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a b s t r a c t

Murine fibrosarcoma L929 cells have been used to test efficacy of proinflammatory cytokine TNFa. In the
present study, we reported on protective effect of type I collagen gel used as L929 cell culture. L929 cell
grew and proliferated well on collagen gel. However, the L929 cells exhibited cobblestone-like
morphology which was much different from the spread fusiform shape when cultured on conven-
tional cell dishes as well as the cells tended to aggregate. On conventional cell culture dishes, the cells
treated with TNFa became round in shape and eventually died in a necroptotic manner. The cells
cultured on collagen gel, however, were completely unaffected. TNFa treatment was reported to induce
autophagy in L929 cells on the plastic dish, and therefore we investigated the effect of collagen gel on
induction of autophagy. The results indicated that autophagy induced by TNFa treatment was much
reduced when the cells were cultured on collagen gel. In conclusion, type I collagen gel protected L929
cell from TNFa-induced cell death.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Type I collagen is the most abundant component of extracellular
matrix (ECM), and it is also known as a good adhesive substrate for
many kinds of cells including keratinocyte [1]. As its predominance
in the ECM, non-immunogenicity and available methods of isola-
tion from a variety of sources, collagen has been used in a variety of
tissue engineering applications. Type I collagen in vivo forms fibrils
that make up a three-dimensional structure. Isolated collagen
molecules reassemble into fibrils under physiological conditions of
pH, temperature, ionic strength etc [2,3]. Previous studies reported
that fibroblasts showed differences in growth rates, mitogenic re-
sponses to growth factors and collagen synthesis by culturing
.

different microenvironments composed of collagen fibrils, collagen
molecules or without collagen [4,5]. Proliferation of fibroblasts and
responses to growth factors including epidermal growth factor,
basic fibroblast growth factor and transforming growth factor-b
were dramatically reduced in gel culture, particularly after collagen
gel contraction by the cells [6]. Not only fibroblasts but also other
types of cells behaved differently by culturing with collagen. Thus,
in vitro cell culture studies demonstrated that the effects of fibrous
collagen on cell growth and differentiation were totally different
from those of molecular collagen [3,4]. Madin Darby canine kidney
(MDCK) cells performed membrane remodeling and gradually
formed lumen in the presence of collagen gel [7] and human in-
testinal (Caco-2) cells died when cultured on collagen gel [5]. In
addition, 3-dimensional collagen type I matrix significantly
reduced the anti-migratory effect of doxorubicin on human fibro-
sarcoma HT1080 cells [8]. All these findings suggest the importance
of the matrix supramolecular assembly in the effects on cellular
properties and functions.
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Tumor necrosis factor a (TNFa), a pleiotropic cytokine, produces
a wide range of biological effects, including production of inflam-
matory cytokines as well as direct effects on cell proliferation, dif-
ferentiation and death [9]. Murine fibrosarcoma L929 cells have
been used to quantify the cytotoxicity of TNFa, since the cells are
reported to be extremely sensitive to TNFa [10e13]. Our previous
study demonstrated that TNFa treatment resulted in the nec-
roptosis and autophagy of L929 cells [14]. However, the effects of
type I collagen on the cytotoxicity of TNFa in L929 cells are not well
elucidated.

In this study we investigated the effect of type I collagen gel on
TNFa-induced death and autophagy in L929 cells. We found that
type I collagen gel exhibited protective effect on TNFa-induced cell
death. As TNFa affected most organs by regulating cell proliferation
and cell death, resistance to TNFa-induced cell death may also
contribute significantly to tumor formation.

2. Materials and methods

2.1. Cells and cell culture

The murine fibrosarcoma L929 (# CRL-2418) cell line was pur-
chased from American Type Culture Collection (ATCC, Manassas,
VA, USA). The cells were cultured in RPMI-1640medium (Gibco, NY,
USA) supplemented with 10% fetal bovine serum (FBS) (Beijing
Yuanheng Shenyang Research Institution of Biotechnology, Beijing,
China), 100 mg/ml streptomycin, 100 U/ml penicillin and 0.03% L-
glutamine, and maintained at 37 �C with 5% CO2 at a humidified
atmosphere. Experiments were performed when the cells had
reached about 80% of confluence.

