Research

© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Quantitation of the Dynamic Profiles of the
Innate Immune Response Using Multiplex
Selected Reaction Monitoring-Mass

Spectrometry*s

Yingxin Zhao1§1], Bing Tianq], Chukwudi B. Edeh], and Allan R. Brasiert§1]|

The innate immune response (lIR) is a coordinated intra-
cellular signaling network activated by the presence of
pathogen-associated molecular patterns that limits
pathogen spread and induces adaptive immunity. Al-
though the precise temporal activation of the various
arms of the IIR is a critical factor in the outcome of a
disease, currently there are no quantitative multiplex
methods for its measurement. In this study, we investi-
gate the temporal activation pattern of the IIR in response
to intracellular double-stranded RNA stimulation using a
quantitative 10-plex stable isotope dilution-selected reac-
tion monitoring-MS assay. We were able to observe rapid
activation of both NF-«B and IRF3 signaling arms, with
IRF3 demonstrating a transient response, whereas NF-«xB
underwent a delayed secondary amplification phase. Our
measurements of the NF-«kB-1kBa negative feedback loop
indicate that about 20% of IkB« in the unstimulated cell is
located within the nucleus and represents a population
that is rapidly degraded in response to double-stranded
RNA. Later in the time course of stimulation, the nuclear
IkBa pool is repopulated first prior to its cytoplasmic
accumulation. Examination of the IRF3 pathway compo-
nents shows that double-stranded RNA induces initial
consumption of the RIG-I PRR and the IRF3 kinase (TBK1).
Stable isotope dilution-selected reaction monitoring-MS
measurements after siRNA-mediated IRF3 or RelA knock-
down suggests that a low nuclear threshold of NF-«B is
required for inducing target gene expression, and that
there is cross-inhibition of the NF-«xB and IRF3 signaling
arms. Finally, we were able to measure delayed nonca-
nonical NF-«B activation by quantifying the abundance
of the processed (52 kDa) NF-kB2 subunit in the nu-
cleus. We conclude that quantitative proteomics meas-
urement of the individual signaling arms of the IIR in
response to system perturbations is significantly en-
abled by stable isotope dilution-selected reaction mon-

From the fInstitute for Translational Sciences, University of Texas
Medical Branch, Galveston, Texas 77555; §Sealy Center for Molec-
ular Medicine, University of Texas Medical Branch, Galveston, Texas
77555; f|Department of Internal Medicine, University of Texas Medical
Branch, Galveston, Texas 77555

Received August 29, 2012, and in revised form, January 23, 2013

Published, MCP Papers in Press, February 15, 2013, DOI 10.1074/
mcp.M112.023465

itoring-MS-based quantification, and that this technique
will reveal novel insights into the dynamics and connec-
tivity of the IIR. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.023465, 1513-1529, 2013.

The innate immune response (IIR)" is the major initial host
signaling pathway activated in response to pathogen infec-
tion. It is triggered when invading microorganisms are identi-
fied by pattern recognition receptors (PRRs), a class of recep-
tors that includes the plasma membrane Toll-like receptors
and the cytoplasmic RIG-I-like RNA helicases, which are ac-
tivated upon binding pathogen-associated molecular pat-
terns. This event triggers a coupled intracellular serine kinase—
ubiquitin ligase cascade that produces protein complex
formation, proteolysis of inhibitory proteins, and nuclear
translocation of transcriptional effectors (1). The primary tran-
scription effectors of the IIR are nuclear factor (NF)-«B, IFN
regulatory factor (IRF), and signal transducer and activator of
transcription. Upon post-translational modifications, these ef-
fectors in turn activate the expression of inflammatory cyto-
kine and type | interferon genes (2). These genes encode
paracrine factors that limit pathogen replication and activate
the adaptive immune response.

Molecular and biochemical analyses have indicated that the
transcriptional effectors of the IIR are under control of a
network of inter-related pathways. The NF-«B pathway rep-
resents two physically distinct signaling arms, referred to as
the “canonical” and “noncanonical” NF-kB pathways. Mam-
malian cells contain NF-«B family members RelA/p65, c-Rel,
RelB, p105/p50, and p100/p52, all of which form homo- or

" The abbreviations used are: ACN, acetonitrile; CE, collision en-
ergy; ds, double-stranded; EGFP, enhanced green fluorescent pro-
tein; HPLC, high performance liquid chromatography; IFN, interferon;
IR, innate immune response; IKK, |kB kinase; IRF, interferon regula-
tory factor; LC, liquid chromatography; MALDI-TOF, matrix-assisted
laser desorption/ionization time-of-flight; MAVS, mitochondrial antivi-
ral signaling protein; MS, mass spectrometry; NF, nuclear factor; NIK,
NF-«kB-inducing kinase; PRR, pattern recognition receptor; RT-PCR,
real time polymerase chain reaction; SID, stable isotopic dilution,
siRNA, short interfering RNA; SIS, stable isotope-labeled standard;
SRM, selected reaction monitoring; TBK, tank binding kinase.
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hetero-dimeric inducible cytoplasmic DNA complexes teth-
ered in the cytoplasm by association with I«B inhibitors (3).
The well-known canonical NF-«xB pathway is initiated by ei-
ther activated TNF superfamily receptors or the cytoplasmic
PRR RIG-I that converges on I«B kinase (IKK), the rate-limiting
kinase controlling IkBa degradation. Importantly, IKK activa-
tion absolutely requires the IKKy regulatory subunit (4-7),
which mediates its oligomerization and recruitment to the
activated TNF receptor, or the activated RIG-I-MAVS complex
(8, 9). By contrast, the noncanonical NF-«B pathway is acti-
vated by RIG-I in an IKKy-independent manner to converge
on the NF-«kB-inducing kinase (NIK)-IKKa complex that initi-
ates NF-«kB2/p100 processing to liberate both sequestered
RelB/p52 (10, 11) and RelA complexes from cytoplasmic NF-
kB2/p100 precursor. This latter arm has been termed the
“cross-talk” pathway (11), because it is dependent on nonca-
nonical NIK-IKKa kinases but liberates the canonical RelA
transcriptional activator.

The IRF family of transcription factors are a distinct effector
arm of the IIR that controls type | IFN expression in response
to viral patterns. So far, nine human IRFs have been reported
(IRF1-9); of these, IRF3, -1, and -7 are the key regulators of
type 1 IFN gene expression (12, 13). IRF3 is the major early
signaling protein constitutively expressed in the cytoplasm.
The molecular mechanisms by which RIG-I-'MAVS activates
IRF3 signaling are partly understood. Here, RIG-I binds to
short- or 5’-phosphorylated double-stranded (ds)-RNA, in-
ducing its ubiquitylation and complex formation with the mi-
tochondrial antiviral signaling protein (MAVS). RIG-I-com-
plexed MAVS recruits TRAF3, a signal adapter that binds to
specific motifs on MAVS (14). The MAVS-TRAF3 complex in
turn mediates activation of tank binding kinase (TBK)-1-
IKKe/1, a complex representing the major rate-limiting kinases
of IRF3 activation (15). Phosphorylation of IRF3 on COOH-
terminal domain serine residues allows it to homodimerize,
associate with p800/CBP, and translocate into the nucleus
(16). In this manner, phospho-IRF3 activates target genes
containing interferon-stimulated response elements, such as
IFNB/IFNa4, and induces downstream IRF-1 and -7. IRF-1
and -7 induce other type | IFNs, whose actions induce antiviral
responses in neighboring cells (17).

Presently, we understand that the arms of the IR may vary
in response to different cues and fluctuate over time following
stimulation. Understanding the IIR at the systems level will
result in novel insight into the mechanisms underlying host
defense, pathogen-host interaction, and cellular stress re-
sponse. However, quantification of this response is extremely
challenging (18, 19). Firstly, the major regulatory components
of the IIR, consisting of PRRs, kinases, and transcription
factors, are all low-abundance proteins. Secondly, the patho-
gen-inducible post-translational modifications are labile and
usually present at sub-stoichiometric amounts, and few high-
affinity detection reagents are available that can detect them
in complex cellular samples. Finally, identifying the dynamic

nature of the IIR requires precise quantification of each
component and its post-translational modifications over time.
Traditional immunoassays such as Western blotting are not
suitable for precise quantification. Instead, high-accuracy,
high-sensitivity multiplex assays are required.

