setting is not mediated through inhibition of CDK8. STAT2 has a
phosphorylation site (T387) found within a CDK consensus se-
quence in its DNA-binding domain, which negatively regulates its
function (40). CDK inhibition in principle could block phos-
phorylation at this residue, resulting in increased production of
ISGs and inflammatory cytokines. However, this scenario is the
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exact opposite of the block to ISG induction that we observed.
Furthermore, in our system CDK inhibition had no effect on IFN-
induced STAT activation. It should be noted that CDKs are Ser/
Thr kinases, whereas it is the Tyr phosphorylation of STAT1 and
STAT3 that was blocked upon CDK inhibition; hence the effects
of CDK inhibition on STATs is unlikely to be direct.
A recent study identified CDK1 as a positive regulator of IFN

signaling, where CDK1 overexpression promoted ISG mRNA
induction and STAT1 phosphorylation (41). Interestingly, the
positive effects of CDK1 on STAT1 phosphorylation were ob-
served even in the addition of exogenous type I IFN, whereas
JAK1 activation remained unaffected, suggesting that CDK1 can
directly influence STAT activation, at least in an overexpression
setting. There were also increased levels of CDK1 expression
observed in cells obtained from systemic lupus erythematosus
patients, where treatment with a CDK inhibitor alleviated the
abnormally high IFN signaling, consistent with our results.

Posttranscriptional Processing. CDKs have critical roles in tran-
scription, particularly in the phosphorylation of the CTD of
RNAP II required for proper transcriptional elongation. It is
therefore conceivable that CDK inhibitors could reduce the ef-
ficiency of, or altogether prevent, transcription of many genes.
While DNA-induced STAT activation does indeed require an
intact transcriptional machinery and IFN-β production, there
was no significant reduction in IFN-β mRNA levels in the
presence of CDK inhibitors, suggesting a posttranscriptional
block to IFN-β production. Through various assays, we have
reason to believe that the lack of IFN-β translation is not due to a
problem in splicing, polyadenylation, nuclear export, or transcriptional
elongation.

Viruses and CDK Inhibitors. CDK inhibitors are currently in clinical
use for the treatment of breast cancer (42, 43). In support for a
role of CDKs in antiviral immunity, the CDK inhibitor PHA-
793887 was observed to cause reactivation of latent herpes virus
(44). Analysis of peripheral blood mononuclear cells from pa-

tients showed suppressed type I and II IFN production in re-
sponse to TLR ligands. The effects reported in that study may be
due to a similar block, as observed in our experiments. The
immune-modulatory effects of CDK inhibitors should be con-
sidered before administration of these compounds to patients.

Concluding Remarks
Here we show that CDK activity is essential for nucleic acid and
virus-induced innate immune responses. Inhibition of CDK ac-
tivity prevents STAT phosphorylation, proinflammatory gene ac-
tivation, and ISG mRNA induction in response to nucleic acid
challenge and SeV infection. The sensing of transfected nucleic
acids and the ensuing type I IFN mRNA induction occur nor-
mally. Loss of CDK activity prevents the efficient translation of
IFN-β, which in turn prevents STAT activation and ISG expres-
sion. Taking these data together, we establish a link between CDK
activity, type I IFN production, and innate immune activation.

Materials and Methods
Cell Culture and Transfection. THP-1 cells weremaintained in RPMI-1640, while
all other cells weremaintained in DMEM, supplementedwith 10% FBS and 1×
Pen-Strep (Invitrogen). Transfections were carried out using Lipofectamine
2000 or RNAiMAX for DNA and RNA, respectively. Cells were transfected
twice with the siRNAs (Dharmacon or Sigma) at 250 pmol per well of a six-
well plate on 2 consecutive days. Cells were assayed 2 d after the second
siRNA transfection. siRNAs used in the study are provided in Table S2.