2.2. Cell culture on collagen gel

Type I collagen was extracted from calf hide with 50 mM acetic
acid, and was purified by salt fractionations under acidic and
neutral conditions. Prior to cell culture, 1.0 mg/ml collagen diluted
with PBS (�) solution free of Ca2þ was added in the 6-well dishes
(Corning, NY, USA) and kept in a humidified incubator at 37 �C for
2 h to allow the collagen molecules to assemble into fibrils.

2.3. Reagents

Human recombinated TNFa was prepared from PMAL-C2-TNF/
JM109 (E. coli.) in our laboratory. Propidium iodide (PI), acridine
orange (AO), ethidium bromide (EB), monodansylcadaverine
(MDC), necrostatin-1 (Nec-1) and methylthiazolyldiphenyl-
tetrazoliumbromide (MTT) were purchased from Sigma Chemical
(St. Louis, MO, USA). Rabbit monoclonal anti-LC3 antibody was
obtained from Sigma Chemical (St. Louis, MO, USA). Mouse
monoclonal anti-b-actin antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). RIPK1 specific polyclonal
antibody was purchased from ProteinTech (Wuhan, China). The ATP
Assay Kit was from Beyotime (Shanghai, China).

2.4. Cell viability assay

L929 cells (5.0 � 103 cells/well) were cultured in 96-well tissue
culture plates with or without collagen fibrils. Cell viability was
examined by using the MTT assay. After incubation for 24 h, the
cells were treated with increasing doses of TNFa for the indicated
time periods. Thereafter, the cells were rinsed twice with PBS and
incubated with 100 ml of 0.5 mg/ml MTT solution at 37 �C for 3 h.
After removing the supernatant, the formazan crystals formed by
MTT were dissolved in 150 ml of DMSO. Absorbance at 492 nm
wavelength was measured using a microplate reader (Thermo
Scientific Multiskan MK3, Shanghai, China). The cell viability was
calculated as follows:

Cell viability (%) ¼ 100�(A492, controleA492, sample)/(A492, controleA492,

blank) � 100.

2.5. Western blot analysis

L929 cells were plated in 6-well cell-culture plates with or
without collagen fibrils for 24 h, and then treated with TNFa for
indicated time period. Both adherent and floating L929 cells were
collected, washed twice with PBS, and the pellet was lysed inwhole
cell RIPA lysis buffer (Beyotime, Haimen, Jiangsu, China) supple-
mented with PMSF (1 mM). After 15,000 � g centrifugation at 4 �C
for 15 min, the protein concentration was determined using the
Bio-Rad protein assay reagents (Bio-Rad, Hercules, CA, USA). After
denaturation with boiling water for 5 min, lysates containing the
same account of protein were separated by 12% SDS-PAGE and
transferred onto Millipore Immobilon®-P Transfer Membrane
(Millipore, Billerica, MA, USA). After blockage with 5% skim milk,
themembranes were incubatedwith primary polyclonal antibodies
overnight, followed by corresponding HRP-conjugated secondary
antibodies. The blots were visualized using SuperSignal® West Pico
Chemiluminescent Substrate (Thermo scientific, Rockford, IL, USA).

2.6. Flow cytometric analysis of membrane integrity

Cell membrane integrity was determined by flow cytometry
after being stained with PI. After the treatments as indicated, the
cells were collected, then cell pellets were stained with the fluo-
rescent probe solution containing 50 mg/ml PI PBS at 37 �C for
15 min. The PI-stained cells were evaluated with the FACScan flow
cytometer.

2.7. Flow cytometric analysis of autophagy

The treated cells were incubated with 0.05 mM mono-
dansylcadaverine (MDC), a marker for autophagic vacuoles, at 37 �C
for 1 h [15]. Then, the cells were collected, and the pellets were
suspended in 1 ml of PBS. The fluorescent intensity of cells was
analyzed by the FACScan flow cytometry (Becton Dickinson,
Franklin Lakes, NJ, USA) [16].

