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Background: Thirty-eight NF-kB-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.

NEF-kB-controlled transcriptional regulation plays a central
role in inflammatory and immune responses. Currently, under-
standing about NF-kB activation mechanism emphasizes 1kB-
tethered complex inactivation in the cytoplasm. In the case of
NEF-kB activation, IkB phosphorylation leads to its degradation,
followed by NF-kB relocation to the nucleus and trans-activa-
tion of NF-kB-targeted genes. Pretranslational mechanism
mediated NF-kB activation remains poorly understood. In this
study, we investigated NF-«kB 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-kB-signaling genes are differen-
tially expressed in human and mouse tissues; 2) heart and vessels
are the inflammation-privileged tissues and less easy to be
inflamed because lacking in key NF-kB-signaling molecular
expression; 3) NF-kB-signaling genes are induced by cardiovas-
cular disease risk factors oxidized phospholipids and proinflam-
matory cytokines in endothelial cells; 4) transcription factors
CCAAT/enhancer-binding proteins and NF-kB have higher
binding site frequencies in the promoters of proinflammatory cyto-
kine-induced NF-kB genes; 5) most NF-kB-signaling genes have
multiple alternative promoters and alternatively spliced isoforms;
6) NF-kB family genes can be regulated by DNA methylation; and
7) 27 of 38 NF-kB-signaling genes can be regulated by microRNAs.
Our findings provide important insight into the mechanism of
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NF-kB activation, which may contribute to cardiovascular disease,
inflammatory diseases, and immunological disorders.

Nuclear factor « light chain enhancer of activated B cells
(NF-«B)? transcription factors play critical roles in a wide range
of biological processes, including immunity, stress responses,
apoptosis, and maturation 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-«kB1
(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 IkB kinase kinase (IKK kinase) family
protein TGFp-activated kinase-1 (Takl) and NF-«kB-inducing
kinase (NIK). In the canonical pathway, Takl phosphorylates
IKK'y, whereas in the non-canonical pathway, NIK is required for
IKKea activation and p100 phosphorylation (2). The IKK family has
two catalytically active kinases, IKKa and IKKf, and a regulatory
subunit IKKy (also known as NEMO), which phosphorylates
inhibitor of kB (IxB) family protein and leads to ubiquitination and
degradation of the I«Bs to release and activate NF-«B (3). The IkB
protein family comprises the typical IkB proteins IkBa, IkBS, and
IkBe, which sequester inactive NF-«kB complexes in the cytoplasm
of unstimulated cells, and the atypical IkB proteins IkB{, IkBNS,

3 The abbreviations used are: NF-«B, nuclear factor « light chain enhancer of
activated B cells; CVD, cardiovascular disease; RIPK, receptor-interacting pro-
tein kinase; TRAF, TNF receptor-associated factor; IKK, IkB kinase; NIK, NF-«kB-
inducing kinase; CBP, CREB-binding protein; CREB, cCAMP-response element-
binding protein; CYLD, cylindromatosis turban tumor syndrome; EST,
expressed sequence tag; REU, relative mRNA expression unit; mREU, median
REU; HUVEC, human umbilical vein endothelial cell(s); TF, transcription factor;
C/EBP, CCAAT/enhancer-binding protein; GR, glucocorticoid receptor; IPT/
TIG, immunoglobulin, plexins, transcription factors-like transcription factor
immunoglobulin.
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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
receptor corepressor 2 (SMRT), CREB-binding protein (CBP), his-
tone deacetylase 3 (HDACS3), 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 (Akirinl 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, nuclear RelA (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 (COMMD]1) protein, which promotes associations between
RelA (p65)-containing dimers; and SOCS1, PDZ, and LIM domain
protein2 (PDLIM2), which is a nuclear ubiquitin ligase and the
protein inhibitor of activated STAT (PIAS) family (3).

Currently, knowledge indicates that NF-kB is present as a
latent, inactive, [kB-bound protein complex in the cytoplasm of
unstimulated cells. When a cell receives extracellular signals,
activation of IKK complex leads to IkB 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-kB 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-«kB activation.

EXPERIMENTAL PROCEDURES

NF-kB-signaling Genes and Overall Strategy—We selected
38 NF-«B-signaling genes, including five NF-kB family genes
(RelA, RelB, c-Rel, p50, and p52), six IkB family genes (/kBa,
IkBB, IkBe, IkB¢, IkBNS, and Bcl-3), three IKK family genes
(IKKe, IKKB, and IKKy (NEMO)), seven adapter genes, two
IKK kinase genes, six IKK substrate genes, four regulation
genes, and five degradation genes (Table 1 and Fig. 1A4) 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
inducible NF-«B signaling, 3) identify transcription factor (TFs)
regulating NF-«kB activity in the promoters of cytokine-induced
NEF-kB-signaling genes, 4) identify alternative promoters and
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spliced isoforms of NF-kB-signaling genes, 5) identify DNA
methylation characteristic of NF-kB family genes, and 6) iden-
tify potential microRNA targets on NF-kB-signaling genes by
using strategies briefly summarized in Fig. 1B.