Drugs, Antibodies, ELISA. All CDK inhibitors were purchased from Apexbio.
GolgiPlug was from BD-Biosciences. IFN-β ELISA kit was from PBL Assay Sci-
ence. Cytokine antibody array was from Abcam. All chemicals and kits were
used according to the manufacturers’ instructions. The primary antibodies
used were from the following vendors: GAPDH (VWR), tubulin (Sigma),
pS386-IRF3 (Genetex), IFNAR1 (Abcam), IFNAR2 and IFNLR (PBL), IFN-γ and
IRF3 (R&D Systems), IL-6 (Thermo Fisher), and p65 (Bethyl). All other primary
antibodies used were from Cell Signaling Technologies. IRDye-conjugated
anti-mouse and anti-rabbit secondary antibodies were from LiCor.

Infection and Reporter Assays. TE671 cells containing stably transfected plas-
mids with ISRE, or NF-κB promoters driving firefly luciferase were infected with
SeV (Cantell Strain; ATCC). Luciferase Assay System (Promega) was used to
measure luciferase activity on an Omega microplate reader (BMG Labtech).
Luciferase activity readings were normalized to total protein levels in cell ly-
sates as determined by Bradford protein assay (Bio-Rad). For infections, THP-
1 cells were plated in 24-well plates at 400,000 per well in media containing
PMA (100 ng/mL). Unattached cells were washed off the next day and the
remaining cells were placed in regular media. One day later cells were infected
with 2 μL SeV stock (1.78 × 108 CEID50/0.2 mL) per well. TE671 reporter cells
were plated into 24-well plates and infected the same way the next day. RNA
was collected 4 h after infection for IFN-β and ISG induction, and reporter
assays were performed 24 h after infection.

Subcellular Fractionation. NHDF cells were washed twice with cold PBS, col-
lected by scraping, and washed once more with 1× PBS. The cell pellet was
resuspended in hypotonic NARA Buffer (10 mM HEPES, 10 mM KCl, 0.1 mM
EDTA, 1 mM DTT) and incubated on ice for 10 min. Nonidet P-40 was then
added to a final concentration of (0.05%), incubated for 5 more minutes,
centrifuged at 800 × g for 2 min at 4 °C, and the supernatant containing the
cytoplasmic fraction was transferred to a new tube. Nuclear pellet was
washed four times with NARA buffer supplemented with 0.1% Nonidet
P-40, spinning each time at 800 × g for 2 min at 4 °C. After the final wash,
pellet was resuspended in hypertonic NARC buffer (20 mM HEPES, 400 mM
NaCl, 1 mM EDTA, 1 mM DTT), and incubated on ice for 30 min with occa-
sional vortexing, centrifuged at maximum speed for 15 min at 4 °C, and the
supernatant containing the nuclear fraction was transferred to a new tube.

Western Blots. Cells were washed twice with cold PBS, and either lysed directly
in the well or pelleted and resuspended in lysis buffer (100 mM Tris, 30 mM
NaCl, 0.5% Nonidet P-40). After incubation on ice for 10 min, protein loading
buffer was added to lysates, boiled at 95 °C for 5 min, and ran on a de-
naturing SDS polyacrylamide gel, transferred onto a PVDF membrane,
blocked with blocking solution (Rockland), incubated with primary anti-
bodies (diluted 1:1,000 in blocking solution), washed three times with TBS-T,
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Fig. 6. Nucleic acid induced innate immune pathways and their inhibition
by CDK inhibitor (CDKi). Recognition of PAMPs by pattern-recognition re-
ceptors (PRRs) triggers innate immune signaling pathways that activate the
transcription factors NF-κB and IRF3, which mediate type I IFN production.
IFN is released from the cell, interacts with its receptor on the cell surface
and activates receptor-associated JAKs. JAKs in turn phosphorylate and ac-
tivate the STAT family of transcription factors, which stimulate ISG pro-
duction. In the presence of CDK inhibitors, nucleic acid recognition occurs
normally, IRF3 is activated and IFN-β mRNA is synthesized, but the pro-
duction of IFN-β protein is blocked at the stage of translation. Lack of IFN
production prevents receptor signaling, JAK/STAT pathway activation and
ISG mRNA induction.
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incubated with secondary antibodies (diluted 1:20,000 in TBS-T), washed,
and scanned using Odyssey infrared scanner (Licor).

