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Abstract

Activation of host innate antiviral responses are mediated by retinoic-acid inducible gene I (RIG-I)-like receptors, RIG- and
melanoma differentiation-associated gene 5, and TLRs 3, 7, 8 and 9, recognising different types of viral nucleic acids. The
major components of the RIG-I- and TLR pathways have putatively been identified, but previously unrecognised kinases
may contribute to virus infection-induced activation of the IFN response. Here, we screened a human kinase cDNA
library, termed the kinome, using an IFN-L| promoter-driven luciferase reporter assay in HEK293 cells during Sendai
virus infection. Of the 568 kinases analysed, nearly 50 enhanced IFN-A| gene expression at least twofold in response to
Sendai virus infection. The best activators were FYN (FYN oncogene related to SRC, FGR, YES), serine/threonine kinase
24, activin A receptor type | and SRPKI (SFRS protein kinase |). These kinases enhanced RIG-I-dependent IFN-A [
promoter activation via IFN-stimulated response and NF-«B elements, as confirmed using mutant IFN-A| promoter
constructs. FYN and SRPK | enhanced IFN-A | and CXCLI0 protein production via the RIG-I pathway, and stimulated RIG-I
and MyD88-dependent phosphorylation of IRF3 and IRF7 transcription factors, respectively. We conclude that several
previously unrecognised kinases, particularly FYN and SRPKI, positively regulate IFN-1 [ and similarly regulated cytokine
and chemokine genes during viral infection.
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Introduction the activation of inhibitor of kB kinase (IKK)

First-line defence mechanisms against invading viruses
are initiated by evolutionary conserved pathogen recog-
nition receptors (PRRs) that recognise virus-specific gen-
etic material, sSRNA, dsRNA or DNA. Viral nucleic
acid-recognising receptors include retinoic acid inducible
gene I-like receptors (RLR) retinoic acid inducible gene 1
(RIG-1) and melanoma differentiation-associated gene 5
(MDAS5), TLRs 3, 7, 8 and 9, and intracellular foreign
DNA-recognising receptors.' Their ligand-dependent
activation leads to stimulation of downstream signalling
molecules, adaptor proteins, protein kinases and tran-
scription factors that enhance antiviral cytokine and che-
mokine gene expression. RIG-I and M DAS can recognise
various types of RNA molecules in the cytoplasm and
trigger the intracellular signalling cascades by interacting
with the mitochondria-associated adaptor molecule
IFN-B promoter stimulator-1 (IPS1), which leads to

¢/TANK binding kinase 1 (TBK1) complex and inter-
feron regulatory factor (IRF)-3, which enhances cyto-
kine gene expression in the nucleus.* > TLRs3, 7 and 8
are transmembrane receptors expressed on the plasma
membrane (TLR3) or cytoplasmic vesicles (TLR7 and

'Department of Infectious Disease Surveillance and Control, National
Institute for Health and Welfare (THL), Helsinki, Finland

2Karolinska Healthcare Research Biobank, Clinical Pathology/Cytology,
Karolinska University Hospital, Stockholm, Sweden

3Department of Biosciences and Nutrition, Karolinska Institute,
Stockholm, Sweden

Corresponding author:

likka Julkunen, Virology Unit, Department of Infectious Disease
Surveillance and Control, National Institute for Health and Welfare
(THL), PO. Box 30, FIN-00271 Helsinki, Finland.

Email: ilkka.julkunen@thl.fi


http://crossmark.crossref.org/dialog/?doi=10.1177%2F1753425912473345&domain=pdf&date_stamp=2013-02-12

Nousiainen et al.

517

TLR&), such as endosomes and the endoplasmic reticu-
lum. While TLR3 recognises dsSRNA and activates IRF3
via TRIF and IKKe/(TBK1), TLR7 and TLRS sense
foreign ssRNA and interact with the MyD88/IRAK
complex to activate IRF7.%7 Activation of RLR and
TLR pathways also leads to activation of NF-kB and
MAP kinase-regulated transcription factors.®

Type I IFNs consist of 14 functional IFN-o subtypes
and a single IFN-B. Type II IFN, IFN-v, has a key role
in regulating cell-mediated immunity rather than work-
ing as a direct antiviral substance.” Recently-discovered
type III IFNs, IFN-A1 and IFN-12/3'%!'" have been
found to resemble type I IFNs in their activation and
biological functions, even though they are structurally
related to IL-10. RLR or TLR3-activated IRF3
enhances the expression of type I IFNs, IFN- and
IFN-04, as well as type III IFN-11."* Other type I
IFNs, including most of the IFN-a subtypes and type
IIT IFN-A2/3, are considered to be activated more effi-
ciently by IRF7."* IRFs bind to the interferon stimu-
lated response element (ISRE) sites residing on type I
and type III IFN gene promoters. IFN-A genes also
contain PRDI-1 (positive regulatory domain 1) elem-
ents, which are involved in IRF induced IFN produc-
tion. NF-xB binding sites are also found on IFN-A and
IFN-B promoters, unlike /FN-a genes, which do not
have functional NF-kB binding sites.'>'* In general,
the IFN-A1 gene appears to be regulated in a similar
fashion to IFN-B, while /FN-12/3 genes are regulated
like 7FN-a genes.'>'> Type III IFNs are produced by
almost all cell types in response to different viral infec-
tions. 111621 TEN_) genes have also been reported to
be induced in certain bacterial infections, similar to
type I IFNs.>* 2

In the present study we aimed to identify previously
unrecognised kinases involved in virus-induced activa-
tion of innate immune response using an expression-
ready human kinase ¢cDNA collection termed the
kinome.”> We used IFN-Al promoter-driven firefly
reporter constructs to study whether co-expressed
human protein kinases could enhance Sendai virus
(SeV)-induced promoter activation; this approach
resulted in identification of more than 70 kinases that
enhanced virus-induced innate immune responses.
Subsequent follow-up studies verified that FYN (FYN
oncogene related to SRC, FGR, YES), STK24 (serine/
threonine kinase 24), ACVRI1 (activin A receptor type
1) and SRPK1 (SFRS protein kinase 1) were the most
promising candidates as novel signalling components
regulating host antiviral signalling pathways.