Advances in mass spectrometry (MS) technologies have
enhanced our understanding of signaling networks at the
systems level (20-24). Classical “shotgun” proteomics com-
bined with stable isotope labeling and/or spectral counting is
limited by the fact that this approach samples only a fraction
of the proteome and is usually biased toward higher abun-
dance proteins. The poor reproducibility of target selection
results in the identification of only partially overlapping sets of
proteins from substantially similar samples (25). Many impor-
tant low-abundance proteins usually cannot be consistently
identified across samples. Such fragmentary data sets are not
satisfactory for understanding the signaling pathway at the
systems level, for which a complete quantification profile for
each node of the pathway is required. Therefore, new ap-
proaches that can deliver consistent, precise quantification
data from pre-defined sets of proteins across multiple sam-
ples are needed. Recently, selected reaction monitoring
(SRM) has been developed as a new “targeted” MS approach
for the detection and accurate quantification of a predeter-
mined set of proteins in a complex background (25-27). In an
SRM-MS assay, one or two signature proteotypic peptides
unique to the protein of interest are selected to represent the
protein. SRM-MS quantification of these signature peptides is
performed on a triple quadrupole mass spectrometer, an in-
strument with the capability to selectively isolate precursor
ions corresponding to the signature peptide m/z value and to
monitor peptide-specific fragment ions that provide near-ab-
solute structural specificity for the target protein. SRM-MS
assays have multiplexing capability. Hundreds to thousands
of precursor-product ion transitions can be monitored in SRM
mode over one liquid chromatography run, allowing the simul-
taneous quantification of all of the components in a signaling
network in parallel. Specifically, SRM-MS has been used for
studying the dynamics of signaling pathways (28, 29).

In this study, we carried out a quantitative proteomics anal-
ysis aimed at studying the dynamics of IIR in response to
ds-RNA stimulation. We developed stable isotope dilution
(SID)-SRM-MS assays for 10 proteins that are major regula-
tors of lIR. We then used these assays to reproducibly meas-
ure the concentrations of these proteins in cytoplasmic and
nuclear compartments of A549 cells over a time course of
ds-RNA stimulation. These results reveal, for the first time, the
presence of a second NF-«B activation pathway, the exist-
ence of a negative NF-kB-IRF3 cross-talk pathway, and the
consumption of RIG-I-TBK1 in IRF3 signaling.

EXPERIMENTAL PROCEDURES

Reagents and Chemicals—All reagents were American Chemical
Society grade or higher. All solvents used, including water, methanol,
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and acetonitrile (ACN), were LC/MS grade. Sequence-grade modified
trypsin was purchased from Promega (Madison, WI). Recombinant
TNFa was from PeproTek (Rocky Hill, NJ). The antibodies used were
rabbit anti-NF-kB/RelA (sc-372) and IRF3 (sc-9082) Abs from Santa
Cruz Biotechnology (Santa Cruz, CA). The recombinant proteins full-
length human GST-tagged IKKy and GST-tagged |kBa were made by
our laboratory. GST-tagged human NF«xB2 (1-454 amino acid), N-ter-
minal proprietary tagged human IKKe, His-tagged human MAVS,
GST-tagged human TBK1, and recombinant human Rela (1-537
amino acid) were purchased from Creative Biomart (Shirley, NY).
GST-tagged full-length human IRF3 was purchased from Abnova
(Walnut, CA), and C-terminal MYC/DDK-tagged human RIG-I protein
was purchased from Origene (Rockville, MD).

Cell Culture—Human A549 pulmonary epithelial cells (American
Type Culture Collection) were grown in F12K medium (Invitrogen) with
10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100
g/ml) at 37 °C in a 5% CO, incubator.

ds-RNA Treatment—Duplex RNA was synthesized using a frag-
ment of human B-tubulin cDNA as a template flanked by T7 RNA
polymerase binding sites (30). Duplex RNA was generated in vitro
using T7 RNA polymerase (Megascript, Ambion, Inc., Austin, TX). The
300 nt ds-RNA was purified according to the manufacturer’s recom-
mendation; 4 ug was transfected into 2 X 10° freshly isolated A549
cells in suspension as described elsewhere (6, 30).

siRNA Knockdown Experiments—RelA and IRF3 gene-specific
siRNAs were reverse-transfected at a 100-nm concentration into A549
cells using TransIT-siQUEST transfection reagent (Mirus Bio Corp.,
Madison, WI) as described elsewhere (30). Transfection was per-
formed 64 h before dsRNA stimulation.

Confocal Microscopy—Dynamic live cell imaging of EGFP-RelA/
monomeric Strawberry-IRF3-stably transfected A549 cells was per-
formed using a Zeiss LSM-510 META confocal microscope with a
63 X 1.4 numerical aperture oil immersion objective with an incuba-
tion system in which cells were stably maintained at 37 °C with
humidified 5% CO,. Samples were excited using the 488-nm line at
1% of transmission, and emission was collected with a low-pass
505-nm filter. The time lapse images for each sample were acquired
at 6-min intervals. Focus was automatically corrected before each
time point by a customized Zeiss Multitime autofocus macro. Cell
images were segmented, quantified, and tracked by a custom-written
pipeline program using CellTracker as described elsewhere (6).

Quantitative Real Time PCR—Quantitative real time PCR (Q-RT-
PCR) assays were performed as described elsewhere (30). Briefly, 1
g of total RNA was reverse-transcribed using random hexamers in a
20-ul reaction mixture. One microliter of cDNA product was amplified
in SYBR Green Supermix (Bio-Rad) and 0.4 um each of forward and
reverse gene-specific primers. The reactions were denatured for 90 s
at 95 °C and then subjected to 40 cycles of 15 s at 94 °C, 60 s at
60 °C, and 1 min at 72 °C in an iCycler (Bio-Rad). PCR products were
subjected to melting curve analysis to ensure that a single amplifica-
tion product was produced.

Relative changes in gene expression were calculated using the
AACt method , whereby the product was normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) for each sample and the
fold difference between experimental and control samples was cal-
culated using the formula 224°Y, Primers for the mRNA expression
of RelA, IRF3, RIG-I, IKKy, TNFAIP3/A20, NFKBIA/IkBe, IL8, IL6,
IFNB, and CCL5/RANTES were described previously (30). For hISG15
(GenBank Accession No. NM 005101), the forward primer was 5'-
CGCAGATCACCCAGAAGATCG-3', and the reverse primer was 5'-
TTCGTCGCATTTGTCCACCA-3'.

Western Blot—Cytoplasmic or nuclear extracts from a constant
number of cells were boiled in Laemmli buffer, fractionated on 10%
SDS-PAGE, and electro-transferred to polyvinylidene difluoride mem-

branes (Millipore, Bedford, MA). Membranes were blocked in 5%
milk/Tris-buffered saline (TBS) with 0.1% Tween for 1 h and immu-
noblotted with the indicated primary antibody for 1 h at 4 °C (Santa
Cruz Biotechnology, Santa Cruz, CA). Membranes were washed four
times in TBS with 0.1% Tween. Immune complexes were detected by
Infrared dye (IRD)-labeled goat-anti-rabbit antibody and imaged in an
Odyssey Infrared Imager (LiCor, Lincoln, NE).

Signature Peptide Selection—The selection of high-responding
peptides was performed using a workflow developed previously (31).
Briefly, if a lab-based discovery experiment had been conducted on a
target protein, the MS response of sequence-identified proteotypic
peptides of the target proteins was calculated from the extracted ion
chromatogram of the monoisotopic peak of each peptide. The pep-
tides with the highest MS responses were selected as high-respond-
ing signature peptides. For proteins that had not been observed in
previous discovery experiments, an approach combining data mining
of public databases and computational prediction was used for se-
lecting the candidate high-responding signature peptides. The pro-
tein of interest was in silico digested with trypsin. The tryptic peptides
were filtered applying the following criteria: the proteotypic peptides
were unique to the target protein; the length was between 6 and 25
residues; and peptides with missed cleavages, chemically active
amino acids (such as cysteine or methionine), Lys (K)-Pro (P) and Arg
(R)-Pro (P), or two neighboring basic amino acids (K,R) at either
cleavage site of the peptide sequence were excluded (25). The can-
didate peptides passing these initial filters were searched within the
Global Proteome Machine Database (32) to identify the number of
observations in the database. The sensitivity of peptide MS re-
sponses was computationally predicted using ESPPredictor (33), and
the Krokhin hydrophobicity factor was calculated using Thermo Sci-
entific Pinpoint™ software. Peptides were eliminated that had (i) a low
enhanced signature peptide score, (ii) a low number of Global Pro-
teome Machine Database observations, and/or (i) an extremely low
(10) or high (<40) Krokhin hydrophobicity factor. The remaining pep-
tides were considered as signature peptide candidates and chemi-
cally synthesized in stable isotope labeled, crude, and unpurified
forms for selecting SRM precursor-product ion (Q1/Q3) transitions
and evaluating SRM assay specificity.