2.8. AO/EB staining of the nuclear morphology

L929 cells were seeded into 6-well culture plates with collagen-
fibrils and incubated with TNFa for indicated periods. The cellular
morphology was observed under a phase contrast microscope
(Leica, Nussloch, Germany) or a fluorescent microscope (Olympus,
Tokyo, Japan) after staining with the fluorescent DNA-binding dye
AO/EB. After treatment with indicated reagents, the cells were
stained with 20 mg/ml AO/EB (Sigma Chemical, St. Louis, MO, USA)
for 15 min. Then, the nuclear morphology was observed under a
fluorescent microscope.

2.9. Statistical analysis

All the presented data and results were confirmed in at least
three independent experiments. The data were expressed as
means ± SD and analyzed by one-way ANOVA using Statistics
Package for Social Science (SPSS) software (version 13.0; SPSS,
Chicago, IL, USA), followed by LSD post-hoc test. P ＜ 0.05 was
considered as statistically significant.
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3. Results

3.1. L929 cells grown on collagen gel exhibited different morphology
but proliferated similarly as those on conventional cell culture
dishes

After 24 cell culture on collagen gel, we found that the cells
formed a cobblestone-like morphology. In addition, several cells
Fig. 1. Morphological changes of L929 cells cultured with or without collagen gel. (A)
L929 cells were cultured on collagen gel for 48 h, the morphologic changes were
observed by a phase contrast microscopy. Scale bar ¼ 50 mm. (B) Cells were cultured on
collagen gel for 24, 48 and 72 h, and the proliferation ratio was determined by MTT
assay.
showed aggregation to form colonies, while cells cultured on
conventional culture dishes spread to form the fibroblast-like
shape and grew separately (Fig. 1A). Then we estimated the cell
proliferation rate by determination of relative cell numbers at 24,
48, and 72 h. The cells grown on collagen gel appeared to be smaller
in number at all the time points than those grown on conventional
culture dishes (Fig. 1B). The cells were delayed in initiating prolif-
erating after seeding on the type I collagen gel in general [17]. Thus,
the growth rate counted as the differences in cell numbers after
they had started proliferation is the same as found in this study.
This was consistent with our findings that the proliferation rate on
collagen gel was paralleled to that on conventional dishes.

3.2. Cells grown on collagen gel showed resistance towards TNFa-
induced bursting morphology and death

L929 cells were sensitive to TNFa treatment and usually used as
the model standard cells in TNFa activity assay [13]. Consistently,
L929 cells cultured on conventional culture dishes became smaller
and bursted, exhibiting markedly injured morphology; however,
the cells on collagen gel did not show any impaired morphological
changes (Fig. 2A).We further examined the viability of L929 cells by
using AO/EB staining. AO is cell membrane permeable and stains
cell nucleus green while EB only can permeate only the bursted
membrane and stains nucleus red. After treatment with TNFa, the
ratio of membrane bursted cells on collagen gel was much lower
than that on dishes (Fig. 2B). The amount of formazan crystals
generated by MTT is in proportion to the number of living cells.
After treatment with TNFa for 24 and 48 h, the viability of the cells
cultured on conventional dishes was markedly reduced when
compared with the cells cultured on collagen gel (Fig. 2C).

3.3. Collagen gel inhibited TNFa-induced necroptosis in L929 cells

Our previous study showed that L929 cells treated with TNFa
underwent the necroptotic cell death that could be totally rescued
by necrostatin-1 (nec-1), an inhibitor of necroptosis [14]. In this
study, MTT assay showed that nec-1 could reverse growth inhibi-
tion induced by TNFa, but cells cultured on collagen gel were not
affected (Fig. 3A), indicating that cells grown on collagen gel
exhibited resistance towards TNFa-associated necroptosis. Cell
membrane integrity was profoundly reduced on conventional
dishes when treated with TNFa, but cells cultured on collagen gel
were not affected (Fig. 3B). Receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) played an important role in necroptotic
cell death [18]. For conventional cell culture, RIPK1 expression was
increased with TNFa treatment, while it was unchanged if not
reduce in the cells cultured on collagen gel (Fig. 3C). Intracellular
ATP markedly declined during TNF-induced necroptosis [19]. In our
study, intracellular ATP level of cells cultured on collagen gel was
elevated compared with these cultured on conventional dishes.
TNFa treatment induced loss of ATP in L929 cell cultured on con-
ventional dishes. However, the ATP level of cells cultured on
collagen gel was restored to the control level when treated with
TNFa (Fig. 3D).

