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Abstract
Inhibitor of NF-κB kinases β (IKKβ) and α (IKKα) activate distinct NF-κB signaling modules.
The IKKβ/canonical NF-κB pathway rapidly responds to stress-like conditions, whereas the IKKα/
noncanonical pathway controls adaptive immunity. Moreover, IKKα can attenuate IKKβ-initiated
inflammatory responses. High mobility group box 1 (HMGB1), a chromatin protein, is an
extracellular signal of tissue damage-attracting cells in inflammation, tissue regeneration, and scar
formation. We show that IKKα and IKKβ are each critically important for HMGB1-elicited
chemotaxis of fibroblasts, macrophages, and neutrophils in vitro and neutrophils in vivo. By time-
lapse microscopy we dissected different parameters of the HMGB1 migration response and found
that IKKα and IKKβ are each essential to polarize cells toward HMGB1 and that each kinase also
differentially affects cellular velocity in a time-dependent manner. In addition, HMGB1 modestly
induces noncanonical IKKα-dependent p52 nuclear translocation and p52/RelB target gene
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expression. Akin to IKKα and IKKβ, p52 and RelB are also required for HMGB1 chemotaxis, and
p52 is essential for cellular orientation toward an HMGB1 gradient. RAGE, a ubiquitously
expressed HMGB1 receptor, is required for HMGB1 chemotaxis. Moreover, IKKβ, but not IKKα,
is required for HMGB1 to induce RAGE mRNA, suggesting that RAGE is at least one IKKβ
target involved in HMGB1 migration responses, and in accord with these results enforced RAGE
expression rescues the HMGB1 migration defect of IKKβ, but not IKKα, null cells. Thus,
proinflammatory HMGB1 chemotactic responses mechanistically require the differential
collaboration of both IKK-dependent NF-κB signaling pathways.

High mobility group box 1 (HMGB1) is a nonhistone nuclear protein expressed by all
mammalian cells, passively released by necrotic cells, and actively secreted by immune
effector cells (1–4). In necrotic cells, HMGB1 dissociates from chromatin and after the
cellular and nuclear membranes break up is released into the extracellular space (1).
Moreover, HMGB1 becomes acetylated in activated monocytes, macrophages, and dendritic
cells, causing its relocation to specialized cytoplasmic organelles, from where it is secreted
upon stimulation (2). Extracellular HMGB1 signals through the receptor for advanced
glycation end products (RAGE), TLR2, and TLR4 (3–9), functioning as a major in vivo
sensor of tissue damage by eliciting inflammatory reactions as a cytokine and a chemokine
(reviewed in Refs. 3,4,6,10,11). In addition, HMGB1’s chemotactic activity also recruits
cells to repair damaged tissues (12).

The signal transduction pathway elicited by HMGB1 is only beginning to unfold. RAGE’s
cytoplasmic domain has been found to interact with Diaphanous-1, which is required for
activation of Rac-1 and Cdc42 and importantly also for RAGE ligand-induced cell migration
(13). We previously reported that, unlike other mediators of cell migration, cellular
chemotaxis toward HMGB1 requires canonical NF-κB activation in fibroblasts and
mesoangioblasts in vitro and for the emigration of mesoangioblasts to damaged muscle in
vivo (14). HMGB1 induction of canonical NF-κB signaling and fibroblast chemotaxis also
required ERK activation (14). More recently, we also showed that HMGB1-induced cell
migration requires Src family kinases, reorganizes the cellular cytoskeleton, and induces
phosphorylation of Src, FAK, and paxillin, a scaffold protein in focal adhesions (15). A dual
requirement for Src and canonical NF-κB activation could either indicate that both signaling
pathways are needed independent of each other for HMGB1 chemotaxis or that Src is
necessary to drive NF-κB activation by an atypical inhibitor of NF-κB kinase (IKK)
independent route (16–19). In this study, we have examined the functional contributions of
the IKKβ- and IKKα-driven canonical and noncanonical NF-κB signaling pathways in
HMGB1-induced cell migration responses.

Members of the NF-κB transcription factor family orchestrate a wide range of stress-like
inflammatory responses, participate in cellular differentiation, and regulate the growth and
survival of normal and malignant cells (20–23). Selectivity and at times redundancy in NF-
κB–mediated transcriptional control arise from the assembly of a variety of homodimers and
heterodimers of five different NF-κB proteins (RelA/p65, RelB, c-Rel, NF-κB1/p105, and
NF-κB2/p100) that are sequestered in the cytoplasm by one of four inhibitory proteins
(IκBα, IκBβ, IκBε, and IκBγ/p100). Proteins p100 and p105 are precursors of the NF-κB
p52 and p50 subunits, respectively, and in their unprocessed forms also function as NF-κB
inhibitors via their carboxyl-terminal IκB-like domains. In response to extracellular stress-
like stimuli, IκBα is phosphorylated by the IKK complex and is targeted for ubiquitination
and subsequent proteasomal destruction, resulting in the nuclear translocation of NF-κB
heterodimers and the activation of their target genes. The IKK complex consists of two
serine–threonine kinases, IKKα and IKKβ, and NEMO/IKKγ, a regulatory or docking
protein that facilitates IKK complex assembly and regulates the transmission of upstream
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activating signals to IKKα and IKKβ (23–25). IKKβ is almost always the IκBα kinase that
activates NF-κB–dependent immediate stress-like responses in vivo, although IKKα also
occasionally takes on this role (26). In contrast to the positive proinflammatory IKKβ, IKKα
instead functions to attenuate or resolve acute inflammatory responses by more than one
mechanism (27–29).

Activation of IKKα’s kinase activity occurs in response to a limited set of extracellular
signals (including CD40L, lymphotoxin β [LTβ], and BAFF) (reviewed in Ref. 21) and also
requires protein synthesis. IKKα is the unique, direct activator of the noncanonical NF-κB
pathway, wherein it phosphorylates a pair of serines in NF-κB2/p100, which leads to
proteasomal processing into NF-κB p52 and the nuclear translocation of p52–RelB
heterodimers, which bind to sequences that diverge considerably from those recognized by
other NF-κB heterodimers (30). Interestingly, extracellular stimuli resulting in cellular
responses that appear to require sustained or long-lasting NF-κB induction activate both
IKKβ-dependent canonical and IKKα-dependent noncanonical signaling pathways
(22,31,32). In addition to driving RelB/p52 heterodimers into the nucleus, the IKKα-
dependent noncanonical pathway has also been reported to activate p65/p52 (32) and
recently even a subset of p50/p65 heterodimers (sequestered in the cytoplasm in p100
complexes), suggesting that IKKα might also contribute to the somewhat delayed activation
of specific proinflammatory responses (22).

Moreover, unlike IKKβ, IKKα has functions outside of NF-κB activation. In vivo IKKα is
essential for keratinocyte differentiation (33–35) where it functions independent of NF-κB
and its kinase activity in a Smad2/3-dependent signaling pathway (36–38). IKKα also
functions as an NF-κB–independent kinase that affects chromatin activity, specific
components of the cell cycle, and effectors of apoptosis (reviewed in Refs. 18,24).

