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A B S T R A C T

Small molecule approaches targeting the nuclear factor kappa B (NF-kB) pathway, a regulator of inflammation,
have thus far proven unsuccessful in the clinic in part due to the complex pleiotropic nature of this network.
Downstream effects depend on multiple factors including stimulus-specific temporal patterns of NF-kB activity.
Despite considerable advances, genome-level impact of changes in temporal NF-kB activity caused by inhibitors
and their stimulus dependency remains unexplored. This study evaluates the effects of pathway inhibitors on
early NF-κB activity and downstream gene transcription. 3T3 fibroblasts were treated with SC-514, an inhibitor
targeted to the NF-kB pathway, prior to stimulation with interleukin 1 beta (IL-1β) or tumor necrosis factor alpha
(TNF-α). Stimulus induced NF-κB activation was quantified using immunofluorescence imaging over 90-minutes
and gene expression tracked over 6-hours using mRNA TagSeq. When stimulated with IL-1β or TNF-α, significant
differences (P < 0.05, two-way ANOVA), were observed in the temporal profiles of NF-κB activation between
treated and untreated cells. Increasing numbers of differentially expressed genes (P < 0.01) were observed at
higher inhibitor concentrations. Individual gene expression profiles varied in an inhibitor concentration and
stimulus-dependent manner. The results in this study demonstrate small molecule inhibitors acting on pleio-
tropic pathway components can alter signal dynamics in a stimulus-dependent manner and affect gene response
in complex ways.

1. Introduction

Nuclear factor kappa B (NF-κB) plays a key role in coordinating
inflammatory responses through the regulation of genes, such as
CXCL10, CCL5, and IL6, encoding pro-inflammatory cytokines, che-
mokines and growth factors [1–3]. Chronic inflammation promotes
tumorigenesis by increasing cellular stress and DNA damage [4], and
the appropriate regulation and control of NF-κB activity has long been
considered a promising avenue for treating inflammatory diseases and
cancer. Efforts in developing NF-κB pathway specific therapies have
been largely unsuccessful due to its simultaneous influence in a vast

number of physiological functions [5–7].
NF-κB is activated by a variety of extracellular stimuli including

interleukin 1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α),
both playing roles in tumor progression and inflammation [8–10]. In
resting cells, NF-κB is maintained in the cytoplasm by inhibitory kappa
B (IkB) proteins [11,12]. Upon stimulation, IκBs are phosphorylated by
the IκB kinase complex (IKK), which causes its rapid degradation and
releases NF-κB for nuclear translocation and subsequent control of gene
transcription. IkB subunit beta (IKKβ) is one of the three kinases in IKK
which is a convergence point for many NF-κB signaling pathways
[11,13]. Alterations of NF-kB signaling dynamics has been
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demonstrated as a function of inhibiting IKK action [14–17]. Ad-
ditionally, dynamical changes of NF-κB activation have been shown to
result in altered gene expression profiles [2,14,18]. However, the extent
to which pathway perturbations effect signal dynamics and the re-
lationship between NF-κB signaling dynamics and transcriptional
output have not been fully elucidated.1

In this contribution, we test the hypotheses that 1) inhibitors acting
on pleiotropic pathway components can have stimulus-specific effects
on signal dynamics, and 2) alterations in signal dynamics caused by
small molecule inhibitors affect downstream gene transcription. To this
end, we treated 3T3 fibroblasts with SC-514, an IKKβ selective in-
hibitor, and characterized changes in the temporal profile of NF-κB
activity and corresponding gene expression in response to TNF-α or IL-
1β stimulation. Taken together, the results in this study demonstrate
the value of protein-specific small molecule inhibitors as tools for
probing signaling pathways, and also highlight their potential for al-
tering signal dynamics affecting gene expression as a result.

2. Materials and methods

2.1. Cell culture

3T3 mouse fibroblast cells were a gift from Dr. Laura Suggs
(Department of Biomedical Engineering, University of Texas, Austin,
TX) and were maintained in glucose-containing Dulbecco's modified
Eagle's medium (DMEM, VWR International, LLC, Radnor, PA) sup-
plemented with 10% bovine calf serum and penicillin-streptomycin
(100 units/ml). One day before the stimulation experiments, cells were
seeded in 8-well chambered cover glass (Cellvis, Mountain View, CA) in
200 μl of culture medium at an estimated 35,000 cells/well. Cell count
was determined by the Countess II FL automated cell counter (Thermo
Fisher Scientific Inc., Waltham, MA).