As a semi-solid matrix, its defective effects on TNFa-induced cell
death might result only physically from the trap of TNFa by the gel
which decreased the concentration of TNFa. To exclude this pre-
sumption, we investigated whether the collagen gel could adsorb
TNFa and thereby decreasing the concentration of TNFa. TNFa was
pre-incubated on collagen gel or plastic surface for 24 h, and then
added to cells to measure the cytotoxicity. As shown in Fig. 3E, the
cell viability between the plastic group and collagen gel group had
no difference. Taken together, collagen gel protected L929 cells
from TNFa-induced necroptosis.



Fig. 2. Morphological changes of cells on collagen gel or conventional cell culture dishes after treatment with TNFa. (A) L929 cells were cultured on collagen gel for 24 h, then
treated with 4 ng/ml TNFa for 24 h. The morphologic changes were examined by the phase contrast microscopy. Scale bar ¼ 50 mm (B) AO/EB staining was performed and observed
by a fluorescence microcopy. Cell nuclei were stained by AO, and necrotic cellular nuclear were stained by EB. Green: AO staining, red: EB staining. Scale bar ¼ 25 mm (C) L929 cells
were cultured on collagen gel for 24 h, then treated with different concentration of TNFa for 24, 48 h, cell viability was measured by MTT assay. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

H.-J. Wang et al. / Biochemical and Biophysical Research Communications 457 (2015) 693e699696
3.4. Autophagy induced by TNFa treatment was also inhibited
when cells were cultured on collagen gel

In our previous study we proved that TNFa induced autophagy
in L929 cells [14]. MDC has been used as the indicator of autophagic
flux. In contrast to the marked green punctates found in TNFa-
treated L929 cells on conventional cell culture dishes, there were
less autophagic punctates in the cells on collagen gel (Fig. 4A). This
was confirmed by flow cytometric analysis of the MDC positive cell
ratio (Fig. 4B). In consistent with the previous findings [14], the
conversion from LC3 I to LC3 II was increased in TNFa-treated L929
cells on conventional plastic cell culture dishes. However, this
conversion was less enhanced when the cells were cultured on
collagen gel (Fig. 4C).

4. Discussion

The tumor cells cultured on conventional cell culture dishesmay
not reflect the tumor cell microenvironment in vivo where tumor
cells interact with their neighboring cells and ECM. The ECM is a
major constituent of tumor tissues as well as normal tissues. It is
shown that ECM plays a central role in cell development, migration,
adhesion, proliferation, survival or other metabolic functions [20].
It was reported that levels of type IV collagenwere elevated inmost



Fig. 3. TNFa did not induce cytotoxicity when L929 cells were cultured on collagen gel. (A) L929 cells were treated with 4 ng/ml TNFa in the presence or absence of 2 mg/ml nec-1for
24 h and cell viability was measured byMTT assay. (B) Cell membrane integrity was measured by PI staining and flow cytometry. (C) Western blot analysis of RIPK1 level. b-actin was
used as an equal loading control. (D) Intracellular ATP content was analyzed by ATP luminescent assay. (E) TNFa was pre-incubated on collage gel or conventional dishes without
seeding cells for 24 h, then the medium was collected and added it to L929 cells. MTT assay analyzed the cell viability. Data were expressed as mean ± S.D. *p < 0.05, **p < 0.01.
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sections of small cell lung cancer (SCLC). Moreover, it was found to
protect SCLC cells from various chemotherapeutic drug-induced
apoptosis [21].

