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kB kinase 2 (IKK-2) mediates tumor necrosis-factor o (TNFa) induced invasion of human mesenchymal
stem cell (hMSC) to sites of tissue injury. Suppressing IKK-2 activity leads to reduced expression of pro-
teolytic enzymes and impaired invasive capacity. In order to further reveal mechanisms of hMSC recruit-
ment, we here aimed to analyse the impact of IKK-2 on two-dimensional migration upon TNFo
stimulation in contrast to three-dimensional invasion. An immortalized hMSC line (SCP-1) was trans-
duced with a dominant-negative mutant of IkB kinase 2 (SCP-1 dnIKK). Migration was assessed using
a linear-gradient chemotaxis chambers by time-lapse analysis. Invasive capacity through human extra-
cellular matrix was analysed using transwell invasion assays. RT-PCR confirmed increased IKK-2 expres-
sion levels in SCP-1 dnIKK cells, while TNFa receptor I and II expression was not altered. Invasion upon
TNFa stimulation was significantly reduced by 78% in SCP-1 dnIKK. In contrast, migration was signifi-
cantly increased, represented by a 60% elevated forward migration index and a 2.1-fold higher mean dis-
location of the center of mass towards TNFo. In conclusion, our data confirms the impact of IKK-2 in TNFo
dependent hMSC recruitment. Interestingly, reducing IKK-2 function increases two-dimensional migra-
tion towards TNFo, while invasive capacity is impaired. These findings contribute to a deeper under-
standing of MSC's biological properties orchestrating the complex processes of stem cell recruitment

and homing.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Human mesenchymal stem cells (hMSC) represent the continu-
ous cellular source for tissue repair and regeneration. The regener-
ative potential of hMSC is mainly based on their high self-renewal
capacity paired with the ability to differentiate into various tissues
including bone, cartilage and muscle [1]. Recruitment of hMSC to
the sites of tissue injury requires active migration towards chemo-
kines or cytokines and invasion by proteolytic interaction with the
extracellular matrix [1-3]. In vitro studies on invasion are routinely
carried out using three-dimensional (3-D) assays with extracellular
matrix (ECM) barriers. Experimental data have shown that tumor
necrosis-factor oo (TNFa) is a strong stimulus for hMSC invasion
[4,5]. As a ligand of TNF receptor I (p55) and II (p75), TNFo acti-
vates the canonical nuclear factor kappa B (NFkB) pathway. In
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unstimulated cells, the binding of NF«B to IkB in the cytoplasm
prevents its translocation into the nucleus [6]. Upon stimulation,
specific IkB kinases (IKK-1 and -2) phosphorylate kB, causing its
rapid degradation by proteasomes [7,8]. The release of NFkB from
IkB results in the transfer of NFkB into the nucleus, where it binds
to the promoter regions of its target genes. IKK-2 is described as a
rate-limiting step of the NFkB pathway [9] and is crucial for TNFo-
mediated invasion of hMSC [4]. Invasion through extracellular
matrix requires upregulation of ECM binding receptors and prote-
olytic enzymes. Consequently, CD44 and matrix metalloproteinase
(MMP) 9 upregulation is found in hMSC upon TNFa mediated
invasion [4,5]. Reduction of IKK-2 activity inhibits upregulation
of these genes, resulting in impaired invasive capacity.

Beside the observed upregulation of proteolytic enzymes and
the increase of invasion capacity, TNFa is also known to be a strong
chemoattractant in two-dimensional (2-D) migration [10,11]. Cell
migration is broadly scrutinized in in vitro studies as directed cell
movement on different surfaces [12]. It results from a three-step
cycle of polarized cell extension and substrate binding through
leading pseudopods, followed by actin-based contraction of the
cell body and release of adhesive bonds at the trailing edge [13].
However, it is unknown whether TNFa induced 2-D migration of
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hMSC is also mediated via IKK-2. Therefore, the aim of the present
study was to evaluate the involvement of IKK-2 on 2-D migration
of hMSC upon TNFa stimulation. Elucidating the impact of IKK-2
on this distinct cellular process may contribute to a more profound
understanding of cytokine guided hMSC recruitment to the sites of
tissue injury.

