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Morphological Transformation Induced by
Glass Fibers in BALB/c-3T3 Cells
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Studies were conducted to determine whether 1) glass fibers can induce morpho-
logical transformation in BALB/c-3T3 cells, 2) the transforming activity of glass
fibers is related to fiber size, and 3) transformed cells induced by glass fibers pos-
sess neoplastic properties. In the transformation assay, BALB/c-3T3 cells were treated
with three different types of glass fibers: Manville code 100 (JM-100, Manville Corp.,
Denver, CO), Owens-Corming AAA-10 (AAA-10, Owens-Corning Corp., Toledo, OH},
and Owens-Corning general building insulation (ISL, Owens-Corning Corp.) fibers.
The neoplastic properties were investigated using the soft agar cloning and gene
transfection methods, All three different glass fibers were cytotoxic at high concen-
tratjons and induced dose-related increases in morphological transformation. The
transforming activity was inversely related to fiber size, with AAA-10 showing higher
activity than JM-100 and JM-100 showing higher activity than ISL fiber. Trans-
formed cells induced by glass fibers exerted anchorage-independent growth (90%)
and DNA transfection-mediated transformation (100%). These results indicate that
glass fibers are capable of transforming mammalian (BALB/c-3T3) cells in vitro as
a function of their physical properties and that glass fiber-induced transformed cells
possess preneoplastic characteristics.  © 1995 Wiley-Liss, Inc.*
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INTRODUCTION

Glass fibers, produced as either glass wool or glass filaments, are among the
most common man-made fibers. Glass wool fibers are relatively shorter and thinner
than glass filaments. Due to the wide range of their applications, such as thermal and
acoustical insulation in construction, reinforcement in plastics, light and image trans-
missions in communication, and popular use in decoration industries [1,2], glass fi-
bers gre manufactured in increasing amounts. Consequently, an increase in exposure

3

Address reprint requests and correspondence to Wen-Zong Whong, National Institute for Occupational
Safety and Health, 1095 Willowdale Road, Morgantown, WV 26505-2888.

© 1995 Wiley-Liss, Inc.  *This article is a US Government work
and, as such, is in the public domain in the United States of America.



64 Gao et al.

of workers as well as the general population to glass fibers seems likely. Therefore,
it is important to know whether these widely used substances pose a genotoxic haz-
ard to exposed subjects.

It has been reporteci that glass fibers do not induce gene mutations in Escheri-
chia coli and Salmonella typhimurium (3], or sister chromatid exchange (SCE) in
Chinese hamster ovary (CHO) cells and human fibroblasts in vitro [4]. However,
glass fibers have been shown to induce chromosomal breaks and rearrangements in
CHO cells, and chromosomal breaks, fragments, and micronuclei in Chinese ham-
ster lung (V79) cells [5,6]. They also induce a concentration-dependent increase in
morphological transformation in cultured Syrian hamster embryo cells [7,8]. Although
negative results were found in an inhalation exposure study, a significant increase
in cancer induction was observed in rats and hamsters following repeated instil-
lation of glass fibers [2]. Injection of glass fibers into the peritoneal cavity was
found to cause sarcomas or mesotheliomas in rats, but not in hamsters [2]. Re-
sults of epidemiological studies are also inconsistent. Furthermore, studies on
workers in the man-made vitreous fiber (MMVF) industry have failed to demon-
strate a correlation between fiber exposure and an incidence of lung cancer or
non-malignant respiratory diseases [9]. However, an increase in cancer incidence
has been reported in workers in the fiber production industries of Italy [10]. Also,
in an international investigation at 13 European MMVF-producing plants, an el-
evated incidence of lung cancer was found in workers with a 30- or more year
employment history [11].

It is conceivable that the evidence detailing the carcinogenic activity of glass
fibers is still inadequate. Thus, further studies regarding their carcinogenic potential
need to be conducted. In the current study, the cell transforming activity of these
man-made fibers was investigated using BALB/c-3T3 cells and the neoplastic prop-
erties of their transformed cells were also characterized.