2.2. Stimulation experiments

3T3 fibroblasts in each 8-well chamber were pretreated with culture
medium containing SC-514 (0, 10, 25, 50 or 100 μM) (Selleck
Chemicals, Houston, TX) 1 h prior to stimulation. SC-514 is a selective
inhibitor of IKKβ action, inhibiting IkBα phosphorylation (when treated
with SC-514 above 100 μM, cell dissociation occurred). Cells were sti-
mulated with either 1 ng/ml of IL-1β, 10 ng/ml of TNF-α, or control
saline for 5, 10, 15, 20, 25, 30, 45, 60, 75, or 90min. An initial dose
response experiment for each stimuli was conducted. The lowest con-
centration of stimuli that achieved the fastest rate of peak NF-κB acti-
vation was chosen for each stimuli. Cells were fixed and permeabilized
with 100% methanol at −20 °C for 5min and blocked in phosphate
buffered saline (PBS, Caisson Laboratories, Inc., Smithfield, UT) +2%
bovine serum albumin (BSA, Fisher Scientific International Inc.,
Pittsburgh, PA) for 1 h. Cells were incubated with NF-kB-p65 antibody
Alexa Fluor 488 (AF488) conjugate (Cell Signaling Technology,
Beverly, MA) in PBS +2% BSA for 1 h followed by a 5-min incubation
with 4′,6-diamidino-2-phenylindole (DAPI) in PBS. This experiment
was replicated for each drug treatment four times at each time point. A
simplified diagram of the NF-kB signaling pathway can be seen in
Fig. 1. NF-kB is activated by both IL-1β and TNF-α. When IL-1β and
TNF-α bind to their receptors, (IL-1R and TNF-R, respectively), a series
of phosphorylation events take place, eventually converging at the IKK
complex which consists of three isoforms; IKKα, IKKγ, and IKKβ

(Fig. 1a). IKKβ phosphorylates an inhibitory protein IkBα, subsequently
allowing NF-kB to translocate to the nucleus where gene transcription
takes place (Fig. 1b). NF-kB translocates back into the cytoplasm
(Fig. 1c) due to negative feedback in signaling.

2.3. Microscopy and image analysis

Cells were imaged in the green fluorescent protein (GFP) (Ex.
450–549 nm Em. 500–550 nm) and DAPI (Ex. 325–375 nm Em.
435–485 nm) channels with the Leica DMI6000 microscope (Leica
Microsystems, Wetzlar, Germany) at 20× resolution. Image analysis
was performed using CellProfiler (www.cellprofiler.org). An image
analysis pipeline was constructed to measure DAPI-labeled nuclei and
AF488-labeled NF-kB. Specifically, raw images were first corrected for
uneven illumination (vignetting) [19–21]. An illumination function was
calculated using the intensity of each pixel (regular) and convex hull
smoothing method of an empty field image was applied. Each image
was divided with this illumination function and then background in-
tensity was subtracted. All images were converted to grayscale. Nuclei
were identified with the DAPI stain using Otsu two-class global
thresholds. ‘Shape’ which identifies indentations on edges of touching
cells was used to distinguish the number of objects in a clump. Cell
boundaries were drawn using AF488-labeled NF-kB intensity, where
boundaries are defined to be the dimmest points between two objects
[19,21]. The nucleus was masked from the whole cell to define the
cytoplasm region. Intensity of AF488-labeled NF-kB was measured in
the nucleus, cytoplasm, and whole cell. Each image was analyzed in-
dependently. Two 4.19 megapixel images were taken per well in each
experiment with ~100–200 cells in view in each image. Mean fluor-
escent intensity was calculated for each cell and averaged together for
each well. Values were normalized to the averaged time zero intensity.
Images where cell boundaries could not be accurately distinguished

Fig. 1. High level representation of the NF-κB signaling pathway and SC-514
mechanism of action. Stimuli IL-1β and TNF-α bind IL-1R and TNF-R, respec-
tively, triggering downstream phosphorylation. NF-κB is sequestered in the
cytoplasm by IkBα until activation of the IKK complex, which consists of three
isoforms, IKKα, IKKγ, and IKKβ (a). IKKβ phosphorylates IkBα, allowing NF-κB
to translocate to the nucleus for gene transcription (b) until eventually trans-
locating back to the cytoplasm (c). SC-514 is a selective inhibitor of IKKβ ac-
tion.