2. Materials and methods
2.1. Cells and cell culture

Experiments were carried out using a single-cell-derived hu-
man mesenchymal stem cell line expressing hTERT after lentiviral
gene transfer, termed SCP-1. Previous studies proved this cell line
to be a reliable, standardized and well-characterized cell model
analyzing mechanisms of hMSC signal transduction and biological
response [14]. SCP-1 cells were additionally transduced with the
dominant-negative mutant (K44A) IKK-2 (SCP-1 dnIKK) according
to our previously published protocol [2]. Cells were cultured in
MEM Alpha GlutaMAX culture media (Invitrogen, Germany) sup-
plemented with 10% FBS (Sigma-Aldrich, Germany) and 1% penicil-
lin/streptomycin in a humidified incubator at 5% CO, and 37 °C.
SCP-1 cells were utilized between the 74-85 passage. Medium
was replaced twice a week while a cell density of 60% was never
exceeded to prevent spontaneous differentiation.

2.2. PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
Germany) and according to the manufacturer’s protocol. RNA of
untransduced hMSC served as a control. CDNA synthesis was car-
ried out using the First-Strand cDNA Synthesis Kit (Invitrogen, Ger-
many). RT-PCR was performed utilizing Taq DNA polymerase
(Qiagen) and normalized to GAPDH expression levels. Primer pairs,
cycle numbers and annealing temperatures for selected genes ana-
lysed in this study have been published previously [4,14,15]. PCR
was performed in a PTC-200 thermal cycler (M] Research, Ger-
many). PCR products were subjected to 1.8% agarose gel electro-
phoresis and visualized by a digital scanning system (Intas
Science Imaging Instruments, Germany).

2.3. Immunocytochemistry

SCP-1 and SCP-1 dnIKK cells were seeded in a concentration of
2 x 10 cells/cm? on sterile glass slides and incubated for 72 h. For
the last 24 h cells were stimulated with TNFa (50 ng/ml; Biomol,
Germany). After fixation with 4% paraformaldehyde, cells were
blocked with 2% bovine serum albumin for 1 h. Primary antibody
against NFkB p65 (Santa Cruz, USA) and secondary antibody conju-
gated to FITC (Dianova, Germany) were used in concentrations of
0.8 pg/ml and 2.5 pg/ml, respectively. Antibody incubations were
carried out for 30 min at room temperature. Negative controls
were performed on the same slide by omitting the primary anti-
body. Photomicrographs were taken by an axiocam MR mounted
on an Axioskope2 microscope (Zeiss, Germany).

2.4. Invasion assay

The invasive capacity of SCP-1 cells was analysed using a trans-
well invasion assay. Cell culture inserts (HTS FluoroBlok) with a
light-tight polyethylene terephthalate membrane and 8.0 um pore
size were placed in a 24-well Cell Culture Insert Companion plate
(both BD Bioscience, USA). Prior to seeding SCP-1 cells on the apical
side of the membrane, filters were coated with 10 pg of
human extracellular matrix (BD Biosciences, USA). The lower

compartment of the invasion chamber was filled with 600 pl ser-
um free culture media containing TNFo in a concentration of
50 ng/ml. Coated filter inserts were placed into the wells forming
the upper compartment. SCP-1 cells (5x 10%) were sus-
nlxlpended in 200 pl serum free culture media and seeded into
the upper compartment of the invasion chamber. The invasion
chambers were incubated for 12 h under standard culture condi-
tions. After incubation, cells and ECM on the top surfaces of the fil-
ters were wiped off. Cells that had migrated into the lower
compartment and attached to the lower surface of the filter were
counted in 25 randomly chosen fields of view (909 x 909 pm) after
staining with 10 mM carboxyfluorescein diacetate succinimidyl es-
ter CFDA-SE (Invitrogen, Germany). Three independent invasion
experiments were performed in triplicates.