Materials and methods
Plasmids

Cytokine promoter-driven firefly luciferase reporter
constructs used in the present study have been

described previously: pGL3-IFN-Al-luc,”® pGL3-
RANTES-luc,”” pGL3-IFN-B-luc and pGL3-IFN-
ol-luc.?® The expression constructs for the various
signalling pathway molecules have been described pre-
viously: RIG-I and ARIG-L* MyD88,** IRF1,>*
IRF3.>?> IRF7* and FLAG-TBK!.** pGL3-FLAG-
TBKI1 was used as a positive control in kinome screen-
ing and transfection experiments. Rous sarcoma virus
(RSV)-Renilla expression plasmid and expression
plasmids for IKKa, IKKp, IKKy/NEMO were kindly
provided by Dr John Hiscott (McGill University,
Montreal, Canada). The human kinome expres-
sion plasmids, including kinases TBK1, FYN, STK24,
ACVR1 and SRPKI1, have been cloned into
pCMV-XL(4-6)-vectors and have been described
previously.?

IFN-X1 promoter mutants

Plasmid pGL3-1FN-11-luc was the template to generate
the single ISRE site mutant promoter or the NF-xB1
and NF-kB2 site double-mutant promoter constructs.
NF-xB1/2 double-mutant IFN-A1 promoter construct
was further used as a template to generate a triple
mutant promoter in which ISRE, NF-xB1 and NF-
kB2 sites were mutated. The oligonucleotides used to
generate the promoter mutants are described in
Supplementary Table 1. Mutations were incorporated
using the QuickChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). All plasmids were
maintained and propagated in Escherichia coli strain
DH5a.

Cell culture, transfections and viral infections

HEK?293 cells (ATCC CLR 1573) were grown in Eagle
minimal essential medium (MEM) culture medium
(Gibco, Carlsbad, CA, USA) supplemented with
90 pg/ml penicillin, 150 pg/ml streptomycin, 2mM L-
glutamine, 1% HEPES and 10% heat-inactivated
FCS. Luciferase-reporter assays were performed in
96-well plates (Nunc, Thermo Fisher Scientific,
Waltham, MA, USA). Experimental cellular materials
and supernatants for protein analyses (SDS-PAGE and
Western blotting) and ELISA were derived from
24-well plates. Plasmid transfections were performed
with the TransIT reagent (Mirus Bio LLC, Madison,
WI, USA) according to manufacturer’s instructions.
SeV (strain Cantell) originated from the virus collection
of the National Institute for Health and Welfare
(THL), Finland.®> The infectivity of the virus stock
was 2 x 107 plaque-forming units/ml as analysed in
the human lung A549 epithelial cell line'? and multipli-
city of infection (MOI) values used in various infection
experiments were as indicated in each experiment
(see Results).
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Human kinome screening and luciferase
reporter assays

The automated screening of the human kinome was
performed at the High Throughput Center,
Biomedicum, Helsinki University. HEK293 cells were
seeded on 96-well plates (20,000 cells/well) and grown
overnight in Eagle-MEM supplemented with 10% FCS
and antibiotics. Plasmids in transfection mixtures were
added robotically onto the cells. For each well 20 ng of
IFN-Al-promoter-driven firefly luciferase reporter plas-
mid, 10ng of RSV—Renilla-luciferase reporter plasmid
and 50ng of each kinase expression plasmid were
added. The expected variation in kinase plasmid con-
centrations due to robotic extractions and dilutions was
from 10 to 100ng. pGL3-FLAG-TBKI1 plasmid was
used as a positive control. After 18 h luciferase activities
were measured using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s instructions with the excep-
tion that LARII and Stop&Glow reagents were used at
50 ul/well. In the second screening of the human
kinome, cells were infected with Sendai virus at a
MOI of 5, 4 h after transfection. RSV—Renilla luciferase
activities were used to standardise transfection effi-
ciency. HEK 293 cell transfection experiments with indi-
vidual kinase expression constructs were performed
otherwise similarly to the screening experiments with
the exception that the TBK1 plasmid from the kinase
library was used as a positive control.

SDS-PAGE, Western blot and immunostaining

HEK?293 cells were grown in 24-well culture plates at a
density of 180,000 cells/well. Transfections were made
with 500 ng/well of a given kinase expression plasmid,
and the amounts of the expression plasmids of the signal-
ling components transfected simultaneously are indi-
cated in the respective figures. Cells were collected into
passive lysis buffer (Dual-Luciferase Reporter Assay
System; Promega) containing the protease inhibitors
Complete™ (Roche, Basel, Switzerland) at a 1:50 dilu-
tion and 1 mM NasVO,. Proteins from lysed cells were
separated on SDS-PAGE gels with the Laemmli buffer
system and transferred electrophoretically onto
Immobilon-P polyvinylidene fluoride (PVDF) mem-
branes. Membranes were probed with rabbit Abs against
IRF3.% phosphorylated forms of IRF3 (rabbit-P-IRF3;
Cell Signaling, Boston, MA, USA), IRF7 (rabbit-P-
IRF7; Cell Signaling), MyD88 (Cell Signaling), c-myc
and actin (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and guinea pig Abs against IRF7 and RIG-1.%’
Secondary HRP-conjugated anti-rabbit or anti-guinea
pig IgG Abs were from Dako (Glostrup, Denmark)
and immunocomplexes were detected using the enhanced
chemiluminescence system and HyperMax films (GE
Healthcare, Buckinghamshire, UK).