1 Abbreviations: nuclear factor kappa B (NF-kB), interleukin 1 beta (IL-1β),
tumor necrosis factor alpha (TNF-α), inhibitory kappa B (IkB), IκB kinase
complex (IKK), IkB subunit beta (IKKβ), interleukin 1 receptor type I (Il1r1),
interleukin 6 (Il6), cytochrome c oxidase II mitochondrial (Cox2), NF-κB in-
hibitor alpha (Nfkbia), tumor necrosis factor, alpha-induced protein 3
(Tnfaip3), early growth response 1 (Egr1)
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were eliminated from analysis.

2.4. RNA sample preparation

24 h before RNA purification, 3 T3 fibroblasts were plated in a 24
well plate at 140,000 cells/well. Cells were pretreated with culture
medium containing SC-514 (0, 10, 25, 50 or 100 μM) 1 h prior to sti-
mulation. Cells were stimulated with either 1 ng/ml of IL-1β, or 10 ng/
ml of TNF-α for 15, 30, 60, 120, and 360min. All reagents for RNA
purification were part of the RNeasy Mini kit (Quiagen, Hilden,
Germany). Briefly, cells were lysed directly in the 24 well plate and
homogenized by vortexing. Precipitate was formed using 70% ethanol.
All samples were treated with DNase and eluted into 30 μl of RNase free
water. RNA concentration and purity was determined using the Qubit 4
Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA). This process
was replicated for each drug treatment at each time point four times.

2.5. TagSeq profiling

RNA TagSeq is a 3’ Tag-based approach to full RNA sequencing that
has been proven highly reliable for differential gene expression analysis
in well annotated genomes [22,23]. RNA samples were sent to the
Genome Sequence and Analysis Facility at The University of Texas at
Austin where libraries were constructed using a modified protocol from
Lohman et al. [22]. Modifications from Lohman et al. included: i)
Fragmentation of RNA was done using 5× First Strand Buffer (Takara
Bio USA, Inc., Mountain View, CA) for 2.5 min ii) Titanium tag poly-
merase (Takara Bio USA, Inc., Mountain View, CA) was used in cDNA
amplification master mix. Samples were sequenced with the Illumina
HiSeq 2500 1×100 with an average of 3.5× 106 raw reads per
sample.

2.6. TagSeq processing

TagSeq clipping was carried out using FASTX-Toolkit's fastx-clipper
with parameters to remove non-template bases introduced by reverse

Fig. 2. A) Representative images of NF-κB
translocation over time. Row 1 shows un-
treated 3T3 fibroblast cells, while rows 2
and 3 display cells treated with 25 and
100 μM of SC-514, respectively. All cells
were stimulated with IL-1β (1 ng/ml) and
fixed at 0, 25, 45, and 90min. Visual dif-
ferences in nuclear NF-κB translocation
(stained green) can be seen between un-
treated cells and cells treated with 25 and
100 μM of SC514 at 25 and 45min. B)
Quantification of the mean nuclear NF-κB
fluorescent intensity per each experimental
condition. Nuclear and cytoplasmic regions
were segmented from original immuno-
fluorescence images and intensity values
were averaged at each time point. Error
bars represent 95% confidence intervals. A
two-way analysis of variance test de-
termined significant differences (P < 0.05)
between time series of untreated cells and
cells treated with 25, 50 and 100 μM of SC-
514 (red). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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transcriptase on the 5′ end [23,24]. Quality assurance of processed
reads was done using dispersion calculations implemented in DESeq2.
Poor quality reads due to low amounts of sample (yield< 10 Mbp) for
sequencing were removed from analyses (n=2). Reads were aligned
against an assembly of cDNA sequences for the GRCm38 (mm10) as-
sembly genome using Bowtie2 [25]. The output of processing was a
count matrix of raw reads per gene for each experimental condition.

