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Fibroblasts in the attached collagen matrix are in a pro-survival, pro-proliferative state relative to fibroblasts
in the released collagen matrix, such that matrix cell number increases in the former over time. Gene array
data from attached vs. released matrices were analyzed for putative networks that regulated matrix cell
number. Select networks then underwent augmentation and/or inhibition in order to determine their
biologic relevance. Matrix stress-release was associated with modulation of signaling networks that involved
IL6, IL8, NF-kB, TGF-b1, p53, interferon-c, and other entities as central participants. Perturbation of select
networks in multiple fibroblast strains suggested that IL6 and IL8 secretion may have been involved in
preservation of matrix cell population in the released matrix, though there was variability in testing results
among the strains. NF-kB activation may have contributed to the induction of population regression after
matrix release.

T
he three-dimensional fibroblast-populated collagen matrix (FPCM) model was developed in the late 1970’s
as a skin equivalent for dermal replacement therapy1–3. A derivative of this model has been used successfully
to treat patients with massive (.60% total body surface area) full-thickness burn injury4. Currently, the

FPCM is used to study a wide range of cell types in a three-dimensional environment; when populated with
primary dermal fibroblasts, the collagen matrix has been used as a model of dermal healing and wound con-
traction5,6. Overall, 3D collagen matrix systems have had an increasing role in the field of tissue engineering7–10.

One application of the FPCM is to study the effects of matrix anchorage on the fate of cells within the matrix3.
Fibroblasts in a collagen matrix that is attached to the culture surface are in a pro-survival, pro-proliferative state
relative to fibroblasts in a matrix that has been detached (stress-released) from the culture surface and is floating
freely in the medium5,11–13. The net result of this situation is that matrix cell number increases in the attached
matrix over time. Work by others has implicated a role in perturbation of the RAS-RAF-MEK-MAPK axis14–16

and the b1-integrin-FAK-PI-3-kinase-Akt axis17,18 in the modulation of cell fate in relaxed matrices; PTEN19 and
ILK (integrin-linked kinase)20 also may be involved. It was our intent in this study to compare gene expression in
attached vs. stress-released matrices in order to uncover new/additional signaling networks that regulate matrix
cell number, and then to perform preliminary relevance testing on some of these networks.

Results
DNA microarrays of attached vs. released matrices. The FPCM model5,6,21,22 and its morphologic parallels with
an animal wound model23–25 are reviewed in Supplementary Figures S1–S4. An index DNA array experiment (see
Supplementary Figure S5 for summary flow diagram) was defined as the comparison of gene expression in
attached vs. stress-released collagen matrices (Supplementary Figure S1) in a single strain of human foreskin
fibroblasts at 6 and 24 h after matrix release. The selection of the 6 and 24 h time points was based on published
data5. Each comparison was done using a 10 K spotted gene chip (GSE3947526). Index experiments were
performed on three fibroblast strains, meaning that expressional data were derived from three foreskin donors
(nonpooled samples). Unless otherwise specified, ‘‘released’’ in this manuscript refers to ‘‘stress-released’’3, i.e.,
detachment of an attached matrix which has had sufficient time (.24 h) to generate pre-stress.

After screening the microarrays for problematic spots (e.g., bad morphology or aberrant hybridization), data
was available for 8,693 genes. All genes that were differentially expressed (defined as ‘‘DE genes’’; see Materials
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and Methods) in the 6 and 24 h analyses are given in Supplementary
Tables S1 and S2, respectively. There were 187 and 423 DE genes at
the 6 and 24 h time points, respectively; 99% of these genes met the
distributional assumptions of the Kolmogorov Goodness-of-Fit test.
A selection of these DE genes is shown in Tables 1 and 2 (from the 6
and 24 h time points, respectively). The genes which had a significant
change in relative expression (released/attached) over time, i.e.,
between the 6 and 24 h time points, are shown in Supplementary
Table S3. It should be noted, however, that the gene chip experiment
was not designed to detect expression differences between the 6 and
24 h time points (see discussion accompanying Supplementary
Table S3).

Corroboration of select DE genes with qPCR, ELISA, and immu-
noblotting. DE genes identified at the 24 h time point in-
cluded cyclin B2, GADD45a, GAPDH, IL-6, IL-8, and PCNA
(Table 2). The results of quantitative PCR (qPCR) of the tran-
scripts for these genes are shown in Table 3. With the exception of
GADD45a, the change in gene expression for this subset of genes in
attached vs. released matrices was consistent with the microarray
results. The qPCR data revealed a trend of GADD45a upregulation
in the released matrices (directional change consistent with the array
data), but this was not statistically significant. So for this small
selection of DE genes, qPCR confirmed the microarray results.

ELISA for IL-6 or IL-8 in the medium of attached vs. released
matrices indicated that both of these cytokines were induced after
matrix release (Figure 1), which was consistent with the array data
(Tables 1 and 2). The level of both IL-6 and IL-8 in growth medium
not exposed to cells was , 150 pg/mL (data not shown). ELISAs
performed on media harvested 6 h after release did not consistently

demonstrate a change in IL-6 or IL-8 concentration after matrix
release (data not shown). ELISAs performed at 24 and 48 h after
release, however, revealed that both IL-6 and IL-8 increased in the
medium of the released matrix with respect to the attached matrix
(Figure 1), which was consistent with the microarray results.
Immunoblotting for the intracellular proteins of select DE genes is
shown in Supplementary Figure S6; these data mostly confirmed the
array data. In addition, a comparison of the array data obtained from
the present report with a historical dataset is given in Supplementary
Figure S7.