The stable isotope labeled, crude, unpurified peptides were infused
into a TSQ Vantage triple quadrupole mass spectrometer via a nano-
spray source and analyzed by means of SRM-triggered MS/MS. The
three or four highest intensity y ions in MS/MS were selected to
generate the SRM Q1/Q3 transition. The collision energy (CE) break-
down curve of each Q1/Q8 transition was acquired so as to select the
optimal CE. The S-lens voltage breakdown curve of each precursor
ion was acquired in the same fashion.

The mixture containing stable isotope labeled, crude, and unpuri-
fied peptides was then spiked into a tryptic digest of A549 cell extract.
The endogenous peptides of target proteins and stable isotope la-
beled peptides were analyzed via LC-SRM-MS. The following four
analyte-specific criteria were used for evaluating the specificity of
each SRM assay: precursor ion m/z, product ion m/z, chromato-
graphic retention time, and relative product ion intensities. The MS
raw data were manually examined. The analyte peptides and their
stable isotopically labeled peptide standard (SIS) analogs that had
same chromatographic retention times (variance below 0.05 min) and
relative product ion intensities (=20% variance in the relative ratios
for each fragment) were considered as high-specificity signature pep-
tides that were free of matrix interference from co-eluting ion. These
peptides were chosen as the high-responding signature peptides of
the target protein.

Synthesis of Isotopically Labeled Pepscreen® Peptides—SISs were
custom-synthesized by Sigma-Aldrich (St. Louis, MO). Isotopically
labeled Pepscreen® peptides were synthesized using isotopically
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labeled amino acids, ['®Cg'®N,JArg or ['°C4'°N,]Lys (98% isotopic
enrichment). The purity of peptides was determined with HPLC, elec-
trospray ionization MS, and MALDI-TOF-MS as described above.
Peptides were used if their desired molecular weight was one of the
three major ions determined via MALDI-TOF-MS.

Synthesis of Isotopically Labeled Peptides—SISs were custom-
synthesized by Sigma (St. Louis, MO). SIS peptides were synthesized
using isotopically labeled amino acid, ['*C4'°N,] Arg (98% isotopic
enrichment). The peptides were HPLC-purified and were stringently
tested to ensure high purity (>98%). The accurate molecular weights
of SIS peptides were measured via electrospray ionization MS and
MALDI-TOF-MS, and the specific peptide content was determined by
means of amino acid analysis.

Synthesis of Native Tryptic Peptides—The native tryptic peptides
were synthesized using Fmoc (N-(9-fluorenyl)methoxycarbonyl)
chemistry. The peptides were purified via reversed-phase HPLC. The
accurate molecular weights of the peptides were measured with
MALDI-TOF-MS, and the specific peptide content was determined by
means of amino acid analysis.

Subcellular Fractionation of A549 Cells and Protein Extraction—
A549 cells were scraped and subjected to hypotonic buffer/detergent
lysis (34). Briefly, A549 cells were scraped from plates and washed in
phosphate-buffered saline twice via centrifugation. The cell pellet was
suspended in cold hypotonic buffer A (50 mm HEPES (pH 7.9), 10 mm
KCI, 1 mm EDTA, 1 mm EGTA, 1 mm dithiothreitol (DTT), and 10 wl/ml
of protease inhibitor mixture (Sigma-Aldrich Chemical Co., St. Louis,
MO)) and 0.1% IGEPAL CA-630 and incubated on ice for 10 min (9).
The lysates were centrifuged at 6000 rpm (4000 X g) for 30 s at 4 °C.
The supernatant (cytoplasmic fraction) was saved, and the pellet
(containing the nuclei) was resuspended in buffer B (buffer A contain-
ing 1.0 M sucrose) and centrifuged at 12,000 rpm (15,000 X g) for 10
min at 4 °C. The supernatant was discarded, and the pellet was
incubated in buffer C (50 mm HEPES (pH 7.9), 10% glycerol, 400 mm
KCI, 1 mm EDTA, 1 mm EGTA, 1 mm DTT, 0.1 mm PMSF, and protease
inhibitor mixture) with frequent shaking for 30 min at 4 °C. After
centrifugation at 15,000 X g for 10 min at 4 °C, the supernatant
(nuclear extract) was saved at —80 °C. The protein content of both
cytoplasmic and nuclear extracts was measured via Coomassie Bril-
liant Blue staining using bovine serum albumin as a standard (Bio-
Rad, Hercules, CA).

Trypsin Digestion of Subcellular Protein Extraction and Addition of
Internal Standard—The protein extracts were denatured with 8 m
guanidinium HCI, and 50 g of protein of each sample was reduced
with 10 mm of DTT for 30 min at room temperature. Protein cysteinyl
residues were alkylated with 30 mm of iodoacetamide for 2 h at 37 °C.
The samples were diluted 10 times with 100 mm ammonium bicar-
bonate and digested with 2 g of trypsin at 37 °C for 24 h. The trypsin
digestion was stopped by the addition of 10% TFA to reduce the pH
of the solution to 2.5. The volume of each sample was adjusted with
water to 400 ul. The concentration of the resulting tryptic peptides of
each sample was 0.125 ug/ul. The tryptic digests were dried and
resuspended in 5% formic acid-0.01% TFA prior to LC-SRM-MS
analysis.

Individual SIS peptide stocks of 20 pmol/ul were made in 80%
ACN. A substock solution of SIS peptides was diluted to 10 fmol/pul
with 0.01% TFA. Before LC-SRM-MS analysis, 30 ul of each tryptic
digest was mixed with 10 ul of the substock SIS peptide solution. The
peptide mixture was desalted with a C18 cartridge (Waters Corp.,
Milford, MA) following the manufacturer’s instructions, and the pep-
tides were eluted from the cartridge with 80% ACN and dried.

Strong Cation Exchange Chromatography—Dried peptide samples
were redissolved in 20 ul of ACN and diluted with 100 ul of 5 mm
ammonium formate, pH 2.7. The peptide mixture was loaded onto a
strong cation exchange column (Poly-SULFOETHYL A™, 5., 200 A,

0.30 X 150 mm, Poly LC, Columbia, MD) and washed with 10 min of
isocratic buffer A (5 mm ammonium formate-20% ACN, pH 2.7), and
peptides were eluted with a linear gradient from 100% buffer A to
40% buffer B (1 M ammonium formate-20% ACN, pH 3.0) over 20 min
at a flow rate of 0.4 ml/min, followed by 5 min of isocratic 40% buffer
B. Sixty fractions were collected and dried in a Speedvac. Before
LC-SRM-MS analysis, each strong cation exchange fraction was
reconstituted in 30 ul of 5% formic acid-0.01% TFA.