In this study, we show the surprising findings that IKKβ and IKKα are both essential for
HMGB1 chemotactic responses in fibroblasts, macrophages in vitro, and neutrophils in vitro
and in vivo. HMGB1 is a modest inducer of the IKKα-dependent noncanonical pathway,
and HMGB1 migration requires both noncanonical NF-κB subunits (RelB and p52). Time-
lapse microscopy of mouse embryo fibroblasts (MEFs) in an HMGB1 gradient revealed that
the two IKKs are both essential for establishing directed cell movement and also have
differential effects on cellular velocity. Moreover, fibroblasts migrating toward HMGB1
require IKKβ, but not IKKα, to induce the expression of full-length RAGE mRNA, whose
encoded cell surface receptor is necessary for HMGB1 chemotaxis, and enforced RAGE
overexpression rescues the HMGB1 migration defect of IKKβ−/− but not IKKα−/− MEFs.
Taken together our results suggest that IKKβ and IKKα are essential for HMGB1
chemotactic responses for different reasons.

Materials and Methods
Conditional IKKα and IKKβ knockout mice

Mice with IKKα or IKKβ alleles flanked by LoxP recombination sites (IKKβf/f and IKKαf/f)
were generated by Lexicon Genetics (The Woodlands, TX) for Boehringer Ingelheim
Pharmaceuticals by strategies previously described for p38a floxed mice (39) (Supplemental
Fig. 1). IKKβf/f and IKKαf/f homozygous mice were respectively bred to CreERT1 (40) and
CreERT2 (41) mice, which ubiquitously express 4-orthohydroxytamoxifen (4-OHT)-
inducible Cre recombinases (42,43), to produce IKKβf/f:CreERT1 and IKKαf/f:CreERT2 mice.
The IKKαf/f and IKKβf/f strains were also interbred with MLysCre mice to produce
IKKαf/f:MLysCre and IKKβf/f: MLysCre strains, which conditionally expresses Cre
recombinase under the control of the macrophage lysozyme promoter only in mature
macrophages (MΦs) and neutrophils (44).
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HMGB1 and reagents
Full-length LPS-free rHMGB1 protein was obtained from HMGBiotech (Milano, Italy) and
was rigorously tested to be LPS-free by HMGBiotech and independently by the Bianchi
laboratory. Other reagents were obtained from the following suppliers: human recombinant
platelet-derived growth factor (PDGF) (R&D Systems, Minneapolis, MN); TNF-α
(BioSource International, Camarillo, CA); SC-514 (Calbiochem, San Diego, CA);
fibronectin (Roche Diagnostics, Monza, Italy); human recombinant complement component
5a (C5a), 4-OHT, and mouse anti–α-tubulin mAb (Sigma-Aldrich, St. Louis, MO); mouse
anti-lamin B1 mAb (Abcam, Cambridge, MA); rabbit polyclonal anti-RAGE and goat
polyclonal anti–β-actin Abs (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal
anti-p100/p52, anti-IKKα, and anti-IKKβ Abs (Cell Signaling Technology, Danvers, MA);
FITC-conjugated anti-mouse Ly-6G (Gr-1) (eBioscience, San Diego, CA); FITC-conjugated
rat IgG2b,κ and purified anti-mouse CD16/32 (Fc block) (BioLegend, San Diego, CA); anti-
mouse and anti-rabbit IgG HRP (DakoCytomation, Carpinteria, CA); and agonistic
monoclonal anti-mouse LTβR Ab (Biogen, Cambridge, MA) (45).

Cells and tissue culture
Primary MEFs were derived from 14.5 (Rage−/−) or 12–13 d (IKKβf/f: CreERT1 or
IKKαf/f:CreERT2) mouse embryos and cultured in DMEM with 10% FBS, 100 U/ml
penicillin, and 100 μg/ml streptomycin. Cre recombinase excision of LoxP-targeted IKK
alleles was induced by exposing cells to 100 nM 4-OHT for ~ 36 h to ensure IKK protein
depletion. Bone marrow progenitors from the femurs of IKK wild-type (WT) (IKKαf/f or
IKKβf/f), IKKαf/f:MLysCre, and IKKβf/f:MLysCre adult mice were differentiated to MΦs in
M-CSF–conditioned DMEM/10% FBS for 7 d.

Retroviruses and retroviral transductions
A human RAGE cDNA was subcloned upstream of an internal ribosome entry site
puromycin cassette in the BIP murine Moloney retroviral vector (46,47). The generation of
amphotyped viruses, infection of cells, and selection of stable puromycin-resistant cell
populations have been described previously (46,47).

In vitro chemotaxis assays
Boyden chamber assays with MEFs were performed as described (12) and with MΦs and
neutrophils essentially as described (48), except that 48-well chambers were used with 120-
μm thickness 8- and 3-μm pore size filters, respectively (Neuroprobe, Gaithersburg, MD)
(49). Mature neutrophils were purified to 70–80% by Percoll gradient fractionation of bone
marrow cells (50) (see Supplemental Fig. 3 for more details). Migration distances for
macrophages and neutrophils were measured by the leading front method as described
previously (49).

In time-lapse chemotaxis assays, cells of different genotypes were distinguished from each
other by staining with 500 nM CellTracker Green CMFDA or 500 nM CellTracker Orange
CMRA (Invitrogen, Carlsbad, CA) for 15 min in a humidified tissue culture incubator. Dye-
labeled cells were washed, resuspended at a concentration of 4 × 105 cells per milliliter in
DMEM (phenol red-free)/0.1% BSA, mixed, and placed (300 μl) in a μ-Slide (IBIDI/
Integrated BioDiagnostics, Martinsried, Germany) precoated with 50 μg/ml fibronectin (μ-
Slide setup is depicted in Supplemental Fig. 3). After cells had firmly attached to the
substratum, slides were laid on a 37°C humidified stage of an UltraVIEW European Remote
Sensing spinning disk confocal microscope (Perkin Elmer, Waltham, MA). A 0–30 μg/ml
HMGB1 gradient, mixed with fluorescent beads (Invitrogen, San Diego, CA) for
microscope viewing, was allowed to form in the chamber’s channel as described (51)
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(Supplemental Fig. 4). Pictures of cells at the edge of the gradient were captured every 2
min for up to 3 h (microscope objective, ×5 magnification, numerical aperture 0.15 [Carl
Zeiss, Munich, Germany]; C9100 electron multiplying-charge coupled device, camera
[Hamamatsu Photonics, Shizuoka, Japan]; UltraVIEW European Remote Sensing
acquisition software). Directional tracks are defined as those with ending points closer to the
higher HMGB1 concentration in the gradient compared with their starting points, whereas
nondirectional tracks are the opposite, and indeterminate tracks starting and ending at the
same distance from the HMGB1 gradient (moving laterally) are also considered
nondirectional tracks. Cell tracks were analyzed with ImageJ software (Rasband, W.S.,
ImageJ, National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/, 1997–2008).