Construction of putative networks from the DE gene list. The set
of DE genes in Supplementary Tables S1 and S2 were analyzed with
proprietary software (IngenuityH Pathways Analysis version 6, IPAH
6; www.ingenuity.com), and putative networks of gene products
likely modulated between the attached vs. released states of the
FPCM were constructed. This software inspects expressional data
for relationships among DE genes, drawing from a proprietary
database that contains millions of annotated relationships between
proteins, genes, complexes, and other entities27,28. Essentially, the
program extracts higher-order relationships from a ranked list of
expressional data (e.g., the DE genes listed in Supplementary
Tables S1 and S2).

The IPAH software analysis identified 8 and 18 putative networks
(Supplementary Figure S8) at the 6 and 24 h time points, respect-
ively, that may have been modulated between the attached vs.
released states of the FPCM. A partial list of these networks along
with presumed functions (also generated by the software) is given in
Table 4. Common functions of the networks identified in this ana-
lysis included cell death and the cell cycle, which was consistent with

Table 1 | Select genes differentially expressed in the released with respect to the attached FPCM at 6 h

Selected genes OVERexpressed in released with respect to attached matrices (6 h)

ID Description Mean fold change (rel/att)

NM_000600_1 interleukin 6 (interferon, beta 2); IL-6 4.428
NM_001200_1 bone morphogenetic protein 2 precursor; BMP2 3.158
NM_004052_1 Bcl-2/adenovirus E1B 19 kDa-interacting protein 3; BNIP3 3.207
NM_002923_1 regulator of G-protein signaling 2, 24 kDa; RGS2 2.297
NM_000432_1 myosin light chain 2; MLC-2 2.253
NM_003028_1 Shb adaptor protein (a Src homology 2 protein); Shb 2.111
NM_004292_1 Ras inhibitor; RIN1 2.305
NM_003275_1 tropomodulin 2.378
NM_002425_1 matrix metalloproteinase 10; MMP-10 2.297
NM_002178_1 insulin-like growth factor binding protein 6; IGFBP-6 2.366
NM_005384_1 nuclear factor, interleukin-3 regulated; NFIL3 2.180
NM_004794_1 Rab33A, member Ras oncogene family 2.190
NM_012094_1 peroxiredoxin 5; PRDX5 2.036
NM_000577_1 interleukin 1 receptor antagonist; IL-1Ra 2.343

Selected genes UNDERexpressed in released with respect to attached matrices (6 h)

ID Description Mean fold change (rel/att)

NM_012242_1 DKK1 0.209
NM_001901_1 connective tissue growth factor; CTGF 0.330
NM_001709_1 brain-derived neurotrophic factor; BDNF 0.422
NM_025239_1 programmed death ligand 2; PDL2 0.450
NM_004161_1 Rab1, member Ras oncogene family; Rab1 0.494
NM_000615_1 neural cell adhesion molecule 1; NCAM1 0.353
NM_006449_1 Cdc42 effector protein 3; CEP3 0.424
NM_006911_1 relaxin 1 0.478
NM_005610_1 retinoblastoma-binding protein 4; RBP4 0.494
NM_004330_1 Bcl-2/adenovirus E1B 19 kDa-interacting protein 2; BNIP2 0.453
NM_002592_1 proliferating cell nuclear antigen; PCNA 0.491
NM_002890_1 Ras p21 protein activator 1, isoform 1; RASA1 0.490

rel/att 5 released/attached. All genes listed have a significance of p , 0.001. Genes were selected from the 6 h DE gene list (N 5 185; see Supplementary Table S1), in which mean fold change was .2 or
,0.5.
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the known biology of the collagen matrix model5 (Supplementary
Figures S1 and S9). Canonical biofunctions and signaling pathways
that were identified by the software analysis as having been modu-
lated are described in Supplementary Figure S10 and Supplementary
Tables S6–S9.

Two networks from Supplementary Figure S8 are reproduced for
further comment in Figure 2. The central participants in network 6–2
(Figure 2a) were IL6, PCNA, Histone H3, cyclins, and MEK 1/2.
A putative function associated with this network was cell cycle

regulation (Table 4). The post-release modulation of IL6 and
PCNA (Figure 1 and Supplementary Figure S6) was consistent with
the putative network shown in Figure 2a. The central participants in
network 24–15 (Figure 2b) included p53 and NOS3; the putative
functions of this network were regulation of the cell cycle, DNA
replication/recombination/repair, and cell death. Of note, p53 itself
was not a DE gene (Supplementary Tables S1 and S2). Previous
descriptions of p53 regulation have focused post-translational mod-
ifications that can enhance and/or reduce p53 activity and promote

Table 2 | Select genes differentially expressed in the released with respect to the attached FPCM at 24 h

Selected genes OVERexpressed in released with respect to attached matrices (24 hr)

ID Description Mean fold change (rel/att)

NM_000600_1 interleukin 6 (interferon, beta 2); IL-6 11.20
NM_002425_1 matrix metalloproteinase 10 preproprotein; MMP-10 17.95
NM_000584_1 interleukin 8; IL-8 10.17
NM_000576_1 interleukin 1, beta; IL-1b 5.44
NM_001924_1 growth arrest and dna-damage-inducible, alpha; GADD45a 3.71
NM_000577_1 interleukin 1 receptor antagonist; IL-1Ra 3.61
NM_004052_1 Bcl-2/adenovirus E1B 19 kDa-interacting protein 3; BNIP3 4.13
NM_002923_1 regulator of G-protein signaling 2, 24 kDa; RGS2 2.54
NM_006835_1 cyclin I; CCNI 2.39
NM_004049_1 Bcl2-related protein a1; BCL2A1 2.91
NM_001256799_1 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 3.02
NM_001401_1 lysophosphatidic acid receptor EDG2 2.15
NM_000432_1 myosin light chain 2; MLC-2 2.63
NM_003789_1 TNFRSF1A-associated via death domain; TRADD 2.19
NM_000636_1 superoxide dismutase 2, mitochondrial; SOD2 2.43
NM_002178_1 insulin-like growth factor binding protein 6; IGFBP-6 2.37
NM_002659_1 plasminogen activator, urokinase receptor; PLAUR 2.04
NM_004050_1 Bcl2-like 2 protein; BCL2L2 2.44