LC-SRM-MS Analysis—The LC-SRM-MS analysis was performed
with a TSQ Vantage triple quadrupole mass spectrometer equipped
with a nanospray source (Thermo Scientific, San Jose, CA). The online
desalting and chromatography were performed using an Eksigent
NanoLC-2D HPLC system (AB SCIEX, Dublin, CA). Aliquots of 10 ul of
each tryptic digest were injected onto a C18 peptide trap (Agilent,
Santa Clara, CA) and desalted with 0.1% formic acid at a flow rate of
2 wl/min for 45 min. Peptides were eluted from the trap and separated
on a reversed-phase nano-HPLC column (PicoFrit™, 75 um X 10 cm;
tip inner diameter = 15 um) packed in-house using Zorbax SB-C18
(5-um diameter particles, Agilent, Santa Clara, CA). Separations were
performed using a flow rate of 500 nl/min with a 20-min linear gradient
from 2% to 40% mobile phase B (0.1% formic acid-90% ACN) in
mobile phase A (0.1% formic acid), followed by a 0.1-min gradient
from 40% to 90% mobile phase B and 5 min at 90% mobile phase B.
The TSQ Vantage was operated in high-resolution SRM mode with Q1
and Q3 set to 0.2 and 0.7 Da full width at half-maximum. All acqui-
sition methods used the following parameters: 1800 V ion spray
voltage, a 275 °C ion transferring tube temperature, a collision-acti-
vated dissociation pressure of 1.5 mTorr, and an S-lens voltage using
the values in the S-lens table generated during MS calibration. Each
sample was analyzed via LC-SRM-MS twice. The MS raw files will be
made available on the website of the Sealy Center for Molecular
Medicine.

SRM Data Analysis—All data were manually inspected to ensure
peak detection and accurate integration. The chromatographic reten-
tion times and the relative product ion intensities of the analyte
peptides were compared with those of the SIS peptides. The variation
of the retention time between the analyte peptides and their SIS
counterparts was within 0.05 min, and no significant differences in the
relative product ion intensities of the analyte peptides and SIS pep-
tides were observed. The peak area in the extract ion chromatogra-
phy of the native and SIS versions of each signature peptide were
integrated using Xcalibur® 2.1. The default values for noise percent-
age and base-line subtraction window were used. The ratios between
the peak areas of native and SIS versions of each peptide were
calculated. Beta-actin was used as a loading control. All of the meas-
ured native versus SIS standard peptide ratios were normalized by
beta-actin. The native versus SIS peptide ratios measured in the two
replicate LC-SRM-MS analyses were averaged, and the mean and
standard deviation were calculated.

RESULTS

Development of SRM Assays for Major Regulatory Compo-
nents of [IR—In this study, we focused on understanding the
kinetics of the two NF-«kB pathways and the RIG-I-IRF3 path-
way, the major signaling effectors of the IIR (supplemental Fig.
S1). We previously developed a workflow for selecting high-
responding signature peptides of low-abundance proteins
(see “Experimental Procedures” and Ref. 31). Using this work-
flow, we selected the candidate high-responding signature
peptides for 10 major regulatory components of the IIR (sup-
plemental Fig. S1). The sensitivity of the assays was further
improved by selecting the highest intensity y ions and opti-
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TABLE |
SRM parameters of SRM assays of proteins for sample amount normalization

r?:r:: Sx;sg;?t Sequence Q1 (m/z) Q3 (m/z) lontype CE (V) Linearrange R? qu:;):i\fc':\;ilcl:l(ta?r]:ol)

IKKa 015111 IQLPIIQLR 547.358 529.345 y4 26 20,000 0.9996 50
547.358 642.429 y5 23
547.358 739.482 y6 19
547.358 852.566 y7 18

MAVS Q77434 VSASTVPTDGSSR 632.312  719.331 y7 20 20,000 0.9995 250
632.312  818.400 y8 16
632.312 919.447 y9 17
632.312 1006.479 y10 20

RelA Q04206  TPPYADPSLQAPVR 756.396  867.504 y8 27 20,000 0.9990 250
756.396  982.531 y9 27
756.396 1053.568 y10 27
756.396 1313.684 y12 30

IRF3 Q14653 LVGSEVGDR 466.242 446.235 y4 24 100,000 0.9998 50
466.242 575.278 y5 26
466.242  719.331 y7 26

RIG-I 095786  VVFFANQIPVYEQQK 905.480 891.457 y7 26 2,000 0.9989 2500
905.480 1004.541 y8 24
905.480 1132.599 y9 26
905.480 1246.642 y10 27

TBK1 Q9UHD2 TTEENPIFVVSR 696.362 817.493 y7 24 20,000 0.9988 250
696.362 931.535 y8 24
696.362 1060.578 y9 23
696.362 1189.621 y10 23

IKBA P259633 LEPQEVPR 484.264 628.341 y5 20 20,000 0.9992 50
484.264 725.394 y6 20
484.264  854.436 y7 20
484.264  967.520 y8 20

IKKR QI9YBK9 AQVTSLLGELQESQSR 873.455 976.469 y8 27 10,000 0.9984 500
873.455 1033.490 y9 27
873.455 1146.574 y10 27
873.455 1259.658 y11 27
873.455 1346.690 y12 27

p52/p100 Q00653 DSGEEAAEPSAPSR 701.808 743.368 y7 20 20,000 0.9976 250
701.808 814.405 y8 20
701.808 885.442 y9 20
701.808 1014.484 y10 27

p100 Q00653  ALLDYGVTADAR 632.83 689.357 y7 20 20,000 0.9985 250
632.83 852.421 y8 20
632.83 967.447 y9 20
632.83 1080.531 y10 21

Notes: Masses listed are for the native forms of the peptides.

CE, collision energy; Q, quadropole; R2, coefficient of determination.

mizing the CE of each transition. The selected Q1/Q3 transi-
tions and their optimized CE for signature peptides are dis-
played in Table I. A key feature of the SRM-MS assay is its
high specificity for the target analyte. For each analyte, assay
specificity was evaluated on a real sample (e.g. cytoplasmic
or nuclear A549 cell extract). For this purpose, a mixture
containing unpurified stable isotope labeled signature peptide
candidates was spiked into a tryptic digest of A549 cell ex-
tract. The endogenous peptides of target proteins were ana-
lyzed via LC-SRM, using the stable isotope labeled peptides
as a reference. The specificity of each SRM assay was eval-
uated based on the chromatographic retention time, precur-
sor m/z, product ion m/z, and relative product ion intensities

(“Experimental Procedures”). Among the IIR proteins shown in
supplemental Fig. S1, the SRM assays of RelA, IRF3, RIG-I,
MAVS, IKKq, IKKYy, IkBa, TBK1, and p100/p52 have adequate
sensitivity and specificity for accurate quantification of the
target proteins directly from cell extract. Here, the baseline
separation of the analyzed peptides from the matrix interfer-
ence was achieved. The native peptide had a chromato-
graphic retention time that was nearly identical to that of its
heavy analog, and the relative product ion intensities of the
native peptide agreed precisely with the intensities of the
product ions from the heavy peptide (supplemental Figs. S2
and S3). However, the assays of IKKB, IKKe, and NIK were not
sensitive enough for quantifying these three proteins directly
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Fic. 1. Calibration curve for MAVS SID-SRM-MS assay. A stable isotope labeled ['2C]-high-responding signature peptide of MAVS with
its native flanking sequences (LTK-VSASTVPTDGSSR-NEE) was quantified via amino acid analysis and used as the calibrator to characterize
the assay dynamic range. This peptide was trypsin digested in the same matrix as that used for the analysis of A549 cell protein extracts. We
diluted the tryptic digest to generate a range of analyte concentrations spanning a 100,000-fold concentration range (from 50 amol to 5 pmol
on column). These various analyte concentrations were combined with a constant amount of ['3C]-analyte peptide internal standard. Four
replicate LC-SRM-MS analyses of each sample dilution were performed in order from most diluted to most concentrated. Linear regression
analysis was performed on the observed peak area ratios (native:heavy) versus the concentration ratios (native:heavy) to generate calibration
curves. A, the linear regression analysis (1/x weighted) for MAVS illustrates the linear dynamic range of the assay. The error bars indicate the
standard deviation of the measurements. B, extract ion chromatogram of the native peptide of MAVS (250 amol on column) in which the x-axis
is the chromatographic retention time (min) and the y-axis is the extracted ion intensity. AA, area under the curve; SN, signal-to-noise ratio.

C, extract ion chromatogram of the SIS peptide of MAVS.

from cell extract and require pre-fractionation enrichment
(such as immunoprecipatation) for measurement.

