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Background:Thirty-eight NF-�B-signaling genes are analyzed for tissue expression profile and pretranscriptional mechanisms.
Results: NF-�B-signaling genes are differentially expressed and can be regulated by specific transcription factors, multiple
alternative promoters/spliced isoforms, DNA methylation, and microRNAs.
Conclusion: Pretranslational regulatory mechanisms contribute to NF-�B activation and inflammatory diseases.
Significance: Pretranslational regulatory mechanisms can be used as therapeutic targets.

NF-�B-controlled transcriptional regulation plays a central
role in inflammatory and immune responses. Currently, under-
standing about NF-�B activation mechanism emphasizes I�B-
tethered complex inactivation in the cytoplasm. In the case of
NF-�B activation, I�B phosphorylation leads to its degradation,
followed by NF-�B relocation to the nucleus and trans-activa-
tion of NF-�B-targeted genes. Pretranslational mechanism
mediated NF-�B activation remains poorly understood. In this
study, we investigated NF-�B pretranslational regulation by
performing a series of database mining analyses and using six
large national experimental databases (National Center of Bio-
technology Information UniGene expressed sequence tag pro-
file database, Gene Expression Omnibus database, Transcrip-
tion Element Search System database, AceView database, and
Epigenomics database) and TargetScan software. We reported
the following findings: 1) NF-�B-signaling genes are differen-
tially expressed inhumanandmouse tissues; 2) heart and vessels
are the inflammation-privileged tissues and less easy to be
inflamed because lacking in key NF-�B-signaling molecular
expression; 3) NF-�B-signaling genes are induced by cardiovas-
cular disease risk factors oxidized phospholipids andproinflam-
matory cytokines in endothelial cells; 4) transcription factors
CCAAT/enhancer-binding proteins and NF-�B have higher
bindingsite frequencies inthepromotersofproinflammatorycyto-
kine-induced NF-�B genes; 5) most NF-�B-signaling genes have
multiple alternative promoters and alternatively spliced isoforms;
6) NF-�B family genes can be regulated by DNAmethylation; and
7) 27of 38NF-�B-signaling genes canbe regulatedbymicroRNAs.
Our findings provide important insight into the mechanism of

NF-�Bactivation, whichmay contribute to cardiovascular disease,
inflammatory diseases, and immunological disorders.

Nuclear factor � light chain enhancer of activated B cells
(NF-�B)3 transcription factors play critical roles in awide range
of biological processes, including immunity, stress responses,
apoptosis, andmaturation of various cell types, which were dis-
covered 26 years ago (1). There are five members of the NF-�B
family in mammals, including RelA (also known as p65), RelB,
c-Rel (also known as Rel), and the precursor proteins NF-�B1
(p105) and NF-�B2 (p100), as shown in Fig. 1A. Classical NF-�B
signaling involves at least 38 NF-�B-signaling proteins and pro-
ceeds through seven intracellular adapter family proteins, includ-
ing receptor-interacting proteins (RIPKs; RIPK1/2/3) and TNF
receptor-associated factors (TRAFs;TRAF2/3/5/6),which leads to
the activation of inhibitor of I�B kinase kinase (IKK kinase) family
protein TGF�-activated kinase-1 (Tak1) and NF-�B-inducing
kinase (NIK). In the canonical pathway, Tak1 phosphorylates
IKK�, whereas in the non-canonical pathway, NIK is required for
IKK�activationandp100phosphorylation (2).The IKKfamilyhas
two catalytically active kinases, IKK� and IKK�, and a regulatory
subunit IKK� (also known as NEMO), which phosphorylates
inhibitorof�B(I�B) familyproteinand leads toubiquitinationand
degradation of the I�Bs to release and activateNF-�B (3). The I�B
protein family comprises the typical I�B proteins I�B�, I�B�, and
I�B�, which sequester inactiveNF-�Bcomplexes in the cytoplasm
of unstimulated cells, and the atypical I�B proteins I�B�, I�BNS,
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and Bcl-3 (B-cell lymphoma 3), which mediate their effects in the
nucleus. IKK substrates also include cyclin D1 (CCND1), nuclear
receptorcorepressor2 (SMRT),CREB-bindingprotein (CBP),his-
tone deacetylase 3 (HDAC3), B-cell CLL/lymphoma 10 (BCL10),
and cylindromatosis turban tumor syndrome (CYLD) (4). It has
been reported that additional factors can regulate NF-�B activity,
such as Akirin proteins (Akirin1 and Akirin2). Mitogen-activated
protein kinase-activated protein kinase 2 (MK2) has been impli-
cated in dampening the activity of NF-�B by regulating p38. It has
been suggested that at late stages of activation, nuclearRelA (p65)-
containing heterodimers are removed through ubiquitylation and
proteasomal degradation. NF-�B degradation can be regulated by
suppressor of cytokine signaling 1 (SOCS1), which participates in
the formation of elongin-B-elongin-C-cullin-2-SOCS1 (ECS)
ubiquitin ligase complex; copper metabolism domain-containing
1 (COMMD1) protein, which promotes associations between
RelA(p65)-containingdimers; andSOCS1,PDZ,andLIMdomain
protein2 (PDLIM2), which is a nuclear ubiquitin ligase and the
protein inhibitor of activated STAT (PIAS) family (3).
Currently, knowledge indicates that NF-�B is present as a

latent, inactive, I�B-bound protein complex in the cytoplasmof
unstimulated cells. When a cell receives extracellular signals,
activation of IKK complex leads to I�B phosphorylation and
subsequent ubiquitination and degradation by the 26 S protea-
some, followed quickly by NF-�B relocating to the nucleus and
activation of NF-�B target genes. The regulatory mechanisms
of the NF-�B pathway reported so far have been focused on
post-translational modifications, including phosphorylation/
dephosphorylation, ubiquitination, and proteasome degrada-
tion (5). However, the pretranslational regulatory mechanisms
in regulating NF-�B pathways remained poorly identified. We
hypothesized that in addition to post-translational mecha-
nisms, pretranslational regulatory mechanisms play an impor-
tant role in regulating NF-�B signaling. In this study, we inves-
tigated the role of tissue-specific transcription, alternative
promoter/splicing, DNA methylation, and microRNA-medi-
ated mRNA degradation and translational inhibition in NF-�B
activation. Our findings provided new insights into phosphor-
ylation- and ubiquitination-independent pretranslational
mechanisms for NF-�B activation.