ELISA

For endogenous protein measurements supernatants
from transfected HEK293 cells were collected from
three replicate wells of 24-well culture plates. IFN-A
and CXCLI10 cytokine Ilevels from supernatants
were determined with ELISA. IFN-A ELISA was per-
formed according to manufacturer’s instructions (PBL
Interferon Source, Piscataway, NJ, USA). CXCLI10
(IP10) ELISA was performed with specific Abs pur-
chased from BD PharMingen (San Diego, CA, USA).

Statistical analyses

Data from promoter-driven luciferase assay and
ELISA were analysed with Student’s z-test (two-
tailed, unequal variance). The significance of differences
was considered significant when P <0.05 and highly
significant when P < 0.005.

Results

Screening of the human kinome cDNA library yielded
multiple kinases that enhance SeV infection-
stimulated IFN-A.| promoter activation

The human kinase collection consists of 568 human
kinase cDNAs and comprises more than 93% of all
human kinases.”> We established a high throughput
screening method to find out whether there are novel
kinases that can activate type III /FN gene expression
with an IFN-A1 promoter-driven luciferase reporter in
HEK?293 cells. The experimental model and process is
outlined in Figure 1. To prevent screening background
and bias we used HEK293 cells in our experiments as
they do not express all of the signalling components
that need to be ectopically expressed. In uninfected
HEK?293 cells, only TBK1 and IKKe were able to acti-
vate the IFN-A1 reporter (data not shown). This sug-
gested that in this experimental system only these two
kinases, which have been shown previously to be able
to auto-activate themselves, activate IRF3 and stimu-
late IFN gene expression. In order to identify other
kinases that would potentiate virus infection-induced
IFN-)A1 gene expression, we performed the screening
of the human kinome again and infected the transfected
HEK?293 cells with SeV at 4h post-transfection at a
MOI of 5 for 18h to induce antiviral signalling path-
ways. With this approach we identified several novel
kinases, which enhanced IFN-A1 promoter activation
at least 2 to 3-fold during SeV infection. The relative
IFN-A1 promoter activation by all kinome kinases are
shown in descending order in Figure 2 and the corres-
ponding numeric values are listed in Supplementary
Table 2. We selected 29 kinases that were able to
enhance virus-induced IFN-A1 promoter activation by
more than 2.5-fold compared with IFN-A1 promoter
activation seen with SeV infection alone for further
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Figure 1. Schematic illustration of the innate immunity signalling pathways and IFN-A| promoter reporter system used in the
present work to study the potential involvement of new kinases. The figure outlines the most important events after viral recognition
by PAMP receptors in human cells resulting in antiviral cytokine and chemokine promoter activation. The activation of signalling
pathways are known to involve kinases TBK| and IKKe. The kinases tested for positive effects have been shown as one universal
kinase, and the possible sites where the respective kinase would function are shown as dashed arrows followed by question marks.
The following activation of transcription factors and consequent attachment to the promoter regions leads to IFN-A| promoter
activation, as well as other cytokine and chemokine genes regulated in a similar fashion to type I/lll IFNs.

analyses. In these analyses we used two different kinase
expression plasmid concentrations: 25 and 50 ng/well
(Supplementary Table 3). Four kinases were observed
to activate the IFN-Al promoter during SeV
infection—FYN, STK24, ACVR1 and SRPKI—and
they were selected for more detailed analyses. The abil-
ity of these kinases to potentiate SeV-induced IFN-11
promoter activation was analysed in relation to virus
dose (Figure 3A). At higher MOI values of 2 and 5,
STK24, ACVRI1 and SRPKI1 enhanced IFN-A1 pro-
moter activity at least twofold. FYN was able to stimu-
late a twofold increase in reporter activity at a MOI of
1. The positive effects on the IFN-A1 promoter activa-
tion of all four kinases were found to be statistically
significant. The positive control kinase, TBKI, effi-
ciently activated the IFN-A1 promoter with or without
SeV infection (Figure 3A and Supplementary Table 3).
As an additional control for the screening system we
tested whether the components of the classical IKK
complex had any effect on IFN-A1 promoter activation
in our experiments. We transfected IKKa, IKKf( and
IKKYy/NEMO expression constructs into HEK?293
cells, and infected the cells with SeV at a MOI of 2,
4h after transfection (Figure 3B). The classical IKKs
did not activate or enhance SeV-induced IFN-11

promoter activation (Figure 3B), similar to the data
obtained from kinome screening, further confirming
the specificity of our assay.

FYN, STK24, ACVRI and SRPK| kinases enhance
IFN-X1 promoter activation elicited by the RNA
helicase RIG-I