Immunoblotting and cell fractionation
Immunoblotting and the preparation of nuclear and cytoplasmic fractions were done as
described previously (47). HRP-conjugated secondary Ab signals were detected with an
enhanced chemiluminescent detection kit (GE Healthcare, Piscataway, NJ)). Nuclear p52
levels were normalized with respect to nuclear lamin B1. Film images were acquired with a
Fluor-S MultiImager (Bio-Rad, Hercules, CA). Scanned protein bands were quantified with
Quantity One 4.5.0 software (Bio-Rad) and processed with Adobe Creative Suite (Adobe,
San Jose, CA).

SYBR Green real-time RT-PCR assays
Total cell RNAs were prepared, and SYBR Green real-time RT-PCR was performed and
quantified as described previously (47). Forward (F) and reverse (R) PCR primer sequences
were as follows: Gapdh F (5′-GCTCACTGGCATGGCCTTC-3′), Gapdh R (5′-
CCTTCTTGATGTCATCATACTTGGC-3′); Rage F (5′-
AGTCAGAGGAAGCGGAGATG-3′), Rage R (5′-
AAGGAGGAATTGGGATGGAATG-3′); Cxcl12 F (5′-
GCACGGCTGAAGAACAACAAC-3′), Cxcl12 R (5′-TTCCTCGGGCGTCTGACTC-3′).

In vivo chemotaxis assays
Mice were anesthetized with isoflurane and injected i.p. with 1 ml of either TNF-α (0.1 μg/
ml in 0.9% NaCl) orHMGB1 (9 μg/ml in 0.9%NaCl). After 4–5 h, mice were sacrificed, and
the cellular contents of their i.p. cavities were collected by sequential lavages in a total
volume of 15 ml PBS. After centrifugation, RBCs were lysed by resuspension with
ammonium chloride-potassium carbonate-EDTA buffer (0.15 M NH4Cl, 1 mM KHCO3, and
0.1 mM Na2EDTA in PBS), and the remaining cells were collected by centrifugation. Next,
cell pellets were resuspended in PBS and preincubated with purified anti-mouse CD16/32
(Fc Block), stained with either FITC-conjugated anti-mouse Gr-1 Ab or FITC-conjugated
IgG2b,κ isotype control Ab, and analyzed with a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA). Small debris and doublets were excluded by a population gate.
Quadrants were added to focus on the Gr-1Hi–staining cells in TNF-α controls (FL1 103),
which were then applied to the HMGB1 samples. Statistics were computed from these
quadrants to calculate the percentage of Gr-1Hi cells of the parent population using FlowJo
analysis software version 8.7.3 (Tree Star, Ashland, OR).

Cells from i.p. lavages were also examined by conventional Diff-Quick (Fisher Scientific,
Pittsburgh, PA) staining to score for the typical nuclear morphology of mature neutrophils.
Cell suspensions from i.p. lavages were smeared on glass slides, stained with HEMA 3
STAT PACK (Fisher Diagnostics Protocol; Fisher Scientific), and mounted with coverslips.
Images were acquired with a Sony DXC-9000 camera (Sony, New York, NY) mounted on a
Nikon Eclipse E600 microscope (×100 objective, numerical aperture 1.30; Nikon, Melville,
NY) and processed with Adobe Photoshop software.
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All of the animal work was approved by Stony Brook University’s Institutional Animal Care
and Use Committee in accordance with National Institutes of Health grant guidelines.

Statistical analysis
The p values were determined to four significant figures by unpaired, two-tailed Student t
tests (unless otherwise indicated) with Prism version 4.0 software (GraphPad, San Diego,
CA).

Results
IKKβ and IKKα are both required for chemotaxis of primary MEFs and macrophages
toward HMGB1

In a previous study, we showed that HMGB1 activates the canonical NF-κB pathway in 3T3
fibroblasts and that the translocation of p50/p65 canonical dimers to the nucleus is necessary
for the chemotactic response of immortalized MEFs to HMGB1 (14). However, we did not
elaborate the individual roles of the NF-κB–activating kinases in the HMGB1 chemotactic
response. In this study, we employed primary cells from different strains of conditional
IKKα and IKKβ knockout (KO) mice to dissect the individual contributions of each NF-κB–
activating IKK for HMGB1 chemotactic responses of fibroblast and immune effector cells.

To begin to assess the contributions of IKKβ and IKKα for HMGB1-induced cell migration,
primary MEFs from IKKβf/fCreERT1 and IKKαf/f:CreERT2 mice were used in Boyden
chamber cell migration experiments. IKKβf/f:CreERT1 and IKKαf/f:CreERT2 primary WT
MEFs migrated in response to HMGB1 and PDGF, whereas 4-OHT–induced IKKβ or IKKα
deletion in these respective cell populations blocked their chemotaxis to HMGB1 but not to
PDGF (Fig. 1A, 1B). Ablation of IKKβ and IKKα protein expression in primary MEFs
derived from IKKβf/f:CreERT1 and IKKαf/f:CreERT2 mice was induced with 4-OHT for 36 h
and verified by immunoblotting (Supplemental Fig. 1J, 1E). To rule out chemokinesis
(cytokine-activated random cell movement) in our Boyden chamber migration assays, we
performed a checkerboard assay by applying cytokines to either side of the filter, but we
only observed cytokine-induced cell migration when there was a gradient of chemoattractant
below the filter (data not shown).

Because IKKα has multiple functions that are dependent on and independent of its critical
role in the activation of noncanonical NF-κB signaling, we investigated whether the two
noncanonical NF-κB subunits, p52 and RelB, were also required for MEFs to migrate
toward HMGB1. Boyden chamber assays were performed with WT, p52−/−, and RelB−/−

immortalized MEFs. As shown in Fig. 1C, akin to IKKα, p52 and RelB are also each
essential for HMGB1-mediated chemotaxis but migrate equally well as WT MEFs in
response to a PDGF positive control. Thus, HMGB1-induced cell migration requires IKKα
to drive NF-κB noncanonical signaling.

Next, we investigated the requirements for each IKK in the HMGB1-mediated migration of
immune effector cells by employing MΦs derived from IKKαf/f:MLysCre and IKKβf/f:
MLysCre mice. Bone marrow-derived hematopoietic progenitor cells were prepared and
differentiated into MΦs in M-CSF-1–conditioned media. The selective ablation of IKKα or
IKKβ expression in MΦs, derived from IKKαf/f:MLysCre and IKKβf/f: MLysCre mice,
respectively, was verified by immunoblotting (Fig. 2). Chemotaxis assays were carried out
in 48-well micro-chambers using 120-μm thickness cellulose nitrate filters with the depth of
filter penetration as a measure of migration (49). These thick, tortuous pore filters better
mimic the cell–matrix interactions through which cells migrate in vivo than thin, straight
pore (10 μm) polycarbonate filters. Fig. 2 shows that, although WTM Φs respond well to
HMGB1, MΦs from IKKαf/f:MLysCre or IKKβf/f:MLysCre mice fail to migrate toward
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HMGB1. As a positive control, WT and IKK mutant MΦs all migrated in response to C5a, a
potent chemotactic factor that does not signal through NF-κB. Thus, HMGB1 migration
responses of primary fibroblasts and immune effector cells simultaneously require both
IKKα and IKKβ.