Selected genes UNDERexpressed in released with respect to attached matrices (24 hr)

ID Description Mean fold change (rel/att)

NM_002416_1 monokine induced by gamma interferon; MIG 0.262
NM_002692_1 polymerase (DNA directed), epsilon 2; POLE2 0.288
NM_002592_1 proliferating cell nuclear antigen; PCNA 0.292
NM_004701_1 cyclin B2; CCNB2 0.315
NM_005192_1 cyclin-dependent kinase inhibitor 3; CDKN3 0.324
NM_001786_1 cell division cycle 2 protein, isoform 1; CDC2 0.341
NM_004208_1 programmed cell death 8 (apoptosis-inducing factor); PDCD8 0.356
NM_033293_1 caspase 1, isoform gamma precursor; CASP1 0.363
NM_006644_1 heat shock 105 kDa; HSP105B 0.404
NM_012333_1 c-Myc binding protein; MYCBP 0.417
Y10658_1 nuclear DNA helicase II 0.428
NM_000366_1 tropomyosin 1 (alpha) 0.441
NM_000800_1 fibroblast growth factor 1 (acidic), isoform 1 precursor; FGF-1 0.449
NM_001709_1 brain-derived neurotrophic factor; BDNF 0.459
NM_001165_1 baculoviral IAP repeat-containing protein 3; BIRC3 0.504
NM_025239_1 programmed death ligand 2; PDL2 0.443
NM_004282_1 Bcl2-associated athanogene 2; BAG2 0.388

rel/att 5 released/attached. All genes listed have a significance of p , 0.001. Genes were selected from the 24 h DE gene list (N 5 425; see Supplementary Table S2), in which mean fold change was .2
or ,0.5.

Table 3 | Relative expression of select DE genes by qPCR in the attached vs. released FPCM

Gene 6 h Att 6 h Rel 24 h Att 24 h Rel

cyclin B2 1.02 6 0.04 0.93 6 0.09 0.83 6 0.11 0.35 6 0.04*
GADD45a 1.12 6 0.11 1.55 6 0.15 1.13 6 0.12 1.36 6 0.24
GAPDH 1.03 6 0.05 1.14 6 0.08 1.24 6 0.07 1.74 6 0.16*
IL6 4.17 6 1.35 19.31 6 4.39 17.55 6 6.19 80.05 6 22.18*
IL8 1.26 6 0.19 2.30 6 0.63 3.48 6 0.85 39.51 6 9.56*
PCNA 1.03 6 0.06 0.73 6 0.06* 0.87 60.04 0.70 6 0.04*

Att 5 attached; Rel 5 released. Values are relative gene expression (mean 6 SD) with respect to the standard (TATA box binding protein); *p , 0.05 compared to the 6 h attached value (ANOVA and the
unpaired t-test).
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and/or inhibit p53 turnover29–32. So the fact that a p53-centric net-
work was implicated by our microarray data in the absence of dif-
ferential p53 expression should not be surprising. Immunoblotting
for products of other non-DE genes which were central participants
in various networks of Supplementary Figure S8 is shown in
Supplementary Figure S11.

In order to determine whether the level of the p53 protein actually
was modulated in our system, p53 immunoblotting was performed in
lysates of attached vs. released matrices (Figure 2c–d). The p53 level
appeared to be increased in the attached matrix at 6 h, but then is
increased in the released matrix at 24 h. Since previous work sug-
gested that the p53 response in this system is subject to biologic
(strain-to-strain) variability33, the immunoblot shown in Figure 2c
was repeated in 11 different fibroblast strains; the result at 6 h was
variable, but p53 upregulation in the released matrix at 24 h was
present in 8 out of 11 strains. This result suggested that p53 generally
is induced after matrix release, particularly at the 24 h time point.
The modulation of the p53 protein after matrix release was consistent
with the putative p53-centric network shown in Figure 2b.

Effect of modulation of putative networks. The IPAH 6 analysis
predicted that networks with IL-6, IL-8, p53, TGF-b1, NF-kB, or
interferon-gamma (IFN-c) as central participants would regulate
cell survival and/or the cell cycle after stress-release of the FPCM
(see Table 4 and Supplementary Figure S8). In order to test these
predictions, the effects of relevant soluble inhibitors/activators on
matrix cell number were assayed. The basic design of the inhibitor/
activator experiments was pretreatment of the attached matrix with a
range of doses of a given reagent, followed by matrix release in half of
the wells, and then measurement of cells per matrix 48 and 72 h later.

The effects of 14 reagents/reagent combinations were tested on 3
to 16 fibroblast strains per reagent, resulting in over 200 individual
experiments on the FPCM. Two typical experiments from this series,
showing the effect of fetal bovine serum or pifithrin-m (a small mole-
cule inhibitor of p5334,35), are shown in Figure 3. As expected, treat-
ment with FBS resulted in a dose-dependent increase in matrix cell
number in the attached matrix, while having little effect in the
released matrix (Figure 3a). Treatment with PFT-m resulted in a
dose-dependent decrease in matrix cell number in the attached
matrix, while having less pronounced effect in the released matrix
(Figure 3b).