MATERIALS AND METHODS
Fiber Samples

Three types of glass fibers—Owens-Corning AAA-10 microfiber (AAA-10,
Owens-Corning Corp., Toledo, OH), Manville code 100 (JM-100, Manville Corp.,
Denver, CO), and Owens-Corning general building insulation (ISL, Owens-Corning
Corp.)—were used in this study. Bulk samples of glass fibers were reduced in length
for use in the cell transformation experiments by using a knife mill. The length and
width distributions were obtained by light microscopy for the building insulation
sample and by transmission electron microscopy for the two types of microfibers

(Fig. 1).
Media and Reagents

Eagle’s minimum essential medium (MEM), Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), trypsin, penicillin, and streptomy-
cin were obtained from Gibco (Grand Island, NY). The eukaryotic transfection
kit and Nobel agar were purchased from Stratagene Co. (La Jolla, CA) and Difco
Laboratories (Detroit, MI), respectively. Phosphate buffered saline (PBS) was
purchased from Microbiology Systems (Cockeysville, MD) and proteinase K and
RNase A were purchased from Sigma Chemical Co. (St. Louis, MO).
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Fig. 1. Particle size distribution of three different glass fibers: JM-100 (+), AAA-10 (M), and ISL
(*). Results were derived from two independent experiments.

Cell Culture

BALB/c-3T3 cells provided by Dr. E.J. Matthews (Hazleton Laboratories,
Kensington, MD) were used for morphological transformation assays, whereas NIH-3T3
cells purchased from the American Type Culture Collection (Rockville, MD) were used
for transfection studies. Stock cells were maintained in liquid nitrogen. BALB/c-3T3
cultures were initiated by rapid thawing of a stock vial containing =1 x 10° cells at 37°C
and grown in MEM and DMEM, respectively, supplemented with 1% L-glutamine, 1%
penicillin/streptomycin, 50 mM gentamicin, and 10% FBS in 5% CO, at 37°C. Cells in
cultures were routinely passaged twice a week with a split ratio of 1:6. Cell cultures used
for experiments were passaged at least 3, but no more than 12 times.

Cell Transformation Assay '

The cell transformation assay was carried out as described by Matthews [12].
Concentrations of glass fibers for the cell transformation assay were selected based
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on data obtained from a preliminary cytotoxicity assay. Five concentrations that gave
approximately 10-80% survivors compared to the solvent control were performed for
each type of glass fiber. Solvent controls were culture medium and dimethylsulfoxide
(DMSO), whereas BaP\(0.2 pg/25 cm’ flask) was used as the positive control. For the
experiment, a series of 25 cm” flasks were seeded with 2.5 x 10* BALB/c-3T3 cells/flask
and incubated in 5% CO, at 37°C in a humidified atmosphere. Each treatment set con-
sisted of at least 20 culture flasks. A clonal assay was conducted simultaneously with the
transformation assay to verify the cytotoxicity of glass fibers. After 24 h of growth, the
seeded cell cultures were treated with each of the three different glass fibers and incu-
bated for 72 h. Upon completing the exposure period, cells were washed 2 times with
PBS, refed with fresh culture medium, and then incubated for 4-5 weeks with medium
changes twice per week. At the end of the incubation, cells from transformed foci were
isolated and cultured (for transfection and anchorage-independent growth studies) and
the flasks were then stained for scoring of the type III transformed foci.

Anchorage-Independent Assay

The soft agar suspension medium was prepared as described previously [13,14].
Briefly, 3 g of Noble agar (Difco) in 500 ml of plain MEM (no supplements) was
autoclaved for 20 min. After cooling to 50°C, 10% FBS, 1% L-glutamine, and 1%
antibiotics were added to the agar solution. Fifteen milliliters of the agar/medium
solution was pipetted into each 100 mm Petri dish and set aside to solidify. For the
top agar, 3% sterile molten agar solution was prepared with MEM. In 30 m] of com-
plete medium, 10* parent or glass fiber-transformed cells and 3 ml of molten agar
solution were added, and then 5 ml of cell/agar mixture was pipetted onto each of 6
bottom agar plates and incubated for 4 weeks with no medium change. At the end of the
incubation, colonies larger than 50 cells were scored as anchorage-independent clones.