Data Mining and Gene Expression Profiles of NF-«kB-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
tissues were given tissue ID numbers (Fig. 24) 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 by normalizing the gene transcript units per million tran-
scripts (TPM) of the gene of interest with that of B-actin (left side of
yaxisin Fig. 2, Band C). In order to fairly compare gene expression
across selected tissues, we further adjusted by comparison with the
median REU (mREU). The mREU was determined from REU in 20
human or 19 mouse tissues selected in this study. The ratio of
REU/mREU is expressed as tissue median adjusted mRNA expres-
sion units and presented in Fig. 2, B and C (right side of y axis). In
order to establish a confidence interval of gene expression, we cal-
culated the gene expression REUs and ratio of REU/mREU of ran-
domly selected housekeeping 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), RPLI11 (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 the mean 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 X S.D.; the lower limit was the mean minus 2 X 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 24) and mouse (Table 2B)
tissues were categorized according to the tissue expression pat-
tern of key components from two NF-kB signal pathways:
IKKvy, IKKB, IkBa, RelA, and p50 for canonical signaling and
IKKa, RelB, and p52 for non-canonical signaling.

Identification of NF-kB-signaling Genes Induced by Oxidized
Phospholipids, Hypoxia, and Proinflammatory Cytokines in
Human Endothelial Cells and Macrophages (Gene Expression
Omnibus (GEO) Analysis)—To analyze NF-«kB-signaling gene
expression in response to cardiovascular diseases risk factors,
we examined data sets in the Gene Expression Omnibus repos-
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TABLE 1
NF-kB-signaling genes in humans and mice (38 genes)
NEF-«B signaling gene identifications and NCBI/UniGene ID numbers are from the NIH/NCBI UniGene database.

NCBI/UniGene

# Gene abbreviation (full name) ID: human (Hs.); mouse (Mm.)
- *Jy

NF-xB family (5 genes)

1. p65/RELA (V-relreticuloendotheliosis viraloncogene homolog A (avian)) Hs.502875 Mm.249966
2. REL B (Nuclear factor of V-relreticuloendotheliosis viraloncogene homolog B) Hs.654402 Mm.1741
3. c-REL (V-relreticuloendotheliosis viraloncogene homolog (avian)) Hs.631886  Mm.4369
4. p50/p105 (NF-xB1)(kappa light polypeptide gene enhancerin B-cells 1) Hs.618430 Mm.256765
5. p52/p100 (NF-xB2) (Nuclear factorof kappa light polypeptide gene enhancerin B-cells 2) Hs.73090 Mm.102365
Inhibitor of NF-xB (IxB) family (6 genes)
6. IxkBa(Nuclear factorof kappa light polypeptide gene enhancerin B-cells inhibitor, alpha) Hs.81328 Mm.170515
7. IkBB(Nuclear factorof kappa light polypeptide gene enhancerin B-cells inhibitor, beta) Hs.9731 Mm.220333
8. IxBe(Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon) Hs.458276  Mm.57043
9. IkB{(Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta) Hs.319171 Mm.247272
10. /kBNS (Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, delta) Hs.466531 Mm.386878
11. BCL-3 (B-cellCLL/lymphoma 3) Hs.31210 Mm.439658
IkB kinase (IKK) family (3 genes)
12. IKKa(Conserved helix-loop-helix ubiquitous kinase) Hs.198998 Mm.3996
13. IKKB(Inhibitor of kappa light polypeptide gene enhancerin B-cells, kinase beta) Hs.597664 Mm.277886
14. IKKy(NEMO) (Inhibitor of kappa light polypeptide gene enhancerin B-cells, kinase gamma) Hs.43505 Mm.1296
Adaptersin NF-xB Signaling Pathway (7 genes)
15. TRAF2 (TNF receptor-associated factor2) Hs.522506 Mm.3399
16. TRAF3(TNF receptor-associated factor3) Hs.510528 Mm.27431
17. TRAF5 (TNF receptor-associated factorS) Hs.523930 Mm.380491
18. TRAF®6 (TNF receptor-associated factor6) Hs.591983 Mm.292729
19. RIPK1 (Receptor (TNFRSF)-interacting serine-threonine kinase 1) Hs.519842 Mm.374799
20. RIPK2 (Receptor-interacting serine-threonine kinase 2) Hs.103755 Mm.112765
21. RIPK3 (Receptor-interacting serine-threonine kinase 3) Hs.268551 Mm.46612
IKK Kinases (2genes)
22. NIK (NF-kappa-beta-inducing kinase ) Hs.730600 Mm.485049
23. TAK1(TGF-beta activated kinase 1) Hs.644143 Mm.258589
IKK Substrates (6 genes)
24, CCND1(Cyclin D1) Hs.523852 Mm.273049
25. SMRT (Nuclear receptor corepressor2) Hs.137510 Mm.278646
26. CBP (CREB binding protein) Hs.459759 Mm.132238
27. HDAC3 (Histone deacetylase 3) Hs.519632 Mm.20521
28. BCL10 (B-cellCLL/tymphoma 10) Hs.193516  Mm.239141
29. CYLD (Cylindromatosis (turban tumor syndrome)) Hs.578973 Mm.482446
Requlators of NF-xB activity (4 genes)
30. AKIRINT Hs.293563  Mm.485043
31. AKIRIN2 Hs.485915  Mm.389532
32. p38 (Mitogen-activated protein kinase 14) Hs.485233 Mm.311337
33 MK2 (Mitogen-activated protein kinase-activated protein kinase 2) Hs.643566 Mm.221235
NF-xB degradation(5 genes)
34. SOCS1(Suppressor of cytokine signaling 1) Hs.50640 Mm.130
35. COMMD1 (Copper metabolism (Murr1) domain containing 1) Hs.468702 Mm.259903
36. PDLIM2 (PDZ and LIM domain 2 (mystique)) Hs.632034 Mm.283968
37. PIAS1 (Protein inhibitor of activated STAT, 1) Hs.162458  Mm.4799
38. PIAS4 (Protein inhibitor of activated STAT, 4) Hs.105779  Mm.344238