IKKβ and IKKα are both required for the HMGB1-mediated recruitment of neutrophils in
vivo

To assess the physiological relevance of our in vitro results with primary cells, we
investigated the dual importance of IKKβ and IKKα for chemotaxis to HMGB1 in an in vivo
context. HMGB1 was previously shown to rapidly elicit neutrophil-dependent peritonitis,
after injection into the peritoneal cavity of WT mice (52). We employed this peritonitis
model to assess the individual contributions of IKKβ and IKKα for HMGB1-induced
neutrophil migration within 5 h, because the recruitment of immune effector cells (including
neutrophils, monocytes, and macrophages) at later times would be confounded by other
endogenous cytokines subsequently released in response to HMGB1, which would invoke
chemotactic responses independent of the NF-κB signaling capacity of the migrating cells.
Approximately 4 h after i.p. instillation of HMGB1 or a TNF-α positive control into WT
(IKKβf/f or IKKαf/f), IKKβf/f:MLysCre, or IKKαf/f:MLysCre mice, cells were recovered by
i.p. lavage. As previously described for assessing neutrophil emigration in HMGB1-induced
peritonitis (52), neutrophils were quantified by flow cytometry for cell surface expression of
Gr-1, a marker of the myeloid-specific Ly-6G locus (53), which identifies mature
neutrophils as Gr-1Hi cells (54). The i.p. instillation of either HMGB1 or TNF-α recruited
comparable numbers of neutrophils in WT (IKKβf/f or IKKαf/f) mice (Fig. 3A). However, in
either IKKβf/f:MLysCre or IKKαf/f:MLysCre mutant mice, neutrophil recruitment in response
to HMGB1 was greatly reduced compared with that in WT (IKKαf/f or IKKβf/f) mice,
although the migration responses of IKKβ- or IKKα-deficient neutrophils in vivo were
comparable to those of neutrophils in IKK WT mice (Fig. 3A). The primary FACS profiles
identifying the Gr-1Hi cell subsets in these i.p. lavages are shown in Supplemental Fig. 2. In
addition, these quantitative results were also corroborated in other experiments in which
mature neutrophils were instead identified by their characteristic nuclear morphology in
conventional Diff-Quick–stained cell smears of these i.p. lavages (Fig. 3B). Finally, primary
neutrophils purified from mouse bone marrow also showed a similar pronounced defect in
HMGB1 chemotaxis in the absence of either IKKβ or IKKα (Supplemental Fig. 3). We
conclude from these experiments that mice with conditional IKKα and IKKβ deficits
specifically in mature neutrophils and macrophages are refractory to peritonitis induced by
HMGB1, but not by TNF-α, most likely due to intrinsic cell defects in these immune
effector cells that specifically preclude their HMGB1-mediated chemotaxis.

IKKβ and IKKα are differentially required to initiate cellular chemotaxis in response to an
HMGB1 gradient

Because the canonical and noncanonical NF-κB pathways control distinct target genes and
cellular responses, we suspected that they might control different aspects of HMGB1-
induced cell migration. Thus, to more precisely delineate the mechanistic contributions of
IKKβ and IKKα, specific migration parameters including cell polarization, velocity, and
Euclidean distance (i.e., the straight line distance between starting and arriving points) were
tracked in an HMGB1 gradient inside a μ-Slide by time-lapse microscopy (see μ-Slide setup
and how the directionality of cell movement was assessed in Materials and Methods and in
Supplemental Fig. 4). Importantly, WT versus IKKβ−/− or WT versus IKKα−/− MEFs
(generated from WT cells by 4-OHT–induced IKK deletions) were directly compared in the
same HMGB1 gradient by distinguishing them with different fluorescent tags. Analogous
versions of this technique have been extensively used to tease out fine details of cellular
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movement in response to cytokine and chemokine gradients in physiologically well-
controlled environments (51, 55–57).

IKKβ and IKKα are both essential in primary MEFs to establish the direction and efficiency
of cell motion in response to HMGB1. Within the initial 60 min of their exposure to an
HMGB1 gradient, primary MEFs lacking either IKK move randomly, whereas in contrast
the majority of their WT counterparts move toward the gradient (Fig. 4A–D). Moreover, the
noncanonical NF-κB p100/p52 subunit is also required for the directionality of cell
movement (Fig. 4E versus Fig. 4F). In addition, the Euclidean distance (which is shorter in a
random walk compared with a directional walk) was significantly different between WT and
IKKβ null cells, as it was between WT and IKKα−/− and WT and p52−/− cells
(Supplemental Fig. 5A–C). WT and mutant cells were directly compared with each other in
each μ-Slide to control for any variations in the absolute degrees of cell migration between
different experiments (see Materials and Methods). Interestingly, the velocity of cell
movement within the initial 30–60 min was also significantly reduced by the loss of IKKβ
(Fig. 5A) and modestly blunted by the loss of p100/p52 (Fig. 5B). In contrast, IKKα ablation
did not have an immediate effect on cell velocity (Fig. 5C), because IKKα-compromised
cells began to move as vigorously as WT cells even though they lack directionality. By 180
min of the migration response, IKKα also eventually contributed to the speed of cell
movement like IKKβ (Supplemental Fig. 5D, 5E). However, although these observations
indicate that both IKKs made statistically significant, differential time-dependent
contributions to the velocity of cell movement, their effects on the cellular velocity
parameter were modest in comparison with the dual critical need of both IKKα and IKKβ to
determine cellular orientation to the HMGB1 gradient.

IKKβ, but not IKKα, is necessary for HMGB1 to induce RAGE, and RAGE is required for
cell migration toward HMGB1

Next, we sought to further elaborate the mechanistic basis for a dual IKKα and IKKβ
requirement for HMGB1 chemotactic responses. NF-κB signaling is generally not required
for the mechanic aspects of cellular chemotactic responses in vitro and in vivo, being
unnecessary for cell migration responses elicited by a variety of other chemoattractants,
including TNF-α, PDGF, C5a, or fMLP (14) (Figs. 1–3). Because our results revealed that
both IKKs are needed very early in the migration response to HMGB1 (Figs. 4,5), we
reasoned that specific aspects of how cells sense HMGB1 could be one of the causes for NF-
κB signaling dependency. Thus, we turned our attention to RAGE, a ubiquitously expressed
HMGB1 receptor (3,5,6,10), that is upregulated upon engaging its ligands (6) and whose
transcriptional promoter contains functional NF-κB binding sites (58). Real-time RT-PCR
experiments were performed with RAGE PCR primer pairs that would detect all RAGE
mRNA isoforms, among which full-length RAGE is the most predominant (59). Total
RAGE mRNA expression in HMGB1-stimulated and unstimulated WT, IKKβ−/−, and
IKKα−/− MEFs indicate that RAGE induction by HMGB1 requires IKKβ but is independent
of IKKα (Fig. 6A, 6B), whereas basal RAGE expression was not influenced by either IKK
(data not shown). Moreover, we also observed a similar degree of IKKβ dependency for
HMGB1 induction of RAGE mRNA by MΦs (Supplemental Fig. 6). Cell migration to
HMGB1 (but not PDGF) was compromised in the absence of RAGE (Fig. 7A). Although
RAGE null cells may perhaps retain some ability to migrate toward HMGB1, this residual
migration response did not appear to reach statistical significance (p value of 0.06 in Fig.
7A). Taken together, the above results suggest that RAGE is at least one of the targets of
IKKβ required for chemotaxis to HMGB1, but IKKα is required for a different reason. An
early IKKβ requirement to maintain sufficient RAGE expression is also supported by the
lack of HMGB1 migration of cells briefly pre-exposed to a specific IKKβ kinase inhibitor
(Fig. 7B).
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Enforced RAGE expression rescues the HMGB1 migration defect of IKKβ, but not IKKα,
null cells