EXPERIMENTAL PROCEDURES

NF-�B-signaling Genes and Overall Strategy—We selected
38 NF-�B-signaling genes, including five NF-�B family genes
(RelA, RelB, c-Rel, p50, and p52), six I�B family genes (I�B�,
I�B�, I�B�, I�B�, I�BNS, and Bcl-3), three IKK family genes
(IKK�, IKK�, and IKK� (NEMO)), seven adapter genes, two
IKK kinase genes, six IKK substrate genes, four regulation
genes, and five degradation genes (Table 1 and Fig. 1A) for the
assessment of tissue expression profiles. National Center of
Biotechnology Information (NCBI)/UniGene ID numbers
listed in Table 1 were obtained from the National Institutes of
Health (NIH)/NCBI UniGene database. The selected NF-�B-
signaling genes were subjected to six functional database min-
ing tests to 1) establish tissue expression profiles, 2) identify
inducibleNF-�B signaling, 3) identify transcription factor (TFs)
regulatingNF-�B activity in the promoters of cytokine-induced
NF-�B-signaling genes, 4) identify alternative promoters and

spliced isoforms of NF-�B-signaling genes, 5) identify DNA
methylation characteristic of NF-�B family genes, and 6) iden-
tify potential microRNA targets on NF-�B-signaling genes by
using strategies briefly summarized in Fig. 1B.
Data Mining and Gene Expression Profiles of NF-�B-signal-

ing Genes in Human and Mouse Tissues (EST Analysis)—An
experimental data mining strategy was applied to establish the
expression profiles of mRNA transcripts of the selected genes
as we described previously (6). Twenty human and 19 mouse
tissueswere given tissue IDnumbers (Fig. 2A) and examined for
mRNA expression of selected genes by mining experimentally
verified human and mouse expressed sequence tag (EST) data-
bases deposited in the NIH UniGene database. The EST data-
base was created via cDNA cloning from various tissue cDNA
libraries followed by DNA sequencing. Gene mRNA levels
are described as gene transcript units per million transcripts.
The gene expression profile in mouse vascular walls is not avail-
able. We generated the relative mRNA expression units (REU) of
the gene bynormalizing the gene transcript units permillion tran-
scripts (TPM)of thegeneof interestwith thatof�-actin (left sideof
yaxis inFig. 2,B andC). Inorder to fairly comparegeneexpression
across selected tissues,we furtheradjustedbycomparisonwith the
medianREU(mREU).ThemREUwasdetermined fromREUin20
human or 19 mouse tissues selected in this study. The ratio of
REU/mREUis expressedas tissuemedianadjustedmRNAexpres-
sion units and presented in Fig. 2, B andC (right side of y axis). In
order to establish a confidence interval of gene expression, we cal-
culated the gene expressionREUs and ratio of REU/mREUof ran-
domly selectedhousekeeping genes in any given tissue to calculate
the arbitrary units of the gene expression.
Housekeeping genes, including ACTB (NM_001101),

ALDOA (NM_000034), ARHGDIA (NM_004309), GAPDH
(NM_002046), LDHA (NM_005566), NONO (NM_001145408),
PGK1 (NM_0002954), RPL11 (NM_000975), RPL19 (NM_
000981), and RPS27A (NM_002954), were chosen to define
confidence intervals for significant -fold change of the given
genes. The confidence interval of the -fold change was gener-
ated by calculating themean and S.D. values of the -fold change
of these 10 randomly selected housekeeping genes as we
described previously (6). Of note, the upper limit was the mean
plus 2� S.D.; the lower limitwas themeanminus 2� S.D. If the
expression variation of a given gene in the tissues was larger
than the upper limit of the confidence interval, the high expres-
sion levels of genes in the tissues was statistically significant.
Any given gene transcripts, if lower than one per million, were
technically presented as no expression.
Tissues were then classified based on their gene expression

profiles. Three tiers of human (Table 2A) andmouse (Table 2B)
tissues were categorized according to the tissue expression pat-
tern of key components from two NF-�B signal pathways:
IKK�, IKK�, I�B�, RelA, and p50 for canonical signaling and
IKK�, RelB, and p52 for non-canonical signaling.
Identification of NF-�B-signaling Genes Induced by Oxidized

Phospholipids, Hypoxia, and Proinflammatory Cytokines in
Human Endothelial Cells and Macrophages (Gene Expression
Omnibus (GEO) Analysis)—To analyze NF-�B-signaling gene
expression in response to cardiovascular diseases risk factors,
we examined data sets in the Gene Expression Omnibus repos-
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itory, which was established based on microarray studies (Fig.
1B). We selected seven data sets (Table 3): GDS2889 from
human microvascular endothelial cells treated with oxidized
phospholipid (40 �g/ml, 4 h); GDS1968 from human umbilical
vein endothelial cells (HUVEC) with hypoxia stimulation (1%
oxygen, 5% CO2, and 94% N2, 1 h); GDS649 fromHUVEC with
proinflammatory cytokine interleukin-1 (IL-1) stimulation
(100 units/ml, 0.5, 1, 2, and 6 h); GDS3005 from monocyte-

derived macrophages stimulated with IL-1 (15 ng/ml, 4 h); and
GDS2773/GDS1542/GDS1543 from HUVEC/human aortic
endothelial cells acutely activated by soluble TNF-� (20 ng/ml,
4 or 5 h) or chronically activated by expression of an uncleav-
able form of the trans-membrane TNF precursor.
Analysis of TF Binding Frequencies of Cytokine-induced

NF-�B-signaling Genes (TESS Analysis)—The promoter se-
quences (1500 bp upstream of the transcription start site) of six

TABLE 1
NF-�B-signaling genes in humans and mice (38 genes)
NF-�B signaling gene identifications and NCBI/UniGene ID numbers are from the NIH/NCBI UniGene database.