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 ug/ml, 4 h); GDS1968 from human umbilical
vein endothelial cells (HUVEC) with hypoxia stimulation (1%
oxygen, 5% CO,, and 94% N,, 1 h); GDS649 from HUVEC with
proinflammatory cytokine interleukin-1 (IL-1) stimulation
(100 units/ml, 0.5, 1, 2, and 6 h); GDS3005 from monocyte-
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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-kB-signaling Genes (TESS Analysis)—The promoter se-
quences (1500 bp upstream of the transcription start site) of six
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FIGURE 1. A, classical NF-«B signal pathway. Thirty-eight NF-«kB-signaling genes are labeled by numbers. The canonical pathway is induced by TNFe, IL-1, LPS,
and other stimuli, followed by sequential recruitment of the adapters of RIPK and TRAF2 to the membrane, resulting in TAKT activation and IKK activation.
Activation of IKK leads to phosphorylation of IkBa, leading to its ubiquitylation and subsequent degradation. The heterodimer p50-RelA is then released and
relocated to the nucleus binding to kB sites and activates a variety of NF-kB 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 IKKa 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-kB-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-«kB-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-«xB family genes using the Epigenomic database. 6) We identified microRNAs potentially targeting
NF-kB-signaling genes using TargetScan software by screening a microRNA library. Gene symbols and ID numbers are detailed in Table 1.

cytokine-induced NF-kB-signaling genes identified in Table 3C
(RelB, p50, p52, TRAF2, RIPK?2, 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 (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.l (hematopoietic
transcription factor Pu.l)) 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
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the mean * 2 X 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-kB 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).

Identify DNA Methylation of NF-«kB Family Genes (Epigenomics
Database Analysis)—DNA methylation of five NF-«B family
genes (RelA, RelB, c-Rel, p50, and p52) were examined by using the
Epigenomics database. The DNA methylation status of promoter
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Pretranslational Regulation for NF-kB Activation

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«, IKKp, IkBa, RelA, and p50 for
canonical signaling and /KK, RelB, and p52 for non-canonical signaling. Tier 1 tissue expresses both key signaling molecules 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). 4, tissue classification on NF-«B signaling gene expression (human).
*, cardiovascular system; B, tissue classification on NF-«B signaling gene expression (mouse).

A. Tissueclassification on NF-xB signaling gene expression (human)

W Canonical Non-canonical
Tissue IKKy IKKB IxBa RELA p50 IKKa RELB p52

Tier 1 “Ready to go"express all key component mbothslgnalmg X )
Brain + Canonical Non-canonical

Embryonic tissue + + + + + + + ¥ KK -KKv -KKa
Kidney

Lung = = + + + + $ &
Pancreas + 0+ 0+ 0+ 3 £+ 0+ ~
Spleen + 5 * + + + + +
Thymus + ¥ +* + + + + +
Snd - N N N N N T KB site ~ Wciner
Eye + + + + + + + +
Lymph node + + + + + + L NF-KB activity
Tier 2a “nearly ready™ Iack of non-canomcalslgnalmg component
Bone *
Connective tissue + + + + + - + +
Liver + + + : + + - +
Muscle T T T + + + =
Ovary + + + + + - + +
Testis + + + + + + - +
Tier 2b “nearly ready"lackof canomcals:gnalm_q component
Bone marrow +
Tier 3 “Inflammation prlwlege "Iackol componentln both s:gnahng
Heart*
Vascular* = + + & + - P =
Pituitary gland - % + 0+ - - - -
* Cardiovascular system