2.7. Differential gene expression analysis

Differential expression analyses were carried out via DESeq2 from
the Bioconductor suite of R tools [26] using count matrices generated
from the processing pipeline. Normalization of reads was done by
modeling read counts for each sample as following a negative binomial
distribution with a mean that is proportional to the concentration of
cDNA fragments from each gene scaled by a factor based on sequencing
depth and library size. Expression differences were calculated by
comparing coefficients in a generalized linear model (GLM) between
experimental conditions. The GLM returns a coefficient matrix in-
dicating overall expression strength of all genes in the sample and the
shrunken (minimized dispersion) log2 fold change between two ex-
perimental conditions. Expression at each inhibitor concentration (25,
50, and 100 μM) for both IL-1β and TNF-α at each longitudinal time
point was individually compared against the no inhibitor condition at
that same time point. All code for this portion of the analysis, including
visualization of results, was written in R statistical software [27].

2.8. Statistical analysis

Analyses for fluorescent images were performed with Matlab
(MathWorks Inc., Natick, MA). Error bars in Figs. 2–6 represent 95%
confidence intervals. Comparison of the mean fluorescent intensity
between control and inhibitor treated data sets was determined with a
two-way analysis of variance test (ANOVA). If the interaction term
(time and concentration of inhibitor) exhibited P < 0.05, then the
difference was considered statistically significant. A pairwise t-test was
used to determine significant differences in the fold change of peak
intensity values. For cell measurements from the image analysis, outlier
samples were determined statistically through the Grubbs outlier test
and were eliminated from the data set. Analyses for gene expression
were completed in R. Standard error for the GLM coefficient based log2
fold change estimates are calculated using the curvature of each coef-
ficient's posterior probability at the maximum of a density plot of
coefficient estimates for log2 fold change. In DESeq2, p-values are
generated using a Wald test and adjusted using Benjamini and Hoch-
berg corrections [26].

2.9. Data availability

The CellProfiler image analysis pipeline is available upon request.
All processing code used in TagSeq processing including RMarkdown
files containing session information used in differential expression
analysis is available at https://github.com/sachitsaksena/nfkb-tag-seq.

2.10. Accession numbers

Mouse genome (GRCm38 (mm10)): GCA_000001635.8.
RNA TagSeq dataset deposited on NIH Sequence Read Archive:

SRP163157.

3. Results

3.1. IKKβ inhibition causes significant differences in temporal profiles of
nuclear NF-κB translocation when stimulated with IL-1β

Representative images of NF-κB translocation after IL-1β

stimulation at 0, 25, 45, and 90min in three experimental conditions
shown in Fig. 2A. A difference in nuclear accumulation of NF-κB can be
seen between untreated cells and cells treated with 25 μM of SC-514 at
25 and 45min. An increased difference is apparent in cells treated with
100 μM of SC-514 and untreated cells at 25 and 45min. At 90min, NF-
κB has cycled out of the nucleus and back into the cytoplasm in all
experimental conditions. Statistical analyses revealed significant dif-
ferences in time series between untreated cells and cells treated with
25, 50 and 100 μM of SC-514 (P < 0.001) (Fig. 2B, red). Time series
data of cells treated with 10 μM of SC-514 were also significantly dif-
ferent from cells treated with 25, 50, and 100 μM of SC-514
(P < 0.001) but not so when compared to untreated cells (P=0.224).
Significant differences were observed between cells treated with 25 μM
and those treated with 50 or 100 μM of inhibitor (P=0.027 and
P < 0.001, respectively). Significant differences were also seen be-
tween cells treated with 50 μM and 100 μM of inhibitor (P=0.003). No
concentration of inhibitor completely blocked nuclear translocation.

3.2. IKKβ inhibition causes significant differences in temporal profiles of
nuclear NF-κB translocation when stimulated with TNF-α

Representative images of NF-κB translocation after TNF-α stimula-
tion at 0, 25, 45, and 90min in three experimental conditions are
shown in Fig. 3A. A difference in the nuclear accumulation of NF-κB can
be seen between untreated cells and cells treated with 25 μM of SC-514
at 25 and 45min. An increased difference is apparent in cells treated
with 100 μM of SC-514 at 25 and 45min. At 90min, NF-κB has cycled
out of the nucleus and back into the cytoplasm in all experimental
conditions. Statistical analyses revealed significant differences in time
series between untreated cells and cells treated with 10, 25, 50 and
100 μM SC-514 (P < 0.001) (Fig. 3B, red). Time series data of cells
treated with 10 μM of SC-514 were also significantly different from cells
treated with 50 and 100 μM of SC-514 (P=0.012 and P < 0.001, re-
spectively). Cells treated with 25 μM and 50 μM of SC-514 had sig-
nificant differences when compared to cells treated with 100 μM of
inhibitor (P < 0.001). No significant differences were seen between
10 μM and 25 μM conditions or 25 μM and 50 μM conditions (P=0.585
and P=0.091 respectively). No concentration of inhibitor completely
blocked nuclear translocation.