In light of the above results, we next investigated whether enforced RAGE overexpression
in IKKβ−/− or IKKα−/− MEFs affected their HMGB1 migration activity. We stably
transduced MEFs with a murine Moloney retroviral vector coexpressing a human full-length
RAGE cDNA and a puromycin resistance gene (RAGE-BIP). To detect RAGE expression,
we used a rabbit polyclonal anti-RAGE Ab raised against RAGE’s N-proximal 300 aas.
RAGE immunoblotting clearly indicated that each RAGE-BIP retrovirus-transduced,
puromycin-resistant cell population overexpressed comparable levels of the human full-
length RAGE protein, which comigrated with the major species of full-length, membrane-
bound RAGE in mouse lung extracts (60) (Fig. 8A). Because the RAGE expressed by the
retroviral vector harboring the full-length cDNA can only specify the full-length protein, the
presence of two forms of the full-length RAGE protein, which are also apparent in WT
mouse lung extract, is most likely due to differential degrees of posttranslational
modification (Fig. 8A).

RAGE overexpression rescued the HMGB1 chemotactic response of IKKβ null MEFs (in
comparison with IKKβ−/− cells with an empty BIP retrovector) (Fig. 8B). RAGE-BIP and
BIP IKKβ−/− cells responded equally well to a PDGF positive control with respect to their
matched serum-free (SF) controls. The SF background migration of RAGE-BIP versus BIP
IKKβ−/− cells appeared to be modestly higher for the former (Fig. 8B) but was not
statistically significant. In contrast to these results with IKKβ−/− cells, RAGE-BIP IKKα−/−

cells still failed to respond to HMGB1 (Fig. 8C), even though the latter cells and their BIP
control responded equally well to a PDGF positive control. Moreover and importantly,
RAGE-BIP and BIP WT MEFs migrated toward HMGB1 to similar degrees with respect to
their individual SF negative controls (which was somewhat higher for the WT RAGE-BIP
cell population) (Fig. 8D). Thus, enforced RAGE overexpression fully rescued the HMGB1
migration defect of IKKβ null MEFs to WT levels but did not enhance the HMGB1
chemotactic response of WT MEFs.

Taken together, our data in fibroblasts suggest that IKKβ/canonical NF-κB signaling is
necessary to induce and subsequently maintain RAGE expression for these cells to migrate
in response to HMGB1, but IKKα is required for a different reason.

HMGB1 modestly induces the NF-κB noncanonical pathway
Because the IKKα-dependent NF-κB noncanonical pathway was required for the
chemotactic response of MEFs to HMGB1, we next assessed whether HMGB1 induces
IKKα-dependent p52 nuclear translocation. MEFs were stimulated for 8 h with either
HMGB1 or an agonistic anti-murine LTβR Ab as a positive control (45,61). Representative
examples of immunoblots of nuclear and cytoplasmic extracts of WT versus IKKα−/− cells
indicate that HMGB1 (Fig. 9A, 9B,Supplemental Fig. 7) is a modest inducer of p52 nuclear
translocation in WT but not in IKKα−/− MEFs. In contrast (and as expected), LTβR
stimulation induced robust p100 > p52 processing in WT MEFs, although no effect was seen
in IKKα null cells (Supplemental Fig. 7). We also observed a reduced level of p52 in IKKα
null MEFs (Fig. 9A, 9B,Supplemental Fig. 7), which is in agreement with prior reports
(61,62) that IKKα is required to maintain a constitutive, basal level of cytoplasmic and
nuclear p52. Immunoblots were performed multiple times with independent batches of cells
and quantified by densitometric analysis confirming that HMGB1 is a statistically
significant (albeit modest) inducer of p52 nuclear translocation (Fig. 9C). In accord with
these results, CXCL12/SDF-1, a direct target of p52/RelB (21,61), was strongly induced by
LTβR engagement and modestly upregulated by HMGB1 with a dependency on IKKα (Fig.
10).
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Discussion
Cell migration is a complex, multistep process that is essential for the orchestration of
embryogenesis, innate and adaptive immune responses, tissue repair, and regeneration.
Abnormal cell migration is associated with the progression of a variety of diseases,
including cancer (reviewed in Refs. 63,64). Cells migrate directionally in response to growth
factors, chemotactic factors, and extracellular matrix molecules. The mechanics of cellular
migration have been well documented: the process begins with cells establishing polarity
toward the chemotactic gradient by rearranging the actin cytoskeleton and then extending
broad lamellipodia and spike-like filopodia toward the direction of migration. Moreover,
chemotaxis is a very rapid process and as such typically does not require the synthesis of
new proteins for cells to initiate and maintain directed movement.

HMGB1 is a nonhistone chromosomal architectural protein inside the cell, whereas outside
the cell it has other potent functions akin to cytokines and chemokines. Extracellular
HMGB1 functions as a danger signal that plays a central role in the orchestration of
damaged tissue repair by recruiting inflammatory cells and other cells involved in tissue
regeneration and scar formation (3,4,12,65). HMGB1 engagement of its known receptors
can activate Erk and NF-κB signaling pathways (14), but the molecular requirements for
HMGB1’s chemotactic activity remain unclear. We recently reported that, unlike a number
of other well-known chemotactic stimuli, HMGB1 elicits cell migration after the nuclear
translocation and functional activation of canonical NF-κB p50/RelA heterodimers;
HMGB1-elicited cell migration requires transcription and new protein synthesis (14).

The pivotal functions of NF-κB transcription factors in immunity have been extensively
documented (reviewed in Refs. 18,21,25), but their roles in cell migration and tissue
regeneration are less well-known. Interestingly, extracellular stimuli leading to cellular
responses that require sustained or more long-lasting NF-κB induction appear to activate
both NF-κB signaling pathways (22,31,32). In this study, we show that both IKKβ- and
IKKα-driven NF-κB signaling pathways are required for different reasons for cells to rapidly
initiate and maintain their migration in response toHMGB1.