B. Tissueclassification on NF-kB signaling gene expression (mouse)

W Canonical Non-canonical
Tissue Ikky IKkkB Ikba Rels p50 Ikka Relb p52

Tier 1 “Ready to go"express aII key component lnbothslgnalmg
Brain + +* +
Embryonic tissue + + + + + + + +
Kidney + + + + + + + +
Lung + + + + + + + +
Pancreas + 3 + 5 + * + +
Spleen + + + + + + + +
Thymus + + + : 2 + + * +
Heart + + + + + + + +
Bone marrow + + + + + + + +

Tier 2a “nearly ready” Iackof non-canomcals:gnalmg component
Bone +
Connective tissue + + + + * - - +
Liver + + + + + - + +
Muscle + & + + + = + +
Ovary + + + + + - + +
Testis + + + + + + = =
Blood + + + + + + + -

Tier 3 “Inflammation privilege” lack of componentin both signaling
Lymph node el + + . + + = +
Eye + + + - + + - +
Pituitary gland 2 ¢ g + = = + + =

FIGURE 2. Tissue mRNA distribution profile of NF-kB-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 B-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.
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TABLE 3

Identification of NF-kB-signaling genes induced by oxidized phos-
pholipids, hypoxia, and proinflammatory cytokines in human endo-
thelial cells and macrophages (GEO analysis)

NE-kB-signaling genes induced by oxidized phospholipids, hypoxia, IL-1, or TNF-a
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-sxn-glycero-3-phos-
phorylcholine; 40 ug/ml, 4 h. B, hypoxia-altered genes. Six genes were identified. C,
cytokine-induced genes. IL-1 induced five genes. TNF-a induced four genes.
HMVEC, human microvascular endothelial cells. B, hypoxia-altered NF-«kB-signal-
ing genes. C, proinflammation cytokine-induced NF-«kB-signaling genes.

A. Oxidized-phospholipids altered NF-xB signaling genes

PMID GEO D
HMVEC 279 -229 -167 (17655762 GDS2889
Oxidized-phospholipids (0x-PAPC,40 pg/ml, 4h)

o
C:b"d (b"s TRAF6 RIPK3 CYLD

B. Hypoxia-altered NF-kB signaling genes

P>,
cei | RelA TRAF2 SMRT PDLIM2 SOCS1 MK2 | PMID GEO D
HUVEC 189 1857 291 277 -106 97 - GDS1968

Hypoxia (1% Oxygen, 5% CO;, 94% Nz, 1h)

C- Pro-inflammation cytokines-induced NF-xB signaling genes

p%'d %”e Canonical Non-canonical
cm\ p50 RIPK2 TRAF2 RelB p52 BCL10| PMD  GEO ID
IL-18(100U/mI)
HUVEC (0.5) = = - - = =
HUVEC (1) 22 42 107 - 28 - 15130917 GDS649
HUVEC (2) 42 78 157 26 34 = 15130917 GDS649
HUVEC (6) - 55 14 - 35 - 15130917 GDS649
IL-1 B(15ng/mi)
Macrophage (4) | - 27 - - - 18498781 GDS3005
TNF- a (20ng/ml)
HUVEC (4) - 59 - 41 53 27 |17566077 GDS2773
HUVEC (5) - 45 - 42 62 - 17566077 GDS2773
HAEC (5) - 24 - 33 59 - 16617158 GDS1542
TNF-a (2ng/ml)
HUVEC (chronic} - 3.0 - 25 - = 16617158 GDS1543

regions and genomic DNA sequences were identified from exper-
imental data and deposited in the Epigenomics database.

Prediction of MicroRNAs That Potentially Target the List of
NF-kB-signaling Genes (TESS Analysis)—We employed a com-
putational prediction strategy to identify candidate microRNAs
that potentially target 3'-untranslated regions (UTRs) of 38
NF-«kB-signaling genes listed in Table 1 by screening a
microRNA library and using a microRNA 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-kB-signaling Genes Are Differentially Expressed in
Human and Mouse Tissues—The expression profiles of 38
NE-«kB-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 as when a gene
expression in given tissues is higher than the upper limit of
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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 IkB pro-
teins (IkBP and IkBe), IKK complex (IKKa) and adapters
(TRAF3, TRAFS5, TRAF6, and RIPK1I), IKK kinase (TAK1), IKK
substrates (SMRT, CBP, Bcl-10, and CYLD), and regulation and
degradation factors (AKIRIN2 and SOCS]I). In addition, some
IkB 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
NEF-kB family genes (RelA, p50, and p52), three 1kB proteins
(IkBp, IkBe, and IkB{), two IKK complexes (Ikka and Ikk), five
adapters in the NF-«kB-signaling pathway (Traf2, Traf3, Traf5,
Traf6, and Ripkl), IKK kinase (Takl), three IKK substrates
(Hdac3, Bcl-10, and Cyld), and two regulators (Akirinl and
Mk2) and three inhibitors (Socsl, Commdl, and Pdlim2) of
NE-kB. Fourteen genes are highly expressed in pituitary gland
(RelB, IkkB, Ikky, Traf6, Ccndl, Smrt, Cbp, Hdac3, Cyld,
Akirin2, p38, Commadl, Piasl, and Pias4); nine genes are highly
expressed in spleen (RelA, c-Rel, NF-kBI, Bcl-3, IkkB, Traf2,
Ripk2, Bcl-10, and SocsI).