The assay dynamic range was assessed via the method of
standard addition (35-40). All of the SRM assays yielded large
concentration ranges with strong linear correlations (coeffi-
cient of determination R? > 0.99). For example, the SRM
assay of MAVS had a linear response over a 20,000-fold
concentration range with a coefficient of determination R?
0.9995 (Fig. 1). We further ensured that any biological con-
centration encountered would fall well within the linear portion
of the calibration curve. The lower limit of quantification of the
SRM assay (i.e. the lowest analyte quantity that can be accu-
rately measured) is the measurement of the assay sensitivity.
The lower limit of quantification of the SRM assay can be
defined as the lowest analyte concentration that can be meas-
ured with a <20% coefficient of variation (CV) (40-42). In our
study, the lower limits of quantification of all ['?C]-analyte
peptides were within the sub-attomole to low-fentamole
range. The linear dynamic ranges and lower limits of quanti-
fication of each SRM assay are listed in Table I.

Complete proteolysis of target proteins is critical for the
interpretation of SID-SRM-MS assays (43). To evaluate the
completeness of trypsin digestion of IIR target proteins, we
digested a mix of recombinant IIR proteins with trypsin for
24 h (using the same conditions that we used for processing

the cell extract). Afterward, the tryptic digest was separated via
SDS-PAGE, and the proteins were visualized with SYPRO®
Ruby staining. As shown in supplemental Fig. S4A, the protein
bands disappeared after digestion, except for a very faint
band at 20 kDa close to the dyefront. An in silico digest of
RelA generated several very large tryptic peptides (>17 kDa),
explaining the trypsin resistance of this low molecular weight
fraction. The tryptic digest was further analyzed via LC-MS/
MS, and no signature peptides with trypsin miscleavage sites
were identified (not shown). We concluded from these SDS-
PAGE and MS/MS analyses that the IIR proteins were com-
pletely trypsin digested.

Previous studies have shown that tryptic proteolysis of
native proteins can follow distinct digestion routes, a phe-
nomenon that results in variable rates of peptide production
prior to reaching the “limit peptide” population (43). We there-
fore used SID-SRM-MS assays to monitor the kinetics of the
release of signature peptides from the recombinant proteins
during a time course of trypsin digestion. A mixture of recom-
binant IIR target proteins was denatured with guanidine HCI,
reduced and alkylated (“Experimental Procedures”), and
spiked with a mixture of SIS signature peptides of IRF3, IkBa,
IKKy, RelA, MAVS, IKKa, TBK1, RIG-I, and p100/p52. The
sample was diluted and incubated with trypsin, and sequen-
tial time points were sampled for up to 30 h. With each aliquot,
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the proteolysis was terminated via the addition of trifluoroace-
tic acid and analyzed via SID-SRM-MS in duplicate. The
native versus SIS peptide ratio of each signature peptide was
calculated. As shown in supplemental Fig. S5, all of the sig-
nature peptides were rapidly released during the first 30 min
of proteolysis and achieved plateau values within 5 h of re-
action time, indicating that the signature peptides were fully
released well within the reaction time. Moreover, a rapid re-
lease of signature peptides minimizes the inaccuracy of quan-
tification caused by nonspecific degradation events (44).

Amino acid residues close to the cleavage site can affect
proteolysis by changing the affinity of the endopeptidase for the
substrate (43, 45). For example, acidic residues of two amino
acids distal to the C-terminal cleavage site can slow trypsin
hydrolysis and therefore might lead to incomplete digestion (43,
46, 47). To investigate the effect of amino acid residues close to
the cleavage site on the completeness of trypsin digestion, we
monitored the disappearance of the IIR signature peptides con-
taining their native flanking sequences after trypsin digestion
using SRM. A mixture of synthetic IR signature peptides syn-
thesized with three to four native amino acids flanking the tryptic
cleavage site (e.g. MAVS signature peptide with its native flank-
ing sequence, LTK-VSASTVPTDGSSR-NEE) was digested with
trypsin using the same experimental conditions that were used
for cell extract. As shown in supplemental Table S1, after 24 h
of incubation, all of the IIR signature peptides with their native
flanking sequences were digested to signature peptides. The
completeness of trypsin digestion of each IIR signature peptide
with its native flanking sequence was over 99%, indicating that
the amino acid residues flanking the cleavage sites of the IIR
signature peptides did not affect the tryptic digestion. Taken
together, these experiments confirm the complete release of the
signature peptide of IIR target proteins. Although we did not
evaluate the release of p100 signature peptide from the recom-
binant NFkB2 protein because of a lack of the C-terminal seg-
ment of NFkB2 in the NFkB recombinant protein, we found that
the release of p100 signature peptide (ALLDYGVTADAR) from
the peptide with its native flanking sequence was 99.66%,
indicating that p100 signature peptide can also be completely
released under our experimental conditions.

SID-SRM-MS Analysis of the IIR in Response to ds-RNA
Stimulation—ds-RNA is a viral pathogen pattern and repre-
sents a potent stimulus for the IIR because it engages three
PRRs: TLR3, RIG-I, and MDAS5 (48, 49). The engagement of
PRRs initiates parallel signaling through TBK1/IKKe, IKKa/
IKKB, and NIK/IKK« kinases, leading to the activation of IRF3
and NF-«B effector pathways (50-52). Although the activation
of NF-«kB signaling (both canonical and noncanonical path-
ways) can be induced by cytokines and mitogens, IRF3 acti-
vation is selectively induced by PRRs responding to ds-RNA
generated as a molecular pattern during virus infection (53). In
order to investigate how the innate immune pathways fluctu-
ate in response to ds-RNA stimulation, we transfected A549
cells with ds-RNA for varying times (0, 0.5, 1, 2, 4, and 6 h),

and then the cells were fractionated into cytoplasmic and
nuclear fractions. Nuclei were further purified using a sucrose
step gradient centrifugation protocol (54, 55). The workflow
for the analysis of IIR in response to ds-RNA stimulation is
demonstrated in supplemental Fig. S6. The high quality of the
nuclear preparation was demonstrated in our previous work
using light microscopy and Western blot analysis of nuclear
protein markers (34). In this study, we used SID-SRM-MS
analysis to further assess the enrichment of the nuclear pro-
tein marker Lamin B. As shown in supplemental Fig. S7, an
enrichment of over a 100-fold of Lamin B was achieved in
nuclear fractions. Next, we used SID-SRM-MS to quantify the
abundance of innate immune pathway components in cyto-
plasmic and nuclear compartments at each time point. To
ensure that equivalent amounts of cytoplasmic and nuclear
extract were analyzed at each time point, data were normal-
ized on the basis of an invariant protein, beta-actin. A signa-
ture peptide of beta-actin was added to be quantified to-
gether with the target protein set in the multiplex SRM-MS
assay. Normalization on the beta-actin was performed during
the data analysis and yielded more reliable data.

First, we focused on the IRF3 pathway and canonical NF-xB
pathways. By this quantitative measure, amounts of IRF3 and
RelA were increased in the nucleus after ds-RNA treatment. The
accumulation of RelA and IRF3 was accompanied by the grad-
ual depletion of cytoplasmic RelA and IRF3 (Figs. 2A-2D), sug-
gesting that ds-RNA activated NF-«B and IRF3 pathways and
induced RelA and IRF3 nuclear translocation.