IKKβ is essential for the HMGB1-dependent migration responses in vitro and in vivo
IKKβ was essential for the in vitro migration toward HMGB1 of primary MEFs (Fig. 1A),
MΦs (Fig. 2A), and neutrophils (Supplemental Fig. 3) and for the migration of neutrophils in
vivo (Fig. 3, Supplemental Fig. 1). Blocking IKKβ kinase activity with the specific inhibitor
SC-514 (66) also prevented the chemotactic response of primary MEFs to HMGB1 (Fig.
7B). Parsing out individual cell migration parameters by time-lapse microscopy revealed
that IKKβ is essential very early (i.e., within the initial 30–60 min) for sensing an HMGB1
gradient (Fig. 4A, 4B) and also contributes to the speed of cell movement (Fig. 5A) and
Euclidean migration distance (Supplemental Fig. 5A). Importantly, the rapid recruitment of
mature neutrophils in an in vivo murine model of HMGB1- but not TNF-α–induced
peritonitis was also blocked in mice lacking IKKβ in mature neutrophils and macrophages
(Fig. 3A, 3B, Supplemental Fig. 2).

Evidence that IKKβ is necessary to drive RAGE expression to maintain HMGB1
chemotaxis

An IKKβ requirement for HMGB1 to upregulate RAGE, a ubiquitously expressed HMGB1
receptor (3,5,6,9,10), helps to explain the IKKβ/canonical NF-κB requirement for HMGB1
chemotaxis. IKKβ was necessary for HMGB1 to induce RAGE mRNA expression in MEFs
(Fig. 6A) and MΦs (Supplemental Fig. 6), and RAGE was also required for the migration of
fibroblasts to HMGB1 (Fig. 7A). Moreover, enforced RAGE overexpression functionally
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rescued the HMGB1 chemotactic response of IKKβ−/− but not IKKα−/− MEFs to WT levels
(Fig. 8).

Except for mouse lung tissue, a number of reports indicate that RAGE RNA and protein are,
respectively, expressed at low or barely detectable levels in a variety of different cell types
(6,60,67–69), and ligand engagement is known to cause RAGE internalization (70).
However, despite its very low expression level, the ubiquitously expressed RAGE receptor
has been reported to mediate HMGB1 responses by a variety of cells, including fibroblasts,
macrophages, myoblasts, and neutrophils (9,71–73). In multiple experiments performed with
a variety of polyclonal or monoclonal anti-RAGE Abs, we could only detect endogenous
RAGE protein barely above background noise in MEFs or MΦs by either immunoblotting or
FACS analysis in agreement with other published work (60,69) (data not shown). Although
our real-time PCR experiments clearly show that IKKβ is necessary for HMGB1 induction
of RAGE mRNA (Fig. 6A,Supplemental Fig. 6), RAGE protein expression essentially
remained at the limit of detection in either HMGB1 prestimulated MEFs or macrophages.
Nevertheless, our observations are in full agreement with a recent report revealing that cell
surface RAGE is not upregulated by homogenous rHMGB1 alone but only in conjunction
with limiting amounts of another proinflammatory stimulus, such as LPS (69). We interpret
our results in conjunction with this other published evidence to suggest that IKKβ/canonical
NF-κB signaling in the context of rHMGB1 alone helps to maintain the balance of cell
surface RAGE levels that are simultaneously subject to rapid depletion by HMGB1
engagement resulting in RAGE shedding (60) and internalization (70). Consistent with this
hypothesis, we previously demonstrated that in comparison with other archetypical, strong
inducers of IKKβ-dependent canonical NF-κB signaling, rHMGB1 alone is a modest
activator of this pathway (12). Moreover, we also previously reported that protein synthesis
and transcription were required in MEFs for their HMGB1 migration (but not to a PDGF
control) (14), which would also fit with RAGE activation and resynthesis occurring
downstream of HMGB1-mediated IKKβ activation. In addition, we have also observed that
the directionality, velocity, and distance of cell movement in response to an HMGB1
gradient are each inhibited within 60 min of blocking protein synthesis (data not shown).
Thus, from all of this collective evidence, we suggest that HMGB1-induced RAGE
expression provides a means to counteract receptor depletion from the cell surface as cells
migrate in response to the ligand, and we posit that IKKβ-dependent canonical NF-κB
activation could be necessary for maintaining RAGE expression in the early phase of
HMGB1 chemotactic responses to sustain them.

In addition to IKKβ, IKKα, p52, and RelB are required for HMGB1-elicited cell migration
Multiple cell types require IKKα for their migration response toward HMGB1. Primary
MEFs and MΦ deficient for IKKα failed to migrate in response to HMGB1 in vitro (Figs.
1B, 2, respectively). In addition, in an in vivo model of HMGB1-induced peritonitis, mice
lacking IKKα in MΦs and neutrophils were severely compromised for the rapid recruitment
of IKKα null neutrophils in response to HMGB1 but not to TNF-α (Fig. 3A, 3B,
Supplemental Fig. 2), and primary IKKα-deficient neutrophils also failed to migrate to
HMGB1 but not C5a (Supplemental Fig. 3). These results indicate that, in addition to IKKβ,
IKKα is also required for the initial chemotactic response to HMGB1 in vitro and in vivo.
We also demonstrated that p100/p52−/− and RelB−/− immortalized MEFs are not attracted
by HMGB1 in vitro (Fig. 1C), indicating that the IKKα-dependent NF-κB noncanonical
pathway is required for the chemotactic movement of MEFs toward HMGB1.

The in vivo migration response of neutrophils to HMGB1 in mice lacking either IKKα or
IKKβ in mature neutrophils or macrophages could potentially be more complex than an
intrinsic requirement for either IKK in neutrophils. For instance, HMGB1 may induce
peritoneal cavity macrophages to produce chemokines that attract neutrophils, and the latter
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could conceivably be compromised in both the IKKαf/f:MLysCre and IKKβf/f:MLysCre strain
backgrounds, in which mature neutrophils and macrophages are deficient in either IKKα or
IKKβ, respectively. In addition, it is also conceivable that the defective HMGB1 migration
response of either IKKα- or IKKβ-deficient neutrophils in vivo could involve alterations in
their margination to or diapedesis through the endothelium, in addition to directly affecting
their chemotaxis. Although it could be argued that these latter possibilities are not formally
ruled out by our experiments, we believe that our findings showing rapid (within 4 h),
compromised peritoneal neutrophil recruitment in response to HMGB1, but not to TNF-α, in
both conditional IKKα and IKKβ deleter strains are best explained by, and more consistent
with, an intrinsic cellular role for each IKK in neutrophils for their HMGB1 chemotaxis.
Moreover, this latter interpretation is also in agreement with our other in vitro primary cell
data showing intrinsic needs for each IKK in mature neutrophils, macrophages, and
fibroblasts for their HMGB1-induced migration.