Interestingly, in addition to immune defense tissues (lymph
node and spleen) where NF-«B components were highly
expressed, most of the NF-«kB-signaling genes (36 of 38) have
low level expression in heart and vascular tissues except for
SOCS1 and COMMDI, 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 of NF-«B signal pathways (IKKYy, IKKf,
IkBa, RelA, and p50 for canonical signaling and /KK, RelB, and
p52 for non-canonical signaling), human (Table 24) and mouse
(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 in mice are mostly 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, lymph node and eye are tier 1 tissues in human but tier
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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-kB Signaling by Directly Altering
Gene Expression or Indirectly via the Action 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 the NF-kB-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 on NF-«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
pg/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,
and PDLIM?2 and reduced SOCS1 and MK2 in cultured HUVEC
(Table 3B). Interestingly, oxidized phospholipids and hypoxia
reduced the expressions of inhibitory molecules of NF-«B path-
ways CYLD and SOCS1 in endothelial cells. As shown in Table
3C, proinflammatory cytokine IL-18 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-kB Have Higher Bind-
ing Site Frequency in IL-183- and TNF-o-induced NF-kB-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-«kB-
signaling gene via an inflammation-related transactivation
mechanism. We therefore examined binding frequency of
inflammation-related TF in the promoters of proinflammatory
cytokine- induced NF-«kB-signaling gene identified in Table 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-kB-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-kB-signaling Genes Have Multiple 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-
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A. Transcription factor (TF) binding site analysis strategy

Select promoter region (+1500/0) of
cytokine-induced NF-kB signaling genes
RelB, p50, p52, TRAF2, RIPK2
¥
Analyze TF binding site in the promoter|
using TESS database

TF binding frequency

Select inflammation-related TFs:
AP-1, C/EBPs, Elk1, GR, HSF-1,
IRF-1,Mef2, NF-kB, p53, Pu.1

B. TF binding frequency

1 House keeping genes
Il Cytokine-induced genes

-
o

[$,)

TF binding frequencies
(average)

0

Consensus ap_ 1 C/EBPs Elk1  GR

bining site: HSF-1 IRF-1

Mef2 NF-kB p53 Pu.1

FIGURE 3. Transcription factor binding frequencies of cytokine-induced
NF-kB-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-kB-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-kB, 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 X 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.

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 tissue mRNA transcrip-
tomes under non-stimulatory physiological conditions (15). As
shown in Table 44, we found that the RNA transcripts of all
human NF-kB-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, IkBa and RIPK3 have secreted isoforms. Most of NF-«B-
signaling genes exhibit proinflammaiton function, except for
NEF-kB degradation proteins and IKK substrates CYLD, which
display anti-inflammation function.

Because alternative splicing and promoters may 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-kB family
genes have multiple isoforms expressed in different tissues,
which retain different protein domains and have multiple
potential interacting proteins. We name the expressed isoforms

JOURNAL OF BIOLOGICAL CHEMISTRY 15635



Pretranslational Regulation for NF-kB Activation

TABLE 4

Alternative splicing isoforms and promoters in NF-«xB family genes (AceView database analysis)

The presence and features of alternative promoters and spliced isoforms of NF-«kB-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-«kB 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.

A. Human NF-kB signaling genes encode multiple ORF/alternative splicing isoforms/promoters

Gene ExonsTOtaI isoforms ORF _Secreted Alternative Inflammation
isoforms promoter(s) feature