Transfection Assay

The calcium-phosphate precipitation method [15} was employed for the DNA
transfection assay with minor modifications. Briefly, a series of 75 cm? culture flasks
were seeded with 5 x 10° NIH-3T3 cells/flask in 10 ml supplemented DMEM. After
an overnight incubation, 30 ug of DNA extracted from transformants was diluted
with distilled, deionized water to 450 . Fifty microliters of solution 1 (2.5 M CaCl,)
and 50 pl of solution 2 (2x N,N-bis[2-hydroxyethyl]-2-amino-ethane sulfonic acid
and buffered saline) were added to DNA, gently mixed, and allowed to incubate for
10-20 min at room temperature for the precipitation of DNA. After incubation, the
DNA precipitate was mixed carefully and then added drop by drop to the preseeded
NIH-3T3 cell culture. The plate was gently swirled to evenly distribute the precipi-
tate. Cell cultures were incubated for 12-24 h at 37°C in a 3% CO, incubator. At the
end of incubation, medium was removed and cultures were rinsed 2 times with PBS.
Fresh culture medium was added and cells were further incubated for 24 h. Cells in
each culture were then split at a 1:20 ratio and incubated for 4 more weeks with
medium changed biweekly. At the end of incubation, transformed type III foci in the
culture were scored as DNA transfectants.

Statistical Analysis

The cell transforming activity was analyzed according to the method of Matthews
[12], in which the data for the number of transformed foci in each culture flask were
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log,o-transformed and the levels of significance were determined using the t-test. For -
both the anchorage-independent growth and gene transfection assays, a one-tailed
Student’s t-test was used for the analysis.

RESULTS

The cytotoxicity of glass fibers was measured by the relative colony-forming
efficiency (RCE), which was defined as the percentage of the control colony-form-
ing efficiency (CFE) present in the treated cells (RCE = control CFE/treated CFE x
100%). As shown in Figure 2A, all three types of glass fibers were cytotoxic to
BALB/c-3T3 cells. At the higher concentrations (>10 pg/cm?), both JM-100 and AAA-
10 appeared to be more cytotoxic than ISL fiber. In the cell iransformation assay, all
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Fig. 2. Cytotoxic (A) and transforming activities (B) of glass fibers IM-100, AAA-10, and ISL in
BALB/c-3T3 cells (*significant). Transforming activities of solvent control (MEM) and positive con-
trol (BaP 0.2 pg/flask) were 0.11 and 2.64 foci/flask, respectively. The experiment was repeated three
times independently.
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three types of transformed foci were found in which type III foci, consisting of dense,
round cells and criss-cross cells at the periphery, were considered to be representa-
tive of true transformation. A concentration-related transformation was observed in
BALB/c-3T3 cells treated with three different glass fibers (Fig. 2B). The concentra-
tions which caused a significant increase in cell transformation were found from 10
pgfcm® for AAA-10, 10 pg/cm’® for JM-100 and 38 pg/cm? for ISL fibers. The trans-
formation potencies among the three types of fibers were in the order of AAA-10 >
JM-100 > ISL fibers,

The presence of anchorage-independent growth in glass fiber-induced trans-
formed cells was determined by colony-forming efficiency in soft agar medium.
In this medium, only cells carrying anchorage-independent growth divided and
formed visible colonies. Table I shows CFE of glass fiber-transformed BALB/c-
3T3 cells in soft agar. The transformed cells induced by glass fibers demon-
strated a greatly enhanced growth ability in soft agar compared to non-transformed
BALB/c-3T3 cells, The average CFE of the glass fiber-transformed cells in soft
agar ranged from 5.04 to 9.74%, which was significantly higher than the 0.34%
of non-transformed cells.