In order to compare the results of 2001 experiments similar to
those shown in Figure 3, each experimental outcome first was clas-
sified according to the reagent effect on matrix cell number (data
shown in Supplementary Table S10). Reagent effect in a given experi-
ment was classified as one of the following: (1) strong inhibition, or
.20% decrease in cell/matrix from the control value (control 5 no
reagent, solvent addition only); (2) weak inhibition, or 5–20%
decrease in cell/matrix from control; (3) minimal effect, or ,5%
change in cell/matrix from control; (4) weak stimulation, or 5–20%
increase in cell/matrix from control; and (5) strong stimulation, or
.20% increase in cell/matrix from control.

FBS treatment in Figure 3a demonstrated strong stimulation in the
attached matrix at 72 h, while having minimal effect in the released
matrix. In contrast, PFT-m treatment demonstrated strong inhibition
in the attached matrix at 72 h while having minimal effect in the
released matrix (Figure 3b). Note that for each matrix condition
(attached or released), two time points (48 and 72 h) were assayed,
but only one outcome was reported (done to simplify the analysis).
For each pair of time points, the one with the greater effect was
defined as the outcome for that experiment.

The outcomes of all experiments of reagent effect in the attached
vs. released matrix were scored as described above, and histograms of
the scores for each reagent/reagent combination were constructed
and plotted in Figure 4. In three experiments, the reagent effect at 48
vs. 72 h was exactly opposite (e.g., weak inhibition vs. weak stimu-
lation); consequently, these three experiments (involving different
reagents) were not included in Figure 4. An immediate observa-
tion from Figure 4 is that the results for any individual reagent

Figure 1 | ELISA corroboration of microarray data. ELISA of IL6 and IL8

in the culture media of attached (att) vs. released (rel) collagen matrices at

0–48 hr post release. Each data bar represents the mean of quadruplicate

tubes; error bars represent standard deviations. This particular experiment

was performed in four different cells strains with similar results. Upper

panels represent raw data (cytokine concentration in the medium); lower

panels represent cytokine release normalized to cell number. *p , 0.05

compared to attached at same time point, unpaired t-test.

Table 4 | Select putative networks modulated between the attached vs. released state of the FPCM at the 6 and 24 h time points

No. Major participants Relevant functions

6 h
networks

6-1 TGF-b1, NF-kB, PDGF Cellular assembly & organization; cell death
6-2 IL-6, PCNA, cyclin A Cell cycle
6-3 p38, MAPK, Akt Gene expression; tissue morphology
6-4 SP1, CDKN2A, ErbB2 Cellular movement; cell death
6-5 p53, PPARGC1A, EP300 Gene expression; lipid metabolism; small molecule biochemistry

24 h
networks

24-1 IL-6, cyclins, CDC2 Cancer; cell cycle
24-2 NF-kB, IL-1, RIPK2 Cell-cell signaling
24-4 Hsp70, RNA pol II, histone H3 Cell death; gene expression
24-5 p38, IL-8, Jnk, NF-kB Cell growth & proliferation
24-12 Myc, E2f Cell cycle
24-15 p53, NOS3 Cell cycle; DNA replication, recombination, & repair; cell death

Networks were identified with IPAH 6 analysis of DE genes. All networks identified at 6 and 24 h are shown in Supplementary Figure S8.
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Figure 2 | Sample networks involving IL6 and p53. Putative networks modulated between the attached vs. released states of the FPCM were identified

using IPAH 6 analysis of the microarray data. The two networks shown in the Figure were selected from the entire group of networks illustrated in

Supplementary Figure S8 (see also summary in Table 4). Genes or gene products are represented as nodes (polygons). A biological relationship between

two nodes is represented as an edge (line). All edges are supported by published data; see Figure key for definitions of nodes and edges. A qualitative

inverse relationship exists between the edge length and the strength of the relationship (i.e., shorter edge 5 stronger relationship). Red or green nodal

color denotes a DE gene, and indicates either gene upregulation or downregulation, respectively, in the released with respect to the attached matrix. The

intensity of nodal color represents the relative difference in gene expression between attached vs. released; for actual mean fold change, see Supplementary

Tables S1 and S2. Nodes without color were not DE genes. (A) Network 6-2; refer to Table 4. (B) Network 24-15 (refer to Table 4). (C) Immunoblot of p53

(with actin as a loading control) in the attached (A) vs. released (R) matrix, at 0, 6, and 24 hr after matrix release. (D) Densitometry of p53 immunoblots,

with actin as the loading control. Each bar represents mean p53/actin ratio 6 sd of three representative blots, normalized to the attached, t 5 0 value.

*p , 0.05 compared to attached at same time point, unpaired t-test.
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demonstrated inter-experimental variation. For example, a plurality
of experiments done with neutralizing antibody to IL6 (column 5,
Figure 4) demonstrated strong inhibition, but the spread of results
with anti-IL6 in 16 fibroblast strains ran from strong inhibition to
strong stimulation.

Overall, most reagents appeared to have an inhibitory effect on
matrix cell number, as evident from the predominance of left-shifted
histograms (i.e., tall red data bars) in Figure 4. This raises the pos-
sibility of a systematic bias in the experimental design or assays.
Treatment with FBS (column 1, Figure 4), however, resulted in
stimulation of matrix cell number, particularly in the attached
matrix. In addition, treatment with IgG (column 8, Figure 4) tended
toward weak to minimal effect in most experiments. So not all
reagents had an inhibitory effect.

Interestingly, both neutralization and augmentation of IL6 and/or
IL8 (columns 2–8, Figure 4) resulted in general inhibition of matrix
cell number. At first glance, these contradictory data seemed difficult
to reconcile. With further inspection, however, it can be appreciated
that the inhibition was somewhat stronger with antibody neutraliza-
tion of these cytokines and, in some experiments, IL6 and/or IL8
addition stimulated matrix cell number. This might be interpreted
as indicating a possible role for IL6 and/or IL8 as a ‘‘counter-regu-
latory’’ cytokine, which the fibroblasts would release after matrix
detachment to preserve cell survival. IL-6 is a known wound cyto-
kine5, but its effect on cell fate in the collagen matrix is not known. At
this point, a firm conclusion regarding the role of IL6 and/or IL8 in

regulating fibroblast fate after release of the collagen matrix cannot
be made.