2.5. Migration assay

The assessment of 2-D directed migration in a linear gradient
was carried out in collagen IV coated p-slide chemotaxis cham-
bers purchased from IBIDI, Germany [16,17]. Cultivation channels
were seeded with cells in a concentration of 1 x 10%/ml according
to the manufacturer’s protocol and incubated for 3 h. Subse-
quently, the culture medium was washed out and replaced by ser-
um free medium. Microslide reservoirs were filled with serum
free culture medium and TNFa gradient was applied with a peak
concentration of 50 ng/ml. Serum free culture medium served as a
control group. Microscopic imaging was initiated after 1 h stabil-
ization and equilibration of the chemotaxis gradient. Time lapse
imaging was carried out over 15 h in a controlled bio-chamber
(Pecon, Germany) at 5% CO, and 37 °C. Images were automatically
acquired every 20 min by AxioVision Software (Zeiss, Germany).
Microscopy was performed using an inverted Axiovert S100
equipped with a Plan-Neofluar 10x/0.3 Ph1 objective (Zeiss, Ger-
many). Thirty randomly chosen cells were analysed in three inde-
pendent experiments. Cell tracking was performed using Image]
software (open source by NIH, USA) including the plugins “Man-
ual Tracking” (Fabrice Cordeliéres, France) and “Chemotaxis and
Migration Tool” (IBIDI Integrated BioDiagnostics, Germany). Cell
coordinates were retrieved by marking the nuclei in every cap-
tured frame. The obtained data was further processed, visualized
and plotted, thereby allowing the calculation of covered distances,
directionality and velocity of each cell between two frames. The
migration towards the chemokine gradient was then quantified
by means of forward migration index (FMI) and center of mass
(COM). The FMI is the ratio of covered distance along the chemo-
kine gradient and the cell’s overall path length. The COM is the
mean of all cells’ endpoint coordinates along the chemokines gra-
dient. Statistical calculations were performed using GraphPad
Prism v5.02 (Graphpad Software Inc., USA). Significance was fixed
at p < 0.05 and tested by two-tailed unpaired t-test or Bonferroni’s
Multiple Comparison Test.

3. Results
3.1. Lentiviral transduction and characterization of SCP-1 dnlKK cells

Phase contrast observation during cell culturing revealed no
morphological differences between SCP-1 and SCP-1 dnIKK cells
(Fig. 1A). Semi-quantitative RT-PCR was performed to demonstrate
the efficiency of hTERT and dnIKK lentiviral transduction as well as
to investigate potential changes in TNFo receptor expression.
SCP-1 cells highly expressed hTERT and expression levels remained
unchanged after transduction of dnIKK-2. No hTERT expression
was detected in untransduced hMSC. A basal expression of IKK-2
was found in hMSC and SCP-1, whereas IKK-2 expression was
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Fig. 1. Characterization of hMSC before and after lentiviral dnIKK-2 transduction. (A) Phase contrast microscopy revealed no alterations of the cell morphology in SCP-1 cell
due to dnlKK overexpression. (B) RT-PCR demonstrated strong hTERT expression in SCP-1 and SCP-1 dnIKK cells, while it is not expressed in untransduced hMSC. IKK-2
expression was notably higher in SCP-1 dnIKK cells compared to the basal expression in hMSC and SCP-1 cells. TNFa receptors (P55 and P75) were equally expressed in all
cells, independent of dnlKK-2 overexpression. (C) Immunohistochemical staining of NF-«kB (p65) showed its primary location within the cytoplasm of unstimulated SCP-1 and
SCP-1 dnIKK cells. (D) TNF-a stimulation resulted in a translocation of p65 into the nucleus of SCP-1 cells, while this process was blocked in SCP-1 dnIKK cells (Bars = 50 pm).

notably higher in SCP-1 dnIKK. TNFR-1 and TNFR-2 were equally
expressed in SCP-1 and SCP-1 dnIKK cells. Expression levels in
untransduced hMSC were marginally lower. Thus, dnIKK-2 trans-
duction had no effect on TNFa receptor expression (Fig. 1B). PCR
results were reproduced three independent times.