3.3. Degree of fold change in NF-κB nuclear translocation at peak activation
is stimulus specific

The dose response for fold change in the mean NF-κB nuclear in-
tensity at peak time points is shown in Fig. 4. Cells stimulated with IL-
1β reach peak activation at 45min with a maximum fold change of 2.77
with no inhibitor (Fig. 4A). There is a significant difference in intensity
fold change between untreated cells and cells treated with 25 μM
(P=0.013) as well as 50 and 100 μM (P < 0.001) of SC-514 indicated
with asterisks. Maximum difference in fold change is achieved with
50 μM of SC-514, reaching a fold change of 2.11, a 0.66 decrease from
peak activation. There is no significant difference in peak activation
between cells treated with 50 μM of inhibitor and 100 μM of inhibitor
(P=0.554) suggesting saturation of the inhibitor effect. Cells stimu-
lated with TNF-α reach peak activation at 25min with a maximum fold
change of 3.31 with no inhibitor (Fig. 4B). There is a significant dif-
ference in intensity fold change between untreated cells and cells
treated with 10, 25, 50 and 100 μM (P < 0.001) of SC-514 indicated
with asterisks. Maximum difference in fold change is achieved with
100 μM of SC-514, reaching a fold change of 1.53, a 1.78 decrease from
peak activation.

3.4. RNA TagSeq data reveals temporal alterations in gene expression in
response to stimuli

Total number of significantly (P < 0.01) differentially expressed
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Fig. 3. A) Representative images of NF-κB
translocation over time. Row 1 shows un-
treated 3T3 fibroblast cells, while Rows 2
and 3 display cells treated with 25 μM and
100 μM of SC-514, respectively. All cells
were stimulated with TNF-α (10 ng/ml) and
fixed at 0, 25, 45, and 90min. Visual dif-
ferences in nuclear NF-κB translocation
(stained green) can be seen between un-
treated cells and cells treated with 25 and
100 μM of SC514 at 25 and 45min. B)
Quantification of the mean nuclear NF-κB
fluorescent intensity per each experimental
condition. Nuclear and cytoplasmic regions
were segmented from original immuno-
fluorescence images and intensity values
were averaged at each time point. Error
bars represent 95% confidence intervals. A
two-way analysis of variance test de-
termined significant differences (P < 0.05)
between time series of untreated cells and
cells treated with 10, 25, 50 μM and 100 μM
of SC-514 (red). (For interpretation of the
references to colour in this figure legend,
the reader is referred to the web version of
this article.)

Fig. 4. A) Mean nuclear intensity fold
change of NF-κB translocation stimulated
with IL-1β (1 ng/ml) at 45min. Significant
differences (P < 0.05) between untreated
cells and cells treated with 25, 50, and
100 μM of SC-514 indicated with asterisk.
The maximum fold change difference in
peak activation from untreated cells was
achieved with 50 μM SC-514. B) Mean nu-
clear intensity fold change of NF-κB trans-
location stimulated with TNFα (10 ng/ml)
at 25min. Significant differences
(P < 0.05) between untreated cells and
cells treated with 10, 25, 50, and 100 μM of
SC-514 indicated with asterisk. Maximum
fold change difference in peak activation
from untreated cells achieved with 100 μM
of SC-514.
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genes in cells treated with 25, 50 and 100 μM of SC-514 compared to
untreated cells after stimulation with IL-1β are shown in Fig. 5A. For
each individual time point, the number of differentially expressed genes
increases with inhibitor concentration. Log2 fold changes in expression
compared to untreated cells after stimulation with IL-1β of six in-
flammatory genes treated with 25, 50 and 100 μM of SC-514 are shown
in Fig. 5B. Significant differences in expression of cells treated with
inhibitor from untreated cells are shown in Fig. 5 (B, red).