In the transfection assay, DNAs from 10 foci transformed by AAA-10 were
analyzed using the NITH-3T3 host cells. Results demonstrate that all 10 foci sig-
nificantly induced morphological transformation in the host cells (Table II). The
frequency of transfection-induced transformation was 0.23-2.2 foci/ug DNA of
glass fiber-transformed cells, 2—22 times higher than that of negative control (nor-
mal BALB/c-3T3 cells). The transfection-mediated transformation by DNA from
glass fiber-transformed cells was morphologically indistinguishable from that gen-
erated by transfection of plasmid DNA from T-24 human bladder carcinoma (posi-
tive control).

TABLE 1. Growth of Glass Fiber-Induced Transformed Cells in Soft Agar Medium

1,000 cells
Cells® Colonies (mean + SD) Cloning efficiency* (%)
1 (IM-100) 824146 8.24
J2 87.3+44 8.73
I3 85.6+3.7 8.56
J4 784125 7.84
I35 794 +3.6 7.94
Al (AAA-10) 554173 5.54
A2 89.5+£6.8 8.95
A3 97456 9.74
A4 92.1£6.7 9.21
A5 84.6 4.6 8.46
It (IS fiber) 504+58 5.04
12 80.5+3.7 8.05
I3 72.6£4.6 7.26
14 65.3+£35 6.53
I5 56.4+4.6 5.64
BALB/c-3T3 34+£27 0.34

°Fifth passage.
*All values for transformed cells are significantly higher than non-transformed BALB/c-3T3 cells
(P < 0.05).
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TABLE II. Transfection Efficiency of DNA From Transformed BALB/c-3T3 Cells Induced by
AAA-10 Glass Fibers

Transformation frequency®

Sample No. Foci /flasks® (mean + SE)
1 22/20 0.73 £ 0.16%*
2 11/20 0.37 £ 0.10*
3 7/20 0.23 £ 0.10**
4 25/20 0.83 £ 0.19**
5 42/20 1.40 & 0.23**
6 66/20 2.20 + 0.18%*
7 21720 0.70 £ 0.16%*
8 11/20 0.37 + 0.08%*
9 28/20 0.93 + 0.15%*

10 13/20 043 £ 0.19*

BALB/c-3T3° 3/20 0.10 + 0.06

H-ras oncogene’ 16/20 16.00 £ 4.94**

*Number of type III foci.

*Calculated according to Matthews [12].
“Non-transformed cell control.

Positive control (T-24).

*P <0.05.

##P < (0.01.

DISCUSSION

Results from these studies clearly demonstrate that glass fibers induced trans-
formation in a concentration-dependent manner. However, there were differences in
transforming activity among the three different glass fibers studied, in which the
sample of the shortest microfibers (AAA-10) showed the highest transforming po-
tency, whereas the sample of the thick and longest length (ISL fiber) showed the
lowest activity. This seems to indicate that glass fiber-induced transformation may
be related to fiber size. These observations are comparable to previous findings us-
ing other transformation systems, which showed that both thin (code 100) and thick
(code 110) glass fibers induced cell transformation in cultured Syrian hamster em-
bryo cells and that the cell-transforming activity was higher with thin than with thick
glass fibers [7,8]. Stanton et al. [16,17] also demonstrated a dimensional dependence
of fiber carcinogenesis in which the inactivation of short and large fibers by phago-
cytes (e.g., macrophages) was suggested to account for the non-correlation between
the number of fibers and tumor probability for fibers with width larger than 1.5 pm
and length smaller than 4 pum. Since the in vitro transformation assay system was
used in our studies, phagocytic inactivation would not occur. The finding of trans-
forming activity of ISL fiber with a greater width and length may be attributed to the
presence of a small fraction of small size fibers in the sample.

All transformed foci induced by three different glass fibers showed typical char-
acteristics of morphological transformation, such as random cellular orientation, cell
piling up, and high saturation density [12,18]. The transfection study revealed that
DNAs from glass fiber (AAA-10)-transformed cells induced transfection-mediated
transformation in host NIH-3T3 cells, suggesting that the cells transformed by glass
fibers contain transforming genes. Furthermore, soft agar cloning analysis provided
evidence that glass fiber-induced transformed cells possessed another transformed
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property, anchorage-independent growth [19]. It has been reported that the ability to
grow in soft agar (anchorage-independent growth) is well correlated with tumorige-
nicity in vivo [19-24]. Our study, therefore, indicated that transformed cells induced
by glass fibers carried characteristics of preneoplastic transformation.