The RNA helicase RIG-I and its downstream transcrip-
tion factor IRF3 are known to activate type I and III
IFN gene transcription after sensing viral RNA in the
cytoplasm.®® We studied the possible role of FYN,
STK24, ACVRI1 and SRPK1 on the RIG-I-mediated
signalling pathway. RIG-I, IRF3 or both were trans-
fected into HEK?293 cells with each kinase. Four h
after transfection the cells were infected with SeV at a
MOI of 2 for 18 h and IFN-A1-promoter-driven lucifer-
ase reporter activities were measured. RIG-I overex-
pression alone did not induce the IFN-A1 promoter
significantly and required SeV infection for activity
(Figure 4A). Interestingly, overexpressed RIG-I,
together with FYN, STK24 or SRPKI, led to a clear
and statistically significant increase in IFN-Al pro-
moter activation (Figure 4A, white bars). Under SeV
infection expression of FYN, STK24, ACVRI or
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Figure 2. The activation of IFN-1| promoter by 568 human kinases during SeV (MOI 5) infection. HEK293 cells were co-transfected
in 96-well culture plates with 20 ng of reporter plasmids carrying firefly luciferase gene under IFN-A| promoter, 10 ng of Renilla
luciferase under a constitutive RSV promoter and 50 ng of kinase expression plasmids. The activation of IFN-A| promoter is shown for
each kinase in a descending order. IFN-A| promoter—reporter luciferase expression was normalized with Renilla luciferase reporter.
The sample transfected with the two reporter constructs was assigned as | and relative inductions by a given kinase expression
construct were calculated in relation to this sample. SeV-infected IFN-A| promoter activation gave a relative induction of 160 (on the
left). Two positive controls, cells transfected with TBK| in the absence or presence of SeV infection are indicated in the furthest right
figure.The numerical values for IFN-A| promoter activity induced by each kinase expression plasmid can be found in Supplementary
Table 2. Two hundred and sixty-three kinases activated the IFN-A| promoter more than onefold, 66 kinases activated the promoter
more than twofold, and 8 activated it more than threefold compared with IFN-L1 promoter activation by SeV infection. These limits
are shown as dotted lines.

(A) 1200 = (B) 200 = . .
£ 1000 —= no SeV o = no SeV
o == SeV MOI 1 * £ VMO!2 N
2 800 == SeV MOI 2 * S 150 . SeV MO *
s S SeV MOI 5 =3
= 600+ " = i
- 2
< 400 £ 100 =
o —
S 1 5 -
S
B 100 5 20 -
= ©
2 754 §
3 i
o 501 5 10

25 LE

0= odl ' =
Ctrl. FYN STK24 ACVR1 SRPK1 TBKi1 Ctrl. IKK-a IKK-B NEMO TBK1

Figure 3. FYN, STK24, ACVRI, SRPKI and TBKI kinases enhance SeV-induced IFN-A| promoter activation. HEK293 cells grown on
96-well culture plates were transfected with FYN, STK24, ACVRI or SRPKI (A) or classical IKK (B) expression plasmids (50 ng/well)
together with IFN-L| promoter—reporter (20 ng/well) and Renilla control plasmids (10 ng/well) followed by SeV infection at MOls of I,
2 or 5 (A) or a MOl of 2 (B), or left untreated. Control cells (ctrl) were transfected with IFN-A| promoter—reporter and RSV—Renilla
promoter, and the promoter activation in these cells is designated as |. The results are the means (£1 SD) IFN-A| promoter activities
normalised with Renilla from three technical replicates. Results are representative of three independent experiments. Results were
considered statistically significant when P < 0.05 (*) and highly significant when P < 0.005 (**) compared with the boxed bars.
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Figure 4. FYN, STK24, ACVRI, SRPKI and TBKI kinases enhance the IFN-L| promoter activation induced by the RIG-I pathway
in HEK293 cells. Kinase expression plasmids (50 ng/well) together with RIG-I expression constructs (20 ng/plasmid/well) or IRF3

(5 ng/well) or their combinations were transfected into HEK293 cells in 96-well culture plates. At 4 h after transfection cells were

infected with SeV at a MOI of 2 or left untreated (A, B, C). A RIG-I expression construct was transfected at concentrations 5, 20 or
50 ng/well (D, E) with or without IRF3 expression plasmids (20 ng/well) (E). Samples were similarly transfected as indicated and,

4 h after initial transfection, 88 bp 5’ppp-dsRNA was transfected to the samples indicated at 20 ng/well (F) Control cells (ctrl) were
transfected with IFN-A | promoter—reporter and RSV—Renilla control plasmids, and reporter activity in these cells was designated as |.
The mean luciferase activities with SDs of the means are shown from three replicates. Results are representative of three independent
experiments. Results were considered statistically significant when P < 0.05 (*) and highly significant when P < 0.005 (*¥) compared

with the boxed bars.

SRPK1 kinases induced a 2-3-fold increase in RIG-I-
mediated IFN-A1 promoter activity (Figure 4A, black
bars). We further analysed whether FYN, STK24,
ACVRI1 or SRPKI1 would also enhance IFN-Al pro-
moter activation in response to IRF3 overexpression
during viral infection, but no other enhancing kinases
apart from TBK1 were identified (Figure 4B).
Co-expression of RIG-I and IRF3 in HEK293 cells
modestly activated the IFN-Al promoter and, in the
absence of SeV infection, FYN, STK24, and SRPKI,
along with TBKI1, further enhanced this activation