TNFa, a proinflammatory cytokine, stimulates the degradation
of ECM by enhancing the expression of matrix metalloproteinases
[22]. Our previous study indicates that TNFa induces L929 cell
necroptosis and autophagy, but not apoptosis, in conventional cell
culture [14]. Autophagy, a downstream consequence of necroptosis
and had a negative feedback function to necroptosis through acti-
vated caspase-6 [23]. The present finding that TNFa did not exert
obvious cytotoxic effects on the L929 cells cultured on collagen gel
might be related to themorphological change in L929 cells growing
on collagen gel with cobblestone-like shape and cell aggregation.
By contrast, collagen gel culture did not affect L929 viability and
proliferation. On The report that morphological changes of HeLa
cells are associated with the reorganization of DNA loop structure
domains [24] implies a possibility of that TNFa-stimulation
signaling in the L929 cells cultured on collagen gel including the
DNA loop structure is altered as well as cell membrane or sub-
membrane arrangement, since the cells cultured on the collagen
gel in general take a long time to initiate proliferation even under a
condition with rich soluble supplements. The interaction between
cell and ECM played an important role in cells' response to TNFa
treatment, although detailed mechanism remains to be elucidated.
Some intriguing reports include 1) Epithelial and leukemic cell
lines cultured on collagen matrices responded differently to taxol
treatment [25], and 2) Human fibrosarcoma cells grew on type I
collagen gel were also resistant to the anti-migratory effect of
doxorubicin [26]. These were consistent with our findings.

Proteins related to cellematrix interaction, such as integrin [27],
focal adhesion kinase (FAK)/phosphatidylinositol 3-kinase (PI3K)/
threonine kinase (AKT) pathway [28], ras guanyl nucleotide
releasing proteins (RasGRPs) [29] and transforming growth factor
type I (TGF) [30], had been reported to function differently in
regulating cell proliferation and the responding to drug treatments
in cells cultured on different matrix. Whether one or more of these



Fig. 4. Autophagy induced by TNFa treatment was markedly inhibited when the cells were cultured on collagen gel. (A) Cells cultured on collagen gel were treated with 4 ng/ml
TNFa for 24 h, and then observed under a fluorescent microscope after MDC staining. Scale bar ¼ 25 mm. (B) Flow cytometric analysis for MDC positive ratio was performed. (C)
Western blot analysis of LC3 protein. b-actin was used as an equal loading control. Data were expressed as mean ± S.D. *p < 0.05.
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proteins play a key role remains to be elucidated. Further studies
are still needed to fully reveal the mechanism of type I collagen gel
protection of L929 cells from TNFa toxicity.

Conflict of interest

None.

Acknowledgments

This study was supported by the National Fund for Talent
Training in Basic Science (No. J1103606).
References

[1] F. Grinnell, Cell-Collagen Interactions, Overview, in: D.W.F. Leon,W. Cunningham
(Eds.), Methods in Enzymology, Academic Press, 1982, pp. 499e503.

[2] Y. Suzuki, I. Someki, E. Adachi, S. Irie, S. Hattori, Interaction of collagen mol-
ecules from the aspect of fibril formation: acid-soluble, alkali-treated, and
MMP1-digested fragments of type I collagen, J. Biochem. 126 (1999) 54e67.

[3] K.E. Kadler, D.F. Holmes, J.A. Trotter, J.A. Chapman, Collagen fibril formation,
Biochem. J. 316 (1996) 1e11.

[4] H. Fujisaki, S. Hattori, Keratinocyte apoptosis on type I collagen gel caused by
lack of laminin 5/10/11 deposition and Akt signaling, Exp. Cell Res. 280 (2002)
255e269.

[5] J. Sasaki, H. Fujisaki, E. Adachi, S. Irie, S. Hattori, Delay of cell cycle progression
and induction of death of cancer cells on type I collagen fibrils, Connect. Tissue
Res. 52 (2010) 167e177.

http://refhub.elsevier.com/S0006-291X(15)00081-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref5


H.-J. Wang et al. / Biochemical and Biophysical Research Communications 457 (2015) 693e699 699
[6] T. Nishiyama, N. Akutsu, I. Horii, Y. Nakayama, T. Ozawa, T. Hayashi, Response
to growth factors of human dermal fibroblasts in a quiescent state owing to
cell-matrix contact inhibition, Matrix 11 (1991) 71e75.