Immunocytochemical staining against the p65 subunit of the
inducible transcription factor NFkB was carried out to demonstrate
the functional effect on signal transduction due to dnIKK overex-
pression. Therefore, staining procedures were performed without
and after TNFo stimulation. Unstimulated SCP-1 and SCP-1 dnIKK
cells showed a homogenously strong expression of p65 located in
the cytoplasm (Fig. 1C). Stimulation of SCP-1 cells with 50 ng/ml
TNFa for 24 h resulted in a nuclear translocation of the p65 sub-
unit. This translocation was completely blocked in SCP-1 dnIKK
cells (Fig. 1D).

3.2. Effect of IKK-2 on invasion in TNFo. stimulated SCP-1 cells

3-D transwell invasion assays across an extracellular matrix
barrier were performed to quantify the invasion capacity of SCP-
1 and SCP-1 dnIKK towards TNF-a (50 ng/ml). Without TNFo stim-
ulation a mean number of 0.8 (SD +1.1) SCP-1 and 1.6 (SD +1.8)
SCP-1 dnIKK cells invaded across the ECM barrier into the lower
compartment. There were no significant differences in basal inva-
sion rates. Upon TNFo stimulation the mean number of invaded
SCP-1 cells increased to 230 (SD £ 171), while only a mean number
of 50.7 (SD + 27.1) SCP-1 dnIKK cells invaded across the ECM bar-
rier. Blocking the NF-xB signal transduction by dnIKK-2 caused
an approximately 80% decreased invasion towards TNF-o. This
reduction of invasion capacity was significant with p < 0.05 in Bon-
ferroni’s Multiple Comparison Test (Fig. 3).

3.3. Effect of IKK-2 on migration in TNFo stimulated SCP-1 cells

Migration assays were carried out to evaluate the impact of IKK-
2 on 2-D migration of SCP-1 and SCP-1 dnIKK cells upon TNFo
stimulation. Initially, the responsiveness of SCP-1 cells was af-
firmed in a linear TNFo gradient and compared to a serum free
control group (Fig. 3). SCP-1 cells migrated towards the TNFo gra-
dient (peak concentration 50 ng/ml) with a center of mass (COM)
displacement of 30 um (SD * 3 pum) and a forward migration index
(FMI) of 0.13 (SD£0.02). Medium control revealed —5 pum
(SD £9.6 um) and —0.03 (SD + 0.03 pm), respectively. Both differ-
ences were significant.

Afterwards, the migration capacity of SCP-1 dnIKK against a
TNFa gradient was quantified and compared to SCP-1 cells
(Fig. 4). Media control was subtracted in both groups. Accordingly,
SCP-1 cells migrated with a mean COM displacement of 35 um
(SD £ 9.6 um) towards the TNFo gradient. SCP-1 dnIKK cells re-
vealed a significantly higher migration activity with a center of
mass displacement of 74 pm (SD * 14.5 pm). The FMI was 0.16
(SD +£0.03) for SCP-1 cells and 0.27 (SD % 0.05) for SCP-1 dnIKK
cells. This increase of chemotactical response towards TNFo was
significant (p < 0.05). Results were obtained in three independent
experiments.