statistically significantly (Figure 4C, white bars).
Under SeV infection IFN-Al promoter activation
was further enhanced by FYN, STK24 and TBKI1
(Figure 4C, black bars). TRIM25, which is an essential
component of the RIG-I signalling pathway,* had no
effect in these experiments (data not shown). The
requirement of SeV-induced activation of the RIG-I
pathway can be circumvented by transfecting cells
with a constitutively activated form of RIG-I,
ARIG-I. We transfected HEK?293 cells with three dif-
ferent amounts of ARIG-I (5, 20 and 50 ng/well) and
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the kinase expression plasmids. There was a clear dose-
dependent activation of the IFN-A1 promoter in
ARIG-I-expressing cells, and FYN, STK24, ACVRI1
and SRPK1 increased the promoter activation between
1.5 and 3-fold, depending on the dose of ARIG-I. The
kinases had highly significant positive effects on IFN-A1
promoter activation (Figure 4D). The addition of IRF3
(5ng/well) with 50ng of ARIG-I stimulated TFN-)1
promoter activity above the dynamic range of the
reporting system (Figure 4C) and it was difficult to
observe any additional stimulatory effects by the kin-
ases. Statistically significant effects were only seen with
FYN or SRPK1 with the lowest amounts of ARIG-I
(Figure 4E, white and grey bars). The natural ligand of
the RIG-I receptor is viral S’ppp-dsRNA. We trans-
fected HEK 293 cells with the IFN-AI promoter, RIG-
I and respective kinase expression plasmids, and, 4h
after transfection, an 88-base pair 5ppp-dsRNA was
added to the cells as indicated (Figure 4F). The
5’ppp-dsRNA activated the IFN-A1 promoter on its
own, and FYN, STK24, ACVR1 and SRPK1 enhanced
this activation. All the kinases except STK24 enhanced
the IFN-A1 promoter activation 3—4 fold, and this was
highly significant (Figure 4F, black bars). Figure 4
shows that FYN and SRPK1 kinases enhance IFN-A1
promoter activation via RIG-I- and IRF3-mediated
signalling pathways, and when ARIG-I -mediated acti-
vation signal is stronger (with higher plasmid amounts)
STK24 and ACVRI kinases also show promoter-
enhancing activity.

As type I and III IFN genes are regulated by the
RIG-I/IRF3 pathway we analysed the role of these kin-
ases on other IFN promoters, including IFN-f and
IFN-04 promoters, as well as on a chemokine pro-
moter, CCL5/RANTES, which can be activated via
the same pathways as the classical IFNs.>"44! we
transfected cells with 10 or 20ng of ARIG-I, thus
bypassing other stimulatory signals post-transfection,
and FYN, STK24, ACVRI1, SRPKI1 or TBKI along
with IFN-A1, IFN-B, IFN-04 or CCL5 promoter repor-
ter constructs. The data show that IFN-A1 and IFN-$
promoters were very similarly activated by ARIG-I, as
expected. FYN and SRPKI1 kinases expressed with
ARIG-I-activated IFN-A1 and IFN-B promoters were
highly statistically significant, whereas STK24 and
ACVRI1 only enhance promoter activation with the
higher amount of ARIG-I (Figure 5SA, B). IFN-a4 pro-
moter was only weakly induced by ARIG-I, as
expected, with considerable variation, so the possible
stimulatory effect of the kinases can not be verified reli-
ably (Figure 5C). The trend for CCLS5 promoter
enhancement by the kinases was similar to that seen
with IFN-A1 and IFN-B promoters, though no dose
responsiveness was observed for ARIG-I. The positive
control kinase TBKI1 activated the CCL5 promoter
without requiring overexpression of ARIG-I
(Figure 5D).

The role of kinases in the MyD88-IRF1/7 pathway

Viral RNA sensing by TLR7/8 in endosomal mem-
branes is signalled via MyDS88. It is known that, in
transfected HEK?293 cells, MyD88 co-operates with
IRF1 and IRF7 to induce IFN promoter activation,
including IFN-A1."? Similarly to the RIG-I experi-
ments, we studied the effects of overexpression of
MyD88 and IRF1/7 alone or in combination with the
kinases on IFN-A1 promoter activation in the presence
and absence of SeV infection (Figure 6A—E). The IFN-
Al promoter was poorly induced with MyD88 and
only TBKI1 could efficiently activate the promoter
(Figure 6A, white bars). IRFI overexpression with
STK24, as well as with TBKI1, led to significant
enhancement of promoter activation (Figure 6B,
white bars), and, under SeV infection, all kinases estab-
lished statistically significant positive effects (Figure 6B,
black bars). MyD88 and IRF1 overexpression with kin-
ases led to similar results (Figure 6C).

We continued to study the role of the kinases with
IRF7-mediated IFN-A1 promoter activation. IRF7
alone only moderately activated the IFN-A1
promoter—FYN or SRPKI1 can enhance this activa-
tion to some extent; however, TBK1 was the most
effective kinase (Figure 6D, white bars). Under SeV
infection all four kinases can increase IFN-A1 promoter
activation (Figure 6D, black bars). Positive control
TBK1 can activate the promoter so strongly with
IRF7 that it does not require SeV infection. Co-expres-
sion of MyD88 and IRF7 is a powerful activator of
type I and III promoters; therefore, the additional
effect of SeV infection on promoter activation was
low (Figure 6E, white and black bars). Nevertheless,
we observed a 2-3-fold stimulation of the promoter
activity in FYN and SRPK1 transfected cells, and a
strong effect with TBK1 (Figure 6E). As IFN-a gene
expression is known to be activated primarily by the
TLR-MyD88-IRF7 pathway, we wanted to analyse
the effect of kinases on IFN-04 promoter. The IFN-
a4 promoter was only weakly induced by MyD88 and
the observed effects on IFN-04 promoter activation
remain controversial (Figure 6F). IRF7 expression in
the absence or presence of MyDS88 activated the IFN-
a4 promoter to the maximum level. There was a drop in
IFN-04 promoter activation with SeV infection com-
pared with uninfected cells, resulting from over-stimu-
lation of the system (Figure 6G, H). Still, FYN and
SRPK1 contributed to the IFN-o4 promoter activation
to some extent, and the relative effects were statistically
significant or highly significant (Figure 6G, H). The
data presented in Figures 4-6 suggest that FYN,
STK24, ACVRI1 and SRPK1 have a stronger role in
enhancing RIG-I than MyD88-mediated pathways,
and that FYN and SRPK1 have the best positive effects
on the RIG-I-mediated promoter activation. Therefore,
we decided to characterise, in more detail, the role of
these four kinases on the RIG-I pathway.



Nousiainen et al.