In order to examine the role of p53, the effects of two soluble p53
inhibitors, pifithrin-alpha (PFT-a) and pifithrin-mu (PFT-m) were
tested. The former is thought to be a broad inhibitor of p53 effects36,37,
while the later is thought to be a more specific inhibitor of the cell
cycle effects of p5334,35. Treatment with either inhibitor resulted
mostly (though not exclusively) in matrix cell number inhibition;
the effect of PFT-m was perhaps more pronounced in this regard
(columns 10 and 11, Figure 4). This result from p53 inhibition is
somewhat counter-intuitive to the canonical function of p53 as a
general promoter of apoptosis and/or cell cycle arrest in various
systems38–41. If the canonical p53 model was in operation in our
system, then one might predict that inhibition of p53 with pifithrin
would result in an increase in matrix cell number (particularly in the
released matrix), not a decrease as was observed. Further studies of
p53 function in the collagen matrix using other techniques are
ongoing in our laboratory. Until more data has been collected, how-
ever, it is difficult to make a strong conclusion on the role of p53 in
the FPCM.

The IPAH 6 analysis generated multiple TGF-b-centric networks
(numbers 6-1, 24-9, 24-10, and 24-13 in Supplementary Figure S8).
Interestingly, none of the TGF-b isoforms were on DE gene lists
(Supplementary Tables S1 and S2). TGF-b1 is a heavily-studied
cytokine with pleiotropic, context-dependent effects; in the wound
healing literature, TGF-b1 generally promotes fibrosis and fibroblast
differentiation5. Addition of TGF-b1 to the collagen matrix model
produced mostly inhibition in the attached matrix while having vari-
able effect (from strong inhibition to strong stimulation) in the
released condition (column 12, Figure 4). These results suggested
that TGF-b1 may inhibit fibroblast proliferation and/or survival in
the mechanically-stressed matrix. The relevance of TGF-b1 signaling
in this model at this time is not clear, however, as TGF-b1 was not
differentially expressed at the studied time points, and we have yet to
measure TGF-b1 levels in the culture medium.

Similar to TGF-b, the software analysis identified putative net-
works with TNF-a or IFN-c as central participants (networks 6-7
and 24-10, and network 24-18, respectively, in Supplementary Figure
S8) yet, similar to TGF-b, neither TNF-a nor IFN-c were differenti-
ally expressed (Supplementary Tables S1 and S2). TNF-a is another
heavily-studied pleiotropic cytokine5; in the collagen matrix, the
effect of TNF-a on cell fate is not known. Addition of TNF-a to
the collagen matrix produced mostly inhibition of matrix cell num-
ber in the attached condition, with more variable effects in the
released matrix (column 13, Figure 4). That is, the effects of TNF-
a were similar to TGF-b1. Addition of IFN-c to the collagen matrix
also was mostly inhibitory in the attached condition, but tended
toward stimulation in the released condition (column 14,
Figure 4). Similar to the situation with TGF-b1, the relevance of both
TNF-a and IFN-c signaling in the collagen matrix model currently is
not clear, since these were not DE genes, and endogenous cytokine
levels in the collagen matrix model have yet to be assayed (with the
exception of the immunoblotting shown in Supplementary Figure
S11).

Three networks with NF-kB as a central participant also were
identified by the software analysis (networks 6-1, 24-2, and 24-5 in
Supplementary Figure S8). Of note, NF-kB was not a DE gene in the
present study (Supplementary Tables S1 and S2), but other investi-
gators have shown that NF-kB activation occurs in contractile col-
lagen gels (analogous to the released matrices in our model)42,43.
Similar to p53, control of NF-kB activity primarily occurs at the
posttranslational level44. In order to determine whether NF-kB
activation occurred in our version of the collagen matrix model,
immunoblotting for the phosphorylated p65 subunit (Ser 536) of
NF-kB was performed (Figure 5). In this example there was evidence
of NF-kB activation at 10 and 30 min after matrix release.

Figure 3 | Effect of FBS or PFT-m on matrix cell number in the attached
vs. released FPCM. Attached matrices were incubated with 5% FBS for

48–72 h. The medium then was changed (DMEM with indicated FBS

concentration in panel A, and 5% FBS/DMEM in panel B), PFT-m was

added at indicated concentration for panel B, half of the matrices were

released, and cell/matrix was determined 48 and 72 h later. Each bar

represents the mean 6 sd of 12 hemacytometer counts from a single

matrix; *p , 0.05, ANOVA (comparing the underlying four bars).
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Immunoblotting for p65 was repeated in attached vs. released mat-
rices using five different fibroblasts strains using slightly different
time course (data not shown), and the results were consistent with
Figure 5. Similar immunoblotting for phospho-IkB-a (Ser 32) and
IkB kinase (phospho-IKKa/b, Ser 176/180) did not reveal changes in
the respective phospho-proteins after matrix release, but the signal-
to-noise ratio on these blots was poor (data not shown).

As described above, treatment with TNF-a (a known inducer of
NF-kB activation45) produced inhibition of matrix cell number in the
attached condition; the effect of TNF-a in the released matrix was
variable. The predominant inhibition of TNF-a in the attached
matrix was consistent with the hypothesis that NF-kB activation
after matrix release participates in the downregulation of matrix cell
number after matrix release. Since TNF-a is a pleiotropic cytokine
and may have had other effects in this model, further experimenta-
tion with augmentation or disruption of NF-kB signaling is ongoing
in our laboratory to clarify the role of NF-kB in the collagen
matrix.