The contributions of IKKα for HMGB1 chemotaxis were further defined by time-lapse
microscopy. Akin to IKKβ, IKKα was also essential for determining the directionality of
cell movement (Fig. 4A–D) within 60 min after exposure to an HMGB1 gradient. Unlike
IKKβ (Fig. 5A), the loss of IKKα in MEFs had no significant effect on cell velocity at early
times (Fig. 5C). However, as the migration response progressed, IKKα (like IKKβ) also
eventually affected the velocity of cell movement (Supplemental Fig. 4E). Akin to IKKα,
NF-κB p100/p52 was also essential within the initial 60 min to establish the directionality of
cell movement (Fig. 4E, 4F). Because HMGB1 induction of RAGE expression required
IKKβ, but not IKKα (Fig. 6A, 6B), and each IKK also differentially contributed to cellular
velocity in the early phase of the HMGB1 migration response, our data suggest that the two
NF-κB–activating kinases regulate different downstream targets, with somewhat
overlapping but different essential mechanistic roles for HMGB1 migration responses. IKKα
was necessary for basal and HMGB1-upregulated expression of CXCL12/SDF-1 in MEFs
(Fig. 9). Interestingly, HMGB1 release by macrophages and dendritic cells was recently
shown to be required for their chemotaxis toward rSDF-1 (74), supporting the notion that
HMGB1 and SDF-1 signaling may collaborate to elicit some cell migration responses, and
in light of those findings we hypothesize that IKKα-dependent SDF-1 expression by some
cells may also be required for their chemotaxis toward HMGB1. Interestingly, cell migration
toward HMGB1 was previously found to be pertussis toxin-sensitive, suggesting the
functional contribution of a G protein-coupled receptor in addition to RAGE in HMGB1
chemotactic responses (12), and CXCL12/SDF-1 chemotactic responses are well known to
require the CXCR4 G protein-coupled receptor. It is also important to point out in this
context that a number of reports from multiple groups have revealed that, in addition to
interacting with CXCL12/SDF-1 (74), HMGB1 also forms specific, functional complexes
with a selected number of endogenous and exogenous mediators (including CpG-
oligodeoxynucleotides, LPS, IL-1β, and nucleosomes) to dramatically enhance the induction
of other proinflammatory cytokines by responding cells, thereby leading to more
pronounced inflammatory responses (69, 75–81). Moreover, the barely detectable levels of
cell surface RAGE on peritoneal macrophages were reported to be modestly upregulated by
HMGB1, but only in combination with another limiting proinflammatory mediator, such as
LPS (69). How such functional complexes with HMGB1 are recognized by specific cellular
receptors to enhance proinflammatory signaling remains to be elaborated, but the need for
direct physical interactions with HMGB1 suggests that dual receptor recognition may be
involved (81).

IKKα-dependent p52 nuclear translocation is associated with chemotaxis to HMGB1
Because the ability of cells to migrate toward HMGB1 requires IKKα and the p52/RelB
noncanonical NF-κB subunits, HMGB1 signaling might be expected to induce IKKα-
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dependent p100 processing to drive more p52 into cell nuclei. Quantitative analysis of
multiple cell fractionation experiments performed over an 8 h time course showed that
HMGB1 is a statistically significant enhancer of p52 nuclear translocation. HMGB1’s
activity as an inducer of the noncanonical pathway is modest in comparison with a strong,
archetypical stimulus of IKKα-dependent p100 > p52 processing like an LTβR agonist (Fig.
9C, Supplemental Fig. 7). In accord with these results, HMGB1 also induced the expression
of CXCL12/SDF-1, a direct target gene of the IKKα–p52/RelB axis (21,61) (Fig. 10). Even
though these results help to explain how the p52/RelB pathway becomes invoked in an
inducible manner, this is only part of the reason why IKKα is so critical in this cell
migration response. In fact, cells require IKKα at the earliest measurable phase of their
chemotactic responses to HMGB1: orientation/polarization toward the cytokine gradient.
Thus, we believe that constitutive yet IKKα-dependent p100 > p52 processing is very
important here, and in keeping with prior reports (61,62), we also found reduced levels of
nuclear and cytoplasmic p52 in IKKα null cells. Thus, IKKα null cells begin their migration
response with an inherently reduced level of p52. This also helps to explain why p52 genetic
ablation (unlike IKKα loss) modestly blunted cell velocity within the initial 30–60 min of
HMGB1 chemotaxis (Fig. 5B).

Collaboration between different signaling pathways in HMGB1-induced cell migration
Several signaling pathways are activated by extracellular HMGB1, including MAPKs,
canonical NF-κB, and Src, and each of these appears to be essential for HMGB1-induced
cell migration (14,15). We hypothesize that the requirement for Src is more likely connected
to the mechanical aspects of cell migration, and not to specific requirements for gene
expression, and we posit that Src signaling would be parallel to canonical NF-κB signaling
to elicit HMGB1 chemotaxis. Herein, we show that the noncanonical NF-κB pathway is also
required in HMGB1 chemotactic responses and also provide mechanistic evidence in MEFs
that the functional dependencies on both NF-κB signaling pathways are for different
reasons.

The collaboration between both NF-κB signaling pathways is particularly interesting in this
context. Unlike other proinflammatory responses wherein IKKα acts in an attenuating
capacity (27–29), in this cell migration response IKKα plays an activating role in concert
with IKKβ signaling to allow for chemotaxis toward HMGB1. We posit that this type of
collaboration could be particularly well suited to sustain chemotactic responses that may
initially be used by inflammatory cells and subsequently by stem cells engaged in tissue
repair.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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F forward