NF-xB family
P65/RELA 15 18 18 - 2 Pro-inflammation
RELB 1" 5 5 - 3 Pro-inflammation
C-REL 11 2 2 - nl; Pro-inflammation
p50/0105(NF-KB1) 24 15 15 = 3 Pro-inflammation
p52/0100(NF-KB2) 23 11 11 4 Pro-inflammation
Inhibitors of NF-kB family
IkBa 5 1" " 1 4 Pro-inflammation
kBB 6 6 6 - 2 Pro-inflammation
IkBe 6 4 4 - n/a Pro-inflammation
IkBE 14 10 10 - 5 Pro-inflammation
IKBNS 12 10 10 - 4 Pro-inflammation
BCL-3 1" ¥ 7 - 6 Pro-inflammation
IxB kinase (IKK) famil
IKKa 21 8 8 - 2 Pro-inflammation
IKKB 22 31 31 - 8 Pro-inflammation
IKKy 10 16 16 - 5 Pro-inflammation
Adapters in NF-xB Signaling Pathway
TRAF2 12 21 21 = 12 Pro-inflammation
TRAF3 11 8 8 _ nla Pro-inflammation
TRAF5 1 7 7 - 5 Pro-inflammation
TRAF6 7 3 3 = n/a Pro-inflammation
RIPK1 1" 13 13 - 7 Pro-inflammation
RIPK2 11 4 4 - n/a Pro-inflammation
RIPK3 26 21 21 1 8 Pro-inflammation
IKK Kinases
MAP4K4 32 25 25 - 13 Pro-inflammation
MAP3K7 17 12 12 - 6 Pro-inflammation
IKK Substrates
CCND1 5 9 9 - 3 Pro-inflammation
SMRT 49 30 30 - 10 Pro-inflammation
cBP 31 14 14 - 8 Pro-inflammation
HDAC3 15 10 10 - 4 Pro-inflammation
BCL10 3 4 4 - nla Pro-inflammation
CYLD 18 11 11 = 6 Anti-inflammation
Regqulators of NF-kB activity
AKIRIN T 5 4 4 = 2 Pro-inflammation
AKIRIN2 5 4 4 - n/a Pro-inflammation
P38 12 12 12 - 5 Pro-inflammation
MK2 10 5 5 - 5 Pro-inflammation
NF-kB degradation
SOCS1 1 3 3 - n/a Anti-inflammation
COMMD1 1 9 9 - 3 Anti-inflammation
PDLIM2 21 32 32 = 15 Anti-inflammation
PIAST 10 17 17 - 6 Anti-inflammation
PIAS4 3 8 8 = 5 Anti-inflammation

OREF, open reading frame; n/a, information not available in AceView-NCBI database.

B. Alternative splicing isoforms of NF-kB family genes and tissue expression pattern in human

Gene ,‘0'6 Exon mRNA Protein ) g::;eaii: InQ;rroat:tling
(isoform#)\_%» used  (bp) (a.a.) Expressed Tissue retained proteins
P65/RELA a 11 2698 551 Brain, thymus, spleen and 46 other tissues RHD, IPT/TIG 1
(10) b 11 2568 548  Lung, stomach, brain and 109 other tissues RHD, IPT/TIG
10 2713 498  Lung, breast, colon and 69 other tissues RHD, IPT/TIG
8 10 3206 377  Anaplastic oligodendroglioma, bladder and brain RHD, IPT/TIG
e 3: 945 178  Bladder tumor, breast, spleen and thalamus RHD, IPT/TIG
f 6 1024 172 Kidney, ovarian tumor, ovary and thymus RHD 285
9 5 457 152  Hypothalamus RHD
h 3 601 124  Trachea RHD
i 4 636 112 Brain, hippocampus, stomach mucosa and thymus RHD
j 3 773 109 Cerebellum and t-lymphocytes RHD
RELB a 11 2198 608 Myeloma, B cells (ramos cell line) and placenta RHD, IPT/TIG
) b 12 2246 579  Lung, lymph, lymphoma and 47 other tissues RHD, IPT/TIG
c 13 2500 547  Human embryonic stem cells RHD, IPT/TIG
d 2 753 141 Adenocarcinoma and cell line from breast n/a r38
e 3 1062 106  Burkitt ymphoma, carcinoma, lymph and prostate n/a
f 1 572 58  Liver, spleen and normal nasopharynx n/a
g 3 545 65 Thalamus nla ]
C-REL a 1" 2687 619  Germinal center B cell and 8 other tissues RHD, IPT/TIG 1
(5) b 10 2513 587  Carcinoid, Iung_ and 8 other tissues RHD, IPT/TIG
c 4 557 21 B-cell, leukemia,lymph, lymphoma n/a r49
d 1 400 48  Nervous tumor n/a
e 1 197 65 Head neck n/a |
50/p105 a 24 4090 969 Trachea, uterus, brain and 11 other tissues RHD, IPT/TIG, ANK, DD,TAD, PXD, SPXD
po0/p b 24 4087 968  Lung, t-lymphocytes and 87 otherc tissues RHD, IPT/TIG, ANK, DD,TAD, PXD, SPXD
(NF-KB1) c 17 4213 788  Lung, pancreas and 54 other tissues RHD, IPT/TIG, ANK, DD, TAD, PXD, SPXD
(11) d 8 966 198  Lymphocytes and breast RHD
e 6 751 196  Testis RHD, IPT/TIG
f 6 578 192 Liver n/a 171
g 3 907 167  Hippocampus and uterus n/a
h 7 556 144  Thymus RHD
i 5 627 198 Thymus RHD
j 7 858 119  Eye and retinoblastoma RHD
k 5 607 109 Thymus, trachea RHD
P52/p100 a 27 3117 900 Lung, kidney and 17 other tissues RHD, IPT/TIG, ANK, DD,CCS
(NF-KB2) b 23 3045 899 Uterus, melanoma and 16 other tissues RHD, IPT/TIG, ANK, DD,CCS
© c 22 3131 899 Thymus, testis and 7 other tissues RHD, IPT/TIG, ANK, DD,CCS
d 23 3415 899  Lung, stomach and 84 other tissues RHD, IPT/TIG, ANK, DD,CCS
e 13 1975 403 B cell, chronic lymphotic stomach RHD, IPT/TIG, PXD 65
f 8 1503 314  Thyroid, melanotic melanoma, skin and thymus RHD, IPT/TIG
[°] 6 1259 147 Eye andlens DD
h 6 557 132 Thymus RHD
4 657 127 Pterygium RHD
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TABLE 5