Discussion
The data of this report are relevant to the phenomena of inflam-
mation, wound healing, fibrosis, and related processes, because
growth or regression of associated fibroblasts can influence the out-
come of these phenomena46–48. For example, in the fields of tissue
engineering or biomaterials, engendering an appropriate host res-
ponse to an implanted graft or material is essential to get incorpora-
tion without foreign body reaction or rejection49–52. One important
component of this response is the relative fibroplasia, as an excess or
deficiency can lead to a poor outcome7,50,53. A focus on signaling
networks that can regulate fibroblast fate in a native 3D extracellular

matrix should provide relevant information in this regard. We are
not suggesting that the information gained from this work will
directly improve wound healing in vivo. More precisely, this work
builds on the foundation of knowledge regarding cellular signaling in
a 3D matrix, and the mechanoregulation of cell population within the
matrix. Evolution in our understanding of these mechanisms ulti-
mately should, however, improve our ability to manipulate wound
healing, tissue engineering, endogenous regeneration, and related
phenomena, as local mechanical environment can affect all of these
processes54–56.

The goal of this report was to identify signaling networks assoc-
iated with the downregulation of matrix cell number as the FCPM
transitions from a physically attached state to a stress-released state,
with an initial relevance screen of putative networks modulated
between the two mechanical states. The strengths of this report
included the use of a broad screening test (DNA arrays) to identify
putative networks, and the use of multiple fibroblast strains (particu-
larly in the inhibitor/activator studies) to reduce sampling error.
Some of the novel findings in this report include possible roles for
IL6, IL8, NF-kB, TNF-a, TGF-b1, p53, and IFN-c in the regulation of
human foreskin fibroblast number within the 3D collagen matrix. It
was not our goal in the present report to study contraction, migra-
tion, collagen synthesis, or other FPCM phenomena other than the
modulation of matrix cell number after stress-release. Furthermore,
the inter-relationships among mechanical force generation, contrac-
tion, and cellular fate cannot be determined without intensive experi-
mentation, which would be beyond the scope of the present
manuscript. For a discussion of how our data compared with prev-
iously published array data in the FPCM, please see Supplementary
Figure S7.

Figure 4 | Summary of effects of various soluble factors on matrix cell number in the attached vs. released FPCM. Matrices were handled as

described in Figure 3. All experiments were done in the presence of 5% FBS (except for the experiments testing FBS itself). Each reagent/reagent

combination was tested at the indicated concentration range in each of the specified number of fibroblast strains. The outcome of each experiment was

scored according to the rule shown in the Figure Legend, and the a histogram of outcomes for each reagent/reagent combination was constructed for both

the attached and released conditions.
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Three mechanical states of the collagen matrix model often are
described: attached, stress-released, or floating3. This report only
dealt with the first two states. A ‘‘floating’’ collagen matrix refers to
a matrix which is immediately released from the culture well after
polymerization (i.e., without time to develop significant pre-stress).
Previous investigation has demonstrated that stress-release is a dif-
ferent phenomenon from matrix release immediately after polymer-
ization, particularly with respect to contraction and intracellular
signaling57–60. As mentioned above, the data of this report only apply
to attached vs. stress-released matrices, and no conclusions can be
drawn in this report regarding the floating matrix. It was not our
intent in this report to study the differences in stress-released vs.
floating matrices. An excellent question to pose in this respect is
whether the stress-released matrix is more clinically-relevant than
the floating matrix (or vice versa) in studying mechanoregulation
within the 3D matrix. Unfortunately, debate on this question would
be constrained to utilize intuitive reasoning, since there is insufficient
hard evidence to support an answer.

Although use of the gene array as a screen may be seen as a
strength, this technique also can be a weakness. Using gene express-
ion may have overlooked some important signaling events in
which detectable changes in mRNA concentration did not occur

(e.g., post-translational events). For example, previous work refer-
enced in the Introduction documented that disruption of pathways
involving phosphorylation events (e.g., MAPK, FAK, PTEN) regu-
lates survival in the collagen matrix. Networks predominately invol-
ving phosphorylation events may be difficult to detect with a gene
expression screen. Interestingly, some of the generated networks in
Supplementary Figure S8 (numbers 6-3, 24-3, 24-7) involved the
PI3K-Akt axis, suggesting that phospho-signaling through this axis
may have effected changes in gene expression from which the
involvement of the axis could be deduced. Screening strategies which
might have supplemented the DNA array data in this study would
have included proteomics, kinase arrays, and RNAi screens.

Other limitations of this report included: (1) only two time points
for both the DNA arrays and the inhibitor/activator studies—many
important signaling may have been missed; (2) the use of a single
proprietary software to generate the putative signaling networks; (3)
the choice of a single endpoint (matrix cell number) in the activator/
inhibitor studies, as opposed to studying endpoints such as apopto-
sis, proliferation, contraction, migration, collagen synthesis, etc.; and
(4) the use of a single technique (small soluble mediators) to probe
putative signaling networks, as opposed to using multiple techniques
(such as isotype overexpression, RNAi, decoy receptors, etc.).
Ongoing work in our laboratory is employing additional techniques,
particularly with respect to items 3 and 4.

Matrix cell number (i.e., number of cells per matrix) was chosen as
an endpoint in inhibitor/activator studies because of its simplicity61.
While a measure of cells per matrix does not yield specific informa-
tion on apoptotic or cell cycle activity, the trend in matrix cell num-
ber over time can be interpreted as a summation of the combined
effects of cell death and proliferation in a closed system, such as the
one under study. Matrix cell number was rapid and easy to obtain,
and arguably was more relevant than individual measures of cell
death or proliferation, since matrix cell number measured the net
effect of multiple determinants on cell fate. Further work will include
the use of endpoints such as cellular survival and proliferation.