Total number of significantly (P < 0.01) differentially expressed
genes in cells treated with 25, 50 and 100 μM of SC-514 compared to
untreated cells after stimulation with TNF-α are shown in Fig. 6A. For
each individual time point, the number of differentially expressed genes

increases with inhibitor concentration. Log2 fold changes in expression
compared to untreated cells after stimulation with TNF-α of six in-
flammatory genes treated with 25, 50 and 100 μM of SC-514 are seen in
Fig. 6B. Significant differences in expression of cells treated with in-
hibitor from untreated cells are shown in Fig. 6 (B, red).

Expression of Interleukin 1 receptor, type I (Il1r1) is downregulated
in a dose dependent manner in cells stimulated with both IL-1β and
TNF-α and has a consistent trend through time and between stimulation
conditions. Early growth response 1 (Egr1) has a similar change in
expression in both stimulation conditions, with the highest upregula-
tion occurring at 15 and 120min in a dose dependent manner.
However, tumor necrosis factor alpha-induced protein 3 (Tnfaip3) is

Fig. 5. A) Total number of significantly
differentially expressed genes (P < 0.01)
in cells treated with 25, 50 and 100 μM of
SC-514 compared to untreated cells at 15,
30, 60, 120, and 360min after IL-1β (1 ng/
ml) stimulation. An increasing number of
differentially expressed genes is seen with
increasing concentration of SC-514 for each
individual time point. B) Log2 fold change
in gene expression in cells treated with 25,
50 and 100 μM of SC-514 compared to un-
treated cells for six inflammatory genes:
Il1r1, Il6, Cox2, Nfkbia, Tnfaip3 and Egr1 at
15, 30, 60, 120, and 360min after IL-1β
(1 ng/ml) stimulation. Significance
(P < 0.05) indicated in red. Note vertical
axis are different for each gene. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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significantly upregulated in cells stimulated with TNF-α at 15min
which is not the case in cells stimulated with IL-1β. Cytochrome c
oxidase II, mitochondrial (Cox2) and Interleukin 6 (Il6) exhibit varying
degrees of up- and down- regulation through time. Particular differ-
ences in Cox2 expression between stimuli are seen at 15min where IL-
1β stimulated cells treated with 50 μM of inhibitor exhibit significant
downregulation of expression while TNF-α stimulated cells do not and
in expression of Il6 at 360min where IL-1β stimulated cells treated with
25 μM exhibit an upregulation in expression and TNF-α stimulated cells
do not.

4. Discussion

Regulation of NF-κB is a critical step in inflammatory diseases and
cancer. Pathway analyses are necessary to understand NF-κB tran-
scriptional activity to aid in the development of targeted treatments.
This study quantitatively evaluated the effect of SC-514, a selective
inhibitor of IKKβ, on NF-κB transcriptional activity using two stimuli,
IL-1β and TNF-α. Results demonstrated significant temporal differences
in NF-κB nuclear translocation between untreated cells and cells treated
with various concentrations of SC-514 when stimulated with both IL-1β
and TNF-α. Furthermore, this study identifies changes in inflammatory
gene expression due to differing temporal profiles of NF-κB nuclear

Fig. 6. A) Total number of significantly
differentially expressed genes (P < 0.01)
in cells treated with 25, 50 and 100 μM of
SC-514 compared to untreated cells at 15,
30, 60, 120, and 360min after TNF-α
(10 ng/ml) stimulation. An increasing
number of differentially expressed genes is
seen with increasing concentration of SC-
514 for each individual time point. B) Log2
fold change in gene expression in cells
treated with 25, 50 and 100 μM of SC-514
compared to untreated cells for six in-
flammatory genes Il1r1, Il6, Cox2, Nfkbia,
Tnfaip3 and Egr1 at 15, 30, 60, 120, and
360min after TNF-α (10 ng/ml) stimula-
tion. Significance (P < 0.05) indicated in
red Note vertical axis are different for each
gene. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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translocation of cells treated with IL-1β and TNF-α.
Protein- specific small molecules have been used to investigate

signaling pathways and have proved valuable in developing targeted
treatments [28]. These tools have allowed researchers to understand
how specific signaling pathway perturbations alter genetic profiles and
cellular function in disease states [14,15,28,29]. Previous studies have
shown altering upstream signaling events can effect NF-κB transcrip-
tional activity [14–17] [30–32],. Our results corroborate this and fur-
ther quantify these differences on a dose dependent level. A decrease in
peak activation of NF-κB was seen even at low concentrations (i.e., 10
and 25 μM); however, there was never a complete blockade. Our results
are in agreement with studies that show decreased activation of NF-κB
due to perturbations of the IKK complex [30–32]; however, the timing
and degree of NF-κB inhibition varies in studies depending on the cell
type and stimulus [14,33]. This demonstrates how various cells can
interpret signals independently and yield different responses [34].
Cellular function must be taken into consideration when conducting
pathway analyses in targeted drug development, as one pathway of
interest may be present in multiple cell types relevant to the disease
state.