Pretranslational Regulation for NF-�B Activation

15630 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 22 • MAY 31, 2013



cytokine-inducedNF-�B-signaling genes identified inTable 3C
(RelB, p50, p52,TRAF2,RIPK2, andBcl-10) and three randomly
chosen housekeeping genes (ACTB, GAPDH, and ARHGDIA)
were retrieved from the NIH/NCBI Entrez Gene database
and analyzed for binding sites of 10 inflammation-related
TFs (AP-1 (activator protein 1), C/EBPs, Elk1 (E twenty-six
(ETS)-like transcription factor 1), glucocorticoid receptor
(GR), heat shock factor protein 1 (HSF-1), interferon regu-
latory factor 1 (IRF-1), Mef2 (myocyte enhancer factor-2),
NF-�B, p53 (tumor protein 53), and Pu.1 (hematopoietic
transcription factor Pu.1)) identified from our previous
study using the TESS database (7). TF binding frequency
denotes the number of the binding sites for each TF in the
promoter region. The confidence interval was set by using

the mean � 2 � S.D. of the TF binding frequencies in the
promoter of three housekeeping genes. The binding fre-
quency higher than the uppermost confidence interval (p �
0.05) is considered significant.
Identification of Alternative Spliced Isoform and Alternative

Promoter of NF-�B Family Genes (AceView Database Analysis)—
The presence and features of alternative promoters and spliced
isoforms of five NF-�B family genes (RelA, RelB, c-Rel, p50, and
p52) were examined with the AceView database as we previ-
ously reported (7, 8).
IdentifyDNAMethylation ofNF-�BFamilyGenes (Epigenomics

Database Analysis)—DNA methylation of five NF-�B family
genes (RelA,RelB, c-Rel, p50, andp52)wereexaminedbyusing the
Epigenomics database. The DNAmethylation status of promoter

FIGURE 1. A, classical NF-�B signal pathway. Thirty-eight NF-�B-signaling genes are labeled by numbers. The canonical pathway is induced by TNF�, IL-1, LPS,
and other stimuli, followed by sequential recruitment of the adapters of RIPK and TRAF2 to the membrane, resulting in TAK1 activation and IKK activation.
Activation of IKK leads to phosphorylation of I�B�, leading to its ubiquitylation and subsequent degradation. The heterodimer p50-RelA is then released and
relocated to the nucleus binding to �B sites and activates a variety of NF-�B target genes. The non-canonical pathway is induced by LPS, CD40, LMP1 (latent
membrane protein-1), and other stimuli. It relies on the recruitment of TRAF6 and the heterodimer TRAF2-TRAF3 to the CD40 receptor. NIK is subsequently
activated, which activates IKK� and phosphorylates the inhibitory molecule p100, part of which generates p52. The heterodimer p52-RelB is then released
and relocated for NF-�B target gene trans-activation. Nuclear NF-�B subunits can be regulated by acetylases and phosphorylase (genes 30 –33) and can
be removed through ubiquitylation and proteasomal degradation (genes 34 –38) at the late stages of activation. B, strategies of database mining and
gene identification. Thirty-eight NF-�B signal genes were selected and subjected to six functional database mining tests. 1) We established tissue
expression profiles of selected genes in 20 human and 19 mouse tissues by database mining using the NCBI EST database after generating an REU.
Tissues were then classified based on their gene expression profiles. 2) We identified inducible NF-�B-signaling genes by querying GEO data sets based
on microarray studies. 3) We identified TFs regulating NF-�B activity in the promoters of cytokine-induced NF-�B-signaling genes (1,500 bases upstream
of the transcription start site) retrieved from the NIH/NCBI Entrez Gene database. Binding frequency of 10 inflammation-related TF on the promoter was
analyzed using the TESS database. 4) We identified alternative promoters and spliced isoforms of NF-�B-signaling genes using the AceView database.
5) We identified DNA methylation characteristic of NF-�B family genes using the Epigenomic database. 6) We identified microRNAs potentially targeting
NF-�B-signaling genes using TargetScan software by screening a microRNA library. Gene symbols and ID numbers are detailed in Table 1.
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FIGURE 2. Tissue mRNA distribution profile of NF-�B-signaling genes (EST analysis). 20 human and 19 mouse tissues were given tissue ID numbers
and examined for mRNA expression by mining human and mouse EST databases on the NCBI-UniGene site (mouse vascular data were not available in
the database). REU of the gene is obtained by normalizing gene transcripts per million (TPM) with that of �-actin. Tissue median-adjusted mRNA
expression levels (REU/mREU) were calculated for all genes. Confidence intervals of expression of three housekeeping gene mRNAs were established.
Dashed lines, upper limits of the confidence intervals of the housekeeping gene. Left and right y axes, REU and REU/mREU, respectively. A, representative
tissue mRNA distribution profile of housekeeping gene PTTG1LP in humans and mice. See “Experimental Procedures” for details. B, mRNA distribution
profiles of 38 NF-�B-signaling genes in 20 human tissues. C, mRNA distribution profiles of 38 NF-�B-signaling genes in 19 mouse tissues. The statistical
significance was defined as when gene expression was larger than the upper limit of the confidence interval. Heart and vessel are shown as boldface
columns. Gene symbols are listed in Table 1.