DNA methylation characteristic of NF-kB 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.

Promoter Exonlintron
gene:  Ch, Tissue/Cell Methylati Ti Methylation
Pp65/RELA 11 Sperm (ages 24, 26, and 61) + Blast cell, NB4 cel line, bone marrow  +
Cerebellum (ages 41, 50, and 54) + Colorectal tumor, carcinoma +
RELB 19 Blast cell, NB4 cellline, bone marrow + Blast cell, NB4 cell line, bone marrow +
Colorectal tumour, carcinoma + Colon mucosa +
Cerebellum (ages 41, 50, and 54) + Colorectal tumour, carcinoma +
Sperm (ages 24, 26, and 61) +
C-REL 2 Blast cell, NB4 cell line, bone marrow + Blast cell, NB4 cell line, bone marrow +
Cerebellum (ages 41, 50, and 54) +
Sperm (ages 24, 26, and 61) *
p50/p105 4 Blast cell, NB4 cellline, bone marrow + Blast cell, NB4 cell line, bone marrow +
(NF-KB1) Sperm (ages 24, 26, and 61) + Colon mucosa +
Cerebellum (ages 41, 50, and 54) +
p52/p100 10  Sperm (ages 24, 26, and 61) + Blast cell, NB4 cell line, bone marrow  +
(NF-KB2) Cerebellum (ages 41, 50, and 54) + 1 (ages 24, 26, and 6 +
Cer (ages 41, 50, and 54) +
Colon mucosa +
Colorectal tumour, carcinoma +

in «, B 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 an ORF-encoded domain, which showed that NF-kB 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 in multiple 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-kB Family Gene Expression—
Because DNA hypomethylation is the best characterized epige-
netic regulation process in autoimmune disease (16),
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-«kB 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
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TABLE 6
MicroRNAs targeting NF-kB-signaling genes (TESS analysis)

The potential microRNA targets of NF-kB 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
NEF-kB- signaling genes. MicroRNAs were classified based on their inflammation
feature. C, anti-inflammation microRNA reduction leads to NF-«B activation; iden-
tification of anti-inflammation microRNA down-regulated by inflammatory stim-
uli, leading to NF-«B activation.

A. microRNAs potentially target on NF-«B si g (TESSanalysis)

Gene microRNA PMID
NF-xB family
PpB5/RelA miR-7, miR-124, miR-143, miR-146, miR-155, miR-200* 22364742
Rels mi§~302(alb/ddle) miR-372, miR-373, miR-506, miR-520(a/b/c/d) 22821148
el
p50/p105(NF-KB1)miR-9%, lin-28, Let-7*, miR-29, miR-181b*, miR-210, miR-218 22622040
miR- 301a miR- 508—3p miR-548(p/in) 22575656
52/p100(NF-KB2)miR-609
!&?Lbl‘_oﬁﬁﬂ‘mht
IxBa miR-125a/b*, miR-300, miR-381 22550173
1xBB miR-323b-5p
IkBg miR-1184, miR-2355-5p, miR-4667-3p
IKBQv miR-376a, miR-1288, miR-3606, miR-3618, miR-3659, miR-4727-5p
miR-19(a/b), miR-27(a/b), miR-125b* 20858525
M{mm
IKKa let- 7(alb/cldle/flgll) miR-15, miR-16, miR23(a/b/c), miR-31* miR-98, 22264793
miR-223, miR-4
IKKB miR-15(a/b), mlR-16 miR-195, miR-200c*, miR-199(a/b)-Sp* 22364742
miR-424, miR-497
KKy miR-4650-5p
Adaptersin NF-xB Signaling Pathway
TRAF3 miR-137, miR-199(a/b)-5p
TRAF6 miR-146a,m iR-146b-5p, miR-194, miR-506
RIPK1 miR-4287
RIPK2 miR-4685-3p
IKK Kinases
NIK miR-10(a/b), miR-31(a/b/c/d/e)* 22264793
TAK1 miR-10(a/b)*, miR-143, miR-4770 20624982
IKK Substrates
CCND1 miR-193a-3p, miR-193b
SMRT miR-10(a/b), miR-16%, miR-184 22292036
HDAC3 miR-29b, miR-1261, miR3625p, miR-5006
BCL10 miR-182
cYLD miR-15(a/b), miR-16, miR-19(a/b)*, miR-181b-1, miR-13 22362744
miR-195, miR-301(a/b), miR-424, miR-4295
Requlators of NF-kB activity
AKIRIN2 miR-139-5p
P38 miR-124, mlR 128, miR-506
NF-xB degradation
socs1 miR-19(a/b), miR-30(a/d/e)