4. Discussion

Regeneration of mesenchymal tissues requires the recruitment
of mesenchymal stem cells as the continuous cellular source for
tissue repair. This process necessitates directed cell migration
and invasion across extracellular matrix barriers [18,19]. TNFa,
among other proinflammatory cytokines, is released at the sites
of injury, attracting hMSC and promoting invasion by upregulation
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Fig. 2. Invasion across an extracellular matrix barrier upon TNFo stimulation. (A, B) Fluorescence staining of SCP-1 and SCP-1 dnIKK cells on the lower side of the porous
insert after 12 h of incubation with 50 ng/ml TNFo. (C) Invasion towards the TNFa gradient is significantly reduced in SCP-1 dnIKK cells compared to SCP-1 cells. Serum free
control groups showed very low levels of invasion activity. Data are presented as mean numbers of invaded cells + SD of three independent experiments (Bars = 50 pm,
*p <0.05).
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Fig. 3. Chemotactical response of SCP-1 cells towards a TNFa gradient on p-slide chambers. Cell nuclei were marked at the start point of the time lapse observation and tracked
every 20 min resulting in the accumulative cell paths after an observation period of 15 h (A, B) Exemplary observation with cell tracks visualized by colored lines at t = 0 and
t =15 h. (C) Chemotaxis scatter plot presents cell paths towards the TNFo gradient in black and the center of mass as a green cross. (D, E) Comparing the center of mass (COM)
and the forward migration index (FMI) revealed the strong migratory response of SCP-1 cells towards TNFa. Data are presented as mean + SD of three independent experiments
(Bars = 100 um, *p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Migration on p-slide chamber upon TNFa stimulation. (A, B) Representative scatter plots illustrating migration patterns of SCP-1 and SCP-1 dnIKK cells. (C, D) SCP-1
dnlKK cells revealed a significantly increased migration activity towards the TNFa gradient, as shown by a higher center of mass (COM) dislocation and forward migration
index (FMI). Compared to a decreased invasion capacity, blocking of IKK-2 resulted in an increased 2-D migration. Data are presented as mean * SD of three independent

experiments. Media control was subtracted in both groups (*p < 0.05).

of metalloproteinases [20]. TNFa induced invasion is mediated via
the NFkB pathway and strongly depends on IKK-2 activity [9].
Using an ECM coated transwell assay, we demonstrated a signifi-
cant increase of invasion capacity in SCP-1 cells upon TNFa stimu-
lation. This effect was dramatically reduced by blocking IKK-2
(Fig. 2). We previously demonstrated comparable results in pri-
mary hMSC and here show that the immortalized SCP-1 cells fea-
ture comparable biological properties in terms of TNFa mediated
invasion. Therefore, SCP-1 cells represent a reliable cell model for
further investigations in this field. The impaired invasion capacity
after blocking IKK-2 might be due to the previously observed
downregulation of MMP expression in hMSC [4]. Interestingly, oth-
ers showed a complete loss of the invasion capacity in hMSC due to
a gene knockdown of MMPs [5]. Taken together, impaired MMP
expression may represent an underlying factor for the reduced
invasion upon TNFa stimulation of SCP-dnIKK cells.

Besides the crucial impact of IKK-2 on invasion, it remains un-
known whether blockage of NFkB signalling also leads to alteration
or impairment of the cells’ migratory response. Only a few reports
accurately describe the effect of TNFo on mesenchymal stem cell
migration. Zhang and others observed a significant induction of
MSC migration upon TNFo stimulation, mainly via TNFRII [11].
The group of Fu et al. demonstrated the dose dependency of this
migratory response. The most significant enhancement in migra-
tion was found at a concentration of 50 ng/ml and p38 as well as
ERK1/2 were phosphorylated upon TNFa stimulation [10]. Our re-
sults confirmed an unaltered expression of TNFRI and TNFRII after
lentiviral hTERT and dnIKK-2 transduction. Consistent with previ-
ous reports, SCP-1 cells showed a significantly enhanced migration
upon TNFa stimulation using a concentration of 50 ng/ml on colla-
gen IV coated micro slides (Fig. 3).