TABLE 2
Classification of human and mouse tissues based on NF-�B-signaling gene expression status (EST analysis)
Three tiers of human (A) and mouse (B) tissues were categorized according to tissue expression profiles of key signaling genes: IKK�, IKK�, I�B�, RelA, and p50 for
canonical signaling and IKK�, RelB, and p52 for non-canonical signaling. Tier 1 tissue expresses both key signalingmolecules and is called the “ready to go tier”; tier 2 tissue
lacks key components for either canonical or non-canonical signaling and is called the “nearly ready tier”; tier 3 tissue lacks key components for both canonical and
non-canonical signaling and is called the “inflammation-privileged tier” (e.g. human heart and vessel). A, tissue classification on NF-�B signaling gene expression (human).
*, cardiovascular system; B, tissue classification on NF-�B signaling gene expression (mouse).
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regions and genomicDNA sequences were identified from exper-
imental data and deposited in the Epigenomics database.
Prediction of MicroRNAs That Potentially Target the List of

NF-�B-signaling Genes (TESS Analysis)—We employed a com-
putational prediction strategy to identify candidatemicroRNAs
that potentially target 3�-untranslated regions (UTRs) of 38
NF-�B-signaling genes listed in Table 1 by screening a
microRNA library and using amicroRNA prediction software
program, TargetScan, developed at the Massachusetts Insti-
tute of Technology (Cambridge, MA). This software gener-
ates a context value and context percentage for microRNA-
gene interaction. We then judged each microRNA-gene
reaction based on confidence intervals we established recently
(9). MicroRNA-gene interactions with a context value ��0.22
and context percentage 	70 were accepted.

RESULTS

The NF-�B-signaling Genes Are Differentially Expressed in
Human and Mouse Tissues—The expression profiles of 38
NF-�B-signaling genes in 20 human tissues and 19 mouse tis-
sues are established and shown in Fig. 2, B and C. Note that the
mouse vascular tissue is not examined because it is not available
in the database. Statistical significance is defined aswhen a gene
expression in given tissues is higher than the upper limit of

the confidence interval. To emphasize the vascular system, the
columns for heart and vasculature are shown in boldface type.
In contrast to the housekeeping genes, NF-�B-signaling genes
are differentially expressed in human and mouse tissue. NF-�B
family genes have lower expression levels in most human tis-
sues compared with that in mouse tissues. RelA and p50 are
highly expressed in thymus. Fourteen other NF-�B-signaling
genes are highly expressed in lymph node, including I�B pro-
teins (I�B� and I�B�), IKK complex (IKK�) and adapters
(TRAF3, TRAF5, TRAF6, and RIPK1), IKK kinase (TAK1), IKK
substrates (SMRT,CBP, Bcl-10, andCYLD), and regulation and
degradation factors (AKIRIN2 and SOCS1). In addition, some
I�B and IKK substrate members and degradation genes are
highly expressed in muscle and pituitary gland.
In mouse tissues (Fig. 2C), 22 of the 38 NF-�B-signaling

genes are highly expressed in lymph node, including three
NF-�B family genes (RelA, p50, and p52), three I�B proteins
(I�B�, I�B�, and I�B�), two IKK complexes (Ikk� and Ikk�), five
adapters in the NF-�B-signaling pathway (Traf2, Traf3, Traf5,
Traf6, and Ripk1), IKK kinase (Tak1), three IKK substrates
(Hdac3, Bcl-10, and Cyld), and two regulators (Akirin1 and
Mk2) and three inhibitors (Socs1, Commd1, and Pdlim2) of
NF-�B. Fourteen genes are highly expressed in pituitary gland
(RelB, Ikk�, Ikk�, Traf6, Ccnd1, Smrt, Cbp, Hdac3, Cyld,
Akirin2, p38,Commd1, Pias1, and Pias4); nine genes are highly
expressed in spleen (RelA, c-Rel, NF-�B1, Bcl-3, Ikk�, Traf2,
Ripk2, Bcl-10, and Socs1).

Interestingly, in addition to immune defense tissues (lymph
node and spleen) where NF-�B components were highly
expressed, most of the NF-�B-signaling genes (36 of 38) have
low level expression in heart and vascular tissues except for
SOCS1 and COMMD1, which are highly expressed in human
heart, and Bcl-10, which is highly expressed in human vessels.
Heart and Vessel Lack Key Components for both Canonical

and Non-canonical Signaling and Are Defined as Tier 3 Inflam-
mation-privileged Tissues—Based on the tissue expression pat-
tern of key components ofNF-�B signal pathways (IKK�, IKK�,
I�B�,RelA, and p50 for canonical signaling and IKK�,RelB, and
p52 for non-canonical signaling), human (Table 2A) andmouse
(Table 2B) tissues are categorized as three tiers. The tier 1 tis-
sues express all key molecules in both signaling pathways and
are defined as the “ready to go tier.” Brain, embryonic tissue,
kidney, lung, pancreas, spleen, and thymus are tier 1 tissues in
both human and mice. Tier 2 tissue lacks key components for
one of the pathways and is called the “nearly ready tier.” Bone,
connective tissue, liver, muscle, ovary, and testis are tier 2a tis-
sues and lack of one or two molecules from the non-canonical
signaling in both humans and mice. Bone marrow is the tier 2b
tissue in human, missing three components of the canonical
pathway, but belongs to tier 1 in mice. The tier 3 tissue lacks a
key component for both canonical and non-canonical signal
pathways and is the “inflammation-privileged tier.” Heart, vas-
culature, and pituitary gland are tier 3 tissues in humans. Eye,
lymph node, and pituitary gland are tier 3 tissues in mice.
The compositions of the three tiers inmice aremostly similar

to those of humans for most tissues. There are some differ-
ences. Heart is a tier 3 tissue in human but tier 1 in mice. In
contrast, lymphnode and eye are tier 1 tissues in humanbut tier