Although both IRF3 and NF-«B pathways were rapidly ac-
tivated by ds-RNA stimulation, our study revealed that IRF3
and RelA displayed different temporal nuclear translocation
profiles (Figs. 2C and 2D). For example, IRF3 rapidly translo-
cated into the nucleus and reached a peak value (3.8-fold
change relative to basal level) within 0.5 h. The amount of
nuclear IRF3 remained high until 1 h after stimulation and
rapidly declined to the basal level thereafter. Relative to IRF3,
although NF-kB could be detected as having increased at
0.5 h, the peak activation of NF-kB was delayed, stronger,
and more prolonged. We observed the nuclear translocation
of RelA at 0.5 h with a 5.7-fold change. The activation of
NF-«B reached peak values at 2 h with a 14-fold increase and
slowly declined after 4 h of stimulation. At the last measured
time of 6 h, the amount of nuclear RelA was still about 10-fold
higher than the basal level. We also imaged intact A549 cells
expressing an enhanced green fluorescent protein (EGFP)-
RelA fusion protein and Strawberry-red-tagged IRF3. The
EGFP-tagged RelA and Strawberry-red-tagged IRF3 allowed
us to monitor the cellular localization of RelA and IRF3 in
response to ds-RNA stimulation by means of confocal mi-
croscopy. The cells were stimulated with ds-RNA and serially
imaged. Shown are individual images at 0.4 h and 6 h after
ds-RNA transfection. The levels of RelA and IRF3 were meas-
ured based on the fluorescent intensities of EGFP and Straw-
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Fic. 2. Dynamics of innate immune response to the stimulation of ds-RNA. The temporal profiles of cytoplasmic (Cyto) IRF3 (A) and
nuclear (Nuc) IRF3 (C) and of cytoplasmic RelA (B) and nuclear RelA (D), derived from SID-SRM-MS analysis. E, Q-RT-PCR analysis of IRF3
and RelA downstream genes. Shown is the fold change in normalized mRNA relative to GAPDH. F, confocal microscopy of IRF3 and RelA.
Shown are sequential images of the same field of double A549 transfectants expressing Strawberry-IRF3 and EGFP-RelA fusion proteins. The

cells were transfected at time 0 with ds-RNA. Images of IRF3 (top) and

EGFP (bottom) were taken at 0.4 and 6 h after ds-RNA exposure. G,

the temporal profiles of cytoplasmic IkBa, derived from SID-SRM-MS analysis. H, the temporal profiles of nuclear IkBa derived from

SID-SRM-MS analysis. Beta-actin was used to normalize between sam

berry-red dye. As shown in upper panel of Fig. 2E, IRF3
rapidly accumulated into the nuclear fraction within 0.4 h and
returned to basal levels after 6 h. By contrast, a minor degree
of RelA nuclear translocation could be detected at 0.4 h and
remained strong even after 6 h of stimulation (bottom panel of

ples in SID-SRM-MS analysis.

Fig. 2E). In all, the dynamic live-cell imaging of EGFP-RelA/
monomeric Strawberry IRF3-stably transfected A549 cells
was consistent with SRM-MS observations and further con-
firmed the differential dynamic profiles of IRF3 and NF-«B
pathways in response to ds-RNA stimulation.
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Once in the nucleus, RelA and IRF3 recognize the kB and
IRF motifs present in the target genes, respectively, and reg-
ulate the expression of downstream genes. In order to deter-
mine whether ds-RNA activation of the canonical NF-kB path-
way and IRF3 pathways results in the expression of distinct
temporal waves of downstream genes, A549 cells were trans-
fected with ds-RNA for varying times (0, 0.5, 1, 2, 4, and 6 h),
and the total RNA was isolated for gene expression analysis
via Q-RT-PCR. As shown in Fig. 2F, ds-RNA strongly induced
the parallel expression of RelA-dependent genes NFKBIA/
IkBa, CXLC2/GroB, TNFAIP3/A20, and IFNB with an initial
increase in MRNA expression first detectable at 0.5 h. CXLC2/
GropB and TNFAIP3/A20 showed qualitatively similar profiles,
with a gradual increase in mMRNA expression untii mRNA
abundance peaked at 4 h, followed by a slight decrease. The
induction of mMRNA expression of NFKBIA/IkBa reached an
apparent maximum after 2 h of ds-RNA stimulation and de-
clined thereafter, despite the continued presence of nuclear
RelA. These data indicate that members of the RelA-depend-
ent gene network have a low threshold for activation of gene
expression and do not exhibit an expression delay.

In contrast, the expression of IRF3-dependent IFNS mRNA
increased monotonically with an initial induction at 0.5 h, but
a later, more potent induction over 6 h of over 40,000-fold.
The dissociation between the IRF3 nuclear translocation pro-
file and the expression of downstream IFNB mRNA suggests
that additional modifying factors control IRF3-dependent
IFNB expression, such as chromatin remodeling and the well-
established IRF1 and IRF7 amplification loops.

The activation of the canonical NF-«B pathway by ds-RNA
is well understood (56, 57). NF-kB is present in the cytoplasm
as an inactive complex with its regulatory subunit 1kB. Upon
stimulation, IkBa undergoes phosphorylation by I«B kinases
(IKKa and IKKB), unbiquitination, and proteasome-mediated
degradation, which result in the liberation of the NF-«B het-
erodimer, followed by its rapid nuclear translocation. As
shown in Fig. 2G, the SID-SRM-MS analysis revealed that
after stimulation of ds-RNA for 30 min, the amount of kB« in
cytoplasm was dramatically decreased, becoming virtually
undetectable 30 min after induction with ds-RNA, which is
consistent with the rapid degradation of IkBa and the initiation
of RelA nuclear translocation. Once in the nucleus, RelA will
bind and recruit co-activators to stimulate target gene expres-
sion. One of the RelA target genes of is IkBa. As shown in Fig.
2D, nuclear RelA increased 5.7-fold after 0.5 h, which induced
an 8.1-fold increase in mMRNA expression of IkBa (Fig. 2F). The
de novo resynthesis of IkBa replenished the intracellular
stores of IkBa. As shown in Fig. 2H, the cytoplasmic pool
started to be replenished after 1 h and was maintained for up
to 6 h after the stimulation of ds-RNA. However, the newly
synthesized IkBa did not completely compensate for the on-
going degradation of IkBa in the presence of ds-RNA. We
observed that only about one-fifth of the cytoplasmic pool of
IkBa was restored. Besides its cytoplasmic expression, |kBa

has also been reported to be localized in the nuclear com-
partment and displays nucleocytoplasmic shuttling properties
in complex with NF-«B, where it exports NF-kB from the
nucleus to the cytoplasm (58-60). Without stimulation, nu-
clear IkBa can be detected with Western blotting when the
protein is overexpressed from a transfected vector or micro-
injected into the cytoplasm (58). The detection of basal levels
of endogenous nuclear IkBa in unstimulated cells and the
temporal profile of nuclear IkBa at the early stage of stimula-
tion have not been documented. By using a more sensitive
and accurate SID-SRM-MS assay, we found that at the basal
level, about 20% of IkBa was located in the nucleus of A549
cells. After cell activation with ds-RNA, the amount of nuclear
IkBa diminished gradually and became virtually undetectable
1 h later, perhaps because of ongoing proteolysis in the
presence of ds-RNA stimulus. Unlike the cytoplasmic 1kBa,
the replenishment of nuclear IkBa progressed much more
rapidly. After 6 h of stimulation of ds-RNA, the amount of
nuclear |IkBa was restored to half of its basal level. The re-
covery of nuclear IkBa will resume the translocation of nuclear
NF-kB complexes from the nucleus to the cytoplasm, which
will at least in part contribute to the decreased amount of RelA
in the nucleus and the replenishment of the cytoplasmic pool
of RelA.

Activation of the IRF3 pathway involves the RIG-I-MAVS
complex and is controlled by two IKK-related kinases, TBK1
and IKKe (15). Our recent study demonstrated that IRF3 ac-
tivation also requires the participation of IKKy as a signaling
adapter (6). Using SID-SRM-MS, we quantified the temporal
profiles of cytoplasmic IKKe, IKKy, TBK1, MAVS, and RIG-I
proteins (Fig. 3). All of these display similar quantitative be-
havior involving a decrease upon stimulation that is followed
by the recovery of activity over a 6-h period. The decline of
these proteins in cytoplasm during the early phase is probably
caused by the inhibition of protein synthesis by ds-RNA, as
ds-RNA is known as a potent inhibitor of protein synthesis in
mammalian cells (61). After 2 h of ds-RNA activation, the
cytoplasmic pools of these proteins were slowly replenished
by protein re-synthesis. One dramatic example is RIG-I, the
expression level of which decreased to less than half of the
basal level at 2 h, followed by a steady increase. At the last
measured time of 6 h, the expression level of RIG-I was
increased 2.8-fold relative to the control sample. The up-
regulation of RIG-I protein expression was consistent with the
RIG-I mRNA expression profile (Fig. 3B).