HMGB1 high mobility group box 1

HPF high-power fields

IKK inhibitor of NF-κB kinase

KO knockout

LTβ lymphotoxin β

MEF mouse embryo fibroblast

MΦ mature macrophage

PDGF platelet-derived growth factor

R reverse

RAGE receptor for advanced glycation end products

SF serum-free

WT wild-type
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FIGURE 1.
HMGB1 chemotaxis of MEFs requires IKKβ, IKKα, p52, and RelB. Cell migrations with
IKKβf/f:CreERT1 (A) or IKKαf/f:CreERT2 MEFs (B) or the same cells pre-exposed to 4-OHT
for 36 h (to delete IKKβ or IKKα, respectively) were done in Boyden chambers in SF media
or in the same media containing HMGB1 (30 ng/ml) or PDGF (10 ng/ml) (fibroblast
migration positive control). Three experiments were done in duplicate. C, Migration
responses of WT, p100/p52−/−, and RelB−/− MEFs in SF media, HMGB1 (30 ng/ml), or
PDGF (10 ng/ml) for 3 h in Boyden chambers. Two experiments were done in duplicate. In
all cases, bars are the mean cell numbers of five high-power fields. All error bars are SEM.
*p = 0.02; ***p = 0.002; ****p = 0.0006. HPF, high-power fields.
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FIGURE 2.
IKKα and IKKβ are both essential for the migration of primary macrophages toward
HMGB1. Migration assays of primary WT and IKK mutant MΦs were performed in 48-well
Boyden chambers with 120-μm thickness 8-μm pore size filters in response to HMGB1 (30
ng/ml) or C5a (2 nM) (MΦ migration positive control) for 3 h. Bars are distances migrated
through filter pores after subtracting basal migration in SF media. WT MΦs migrated in
response to HMGB1 or C5a, and IKKα or IKKβ mutant MΦs migrated to C5a at least two to
three times more than their matched SF controls (data not shown). Three independent
experiments were done in duplicate. Immunobloting shows the absence of IKKα or IKKβ
protein in MΦs derived from IKKαf/f:MLysCre and IKKβf/f:MLysCre mice, respectively. All
error bars are SEM. *p = 0.02, **p = 0.007.
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FIGURE 3.
IKKα and IKKβ are both necessary to elicitHMGB1-induced neutrophil peritonitis in mice.
A, HMGB1 (~ 9 μg) or TNF-α (100 ng) were injected in the peritoneal cavities of WT,
IKKαf/f:MLysCre, and IKKβf/f: MLysCre mice. The i.p. lavages were done after ~4 h. Cells
were stained with a FITC-conjugated anti–Gr-1 Ab and submitted to flow cytometry to
quantify neutrophils (Gr-1Hi cell subset). Bars are the mean numbers of Gr-1Hi cells in three
to four animals per group. Error bars are SEM. **p = 0.01. B, Diff-Quick–stained slides of
the same i.p. lavages in A were prepared to distinguish polymorphonuclear neutrophils from
other immune effector cells on the basis of their unique nuclear morphology. Three to five
mice were analyzed in each group. Error bars are SEM. *p = 0.03
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FIGURE 4.
IKKα, IKKβ, and p100/p52 are essential for the directionality of cell movement toward
HMGB1. Cells were exposed to 0–30 ng/ml HMGB1 gradients in μ-Slides for 1 h, and their
movement was recorded by time-lapse microscopy. Red and black lines are cell tracks
moving toward the HMGB1 gradient or moving in other directions, respectively. Directional
tracks are defined as those with ending points closer to the higher HMGB1 concentration in
the gradient compared with their starting points, whereas nondirectional tracks are the
opposite, and indeterminate tracks starting and ending at the same distance from the
HMGB1 gradient (i.e., moving laterally) are also considered nondirectional tracks. The
effects of IKKα, IKKβ, or p100/p52 ablation on the percentage of tracks moving toward the
HMGB1 gradient or in other irrelevant directions are shown in bar graphs adjacent to cell
tracks plots. The differences in the numbers of directional versus nondirectional tracks
between WT and each mutant MEF cell population were always statistically significant (χ2

test with p < 0.01 in all comparisons). A and B, IKKβf/f:CreERT1 MEFs versus the same cell
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population pre-exposed to 4-OHT for 36 h to ablate IKKβ expression. C and D,
IKKαf/f:CreERT2 MEFs versus their 4-OHT–treated IKKα-ablated counterparts. E and F,
Immortalized WT versus p100/p52−/− MEFs. Experiments were repeated two to four times
with comparable results. A descriptive view of μ-Slides and how cell movement was
followed by time-lapse microscopy is also provided in Supplemental Fig. 4.
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FIGURE 5.
Requirements for IKKβ, IKKα, and p52 for cellular velocity in the initial phase of HMGB1-
induced cell migration. A–C, All cell tracks of WT MEFs versus their IKKβ, IKKα, and p52
null counterparts in Fig. 4 were analyzed for velocities 30 and 60 min after exposure to their
respective HMGB1 gradients. Velocity is the total path traveled divided by the time of
observation. WT refers to either primary IKKαf/f:CreERT2 or IKKβf/f:CreERT1 MEFs.
IKKα−/− and IKKβ−/− MEFs were generated from the latter respective WT cells by exposure
to 4-OHT for 36 h. Bars are mean velocities, and error bars are SEs of the mean.*p = 0.009;
**p = 0.003; ***p < 0.0001. Experiments were repeated two to four times with comparable
results.
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FIGURE 6.
IKKβ, but not IKKα, is required to induce RAGE mRNA expression in MEFs in response to
HMGB1. A and B, Real-time RT-PCR analysis of RAGE mRNA expression in WT versus
IKKβ−/− and IKKα−/− MEFs in response to HMGB1 (50 ng/ml) for 3 h. Primary WT IKKβf/f

CreERT1 MEFs were pre-exposed to 4-OHT to delete IKKβ in A, and immortalized WT and
IKKα−/− MEFs were used in B. Experiments were performed three times each in duplicate.
*p = 0.04.
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FIGURE 7.
RAGE and IKKβ kinase activity are essential for MEF chemotaxis to HMGB1 A, Boyden
chamber migration assays of primary WT and RAGE−/− MEFs in response to HMGB1 or
PDGF versus matched SF controls. B, WT IKKβf/f primary MEFs were briefly exposed for
30 min to 100 nM SC-514, a specific IKKβ kinase inhibitor (66). SC-514–pretreated and
untreated matched controls were subjected to Boyden chamber migration assays in response
to HMGB1 (30 ng/ml) or PDGF (10 ng/ml) in comparison with SF media. Bars are mean
numbers of cells in five high-power fields from three experiments each run in duplicate with
error bars representing SEM. **p = 0.02; ***p = 0.003; ****p = 0.0001.
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FIGURE 8.
Enforced RAGE expression rescues the defective HMGB1 migration response of IKKβ−/−

but not of IKKα−/− MEFs. A, Immunoblot of RAGE protein expression in RAGE-BIP
retrovirus stably transduced MEFs compared with RAGE KO MEFs and WT mouse lung
extract, which expresses full-length membrane forms of RAGE (60). B–D, Migration assays
in response to HMGB1 and PDGF of RAGE-BIP and empty BIP vector control populations
of IKKβ−/−, IKKα−/−, and WT MEFs, respectively, each relative to their matched SF
controls. All experiments were done three times in duplicate in Boyden chambers for 3 h.
Error bars are SEM. *p = 0.006; **p = 0.0006; ***p < 0.0001.
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FIGURE 9.
HMGB1 modestly induces IKKα-dependent p52 nuclear translocation. A and B,
Immortalized WT and IKKα−/− MEFs, respectively, were stimulated with HMGB1 (50 ng/
ml). An asterisk denotes a cross-reactive band in the anti-p52 nuclear blots. Immunoblots
were stripped and reprobed for lamin B1 or α-tubulin as protein reference controls for
nuclear and cytoplasmic cell fractions, respectively. Efficacies of nuclear (lamin B1
positive/tubulin negative) and cytoplasmic (tubulin positive/lamin B1 negative) cell
fractionation are shown in A and B. C, Densitometry quantification of p52 nuclear import by
WT and IKKα−/− MEFs in response to HMGB1 or LTβR activation (immunoblots of
LTβR’s effects are shown in Supplemental Fig. 6). p52 signals were normalized to lamin B1
as a nuclear protein reference control. Experiments were done three to four times and
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include 2–8 h time points for HMGB1 and 8 h for LTβ. All error bars are SEM. #p =
0.02; ##p = 0.004; ###p = 0.0006.
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FIGURE 10.
HMGB1 induces IKKα-dependent CXCL12/SDF-1 expression. Real-time RT-PCR analysis
of CXCL12/SDF-1 mRNA expression in WT and IKKα−/− MEFs in response to HMGB1 or
LTβR stimulation. +p = 0.02; ++p = 0.01; +++p = 0.006.
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