TABLE 3
Identification of NF-�B-signaling genes induced by oxidized phos-
pholipids, hypoxia, and proinflammatory cytokines in human endo-
thelial cells and macrophages (GEO analysis)
NF-�B-signaling genes induced by oxidized phospholipids, hypoxia, IL-1, or TNF-�
in human EC and macrophage were identified by data mining in GEO data sets
based on microarray studies. A, oxidized phospholipid-altered genes. Three genes
were identified. ox-PAPC, oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phos-
phorylcholine; 40 �g/ml, 4 h. B, hypoxia-altered genes. Six genes were identified. C,
cytokine-induced genes. IL-1 induced five genes. TNF-� induced four genes.
HMVEC, humanmicrovascular endothelial cells. B, hypoxia-altered NF-�B-signal-
ing genes. C, proinflammation cytokine-induced NF-�B-signaling genes.
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3 in mice. Bone marrow is tier 2b in human but tier 1 in mice.
Blood is tier 1 in human and tier 2 in mice.
CVD Risk Factors Affect NF-�B Signaling by Directly Altering

Gene Expression or Indirectly via theAction of Proinflammatory
Cytokines in Vascular Cells—It was suggested that endothelial
cell-specific NF-�B signaling plays a critical role in
promoting chronic inflammatory atherosclerosis (10). We
hypothesized that chronic stimulation with CVD risk factors
could induce theNF-�B-signaling gene directly or indirectly via
inflammatory cytokines in endothelial cells. We tested this
hypothesis by examining the effect of chronic treatment of
CVD risk factors onNF-�B-signaling gene expression in vascu-
lar cells by using a data mining approach against the GEO data
sets, which have been established based on microarray studies.
As shown in Table 3, we found that oxidized phospholipids (40
�g/ml, 4 h) induced TRAF6 and reduced RIPK2 and CYLD lev-
els in cultured human microvascular endothelial cells (Table
3A). Hypoxia (1% oxygen, 1 h) induced RelA, TRAF2, SMRT,
andPDLIM2 and reduced SOCS1 andMK2 in culturedHUVEC
(Table 3B). Interestingly, oxidized phospholipids and hypoxia
reduced the expressions of inhibitorymolecules ofNF-�Bpath-
ways CYLD and SOCS1 in endothelial cells. As shown in Table
3C, proinflammatory cytokine IL-1� induced NF-�B-signaling
genes in both signal pathways in endothelial cells and macro-
phages, whereas TNF-� induced more non-canonical pathway
components than canonical pathway genes in endothelial cells.
Proinflammatory TF C/EBPs and NF-�B Have Higher Bind-

ing Site Frequency in IL-1�- and TNF-�-inducedNF-�B-signal-
ing Gene Promoters—TFs are master genes controlling the
expressions of other genes. It is well accepted that multiple
binding sites for a given TF in a promoter increase the likeli-
hood of actual binding and activity (11). Data in Table 3C sug-
gest that proinflammatory cytokines may induce the NF-�B-
signaling gene via an inflammation-related transactivation
mechanism. We therefore examined binding frequency of
inflammation-related TF in the promoters of proinflammatory
cytokine- inducedNF-�B-signaling gene identified inTable 3C.
Promoter sequences (1,500 bases upstream of the gene tran-
scription start site) of cytokine-induced genes (RelB, p52, p50,
TRAF2, and RIPK2) and housekeeping genes (ACTB, GAPDH,
and ARHGDIA) are retrieved from the NCBI Entrez database.
TF binding frequency of 10 inflammation-related TFs (AP-1,
C/EBPs, Elk1, GR, HSF-1, IRF-1, Mef2, NF-�B, p53, and Pu.1)
identified from our previous study (7) were analyzed using TF
database Transcription Element Search System (TESS) (Fig.
3A).We found that TFs NF-�B and CCAAT/enhancer-binding
proteins (C/EBPs) have higher binding frequency in the pro-
moters of cytokine-induced NF-�B-signaling genes compared
with that in housekeeping genes (Fig. 3B). The other eight
inflammation-related TFs have similar binding frequency in
the promoters of genes from both groups.
NF-�B-signaling Genes HaveMultiple Alternative Promoters

and Alternatively Spliced Isoforms—Recent findings suggest
that alternative splicing of RNA transcripts may either enhance
or antagonize the NF-�B pathway components (12) and that
alternative promoters may mediate differential gene induction
in response to different stimuli (13). Alternative splicing prob-
ably regulates about 50% human and mouse gene RNA tran-

scripts in whole transcriptomes (14). Because NF-�B-signaling
genes are induced differentially (Table 3), we examined alter-
native promoters and splicing isoforms of NF-�B-signaling
genes by using the AceView-NCBI database, which is the most
comprehensive database of alternative promoters and alterna-
tively spliced gene isoforms, generated from the experimental
data of cDNA sequencing from various tissuemRNA transcrip-
tomes under non-stimulatory physiological conditions (15). As
shown in Table 4A, we found that the RNA transcripts of all
human NF-�B-signaling genes encode multiple open reading
frames and have alternatively spliced isoforms. Further,most of
the human NF-�B-signaling genes have alternative promoters.
For example, RelA has 18 potential open reading frame iso-
forms and two alternative promoters. P50 has 15 potential open
reading frame isoforms and six alternative promoters. Interest-
ingly, I�Ba and RIPK3 have secreted isoforms. Most of NF-�B-
signaling genes exhibit proinflammaiton function, except for
NF-�B degradation proteins and IKK substrates CYLD, which
display anti-inflammation function.
Because alternative splicing and promotersmay alter protein

domains and interacting proteins, we next examined isoforms
of five NF-�B family genes expressed in human tissue, their
protein binding domain retained, potential interacting pro-
teins, and tissue expression pattern using the AceView data-
base. As shown in Table 4B, we found that all five NF-�B family
genes have multiple isoforms expressed in different tissues,
which retain different protein domains and have multiple
potential interacting proteins.Wename the expressed isoforms