The Effect of siRNA Knockdown of RelA and IRF3—To
investigate the interconnectivity of the NF-«B and IRF3 path-
ways, we used siRNA targeting RelA and IRF3 to inhibit the
activation of NF-«kB and IRF3 pathways, respectively. We
transfected A549 cells with RelA siRNA and IRF3 siRNA and
confirmed target gene down-regulation of RelA via Q-RT-
PCR. As shown in Figs. 4A and 4B, the treatment of A549 cells
with RelA siRNA resulted in a marked decrease in RelA
mRNA, and, similarly, the treatment of A549 cells with IRF3
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Fic. 3. Temporal profiles of cytoplasmic RIG-1, MAVS, IKK«, TBK1, and IKKy. A, SID-SRM-MS analysis profiles of cytoplasmic RIG-,
MAVS, IKKa, TBK1, and IKKy. Beta-actin was used to normalize between samples in SID-SRM-MS analysis. B, mRNA expression profiles of

RIG-I; y-axis, fold change in mRNA relative to GAPDH.

siRNA effectively knocked down IRF3 expression. We then
used SID-SRM-MS to quantify the protein levels of RelA and
IRF3 in A549 cells transfected with RelA siRNA, IRF3 siRNA,
or control non-targeting siRNA. As shown in Figs. 5A and 5B,
about 30% of RelA remained after 64 h of treatment with RelA
siRNA, as measured via SID-SRM-MS, and about 40% of
IRF3 remained after 64 h of treatment with IRF3 siRNA.

We next investigated whether the nuclear translocation of
RelA or IRF3 and the induction of target genes were inhibited
by the partial depletion of RelA or IRF3. The A549 cells were
transfected with RelA siRNA, IRF3 siRNA, or control non-
targeting siRNA for 64 h, and then the cells were treated with
ds-RNA for varying times (0, 1, and 4 h). The levels of RelA and
IRF3 in the nucleus were quantified via SID-SRM-MS. As
shown in Fig. 5B, the basal abundance of RelA was signifi-
cantly reduced in both the cytoplasmic and nuclear compart-
ments in RelA siRNA-transfected cells. Similarly, ds-RNA
stimulation induced only a minor amount of RelA nuclear
translocation in the RelA siRNA-transfected cells. After the
induction of ds-RNA for 4 h, the nuclear RelA increased about
4-fold, indicating that nuclear translocation of RelA was not
completely inhibited by siRNA. However, relative to the cells
transfected with control siRNA, the absolute amount of nu-
clear RelA was significantly lower in RelA siRNA-transfected
cells. At the 4-h time point, the amount of nuclear RelA in RelA
siRNA-treated cells was about the same as the basal level of
nuclear RelA in the cells treated with control non-targeting
siRNA. To confirm the functional effect of RelA siRNA knock-
down on RelA-dependent genes, NFKBIA/IkBa and Grop
mRNA expression were measured in control or RelA siRNA-
transfected cells. RelA siRNA produced significant inhibition

of ds-RNA-induced IkBa and Grof expression (Fig. 5E, top).
This effect was specific because the expression of internal
control B-actin and IRF3-dependent genes was not affected
in the RelA silenced cells (not shown). Similar expression of
IRF3-dependent genes was significantly inhibited in cells
transfected with IRF3 siRNA (Fig. 5E, bottom panel). Here, the
ds-RNA-induced expression of ISG15 and IFNB was signifi-
cantly inhibited. These data demonstrate that the expression
level of downstream genes is controlled by the amount of
RelA in the nucleus; in order to induce the expression of
downstream genes, a critical threshold of nuclear RelA is
required. SID-SRM-MS analysis of nuclear IRF3 in IRF3
siRNA-transfected A549 cell shows that the absolute amount
of IRF3 is significantly lower in IRF3 siRNA-transfected cells
than in non-targeting control siRNA-transfected cells, and
also that the nuclear translocation of IRF3 is inhibited
(Fig. D).

ds-RNA Activates the Noncanonical NF-kB Pathway—The
noncanonical NF-«B pathway is induced by some stimuli
distinct from those activating the canonical pathway, includ-
ing lymphotoxin B, B cell activating factor, CD40 ligand, and
DNA virus infection (62). Our group has shown that RNA virus
infection is also a rapid inducer of the noncanonical pathway
(11). This pathway utilizes an atypical IKK complex comprising
two IKKa subunits, but not NF-«kB essential modulator. In the
noncanonical pathway, ligand-induced activation results in
the activation of NIK, a serine kinase that phosphorylates and
activates IKKa, which in turn phosphorylates nuclear factor
NF-kB p100, leading to the processing and liberation of the
RelB/p52 active heterodimer (11). The heterodimeric RelB/
p52 complex is a transcriptional activator that translocates
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into the nucleus and binds to the kB consensus sequence
5’-GGRNNYYCC-3’, located in the enhancer region of genes
involved in the immune response and acute phase reactions.
Because the precise temporal relationship of the canonical
and noncanonical pathway activation has not been defined in
response to ds-RNA, we quantified noncanonical NF-xB
pathway activation using SID-SRM-MS. A challenge in SID-
SRM-MS assay design is that p52 is the proteolytically pro-
cessed 454 amino acid residue of the NH,, terminus of p100.
In order to distinguish these two proteins via SRM assay, we
selected a signature peptide unique to p100 having the se-
quence ALLDYGVTADAR (amino acid position 460-471). The
p52 signature peptide, belonging to both p52 and p100, was
selected having the sequence DSGEEAAEPSAPSR. However,
by the measure of SID-SRM-MS, the peak area ratios of
(p52/p100-native) versus (p52/p100-SIS) and p100-native

versus p100-SIS were compared, and we found that the
amount of p52 in the nucleus of A549 cells is about 10 times
greater than that of p100 (see supplemental Table S2). There-
fore, nuclear p100 has little effect on the quantification of
nuclear p52. In this experiment, we treated A549 cells with
ds-RNA and TNF for varying times. Previous work has shown
that the TNF-induced canonical pathway response is much
more rapid than that of ds-RNA; for this reason, the TNF time
course was shorter. We then used SID-SRM-MS to measure
the temporal profiles of p52 and p100 in the nucleus after the
stimulation. As shown in Fig. 6A, ds-RNA treatment led to a
time-dependent increase in the nuclear accumulation of p52;
at 4 h after ds-RNA stimulation, about 2-fold accumulation of
p52 was seen. Meanwhile, the level of nuclear p100 was
barely changed. The accumulation of p52 suggests that p52
processing and nuclear translocation are induced by ds-RNA
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Fic. 5. Effect of IRF3 and RelA knockdown on the IIR. A549 cells were transfected with RelA siRNA, IRF3 siRNA, and non-targeting control
siRNA for 64 h. Then the cells were treated with ds-RNA for varying times. The cytoplasmic and nuclear proteins were extracted and subjected
to SID-SRM-MS analysis. The temporal profiles of cytoplasmic RelA (A) and nuclear RelA (B) in the cells transfected with RelA siRNA or
non-targeting control siRNA derived from SID-SRM-MS analysis are shown. The temporal profiles of cytoplasmic IRF3 (C) and nuclear IRF3
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Fic. 6. Activation of noncanonical
NF-«xB pathway by the stimulation of
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stimulation. In a control experiment, p52 processing and nu-
clear translocation were not induced by TNF stimulation over
the same time interval (Fig. 68). Expression of the noncanoni-
cal pathway-dependent gene NAF1 is shown. Here, ds-RNA
induced a 32-fold induction of NAF1 expression (Fig. 6C).