Carcinogenesis has been proposed to be a multistep process [25] and it may
involve the activation of oncogenes and/or the inactivation of tumor suppressor genes
[26]. The actual mechanism of cell transformation induced by glass fibers is un-
known. With the Syrian hamster embryo cell system, Oshimura et al. [8] showed
that glass fibers were positive in inducing both morphological transformation and
chromosomal changes. Recent studies by Liu et al. [6] showed that glass fibers are
capable of inducing micronuclei in V79 cells. Using kinetochore analysis, this group
further demonstrated that glass fiber-induced micronuclei resulted from spindle fiber
damage. Based on these findings, it can be postulated that cell transformations in-
duced by glass fibers may be related to chromosomal abnormalities [7,8]. It has also
been reported that transfection-mediated transformation often results from the trans-
ference of activated proto-oncogenes (e.g., ras) present in donor DNAs to their re-
spective host cells [27,28]. Since positive results were found for gene transfection
with DNAs from glass fiber-transformed cells, transforming genes derived from the
alteration of proto-oncogenes and/or tumor suppressor genes may also contribute to
cell transformation induced by glass fibers. To provide insight into the mechanisms
of potential glass fiber carcinogenesis, molecular analyses of these genes in glass
fiber-induced transformed cells are now in progress.

*

ACKNOWLEDGMENTS

The authors thank Drs. Ann Hubbs and Craig Stamm for their critical review
and Mrs. Helen Michael for her secretarial assistance.

REFERENCES

1. U.S. Department of Commerce: “Census of Manufacturers: Abrasive, Asbestes, and Miscellaneous
Nonmetallic Mineral Products,” Publ. No. MC 82-1-32E. Washington, DC: U.S. Department of
Commerce, 1982,

2. TARC: “IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Man-Made Min-
eral Fibers and Radon, Vol. 43.” IARC, Lyon, France, 1988.

3. Chamberlain M, Tarmy EM: Asbestos and glass fibers in bacterial mutation tests. Mutat Res
43:159-164, 1977.

4, Casey G: Sister-chromatid exchange and cell kinetics in CHO-Ki cells, human fibroblasts and
lymphoblastoid cells exposed in vitro to asbestos and glass fiber. Mutat Res 116:369-377, 1983.

5. Brown RC, Chamberlain M, Davies R, Gaffen J, Skidmore JW: In vitro biological effects of glass
fibers. J Environ Pathol Toxicol 2:1369-1383, 1979.

6. Liu L, Robbins S, Zhong BZ, Whong WZ, Wallace WE, Ong T: In vitro micronucleus assay with
kinetochore analysis: Studies of V79 cells treated with three glass fibers (abstract). Environ Mol
Mutagen 21(Suppl 22):42, 1993.

7. Hesterberg TW, Barrett JC: Dependence of asbestos- and mineral dust-induced transformation of
mammalian cells in culture on fiber dimension. Cancer Res 44:2170-2180, 1984.

8. Oshimura M, Hesterberg TW, Tsutsui T, Barrett JC: Correlation of asbestos-induced cytogenetic
effects with cell transformation of Syrian hamster embryo cells in culture. Cancer Res 44:5017-5022,
1984,

9. Gross P: Man-made vitreous fibers: An overview of studies on their biologic effects. Am Ind Hyg
Assoc J 47:717-723, 1986.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23,

24.

25.

26.

27.

28.

Glass Fibers Transform BALB/c-3T3 Cells 71

Bertazzi PA, Zocchetti C, Riboldi L, Pesatoni A, Raice L, Latocca R: Cancer mortality of an
Italian cohort of workers in man-made glass-fiber production. Scand J Work Environ Health 12(Suppl
1):65-71, 1986.