The results of the present study show a stimulus specific response of
NF-κB activation between cells stimulated with IL-1β and TNF-α sup-
porting preliminary studies which investigated how targeting signaling
dynamics through pharmacological intervention can produce stimulus-
selective responses [5]. When stimulated with IL-1β, cells exhibit peak
NF-κB activation at 45min, a significant change in temporal profile
starting with concentrations of 25 μM SC-514, and a maximum decrease
in peak intensity with 50 μM of SC-514. These results show SC-514
blunts, in a concentration-dependent manner the amplitude of the
transient peak of NF-κB activity induced by IL-1β stimulation. Inter-
estingly, even at the highest dose, SC-514 does not change the timing of
the signal decay. When stimulated with TNF-α, cells exhibit peak NF-κB
activation at 25min, a significant change in temporal activation profile
starting with 10 μM of SC-514, and maximum decrease in peak acti-
vation with 100 μM of SC-514. These results show SC-514 substantially
re-modulates, in a concentration-dependent manner, the temporal dy-
namics of the NF-κB signal induced by TNF-α stimulation. In contrast to
the IL-1β case, IKK inhibition by SC-514 seem to affect both peak am-
plitude as well as the decay of the signal induced by TNF-α. These
findings warrant further analyses quantifying the effect of SC-514 on
additional pathway molecules, including IKK itself in this specific cell
type, to determine other possible factors contributing to dynamical
changes.

Results from genetic sequencing yield results in agreement from
others showing that manipulation of IKK leads to distinct NF-κB acti-
vation profiles and changes in gene expression profiles [2,35], however
our findings offer a further in depth analysis using longitudinal gene
expression data with varying degrees of IKK inhibition in response to IL-
1β and TNF-α. Overall, there is an SC-514 dose dependent trend of
increasing differentially expressed genes through time. When looking at
individual gene expression profiles through time, vast expression dif-
ferences are observed in certain genes between experimental condi-
tions.

Pathway perturbations can have differing effects on transcriptional
activity depending on the stimuli present and is important to consider
when designing therapeutic targets; in this application, especially in
diseases where the inflammatory stimuli levels can vary such as cancer
and rheumatoid arthritis [36,37]. Our results not only elucidate dif-
ferences in inflammatory gene expression between stimuli but also
show how expression levels can change in a matter of minutes, de-
monstrating the need for further, highly time-resolved gene expression
studies.

A limitation of this study is that analyses were performed at fixed
times on populations of cells. Real time, single cell imaging data would
better capture cell to cell heterogeneity and assess the signaling con-
sequences from these differences. This study focuses specifically on NF-

κB dynamical changes from IKK inhibition; monitoring pathway pro-
teins upstream of NF-κB would offer additional insight on the me-
chanisms of these changes. Further studies should also investigate dy-
namical changes from pathway perturbations in the NF-κB network at
later time scales and the differences that arise in inflammatory gene
expression. Additionally, our results would be further generalized if
evaluated in other cell types. There may be differences between cell
responses in the 3 T3 cells used in these studies and primary cell lines.
Studying the changes in signal dynamics due to pathway perturbations
in vivo will increase biological insight of cellular behavior in disease
states and prove valuable in pharmacology.

5. Conclusions

In summary, we demonstrate novel differences in early NF-κB
transcriptional activity from IKKβ selective inhibition in response to IL-
1β and TNF-α. Significant differences of NF-κB nuclear translocation
were quantified at a high temporal resolution to both stimuli and re-
vealed stimulus-specific responses to perturbation. Furthermore, gene
expression profiles revealed an increase in significantly differentially
expressed genes with increasing concentration of IKKβ inhibition.
Individual inflammatory genes were up and down regulated with
varying degrees calling for further analysis of specific genes of interest.
This work analyzes changes in signaling and transcriptional dynamics
necessary to develop effective NF-κB pathway targeted drugs and de-
lineates the importance of pathway analyses in therapeutic design.
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