FIGURE 3. Transcription factor binding frequencies of cytokine-induced
NF-�B-signaling genes (TESS analysis). A, strategic schematics. The pro-
moter sequences (1,500 bp upstream of the transcription start site) of six
cytokine-induced NF-�B-signaling genes identified in Table 3C (RelB, p50,
p52, TRAF2, RIPK2, and Bcl-10) and three randomly chosen housekeeping
genes (ACTB, GAPDH, and ARHGDIA) were retrieved from the NIH/NCBI
Entrez Gene database and analyzed for binding sites of 10 inflammation-
related TFs (AP-1, C/EBPs, Elk1, GR, HSF-1, IRF-1, Mef2, NF-�B, p53, and Pu.1)
identified from our previous study (7) using the TESS database. B, TF binding
frequency. Binding frequency denotes the number of the binding sites for
each TF on the promoter region. The confidence interval was set by using the
mean � 2 � S.D. (error bars) of the TF binding frequencies in the promoter of
three housekeeping genes. Binding frequency higher than the uppermost
confidence interval (p � 0.05) is considered significant. Compared with the
control group, the promoter regions of cytokine-induced NF-�B family/sig-
naling genes (RelB, p50, p52, TRAF2, RIPK2, and Bcl-10) have significantly
higher frequencies of the binding sites for C/EBPs and NF-�B.
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TABLE 4
Alternative splicing isoforms and promoters in NF-�B family genes (AceView database analysis)
The presence and features of alternative promoters and spliced isoforms of NF-�B-signaling genes were examined with the AceView database. A, human NF-�B-signaling
gene RNA transcripts encoded multiple open reading frame isoforms. Most of the genes have more than one probable alternative promoter. Most NF-�B-signaling genes
are proinflammation genes except for CYLD and NF-�B degradation genes. n/a, information not available in the AceView-NCBI database. B, list of the tissue expressions
of alternatively splicing isoform/ORF-encoded domain/interaction with other proteins of five NF-�B family genes. RHD, Rel homology domain; TAD, transactivation
domain; DD, death domain; CCS, coiled-coil stretch; ANK, ankyrin repeats; PXD, peroxisomal domain; SPXD, second peroximal domain. n/a, no domain retained.

Pretranslational Regulation for NF-�B Activation

15636 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 22 • MAY 31, 2013



in �, � order based on their protein size. For example, RelA has
10 isoforms (from a to j) expressed in humans. RelA isoform a
(BelA-a) is encoded by 11 exons and a 2,685-bp mRNA tran-
script, is 551 amino acids in length, and express in the brain,
thymus, spleen, and 46 other tissues. At the same time, we iden-
tified anORF-encoded domain, which showed thatNF-�B fam-
ily proteins have many interaction partners to fulfill their tem-
porally and spatially well orchestrated functions. RelA isoforms
contain either one or two protein domains (RHD and IPT/TIG
or only RHD) and interact with as many as 285 other proteins.
In addition, we found that larger isoforms have broader tissue
expression patterns than the shorter ones because RelA-a/b/c
are expressed inmultiple tissues, ranging from 46 to 112 differ-
ent tissues, and RelA-d/e/f/g/h/i/j isoforms are expressed only
in as few as 1–4 tissues.
DNA Methylation Regulates NF-�B Family Gene Expression—

Because DNAhypomethylation is the best characterized epige-
netic regulation process in autoimmune disease (16), we
assessed methylation status in the promoters and genomic
DNA of 5 NF-�B family genes by searching the NCBI-Epig-
enomics database. DNA methylation of promoter regions and
genomic DNA sequences was identified from experimental
data deposited in the Epigenomics database. As shown in Table
5, we found that all five NF-�B family genes are characterized
for DNA methylation in both promoter and exon/intron
regions, suggesting that these genes are potentially subjected to
DNA methylation-based epigenetic regulation.
MicroRNA Targets Most of the NF-�B Signal Gene’s mRNA

3�-UTRs—MicroRNA (also known as miRNA or miR) is a type
of epigenetic regulation of gene expression (17), which pre-
dominantly targets the 3�-UTR of mRNA, leads to mRNA deg-
radation or inhibition of mRNA translation, and contributes to
various biological processes, including cell growth, differentia-
tion, proliferation, and apoptosis (18, 19).
Recently, we examined the reliability of computationally

identified microRNA interactions by comparing 45 interac-
tions between 28 experimentally verified human microRNAs
and 36 identified with Tarbase (version 5.0), an online database
of experimentally verified miRNAs (20). We established
microRNA interaction confidence intervals for the context

score as mean � 2 � S.D. � �0.25 � 0.12 and for context
percentage, 76.07 � 19.07 (9). Based on these confidence inter-
vals, we identified a group ofmicroRNAs that potentially target
27 (71%) of 38 NF-�B-signaling genes, as listed in Table 6A.
Several of these microRNAs have been experimentally con-
firmed to regulate NF-�B-signaling expression, such as miR-
200 for RelA, miR-9/181b and Let-7 for p50, miR-125a/b for
I�B�, miR-125b for Bcl-3, miR-31 for IKK�, miR200c andmiR-
199 for IKK�, miR-31 for NIK, miR-10 for Tak1, miR-16 for
SMRT, and miR-19 for CYLD, respectively (21–24).