523

(A) 1800 (C) 15+
=no ARIG-I :
£ 1600+ £
S C=ARIG-I10ng £
2 14007 RIG-I 20 3
- A\ RIG-120n
< 12004 * 8 3 104
£ 10004 =
kS k)
S 800 & c
5 S
2 6004 g 54 .
S 4004 2 2
£ 3 i
T 2004 =
o [T
I 0+ 0
ctl. -  FYN STK24 ACVR1 SRPK1 TBK1 ctl.  —  FYN STK24 ACVR1 SRPK1 TBK1
ARIG-1 ARIG-1
(B) 1200+ * (D) 600+
. £
£ 1000 S 5004
o o
a O
& 8004 4 4004
= &)
T O *
= 6004 s 3004 *
o [= *
s S
£ 4004 B 400+
o =}
g E
£ 2004 = 100 L
e} S
o [T
T 0 L] 0 L
Ctrl. — _FYN STK24 ACVR1 SRPK1 TBK1 Ctrl.  —  FYN STK24 ACVR1 SRPK1 TBK1
ARIG-1 ARIG-1

Figure 5. The effect of FYN, STK24, ACVRI, SRPKI and TBK1 kinases on RIG-I mediated IFN and chemokine promoter activation.
FYN, STK24, ACVRI or SRPKI kinase (50 ng/well) and ARIG-I (10 or 20 ng/well) expression plasmids, and IFN-A1 (A), IFN-f (B), IFN-
a4 (C) or CCL5 (D) promoter—reporter, together with RSV—Renilla plasmids, were transfected into HEK293 cells grown on 96-well
culture plates. Control cells (ctrl) were transfected with respective promoter—reporter and RSV—Renilla promoter, and the promoter
activation in these cells is designated as |. The mean luciferase activities with SDs of the means are shown from three replicates.
Results are representative of three independent experiments. Results were considered statistically significant when P <0.05 (*) and
highly significant when P < 0.005 (**¥) compared with the boxed bars.

Role of protein kinases in RIG-l-induced artificial
ISRE and NF-kB promoters, and wild type and
mutated IFN-A| gene promoter

IRF and NF-xB transcription factors are known to
regulate the activation of the IFN-Al promoter by
binding to ISRE and NF-B binding sites in respective
IFN promoters (Figures 46 and Osterlund et al.'?). We
studied the role of FYN, STK24, ACVR1, SRPK1 and
TBKI1 kinases on the activation of an artificial SXISRE-
luc or 3xNF-kB-luc promoter by SeV infection at a
MOI of 2, 4h after transfection, or by ARIG-I over-
expression. In the presence of SeV infection all kinases
had significant positive effects on 5XxISRE-promoter
(Figure 7A), and FYN and SRPKI1 enhanced the
3xNF-kB promoter activation almost as well as
TBKI1—SRPK1 having highly significant effects
(Figure 7B). When the cells were stimulated with
ARIG-I, FYN and SRPK1 were able to activate the
ISRE and NF-kB promoters as efficiently as the posi-
tive control TBKI1, though the effects of TBKI1 or
the other kinases were not statistically significant
(Figure 7C, D). To further characterise the role of the

kinases on ISRE- and NF-kB-mediated gene activation
we used three different IFN-A1 mutant promoter repor-
ter constructs (see Supplementary Table 1), an ISRE
site mutant, an NF-kBl + NF-xB2 site double
mutant and a third construct with all three sites
mutated (Figure 7E). The effects of FYN, STK24,
ACVRI1 and SRPK1 were analysed on wild type and
mutant [FN-A1 promoter constructs stimulated by 5ng
of ARIG-I expression plasmid, which efficiently acti-
vates the IFN-A1 promoter. The wild type IFN-A1 pro-
moter activation was further enhanced by FYN and
SRPK1, as well as by TBK1, as expected from previous
experiments (Figure 7E, white bars). The ISRE site
mutant and the double NF-kB mutant promoters
were both activated weakly by ARIG-I compared
with the wild type promoter, and some positive effects
of the kinases were observed (Figure 7E, light and dark
grey bars). The triple mutant IFN-A1 promoter did not
respond to ARIG-I stimulation, and no activation was
elicited by any of the kinases (Figure 7E). In this experi-
ment, a lower amount of ARIG-I expression plasmid
(5ng) was used. These data are consistent with the
results in Figures 4 and 5, and may indicate that the
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Figure 6. The effect of FYN, STK24, ACVRI, SRPKI and TBKI kinases on MyD88-, IRFI- and IRF7-regulated IFN promoter
activation. HEK293 cells grown on 96-well culture plates were transfected with FYN, STK24, ACVRI and SRPK| expression plasmids
(50 ng/well), together with MyD88 or IRFI (20 ng/well) or IRF7 (10 ng/well) expression constructs, or their combinations with IFN-11
(A-D) or IFN-u4 (E, F) promoter—reporter and RSV—Renilla plasmids, as indicated in the figure. Transfected cells were left uninfected
or were infected with SeV (MOI 2) at 4 h after transfection followed by measurements at 18 h after infection. Promoter activation in
control cells (ctrl) transfected with IFN-A| or IFN-04 promoter—reporter and RSV—Renilla promoter were designated as |. The mean
luciferase activities with SDs are shown from three replicates. Results are representative of three individual experiments. Results were
considered statistically significant when P < 0.05 (*) and highly significant when P < 0.005 (**) compared with the boxed bars.

relative ability of STK24 and ACVRI to stimulate
RIG-I mediated signalling is weaker compared with
FYN, SRPK1 and TBKI1.