COMMD1 miR-940, miR-1827, miR-4499, miR-4728-5p, miR-4737, miR-4767

B. Inflammation-related microRNA targeting C Antl inflammationmicroRNA

on NFkB signaling genes KB
microRNA  Targetgene Stlmull Cells microRNA Targetgene PMID
S rlet7 P50, IKK-a TNF-a, IL-1B gastrictumors  miR-7] RelB 22139078
. & |miR-7 RelA, RelB LPS . %
£ E{mR-15a IKKa, IKKECYLD Peripheral BC  Let-7| IKKa 22522429
< §|miR-29a p50, HDAC3 BC, blood cells
E 'mR-143 RelA TAK1
miR-16 IKKa, IKKB,CYLD
S |mR-19  Bck3, p38, CYLD, SOCST
g [mR-27  Bcks
E E4{miR-29  HDAC3
§|mR-30  wIK CYLD, SOCST
E |miR-181 CYLD
miR-223  IKKa

score as mean * 2 X 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 of microRNAs that potentially target
27 (71%) of 38 NF-kB-signaling genes, as listed in Table 6A.
Several of these microRNAs have been experimentally con-
firmed to regulate NF-kB-signaling expression, such as miR-
200 for RelA, miR-9/181b and Let-7 for p50, miR-125a/b for
IkBo, miR-125b for Bcl-3, miR-31 for IKKa, miR200c and miR-
199 for IKKB, miR-31 for NIK, miR-10 for Takl, miR-16 for
SMRT, and miR-19 for CYLD, respectively (21-24).

Based on the target gene function, microRNAs potentially tar-
geting NF-kB components are classified into two groups, anti-in-
flammatory microRNAs and proinflammatory microRNAs (Table
6B). Of note, the five anti-inflammatory microRNAs, including
Let-7, miR-7, miR-15a, miR-29a, and miR-143, were also found
in our previous report of anti-inflammatory/anti-atherogenic
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microRNAs (9). In addition, proinflammatory stimuli, such as
TNE-e, IL-1B, and lipopolysaccharide (LPS), induce Re/B and
IKKo 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-kB 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 that mRNAs of NF-«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
NE-«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
NEF-kB-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-
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FIGURE 4. Working model. Four novel pretranslational regulatory mecha-
nisms responsible for NF-kB 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-kB 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-kB mRNAs. Dashed
lines, classical NF-kB activation signaling. Solid lines, the newly identified
NF-«B activation mechanism identified in this study.

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-kB-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
NE-«B have higher binding site frequencies in the promoters of
proinflammatory cytokine-induced NF-kB genes. This result
suggests that C/EBPs may mediate the NF-kB signal gene
induced by IL-18 and TNF-« and that the NF-«B signal gene
mediates IL-1B- and TNF-a-induced self-amplification of the
NE-kB pathway via a positive feedback manner. It was reported
that C/EBPs mediate the induction of several target genes,
including preprotachykinin, choline acetyltransferase, cyto-
kines (IL-6, IL-18, and TNF-«), and cyclooxygenase-2 (Cox2)
(25). Taken together, we propose that C/EBPs mediate IL-183
and TNF-a-induced NF-«kB-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-
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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 could make 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 IkBa 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 to map 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 and microRNA 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
NE-kB-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,
ikB¢, and IKKa/B. Some microRNAs or microRNA clusters can
regulate a few NF-kB-signaling genes. However, most microRNAs
are not shared, suggesting that microRNA epigenetic regulation
may be responsible for tissue-/cell-specific, spatially and tempo-
rally regulated NF-kB-signaling gene expression.

It is worthwhile to point out that the tissue expression profile
was assessed by a database mining approach utilizing the NCBI/
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,
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such as Toll-like receptors (29), and then induce NF-«B gene
transcription via four pretranslational regulatory mechanisms,
including TF C/EBPs and NF-kB, DNA methylation, alterna-
tive promoters and splicing, and anti-inflammation related
microRNAs. In response to CVD risk factors, NF-kB-signaling
genes can be induced by TF C/EBPs and NF-kB-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-kB-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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