Saracci R, Simonato L, Acheson ED, Andersen A, Bertazzi PA, Claude J, et al.: Mortality and
incidence of cancer of workers in the man-made vitreous fibers producing industry: An interna-
tional investigation at 13 European plants, Br J Ind Med 41:426-436, 1984.

Matthews EJ: Assessment of chemical carcinogen-induced transforming activity using BALB/c-
3T3 cells. J Tissue Culture Methods 10:157-164, 1986.

Freshney RI: “Cultures of Animal Cells, a Manual of Basic Technique.” New York: Alan R. Liss,
1983, pp 133-136.

Wu ZL, Chen JK, Ong T, Matthews EJ, Whong WZ: Induction of morphological transformation of
coal-dust extract in BALB/3T3 A31-1-13 cell line. Mutat Res 242:225-230, 1990.

Graham FL, van der Eb AJ: A new technique for the assay of infectivity of human adenovirus 5
DNA. Virology 52:456-467, 1973.

Stanton MF, Layard M, Tegeris A, Miller E, May M, Kent E: Carcinogenicity of fibrous glass:
Pleural response in the rat in relation to fiber dimension. J Natl Cancer Inst 58:587-603, 1977.
Stanton MF, Layard M, Tegeris A, Miller E, May M, Morgan E, Smith A: Relation of particle
dimension to carcinogenicity in amphibole asbestoses and other fibrous minerals. J Natl Cancer
Inst 67:965-975, 1981.

Kakunaga T: A quantitative system for assay of malignant transformation by chemical carcinogens
using a clone derived from BALB/3T3. Int J Cancer 12:463-473, 1973.

Freedman VH, Shin S: Cellular tumorigenicity in nude mice: Correlation with cell growth in semi-
solid medium. Cell 3:355-359, 1974.

Aaronson SA, Todaro GJ: Basis for the acquisition of malignant potential by mouse cells culti-
vated in vitro. Science 162:1024—-1026, 1968.

Shin S, Freedman VH, Risser R, Pollack RP: Tumorigenicity of the virus-transformed cells in
nude mice is correlated specifically with anchorage-independent growth in vitro. Proc Natl Acad
Sci USA 72:4435-4439, 1975.

Barrett JC, Crawford BD, Mixter LO, Schechtman LM, Ts’o PO, Pollack R: Correlation of in vitro
growth properties and tumorigenicity of Syrian hamster cell lines. Cancer Res 39:1504-1510, 1979.
Rundell JO, Gunatakata M, Matthews EJ: Criterion development for the application of BALB/c-
3T3 cells to.routine testing for chemical carcinogenic potential. In Waters MD, Sandhu S, Lewtas
J, Claxton L, Shernoff M, Newnow S: “Short-Term Bioassays in the Analysis of Complex Envi-
ronmental Mixtures III.” New York: Plenum Press, 1983, pp 309-324.

Smith GJ, Bell WM, Grisham JW: Clonal analysis of the expression of multiple transformation
phenotypes and tumorigenicity by morphologically transformed 10T1/2 cells. Cancer Res
53:500-508, 1993.

Vogelstein B, Fearon E, Hamilton SR, Kern S, Oreisinger AC, Leppert M, Nakamura Y, White R:
Allelotype of colorectal carcinoma. Science 244:207-211, 1989.

Weinberg RA: “Oncogenes and Molecular Origins of Cancer.” Monograph 18. Cold Spring Har-
bor, NY: Cold Spring Harbor Laboratory Press, 1989, p 367.

Shimizu K, Goldfarb M, Suard Y, Perucho M, Li Y, Kamata K, Feramisco H, Stavnezer E, Fogh J,
Wigler M: Three human transforming genes are related to the viral ras oncogenes. Proc Natl Acad
Sci USA 80:2112-2116, 1983.

Ananthaswamy HN, Price JE, Goldberg LH, Bales ES: Detection and identification of activated
oncogenes in human skin cancers occurring on sun-exposed body sites. Cancer Res 48:3341-3346,
1988.