The role of kinases in enhancing endogenous IFN- |
and CXCLI0 protein production

Of the 568 kinases we screened initially, we have been
able to show that FYN and SRPKI kinases stimulate
IFN-11 promoter via the RIG-I pathway in an ISRE-
and NF-kB-dependent fashion. Next, we wanted to find
out whether the positive regulatory effects by FYN and
SRPK1 could be detected on endogenous IFN-A1 and
CXCLI10 protein expression. HEK293 cells were trans-
fected with ARIG-I, IRF3 and the kinase expression
plasmids in the amounts indicated in Figure 8. Cells
were collected at 16 and 24h after transfection.
Endogenous IFN-A protein expression was enhanced
with all kinases compared with protein measured
from the control sample at the 24h. FYN- and
TBK1-transfected samples showed the highest rate of

increase in IFN-A protein detected. The positive
effects of the kinases were not visible at 16 h (Figure
8A). CXCLI10 protein production was slower, and
detectable levels of the cytokine were only seen in the
24-h supernatants. Similar to IFN-A1 protein data,
CXCL10 protein production was enhanced 1.5-2.5-
fold by FYN, STK24, ACVRI1, SRPK1 and TBKI
(Figure 8B). Only samples expressing FYN were con-
sidered statistically significant (Figure 8A, B). This data
shows that ectopic expression of the tested kinases not
only activates cytokine promoter—reporter constructs,
but also stimulates authentic cytokine genes
leading to enhanced production of the respective
proteins.

Role of kinases in enhancing the phosphorylation
of IRF3 and IRF7

The data presented in Figures 3-8 confirm that kinases
FYN, STK24, ACVRI1 and SRPKI1 all have similar
affects on the activation of IFN-A1 and other cytokine
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Figure 7. The effect of FYN, STK24, ACVRI, SRPKI and TBKI kinases on ISRE- and NF-kB promoters, and IFN-A| mutated or
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uninfected or infected with SeV (A, B) at 4 h after transfection and cells were collected 18 h after infection. Alternatively, promoter
activation was stimulated with ARIG-I expression plasmid (20 ng/well), which was transfected together with the kinase expression and
promoter—reporter constructs (C—E) followed by collection of cells at 22 h after transfection. Promoter activation in control cells
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activities with SDs are shown from three replicates. Results are representative of three individual experiments. Results were con-
sidered statistically significant when P < 0.05 (*) and highly significant when P < 0.005 (**) compared with the boxed bars.

genes, and that some of the effects seen are at the same  positive effects of FYN, STK24, ACVR1 or SRPKI1
level as observed with the positive control kinase, on the phosphorylation of IRF3 and IRF7. HEK293
TBK1. We continued to study the possible mechanisms cells were transfected with /RF3 and the individual
of action of these kinases by exploring the possible kinase constructs, then either infected with SeV at a
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significant when P < 0.005 (*¥) compared with the boxed bars.

MOI of 5, 4h after transfection, or left uninfected.
Sixteen or 24 h after infection cells were collected and
phosphorylated IRF3 and other indicated proteins
were detected. Here, we confirmed that TBK1 does,
indeed, enhance IRF3 phosphorylation 16 h after trans-
fection, also without SeV infection (Figure 9A). At 24h
after SeV infection FYN and SRPKI1 kinases phos-
phorylated IRF3 (Figure 9A). STK24 may also have
a minor IRF3 phosphorylation-enhancing effect.
Next, HEK?293 cells were transfected with ARIG-I,
IRF3 and the kinases, and, 24 h later, cells were ana-
lysed for IRF3 phosphorylation. ARIG-I induced the
phosphorylation of transfected IRF3 and this activa-
tion was further enhanced by FYN and SRPKI
(Figure 9B). In this experiment other kinases had no
detectable activating effect on IRF3 phosphorylation at
24h post transfection (Figure 9A). Analogously, we
tested whether the kinases have any positive effects on
the activation of IRF7. MyDS88 and IRF7 were over-
expressed, together with the kinases, and, 24 h later, the
cells were collected. The results showed that the phos-
phorylation of IRF7 was enhanced the most by FYN,
but also that SRPKI1 and TBKI1 could enhance it
(Figure 9C).

Discussion

In the present study we have identified novel kinases
that contribute to enhanced expression of antiviral
cytokine genes during virus infection by screening a
human kinase collection, termed the kinome. The
kinome collection comprises more than 93% of all
human kinases in expression-ready cDNA form.*> We
found nearly 50 kinases not previously associated with
activation of innate immunity that enhanced IFN-)1

promoter activation at least twofold during SeV infec-
tion. There is a possibility that some kinases may have
remained undiscovered, as high throughput methods
often suffer from significant variation. However, we
consider our screening method reliable as TBK1 and
IKKe also gave a positive signal in the absence
of virus infection. These kinases are known to auto-
activate themselves and stimulate target gene expres-
sion without virus infection or upstream activating
factors, such as TRIF or ARIG-1.** As another level
of control, in the second kinome screen under SeV
infection, classical IKK complex kinases TKKo/B/y,
continued to remain neutral, as well as in our later con-
firmatory assay. It was of interest that a number of
kinases that seemed to repress /FN-AIl gene expres-
sion were also discovered. The mechanism of action
of at least some of these molecules awaits further
analyses.