Based on the target gene function, microRNAs potentially tar-
geting NF-�B components are classified into two groups, anti-in-
flammatorymicroRNAsandproinflammatorymicroRNAs(Table
6B). Of note, the five anti-inflammatory microRNAs, including
Let-7, miR-7, miR-15a, miR-29a, andmiR-143, were also found
in our previous report of anti-inflammatory/anti-atherogenic

TABLE 5
DNA methylation characteristic of NF-�B family genes (Epigenomics
database analysis)
DNA methylation of five NF-�B family genes (RelA, RelB, c-Rel, p50, and p52) was
examined by using the Epigenomics database. DNA methylation of promoter
regions and genomic DNA sequences was identified from experimental data depos-
ited in the Epigenomics database. All five NF-�B family genes have DNA methyla-
tion in the promoter and exon-intron regions. Chr., chromosome.

TABLE 6
MicroRNAs targeting NF-�B-signaling genes (TESS analysis)
The potential microRNA targets of NF-�B signaling genes were examined with
microRNA target prediction software by screening a microRNA library and analyz-
ing the context score and context score percentage, based on the confidence interval
we established previously (9). A, potential microRNA targeting on NF-�B signaling
genes. AllmiRNA interactions with a context value of��0.22 and context percent-
age of 	70 were accepted. These confidence intervals were generated from 45
interactions between 28 experimentally verified human microRNAs and 36 genes
found in Tarbase, an online database of experimentally verified microRNAs (for
details, see “Experimental Procedures”). *, microRNA involved in the pathway con-
firmed by experiment. B, pro- and anti-inflammation microRNAs targeting on
NF-�B- signaling genes. MicroRNAs were classified based on their inflammation
feature.C, anti-inflammationmicroRNA reduction leads toNF-�B activation; iden-
tification of anti-inflammation microRNA down-regulated by inflammatory stim-
uli, leading to NF-�B activation.
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microRNAs (9). In addition, proinflammatory stimuli, such as
TNF-�, IL-1�, and lipopolysaccharide (LPS), induce RelB and
IKK� via down-regulating microRNA-7 and Let-7 (Table 6C),
respectively.

DISCUSSION

The NF-�B family is one of the best characterized transcrip-
tion factor families, first discovered about 26 years ago. The
regulatory mechanisms of the NF-�B pathway reported so far
have been focused on post-translational modifications, includ-
ing phosphorylation/dephosphorylation, ubiquitination, and
proteasome degradation (5). However, pretranslational regula-
tory mechanisms, which are phosphorylation- and ubiquitina-
tion-independent, remained poorly identified. In this study, we
extensively examined pretranslational mechanisms of NF-�B-
signaling gene regulation, including tissue-specific transcrip-
tion, alternative promoter/splicing, DNA methylation, and
microRNA-mediated mRNA degradation and translational
inhibition, by using several experimental results-based NIH/
NCBI databases and other software.
We reported here thatmRNAsofNF-�B family and signaling

genes are differentially expressed in human and mouse tissues.
This result suggests that the NF-�B pathway may be regulated
via a tissue-specific manner. NF-�B is activated primarily by
two pathways: the canonical pathway and the non-canonical
pathway. The canonical pathway mediates inflammatory
responses. The non-canonical pathway is involved in immune
cell differentiation and maturation and secondary lymphoid
organogenesis. The expression of the essential molecules of
NF-�B pathways in embryonic tissues suggests the role of these
pathways in developmental process in addition to its roles in
promoting cell survival and inflammation.
We defined human cardiovascular tissue as inflammation-

privileged tissues, based on the low or lack of expression of key
NF-�B-signaling genes for both canonical and non-canonical
signal pathways. This finding suggests that NF-�B activation
requires induction of both NF-�B-signaling pathways in the
human cardiovascular system. Therefore, human cardiovascu-
lar tissues are less likely to be inflamed than other tissues in
response to stimulation and are relatively protected against
acute low threshold inflammation damage. Of note, most risk
factors cause cardiovascular inflammation and diseases in a
chronic manner. This situation may result from the require-
ment for chronic induction of NF-�B-signaling genes in these
inflammation-privileged tissues. We previously proposed to
term heart and vessel, for the first time, as inflammation-priv-
ileged tissue because of the lack of expression of some compo-
nents of the inflammation initiation protein complex termed as
the inflammasome (6). Our current finding is consistent with
and supports the notion of defining human heart and vascula-
ture as inflammation-privileged tissue. This new concept pro-
vides novel insights into our understanding of inflammatory
regulation in cardiovascular tissues, which will benefit future
strategies to identify therapeutic targets for CVD.
We noticed that immune privilege sites, ovary, testis, and

pituitary gland, stayed in the second tier and third tier. This
feature is conserved through the evolution from mice to
humans. These results suggest that 1) human tissues have dif-

ferent inflammation potential; 2) the reproductive tissues
(ovary and testis) enjoy both immune privilege and inflamma-
tion privilege; and 3) human heart and vasculature are inflam-
mation-privileged sites and less easy to be inflamed in response
to NF-�B-signaling stimuli.
We also found that CVD risk factors, including oxidized

phospholipids and hypoxia, directly induce NF-�B signal gene
expression or indirectly via actions of proinflammatory cyto-
kines in vascular cells. Different risk factors that activate the
NF-�B signal may do so through a synergistic mechanism. This
result suggests that pretranslational mechanisms that are the
focus of this study are pathophysiologically relevant.
We reported here that transcription factors C/EBPs and