DNA, RNA, qRT-PCR, in Vitro Transcription, and Translation. Y-form DNA was
produced by annealing the oligos 526 and 529, as listed in Table S2 (16). 5′
triphosphate RNA was synthesized by in vitro transcription with T7 poly-
merase from a pGEM-7Zf vector (Promega). The reaction was treated with
DNase, and phenol:chloroform extracted, ethanol precipitated. In vitro trans-
lation was performed with rabbit reticulocyte system (Promega). For qRT-PCR,
total RNA was isolated 4 h after transfection, DNase treated, enzyme inacti-
vated, and cDNA was synthesized using ABI high-capacity cDNA synthesis kit.
Only when comparing cDNA synthesized by oligo(dT) vs. random hexamers,
Invitrogen SuperScript III first strand synthesis kit was used. qRT-PCR was per-
formed with FastStart SYBR Green 2× or with TaqMan Universal Gene Ex-
pression master mixes (Roche). The sequences and assay IDs of oligos used
for qRT-PCR are listed in Table S2. All oligos were purchased from IDT, unless
indicated otherwise, with the exception of TaqMan assays which were pur-
chased from Thermo Fisher.

Radiolabel Incorporation. THP-1 cells were washed twice with Met/Cys-free
DMEM (Invitrogen), and cultured in Met/Cys-free DMEM containing DMSO
or R547 (10 nM) for 30min to deplete intracellular amino acid pools. 35S-labeled
Met/Cys amino acid mixture (Perkin-Elmer) was then added to the cells,
allowed to incorporate into newly synthesized proteins for 30 min when total
cell lysates were collected and analyzed by SDS/PAGE. Total protein was vi-
sualized by Imperial protein staining (Thermo Fisher), after which the gel was
dried, and radioactivity was visualized by autoradiography.

Polysome Fractionation. Polysome fractionation was performed according to
the protocol described by Bor et al. (25) with minor modifications. Briefly,

THP-1 cells were transfected with 5 μg/mL DNA in the presence of DMSO or
R547 (3 nM). Two hours after transfection, cycloheximide was added (50 μg/mL
final concentration) and incubated at 37 °C for 30 min. Cells were washed
twice with 10 mL ice-cold PBS containing cycloheximide (50 μg/mL), collected
into 1.5-mL tubes, and the pellet was resuspended first in 250 μL 1× RSB buffer
(10 mM Tris·HCl, pH 7.4; 10 mM NaCl; 1.5 mM MgCl2; RNaseOUT, 1 U/μL), then
in 250 μL polysome extraction buffer (1× RSB, 1% Triton-X, 2% Tween-20 1%
deoxycholate). The lysates were incubated on ice for 10 min, then centrifuged
for 10 s to pellet cell debris. Supernatants were transferred to fresh tubes,
centrifuged (eppendorf microfuge) at 10K rpm for 10 min at 4 °C, and cyto-
plasmic extracts were transferred to a fresh tube for fractionation.

Sucrose gradients were prepared with 10% and 50% (wt/vol) filter-
sterilized sucrose solutions in ultracentrifuge tubes using Biocomp gradi-
ent master, according to the manufacturer’s instructions. Cytoplasmic
extracts were layered on top of the sucrose gradient and ultracentrifuged
using an SW40 rotor at 36K rpm for 2 h at 4 °C (Beckman Coulter). Fractions
(1 mL) were collected with a pump, in line with an absorbance reader at
260 nM and traced. To each fraction, 50 μL 10% SDS and 25 μL Proteinase K
(10 mg/mL) was added, incubated at 42 °C for 30 min. RNA from 500 μL of
each fraction was phenol:chloroform extracted and ethanol precipitated.
Samples were DNase treated (Ambion) and inactivated. cDNA preparation
and qRT-PCR was performed on each fraction as described.
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