After several intermediary analyses, followed by the
screening, we ended up with four kinases that were the
most potent in activating the IFN-A1 promoter under
SeV infection. FYN, STK24, ACVR1 and SRPK 1 were
found to enhance IFN-A1 and IFN-3 promoter activa-
tion via the RIG-I pathway, and the seen effects of
these kinases were roughly at the same level as with
the positive control kinase, TBK 1. With SeV infection,
or cells overexpressing MyD88 and IRF7, TBKI
showed a stronger stimulatory effect than the other
four kinases. It also appeared that STK24 and
ACVRI1 kinases were less active than FYN and
SRPK1 as they enhanced IFN-A1/B promoter activa-
tion when their expression was combined with more
strongly activating co-stimuli, such as SeV infection
or high ARIG-I plasmid amounts. The same observa-
tion was made with the S5xISRE promoter—reporter
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Figure 9. The role of FYN, STK24, ACVRI, SRPKI and TBKI kinases on SeV infection or RIG-I- or MyD88-stimulated IRF acti-
vation. HEK293 cells grown on 24-well culture plates were transfected with different kinase expression plasmids (500 ng/well) (A—C)
together with IRF3 (100 ng/well) (A), ARIG-I (50 ng/well), IRF3 (100 ng/well) (B), MyD88 (100 ng/well) and IRF7 (50 ng/well) (C). At 4h
after transfection cells were left uninfected or were infected with SeV (MOI 5) for 16 or 24 h (A). Cells were collected, proteins were
separated on 2% SDS-PAGE (30 jig/lane) and electrophoretically transferred onto Immobilon P membranes followed by Western blot
analysis with respective Abs against the indicated signalling components. Anti-actin staining functions as a loading control. For panels B
and C cells were collected for Western blot analysis at 24 h after transfection and processed as described in panel A. Anti-actin
staining functions as a loading control for both panels. Results are representative of five independent experiments. Control cells (cells)
represent uninfected/untransfected (in panel A) and untransfected (panels A-C) cells.

construct. Activation of IFN-A1 promoter via the RIG-
I pathway by FYN, SRPK1 and TBK1 was dependent
on the promoter ISRE- and NF-«B sites, as evidenced
by the IFN-A1 promoter mutant experiments. This acti-
vation also led to endogenous IFN-A1 and CXCLI10
protein production, with FYN and TBKI1 being the
best stimulators of cytokine production. Indeed, we
were also able to show that IRF3 and IRF7 phosphor-
ylation is enhanced by these kinases, stimulating IFN
and cytokine production via the RIG-I or MyDS&8
pathway, thus providing a mechanistic explanation
for the functions of these kinases in antiviral RLR
and TLR signalling pathways.

There are emerging data on the functions of FYN,
STK24, ACVRI1 and SRPKI1 kinases. STK24 (also
Mst3) has been suggested to inhibit cell migration®
and oxidative stress-induced trophoblast apoptosis in

the placenta.** 4CVRI mutations have been linked to
fibrodysplasia ossificans, ossification of soft tissues*>*
and polycystic ovary syndrome.*” SRPK1 belongs to
SR-protein kinases, which have important functions
in mRNA splicing,*** and has thus been suggested
to be one target for inhibition in epithelial cancers as
its knockdown disrupts multiple mRNA modification
pathways.>® This function is also utilised by human
papilloma viruses.’' Among the four kinases analysed,
FYN is the only one that has so far been linked with the
immune system. FYN belongs to the non-receptor SFK
tyrosine kinase family and it has important functions in
T cell biology.>® These functions are important, for
example in HIV infection. Patients with asymptomatic
HIV infection have elevated cellular levels of FYN, and
patients rapidly developing AIDS have impaired func-
tion of FYN.% FYN is also known to be important in
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B cell biology, with its family member kinase Lyn.’*
FYN has also been shown to interact with hepatitis C
virus (HCV) NS5A protein® and somehow enhance
HCV replication.”® Recently, two SFK family kinases,
SRC and HCK (hematopoietic cell kinase) were linked
to RIG-I and TLR signalling. SRC has been shown to
interact with TRAF3, a critical downstream signalling
component of the RIG-I pathway, and facilitate IFN-3
production.”” SRC kinase is also involved in TLR3-
regulated cell migration and interferes with cellular
functions upon viral dsRNA recognition.”® HCK was
reported to be part of LPS-triggered TLR4-mediated
TNF-o and IL-6 cytokine production by activating
AP-1 transcription factors.”

In the present study we have provided important
information on how the expression of type III IFN
genes are regulated. Very recent data have revealed
that IFN-As are the major IFNs produced during sev-
eral virus infections in epithelial tissues and they seem
to have been evolved to interfere with pathogens invad-
ing the epithelial surfaces.®® In nasal epithelia IFN-11 is
the dominant IFN subtype produced during respiratory
syncytial, measles or mumps virus infections.®' Several
studies have highlighted the importance of type III
IFNs against respiratory tract infections caused by
severe acute respiratory syndrome (SARS)-corona-
virus,®>% influenza A or B,°*®*® RSV or human
metapneumovirus.®® There are also reports emphasising
the importance of IFN-As against intestinal SARS®* or
rotavirus infections.®® Recently, skin has been shown to
be the source for IFN-A, as in keratinocytes and mel-
anocytes the main IFN types produced are type III
IFNs. 708

Conclusions

We have identified previously unrecognised kinases reg-
ulating innate immunity, including IFN gene expres-
sion. We found that FYN, STK24, ACVRI and
SRPK1 enhance IFN-A1 promoter activation and pro-
tein production. In particular, FYN and SRPK1 were
found to have strong positive effects, and they were
found to phosphorylate IRF3 and IRF7 transcription
factors, offering a mechanistic explanation to the phe-
nomena seen. These kinases act somewhere in between
the adaptor molecules MyD88 or IPS-1, and the
respective transcription factors, yet the precise interact-
ing counterparts in innate immune pathways are to be
determined. We conclude that, from the 568 human
kinases screened, the Src kinase FYN and the
SR-kinase SRPKI, in particular, are possible new
mediators of the innate antiviral signalling from patho-
gen-associated molecular pattern (PAMP) receptors.
The present study gives us more detailed understanding
of the fine tuning of the host antiviral pathways, which
may provide us with better means to fight against viral
infections.
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