The choices in the experimental design which led to the above (and
multiple other) limitations were made to keep the study reasonably-
sized. Secondary to these limitations, this report was not intended to
be a finished analysis of the signaling events that occur after release of
the attached collagen matrix. Therefore, none of the analyses shown
in this manuscript should be taken as final; no definitive conclusions
were intended to be drawn. In addition, there were many putative
networks that were not even mentioned. Overall, this study was
intended to be a framework by which additional studies may be
planned.

Nearly all of the experiments in this report were done in the
presence of serum, because (1) it has been our convention to use
serum in experiments when modeling the acute wound; (2) the index
microarray experiments and the derived signaling networks were the
result of experiments with serum; and (3) the in vivo acute wound
environment, which the FPCM attempts to model, contains serum-
derived factors and products of platelet activation62. It is not clear at
this time whether use of a defined, serum-free medium in the col-
lagen matrix model would produce more biologically-relevant data
than using serum-supplemented medium.

With regard to the issue of data scatter associated with the use of
human foreskin fibroblasts in the collagen matrix, possible causes
have been discussed previously33. The bottom line is that the invest-
igator should expect this variability, and so should obtain adequate
experimental repeats with multiple cell strains (a sufficient number is
difficult to specify). The investigator then should be conservative
about constructing conclusions from the resultant data, particularly
if there is a large amount of data scatter.

It may be simplistic to view the software-generated signaling
networks (Figure 2 and Supplementary Figure S8) as isolated
phenomena; this would be counter to decades of signaling research.

Figure 5 | NF-kB blotting in the attached vs. released FPCM. Attached

matrices were incubated with 5% FBS for 48 h. Immunoblot of total p65,

phospho-p65, and tubulin in whole lysates of attached (att) vs. released

(rel) fibroblast-populated 3D collagen matrices at 10–240 min after

release. This particular experiment was performed in five different cells

strains with dissimilar time courses; thus one representative experiment

without mean densitometry values is shown. HeLa (1) or (2) refers to the

control HeLa cell lysate with or without pretreatment with TNF-a,

respectively. The densitometry values (phospho-p65/total p65) in the bar

plot were normalized to the attached value.
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For instance, individual entities such as p53, IL6, IL8, TGF-b1, TNF-
a and INF-c each were implicated as a central participant in at least
one network in this report. In actuality, a molecule such as p53 has
been shown to (i) regulate IL-6 and IL-8 expression63–65, (ii) coop-
erate with SMADs in TGF-b1 signaling66, (iii) facilitate sensitivity to
TNF-a signaling67, and (iv) undergo modulation of transcriptional
activity by IFN-c68. The layers of network crosstalk and other inter-
actions of these molecules get deeper as one probes further into the
literature. So the data of this report really just begin to uncover the
complexities of signaling in the system under study. Ultimately, it
may be determined that the reductionist approach69 to documenting
these signaling networks (as utilized in many studies, including this
one) is inefficient and even inappropriate.

Regarding the mechanism of effect of the soluble inhibitors/acti-
vators used in Figure 4, it is not clear whether a given soluble medi-
ator directly rendered its effect on matrix cell number, and/or
indirectly through an effect on force generation, or through some
other mechanism. In the collagen matrix model, force generation
may be measured directly with specialized equipment70 but, more
typically, force generation has been studied indirectly with contrac-
tion assays57. As stated in the Introduction, cellular survival and
proliferation in the collagen matrix is subject to mechanoregulation,
so perturbation of the matrix’s mechanical state (e.g., by inhibition of
contraction with a soluble mediator) might effect cellular fate.
Indeed, it is likely that at least some of soluble mediators used in this
report (Figure 4) did affect force generation and matrix contraction.
Unfortunately, the inter-relationships among mechanical force gen-
eration, contraction, and cellular fate cannot be determined without
intensive experimentation, and this would be beyond the scope of the
present report.

Methods
Human and animal studies. The use of primary human fibroblasts from anonymous
donors (no subject identifiers and no informed consent) without the use of informed
consent was approved by the Institutional Review Board at the University of Nebraska
Medical Center and by the Research and Development Committee at the Omaha VA
Medical Center. The use of animals was approved by the Subcommittee of Animal
Studies and by the Research and Development Committee (protocols 00248 and
00457) at the Omaha VA Medical Center.

Design of index experiment: expression analysis of attached vs. released collagen
matrices. The following information on the microarrays was supplied per the
standards of the Minimum Information About a Microarray Experiment workgroup
(MIAME 2.0, www.mged.org)71,72. The index microarray experiment (see flow
diagram in Supplementary Figure S5) was performed three times, each time using
cells from a unique individual (i.e., three separate strains of primary fibroblasts,
defined as F1, F2, and F3). The list of DE genes in Supplementary Tables S1 and S2 are
derived from these three index experiments. For a given index experiment, collagen
matrices (six matrices per group, four groups of six matrices per index experiment, as
shown in Supplementary Figure S5) were set up as described in the preceding section,
and incubated in the attached state in growth medium for 24 h. Two of the four
groups of matrices then were mechanically released from the culture dish. One
attached group and one released group subsequently underwent RNA extraction at
6 h and then at 24 h post-release (Supplementary Figure S5). To reiterate, the index
experiment shown in Supplementary Figure S5 was performed on three separate
strains of foreskin fibroblasts.