[7] M.J. Tang, J.J. Hu, H.H. Lin, W.T. Chiu, S.T. Jiang, Collagen gel overlay induces
apoptosis of polarized cells in cultures: disoriented cell death, Am. J. Physiol.
275 (1998) C921eC931.

[8] E. Millerot-Serrurot, M. Guilbert, N. Fourr�e, W. Witkowski, G. Said, L. Van
Gulick, C. Terryn, J.-M. Zahm, R. Garnotel, P. Jeannesson, 3D collagen type I
matrix inhibits the antimigratory effect of doxorubicin, Cancer Cell. Int. 10
(2010) 26.

[9] N.A. Maianski, D. Roos, T.W. Kuijpers, Tumor necrosis factor alpha induces a
caspase-independent death pathway in human neutrophils, Blood 101 (2003)
1987e1995.

[10] D.A. Flick, G.E. Gifford, Comparison of in vitro cell cytotoxic assays for tumor
necrosis factor, J. Immunol. Methods 68 (1984) 167e175.

[11] A. L�evesque, A. Paquet, M. Pag�e, Measurement of tumor necrosis factor ac-
tivity by flow cytometry, Cytometry 20 (1995) 181e184.

[12] S. Mishra, A spin decay assay for tumor necrosis factor cytotoxicity, Indian J.
Biochem. Biophys. 32 (1995) 254e260.

[13] L.C. Trost, J.J. Lemasters, A cytotoxicity assay for tumor necrosis factor
employing a multiwell fluorescence scanner, Anal. Biochem. 220 (1994)
149e153.

[14] Y.-C. Ye, L. Yu, H.-J. Wang, S.-I. Tashiro, S. Onodera, T. Ikejima, TNFa-induced
necroptosis and autophagy via supression of the p38eNF-kB survival pathway
in L929 cells, J. Pharmacol. Sci. 117 (2011) 160e169.

[15] A. Biederbick, H. Kern, H. Els€asser, Monodansylcadaverine (MDC) is a specific
in vivo marker for autophagic vacuoles, Eur. J. Cell Biol. 66 (1995) 3e14.

[16] Y. Cheng, F. Qiu, T. Ikejima, Molecular mechanisms of oridonin-induced
apoptosis and autophagy in murine fibrosarcoma L929 cells, Autophagy 5
(2009) 430e431.

[17] K. Kataoka, D.J. Kim, S. Carbajal, J.L. Clifford, J. DiGiovanni, Stage-specific
disruption of Stat3 demonstrates a direct requirement during both the initi-
ation and promotion stages of mouse skin tumorigenesis, Carcinogenesis 29
(2008) 1108e1114.

[18] N. Festjens, T. Vanden Berghe, S. Cornelis, P. Vandenabeele, RIP1, a kinase on
the crossroads of a cell's decision to live or die, Cell Death Differ. 14 (2007)
400e410.

[19] P. Vandenabeele, L. Galluzzi, T. Vanden Berghe, G. Kroemer, Molecular
mechanisms of necroptosis: an ordered cellular explosion, Nature Rev. Mol.
Cell. Biol. 11 (2010) 700e714.
[20] D.G. Stupack, D.A. Cheresh, Get a ligand, get a life: integrins, signaling and cell
survival, J. Cell Sci. 115 (2002) 3729e3738.

[21] T. Sethi, R.C. Rintoul, S.M. Moore, A.C. MacKinnon, D. Salter, C. Choo,
E.R. Chilvers, I. Dransfield, S.C. Donnelly, R. Strieter, C. Haslett, Extracellular
matrix proteins protect small cell lung cancer cells against apoptosis: a
mechanism for small cell lung cancer growth and drug resistance in vivo, Nat.
Med. 5 (1999) 662e668.