DISCUSSION

The rapid activation of the regulatory arms of the IIR is
essential for host survival in response to invading pathogens.
Despite significant advances in our understanding of the bio-
chemistry and regulation of the IIR, the kinetics of the pathway
response are poorly understood. In this study, we designed,
characterized, and applied SID-SRM-MS assays for the quan-
tification of 10 major IIR regulators using a versatile workflow
for the quantification of low-abundance proteins (31). We
were able to observe rapid activation of both NF-«B and IRF3
pathways in response to the molecular ds-RNA pattern, with
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2 3 4 5 00 02 04 06 08 1.0 12
Time (h) Time (h)

C 40
NAF1

30 A

20 A

Fold change mRNA

0
dsRNA 0 6h

the NF-kB pathway demonstrating a secondary, delayed am-
plification phase. Our SID-SRM-MS measurements were able
to measure the nucleo-cytoplasmic shuttling of the IkBa in-
hibitor in the unstimulated cell, and we observed its dynamic
response to ds-RNA stimulation with initial nuclear clearance
followed by cytoplasmic degradation and subsequent re-
population upon its re-synthesis. We observed that in the
presence of system perturbation with RelA siRNA, a low nu-
clear threshold of NF-«B is required for target gene expres-
sion. The quantitative measurement of the major regulatory
PRR RIG-I upstream of the IRF3 pathway and of the kinases
controlling IRF3 phosphorylation (TBK1 and MAVS) suggests
that these proteins are initially consumed during the early
phase of IRF3 activation. Finally, we were able to measure
delayed noncanonical NF-«B activation by quantifying the
abundance of the processed (52 kDa) NF-«kB2 subunit in the
nucleus. These quantitative observations enabled by SID-

(D) in the cells transfected with IRF3 siRNA or non-targeting control siRNA derived from SID-SRM-MS analysis also are shown. Beta-actin was
used to normalize between samples for SID-SRM-MS analysis. E, inhibition of expression of downstream target genes by RelA siRNA and IRF3
siRNA. Total RNA in RelA siRNA-transfected A549 cells was assayed for NFKBIA/IkBa and Grof3 expression by Q-RT-PCR in response to
ds-RNA (6 h). Non-targeting siRNA was used as a negative control (top panel). Total RNA in IRF3 siRNA transfected cells was assayed for

ISG15 and IFNB expression in response to ds-RNA (bottom panel).
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SRM-MS have led to new insights into the dynamics and
interconnectivity of the IIR response.

Although SID-SRM-MS assays have been widely devel-
oped for the quantification of moderate- and high-abundance
analytes, their application to low-abundance signaling pro-
teins has not been widely accomplished. In this study, we
optimized and extensively characterized the assay perform-
ance of 10 low-abundance regulatory kinases and transcrip-
tion factors. Care in selecting SRM Q1/Q3 transitions, CE
optimization, and evaluating assay specificity is critical be-
cause the detection of signature peptides of low-abundance
proteins is subject to interference that can lead to false pos-
itives and quantification inaccuracy. Despite the complexity of
tryptic digests of cellular extracts, most IIR-SRM assays ex-
hibited baseline separation from other peaks on the peptide
LC chromatogram (supplemental Figs. S2 and S3). Out of 13
initial target proteins, 10 (Table I) could be quantified directly
from cell extracts with minimal sample fractionation. Even
though the chemically synthesized SIS signature peptides of
NIK, IKKe, and IKKB had strong MS responses, we could not
detect their cognate proteins directly from cellular extracts.
This might have been caused by multiple factors, including
low abundance of the target proteins, efficiency of release
during tryptic digestion, and the presence of unrecognized
post-translational modifications arising during biology or sam-
ple preparation. Moreover, our assessment of the reproduc-
ibility of peptide SRM measurements indicated that 94% of
the SRM measurements had within-run CVs of 20% or less,
and 80% had CVs of less than 5%. These precision values
demonstrate clearly that peptide SRM measurement can be
used in high-precision quantification, and that these SRM
assays can be widely used in the study of inflammation, virus
infection, cancer, and other [IR-related diseases.

Our observations show that ds-RNA stimulation rapidly in-
duces both NF-kB/RelA and IRF3 arms of the IIR, producing
cytoplasmic depletion and concomitant nuclear increases of
both NF-«B/RelA and IRF3 transcription factors. We interpret
this phenomenon as indicating ds-RNA-induced cytoplasmic-
to-nuclear translocation, a well-established mechanism for
activation of these transcription factors that is consistent with
our confocal colocalization experiments. Our studies further
indicate that in response to ds-RNA, only a fraction of the
cytoplasmic transcription factor is translocated into the nu-
cleus. Using an aptamer-SRM assay for the identification of
biologically active RelA, we previously demonstrated that
~10% of the cytoplasmic RelA is translocated into the nu-
cleus in response to TNF (40, 63). Our studies here indicate
that a greater fraction (~50%) of cytoplasmic RelA is induced
to translocate in response to ds-RNA stimulation, but a meas-
urable fraction is still retained in the cytoplasm. Presently our
SID-SRM-MS assay quantifies the presence of only the total
unmodified transcription factor. In the future, the development
of post-translational-modification-specific SRMs will allow us
to identify the activated states (31).

The quantitative nature of the SID-SRM-MS assays further
suggests asynchronous translocation of IRF3 and NF-«B ef-
fectors. Despite the common PRR-dependent activation of
IRF3 and NF-«B translocation, our data suggest that IRF3 is
initially translocated into the nucleus and that its nuclear
residence is transient. These findings suggest the presence of
a negative feedback loop controlling IRF3 translocation, a
finding that will require further mechanistic investigation. Ad-
ditionally, NF-«B undergoes a second inflection in nuclear
abundance, suggesting the involvement of an additional pos-
itive activation pathway, perhaps related to the recruitment of
other ds-RNA-activated PRRs, such as TLR3 and/or protein
kinase R. More work in cells deficient in these PRRs will be
required in order for us to dissect the contribution of these
other pathways to the ds-RNA response.

The NF-«B pathway is actively under negative autoregula-
tory control, whereby the nuclear-translocation-activated
NF-«B induces the expression of the IkBa inhibitor family (64,
65). Our findings suggest that a fraction of the IkBa complex
is localized within the nucleus in resting cells, and that this
nuclear fraction is rapidly degraded in response to ds-RNA,
suggesting that inducible IkBa proteolysis might partially oc-
cur within the nucleus. In response to ds-RNA stimulation,
IkBa reappears in the nucleus first, where it complexes and
inactivates NF-kB (60). Within the IkBaNF-«B complex, the
IkBa nuclear export signal dominates, resulting in cytoplas-
mic redistribution of the complex in an attempt to restore the
cell to a pre-stimulated state. Interestingly, in the presence of
ds-RNA, despite partial IkBa repopulation in the cytoplasm,
more NF-kB/RelA continues to translocate into the nucleus.
This finding suggests that an additional NF-«B reservoir is
being activated, the identity and characterization of which
warrant further study.

Our SID-SRM-MS observations indicate that the ds-RNA
PRR RIG-I is initially depleted in the cytosolic fraction upon
ds-RNA stimulation. Previous studies have shown that RIG-I
undergoes Lys (K)-63-linked polyubiquitylation, a post-trans-
lational modification mediated by the RING-finger E3 ubiquitin
ligases TRIM25 (66) and RNF125 (67), and that this event is
necessary for its oligomerization and binding to MAVS. Al-
though K63-linked polyubiquitylation is not in itself linked to
proteasomal degradation, RIG-I is also a target for Triad3, a
K48-linked ubiquitin ligase that has been shown to mediate
inducible RIG-I degradation (68). Our quantitative SID-SRM-MS
observations are consistent with a model of rapid RIG-I degra-
dation as an initial event in IRF3 activation prior to its robust
re-synthesis, perhaps mediated by Triad3.

A number of studies have shown the presence of positive
cross-talk between the NF-kB and IRF3 signaling pathways in
the IIR. For example, activation of NF-«B up-regulates the
expression of IRF isoforms, including IRF1, -5, and -7, via a
pathway that enhances the downstream IFN response (69).
We therefore were surprised to find that siRNA knockdown of
NF-kB/RelA resulted in enhanced IRF3-dependent gene ex-
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pression (supplemental Fig. s8). These intriguing findings sug-
gest that there is negative cross-talk in the NF-«B and IRF3
signaling pathways.

The interplay between the noncanonical and canonical
NF-«B pathways in the IR has been relatively unexplored.
Mechanistically, we know that activation of the noncanonical
NIK-IKKa complex is dependent on RIG-I'MAVS and inde-
pendent of the IKKy/NF-«kB essential modulator adapter,
whereas activation of the canonical IKKa/B complex is de-
pendent on the IKKy/NF-kB essential modulator (5). In re-
sponse to lymphotoxin b, the activation of the noncanonical
pathway is delayed relative to the canonical pathway (70). Our
data suggest that the noncanonical pathway is more rapidly
activated in response to ds-RNA, suggesting that the timing of
the two pathways is stimulus-dependent.

In summary, the precise temporal kinetics of IIR activation
is a key determinate of the response to invading pathogens.
Our development and characterization of a standardized,
quantitative, multiplexed 1IR-SRM-MS assay will significantly
enhance quantitative measurements of the cellular response
to PRR-induced signaling.
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