NF-�B have higher binding site frequencies in the promoters of
proinflammatory cytokine-induced NF-�B genes. This result
suggests that C/EBPs may mediate the NF-�B signal gene
induced by IL-1� and TNF-� and that the NF-�B signal gene
mediates IL-1�- and TNF-�-induced self-amplification of the
NF-�B pathway via a positive feedbackmanner. It was reported
that C/EBPs mediate the induction of several target genes,
including preprotachykinin, choline acetyltransferase, cyto-
kines (IL-6, IL-1�, and TNF-�), and cyclooxygenase-2 (Cox2)
(25). Taken together, we propose that C/EBPs mediate IL-1�
and TNF-�-induced NF-�B-signaling gene expressions, lead-
ing to self-amplification of NF-�B activation via a transcrip-
tion-dependent manner.
Interestingly, we found that most NF-�B family/signaling

genes have multiple alternative promoters and alternatively
spliced isoforms, which may regulate the expressions, struc-

FIGURE 4. Working model. Four novel pretranslational regulatory mecha-
nisms responsible for NF-�B activation are identified in this study. In addition
to classical post-translational regulatory pathways (detailed in Fig. 2), NF-�B
signaling can be activated by four pretranslational regulatory mechanisms,
leading to induced NF-�B-signaling gene transcription. These include 1)
transactivation via C/EBPs and NF-�B consensus sites; 2) promoter DNA meth-
ylation; 3) using alternative promoters and alternative spliced mRNA tran-
scripts for efficient expression of fully active spliced isoforms; and 4) reducing
anti-inflammatory microRNA, which in turn stabilizes NF-�B mRNAs. Dashed
lines, classical NF-�B activation signaling. Solid lines, the newly identified
NF-�B activation mechanism identified in this study.
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tures, and functions of these components.We found that alter-
native splicing regulates gene expression and protein structures
of NF-�B signaling with rates (100%) significantly higher than
that (50%) of general human genes. Many alternative spliced
isoforms have significantly shortened mRNA transcripts and
proteins (Table 4B), which couldmake protein-protein interac-
tion less efficient or make it inhibitory due to the dominant
negative effects. Because potential binding differences of sig-
naling components to their adapter proteins/kinases/sub-
strates determine the function of the signaling, alternative
splicing could regulate NF-�B signaling. Further, we identified
that I�Ba and RIPK3 have secreted isoforms. The functional
significance of the secreted isoforms remains to be identified. It
was suggested that �75% of alternatively spliced protein iso-
forms are involving in signaling regulation (26). Future work is
needed tomap alternative promoters and recognition sequence
for alternative splicing responsible for tissue-specific and/or
stimulation-specific NF-�B activation.

We demonstrated here that the expression of NF-�B-signal-
ing genes is subject to epigenetic regulation, including DNA
methylation andmicroRNA regulation. These data suggest that
environmental and disease risk factors could alter NF-�B activ-
ity via DNA methylations (27). We found that most of the
NF-�B-signaling gene’s mRNA 3�-UTRs can be regulated by
microRNAs with a binding quality equivalent to what has been
approved experimentally. Moreover, some NF-�B-signaling
genes are targets of multiple microRNAs, such as RelA, p50,
i�B�, and IKK�/�. Some microRNAs or microRNA clusters can
regulate a fewNF-�B-signaling genes.However,mostmicroRNAs
are not shared, suggesting that microRNA epigenetic regulation
may be responsible for tissue-/cell-specific, spatially and tempo-
rally regulated NF-�B-signaling gene expression.

It is worthwhile to point out that the tissue expression profile
was assessed by a databasemining approach utilizing theNCBI/
UniGene database, in which mRNA levels were calculated
based on the copy number of EST cDNA clone sequencing,
which is more accurate than traditional hybridization- and
primer annealing-based approaches, such as Northern blots
and RT-PCR analysis, as we discussed previously (7). More
importantly, these studies involve using multiple large NCBI
databases established with experimental data, including the
NCBI-GEO repository database for microarray data from
endothelial cells, the NCBI-AceView database for alternative
splicing and alternative promoter data, and the NCBI-Epi-
genomics database for DNA methylation data. In the last 10
years, our laboratories have developed a successful experimen-
tal data mining strategy, which has led to generation of numer-
ous novel working models, including stimulation-responsive
splicing in generation of autoantigens (28) and the three-tier
model and inflammation privilege for inflammation initiation
(6). As more high throughput experimental data are deposited
in the NCBI and other databases, data mining is becoming a
powerful tool for screening potential mechanisms and identify-
ing novel drug targets.
Taking the results together, we propose a novel working

model of NF-�B activation (Fig. 4). Using CVD as an example,
we elucidated that CVD risk factors initiate NF-�B signaling by
binding to pathogen-associated molecular pattern receptors,

such as Toll-like receptors (29), and then induce NF-�B gene
transcription via four pretranslational regulatory mechanisms,
including TF C/EBPs and NF-�B, DNA methylation, alterna-
tive promoters and splicing, and anti-inflammation related
microRNAs. In response to CVD risk factors, NF-�B-signaling
genes can be induced by TF C/EBPs and NF-�B-mediated
transactivation, by positive feedback of proinflammatory cyto-
kine induction via an autocrine manner, by using alternative
promoters and splicing for efficient expression of fully active
spliced isoforms, and by DNA demethylation in cytokine-
inducible NF-�B-signaling gene promoters. Finally, CVD
risk factors may suppress NF-�B-targeted anti-inflamam-
tory microRNA expression, leading to increased NF-�B gene
expression. In conclusion, our findings on pretranslational
mechanisms provide new insight into NF-�B activation related
to inflammatory diseases, immunological diseases, and cancers.
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