[22] M. Makela, T. Salo, H. Larjava, MMP-9 from TNF alpha-stimulated keratino-
cytes binds to cell membranes and type I collagen: a cause for extended
matrix degradation in inflammation? Biochem. Biophys. Res. Commun. 253
(1998) 325e335.

[23] Y.C. Ye, H.J. Wang, L. Chen, W.W. Liu, S. Tashiro, S. Onodera, M.Y. Xia,
T. Ikejima, Negatively-regulated necroptosis by autophagy required caspase-6
activation in TNF alpha-treated murine fibrosarcoma L929 cells, Int. Immu-
nopharmacol. 17 (2013) 548e555.

[24] I. Martinez-Ramos, A. Maya-Mendoza, P. Gariglio, A. Aranda-Anzaldo, A global
but stable change in HeLa cell morphology induces reorganization of DNA
structural loop domains within the cell nucleus, J. Cell. Biochem. 96 (2005)
79e88.

[25] I. Serebriiskii, R. Castello-Cros, A. Lamb, E.A. Golemis, E. Cukierman, Fibroblast-
derived 3D matrix differentially regulates the growth and drug-
responsiveness of human cancer cells, Matrix Biol. 27 (2008) 573e585.

[26] N. Fourre, E. Millerot-Serrurot, R. Garnotel, J.M. Zahm, N. Bonnet, J.M. Millot,
P. Jeannesson, Extracellular matrix proteins protect human HT1080 cells against
the antimigratory effect of doxorubicin, Cancer Sci. 99 (2008) 1699e1705.

[27] W. Guo-Bao, C. Xiao-Qin, G. Qi-Rong, L. Jie, L. Gui-Nan, L. Yue, Arsenic trioxide
overcomes cell adhesion-mediated drug resistance through down-regulating
the expression of beta(1)-integrin in K562 chronic myelogenous leukemia
cell line, Leukemia lymphoma 51 (2010) 1090e1097.

[28] P. Xie, V.K. Kondeti, S. Lin, Y. Haruna, K. Raparia, Y.S. Kanwar, Role of extra-
cellular matrix renal tubulo-interstitial nephritis antigen (TINag) in cell sur-
vival utilizing integrin (alpha)vbeta3/focal adhesion kinase (FAK)/
phosphatidylinositol 3-kinase (PI3K)/protein kinase B-serine/threonine kinase
(AKT) signaling pathway, J. Biol. Chem. 286 (2011) 34131e34146.

[29] J. Takino, K. Nagamine, T. Hori, Ras guanyl nucleotide releasing protein 2 af-
fects cell viability and cell-matrix adhesion in ECV304 endothelial cells, Cell
Adhesion Migr. 7 (2013) 262e266.

[30] R. Mishra, L. Zhu, R.L. Eckert, M.S. Simonson, TGF-regulated collagen type I
accumulation: role of Src-based signals, Am. J. Physiol. Cell. Physiol. 292
(2007) C1361eC1369.

http://refhub.elsevier.com/S0006-291X(15)00081-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref30
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref30
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref30
http://refhub.elsevier.com/S0006-291X(15)00081-9/sref30

	Type I collagen gel protects murine fibrosarcoma L929 cells from TNFα-induced cell death
	1. Introduction
	2. Materials and methods
	2.1. Cells and cell culture
	2.2. Cell culture on collagen gel
	2.3. Reagents
	2.4. Cell viability assay
	2.5. Western blot analysis
	2.6. Flow cytometric analysis of membrane integrity
	2.7. Flow cytometric analysis of autophagy
	2.8. AO/EB staining of the nuclear morphology
	2.9. Statistical analysis

	3. Results
	3.1. L929 cells grown on collagen gel exhibited different morphology but proliferated similarly as those on conventional cell cu ...
	3.2. Cells grown on collagen gel showed resistance towards TNFα-induced bursting morphology and death
	3.3. Collagen gel inhibited TNFα-induced necroptosis in L929 cells
	3.4. Autophagy induced by TNFα treatment was also inhibited when cells were cultured on collagen gel

	4. Discussion
	Conflict of interest
	Acknowledgments
	References