RNA extraction and aRNA synthesis. Immediately after completion of incubation,
each group of collagen matrices was washed with PBS and then homogenized (Ultra-
TurraxH T25; IKAH Laboratories) in a glass tube with 600 mL Buffer RLT (QiagenH)
supplemented with 1% b-mercaptoethanol. RNA then was isolated from the
homogenized samples using a proprietary kit (RNeasyH Mini Kit; QiagenH),
following the recommendations of the manufacturer. The purity of the extracted
RNA was checked with spectrophotometry (Bioanalyzer 2100; Agilent Technologies)
and agarose electrophoresis. Only intact and pure samples (A260/A280 .1.8, with
distinct electrophoretic bands) were used for labeling. Processing and Cy5/Cy3
labeling of RNA samples were performed using the Message Amp aRNA kit
(Ambion). Total RNA (1 mg) was reverse-transcribed, and the resultant cDNA was
used to generate aRNA using an in vitro transcription procedure per the
manufacturer’s recommendation. The Cy5 and Cy3 labels were applied to the
released and attached aRNA, respectively; by convention, the attached matrix was
denoted as the baseline or reference condition.

DNA microarrays. The aRNA was hybridized to 10 K spotted arrays produced at the
UNMC DNA Microarray Core facility (a complete list of genes is available in Gene
Expression Omnibus, accession number GSE39475). To reiterate, the total number of
arrays (i.e., gene chips) used to obtain the DE genes in Supplementary Tables S1 and
S2 was six, representing six attached vs. released hybridization pairs, generated from
three separate experiments that had two attached vs. released time points each
(see Supplementary Figure S5). The arrays were prehybridized to minimize
background, followed by hybridization to the Cy3 and Cy5 probes. Following
overnight hybridization, the slides were washed to remove nonspecific binding. Cy3
(532 nm) and Cy5 (635 nm) scans were performed using a GenePix 4000 b slide
reader (Molecular Devises), and gene spot intensity assessment on 16 bit TIFF files
was performed with the GenePix image analysis software.

Summary of design for array index experiments. Refer to Supplementary Figure S5.
Four distinct treatments (6 h attached, 6 h released, 24 h attached, and 24 h released)
were applied to three fibroblasts strains (F1, F2, and F3), so there were 12 independent
groups of matrices (each group comprising 6 replicate matrices). The RNA from
replicate matrices within a group was pooled, but RNA among groups was not pooled
(i.e., RNA among fibroblast strains was not pooled). Labeled aRNA from the twelve
independent samples was competitively hybridized to a total of 6 gene chips (a
common reference was not used). Only attached vs. released comparisons were
performed; chips which compared time points (e.g., 6 h attached vs. 24 h attached)
were not done.

Analysis of expression data. BRB ArrayTools (http://linus.nci.nih.gov/BRB-
ArrayTools.htmL) was used to analyze the microarray data. Prior to the analysis,
several filters and normalization were applied: (1) spots were excluded if both the red
and green channels had values less than 100; (2) if only one of the red or green
channels had a value ,100, then the value was increased to the threshold of 100;
(3) median background was subtracted; (4) log2 transformation was applied to all
ratios; (5) normalization was performed using the Lowess smoother; (6) a gene was
excluded if 3 of its spots were missing or filtered out. Random-variance paired t-
testing was used to determine which genes were differentially expressed between the
released and attached groups. The random-variance paired t-test allows sharing
information among genes about variation without assuming that all genes have the
same variance, which gives a more accurate estimate of the variability when sample
sizes are small73. Distributional assumptions were checked using the Kolmogorov
Goodness-of-Fit Test74. The distributional assumptions of the random-variance test
were met for the paired testing (6 and 24 hour time points separately comparing
released vs. attached groups). Conventional t-testing was utilized to compare the
relative changes between the 6 and 24 h time points; the random-variance t-test was
not used in this latter situation because of violations of distribution assumptions. A
significance level of 0.001 was selected in these analyses to help limit the false
discovery rate due to multiple comparisons. Benjamini-Hochberg false discovery rate
method (FDR) also was used to correct p-values, and the adjusted FDR values are
given in Supplementary Tables S1 and S275. Additional screening using a two-fold
change cutoff was employed to focus on genes which had a biologically meaningful
change in expression. To reiterate, a differentially-expressed gene (Supplementary
Tables S1 and S2) required the following: (1) relative expression of released/attached
$2 or #0.5; (2) significance of p , 0.001; (3) false discovery rate (FDR) , 5%.

Identification of relevant gene networks. Genes with a mean fold change (defined as
the mean absorbance value of the gene in the released matrix divided by the mean
absorbance value of the gene in the attached matrix) of .2 or ,0.5 (focus genes), with
a significance , 0.001 and FDR , 5%, subsequently were analyzed with IngenuityH
Pathways Analysis (IPA 6; www.ingenuity.com), a proprietary web-based program
that can identify gene networks potentially modulated in sets of expressional data (see
further description under Results)27,28. A dataset of focus gene identifiers with their
corresponding attached vs. released expression value were uploaded into the program
as a MicrosoftH ExcelH spreadsheet, using a template supplied by IngenuityH Systems.
Each focus gene identifier was mapped to its corresponding gene object in the
Ingenuity Pathways Knowledge Base. The focus genes were overlaid onto a global
molecular network developed from information contained in the Ingenuity Pathways
Knowledge Base. Networks of these focus genes were then algorithmically generated
based on their connectivity, and then graphically portrayed (see further description
under Results). The program limited the number of participants in each network to
35, so that reasonable 2D illustrations could be generated (Figure 2). Note that each
IPA-generated network is constructed and customized to the list of focus genes that is
uploaded into the program; as such, a given IPA-generated network is unique, and
may not resemble any previously-published network.

Other materials & methods. Details of cell culture, the collagen matrix model, the
excisional wound model, immunoblotting, TUNEL, BrdU labeling, matrix cell
number quantification, qPCR, ELISA, and statistics are supplied as a Supplementary
File.
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