Thereafter, we analysed the impact of IKK-2 in terms of TNFo
induced 2-D migration. Surprisingly, blocking IKK-2 resulted in a
significantly higher migration capacity (Fig. 4). These results are
contrary to the changes found in the invasion capacity of SCP1 cells
after dnlKK-2 transduction. While invasion capacity strongly de-
pends on a sufficient expression of specific proteolytic enzymes
to overcome matrix barriers, directed migration seems to be en-
hanced once IKK-2 mediated pathways are blocked.

The process of cellular migration begins with cells establishing
polarity towards a chemotactic gradient by rearranging the actin
cytoskeleton and then extending broad lamellipodia and spike-like
filopodia towards the direction of migration. Moreover, migration
is described as a very rapid process and typically does not require
the synthesis of proteins or proteases for cells to initiate and main-
tain directed movement [21]. We therefore assume that blocking
the energy consuming protease synthesis by dnlKK overexpression
may provide larger amounts of energetic equivalents for migratory
processes. Other researchers observed increased migration of
fibrosarcoma cells after inhibition of pericellular proteolysis. A
combination of five pharmacological inhibitors was simulta-
neously applied to the cells in order to ensure maximum inhibition
efficiency by targeting different protease classes known to contrib-
ute to ECM degradation. The authors described a transition from
proteolytic mesenchymal towards non proteolytic mesenchymal-
amoeboid movement. This transition may demonstrate a supramo-
lecular plasticity mechanism and a morphodynamic adaptation in
cell migration. The mesenchymal-amoeboid movement was
concluded to represent a robust “salvage” strategy of cell move-
ment after the abrogation of pericellular proteolysis [13]. This
compensatory mechanism may also underlie the unexpectedly
weak benefit of MMP and other proteases inhibitor therapies found
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in some animal tumor models [22,23]. These therapeutic ap-
proaches aimed to inhibit invasion in terms of metastatic
spreading.

The contradictory behavior of dnIKK MSC in terms of 3-D inva-
sion and 2-D migration may also be due to a different impact of cell
adhesion molecules in these processes. VCAM-1 and CD44 are
known to mediate cell-cell interaction and cell adhesion in mesen-
chymal stem cells. Our group previously showed that dnIKK over-
expression leads to an impaired upregulation of VCAM-1 and CD44
upon TNFa stimulation [4]. The resulting decrease in cell-cell
interactions and surface adhesion may contribute to an increase
of 2-D migration capacity.

Another explanation for the results in 2-D migration could be a
predominant activation of IKK-2 independent pathways, such as
such as p38 and ERK1/2. Beside an observed phosphorylation of
p38 and ERK1/2 upon TNFa stimulation in MSC, the group of Fu
et al. analysed the effect of blocking respective pathways on MSC
migration. The authors demonstrated a strong impact of p38, as
its inhibition resulted in a significantly reduced migration capacity,
whereas, there was no significant effect after blocking ERK 1/2
pathway [10].

Taken together, we here present the contrary effect of IKK-2
blockage on 3-D invasion and 2-D migration in human MSC. While
dnIKK-2 transduced MSC reveal a significantly decreased invasion
capacity upon TNFa stimulation, there was a significant increase in
the migratory response. These finding supports the idea that the
TNFa-induced MSC invasion is at least in part mediated by the
NFxB pathway, while MSC migration is blocked by this pathway.
These contrary effects might cause that MSCs get trapped at the
side of tissue injury where typically high TNFo concentration are
found. Thus, our study presents in vitro data that distinguishes be-
tween 3-D invasion and 2-D migration. Both methods, the micro
slide chamber and the ECM coated transwell assay, illuminate spe-
cific aspects of MSC biological properties that are involved in the
complexly orchestrated processes of stem cell recruitment
in vivo. These findings contribute to a deeper understanding of
hMSC recruitment and homing, which is a fundamental part of tis-
sue regeneration. Further studies, however, are needed to elucidate
the precise molecular mechanisms directing MSC to the sites of tis-
sue injury.
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