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Genetic susceptibility to progressive
massive fibrosis in coal miners

B. Yucesoy*, V.J. Johnson*, G.E. Kissling#, K. Fluharty*, M.L. Kashon', J. Slaven’,
D. Germolec®, V. Vallyathan® and M.I. Luster*

ABSTRACT: Progressive massive fibrosis (PMF) is a chronic interstitial lung disease with a
complex aetiology that can occur after cumulative dust exposure. A case-control study was
conducted to test the hypothesis that single nucleotide polymorphisms (SNPs) within genes
involved in inflammatory and fibrotic processes modulate the risk of PMF development.

The study population consisted of 648 underground coal miners participating in the National Coal
Workers Autopsy Study, of which 304 were diagnosed with PMF. SNPs that influence the regulation of
interleukin (IL)-1, IL-6, tumour necrosis factor-a, transforming growth factor-f1, vascular endothelial
growth factor (VEGF), epidermal growth factor intercellular cell adhesion molecule (ICAM)-1 and
matrix metalloproteinase-2 genes were determined using a 5'-nuclease real-time PCR assay.

There were no significant differences in the distribution of any individual SNP or haplotype
between the PMF and control groups. However, the polygenotype of VEGF +405/ICAM-1
+241/IL-6 -174 (C-A-G) conferred an increased risk for PMF (odds ratio 3.4, 95% confidence
interval 1.3-8.8).

The present study suggests that the examined genetic variations that help regulate
inflammatory and fibrotic processes are unlikely to strongly influence susceptibility to this
interstitial lung disease, although the role of vascular endothelial growth factor, intercellular cell
adhesion molecule-1 and interleukin-6 polymorphisms in the development of progressive massive

fibrosis may require further investigation.
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rogressive massive fibrosis (PMF) is a
P severe form of coal workers” pneumoco-

niosis (CWP), characterised by bilateral
asymmetrical lesions and a background of simple
CWP and emphysema. Pathologically, PMF is
defined as parenchymal lesions of >2 cm in
diameter, most often found in the upper posterior
portions of the lungs. These lesions may obliter-
ate blood vessels and bronchioles and lead to
respiratory insufficiency and hypoxia. PMF can
develop and progress even after exposure to coal
dust has ceased. Progression from simple pneu-
moconiosis to PMF has been related to the extent
and duration of dust exposure, impaired clear-
ance and frequency of pulmonary infections [1].

The pulmonary response following coal dust
exposure is characterised by inflammation, epithe-
lial cell injury, proliferation of interstitial cells
and the development of coal mine dust-induced
pathological lesions with varying amounts of
collagen. Cytokines released by activated macro-
phages are involved in the recruitment of inflam-
matory cells into the alveolar walls and spaces.
These inflammatory mediators also play a role in
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the remodelling process through stimulation of
fibroblast proliferation and collagen synthesis
[2, 3]. Increased levels of tumour necrosis factor
(TNF)-0, interleukin (IL)-1, IL-6 and intercellular
cell adhesion molecule (ICAM)-1 have been found
in experimental models of pulmonary fibrosis [4, 5]
and in the airways of coal miners [6, 7]. Continuous
release of TNF-o from alveolar macrophages has
been reported in miners with PMF [7]. The
measurement of coal dust-induced TNF-u release
along with transforming growth factor (TGF)-B
was proposed as a marker of CWP for the
identification of high- and low-risk groups [8].

Growth factors, such as TGF-B, promote synth-
esis and deposition of extracellular matrix.
Others, such as epidermal growth factor and
vascular endothelial growth factor (VEGF), pro-
mote proliferation and maturation of epithelial
and endothelial cells. TGF-f has been widely
implicated in the development and progression
of experimental and human lung fibrosis [9, 10].
Increased levels of TGF-f1 were found in
bronchoalveolar lavage fluid of miners with
simple CWP [11] and in the areas of scar tissue
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GENETIC SUSCEPTIBILITY TO PMF

in the silicotic PMF lesions [12]. Pulmonary inactivation of
VEGF causes changes that are characteristic of emphysema in
mice [13], and reduced pulmonary levels of VEGF are found in
patients with emphysema and pulmonary fibrosis [14]. In
addition, matrix metalloproteinases have been implicated in
the pathogenesis of pulmonary fibrosis due to their roles
in tissue repair and remodelling [15, 16]. Therefore, the early
and persistent expression of pro-inflammatory cytokines and
subsequent presence of growth factors, cell surface adhesion
molecules and fibrogenic factors control the hallmarks of
pulmonary fibrosis.

In contrast to other occupational pulmonary diseases, there are
limited studies investigating susceptibility genes for PMEF.
Pulmonary fibrosis is a multifactorial disease likely to be
influenced by a number of genetic and environmental factors.
Therefore, it is unlikely that any single gene variant would
have a major influence on disease risk. It is possible that
multiple events act in concert in the development and
progression of the disease, as suggested by the fact that only
a minority of CWP cases (0.7%) progress to PMF [17].
Therefore, in the present study, combinatorial effects of
multiple single nucleotide polymorphisms (SNPs) were exam-
ined in the genes involved in this complex disease process in a
large group of coal workers.

METHODS

Study population

The study population consisted of a subgroup of 700 male
underground coal miners and demographic information
submitted to the National Coal Workers Autopsy Study.
From a total of 6,580 autopsy lung tissues received during
1972-1996, 525 cases with histologically confirmed PMF were
re-reviewed and graded for CWP and other disease status
according to the criteria and schema developed by a joint
committee of the College of American Pathologists and the
National Institute for Occupational Safety and Health [18]. A
total of 175 cases were excluded on the basis of having
conglomerate silicosis. The histological criteria used to estab-
lish PMF cases included the presence of discrete, highly coal
dust-laden fibrotic lesions measuring >1 cm with irregular
deposition of collagen fibres in a minimum of three lung
sections from each case. Lung tissues from 344 coal miners
matched for age, smoking history and underground exposure
history, but without any histopathological evidence of pul-
monary disease, served as controls. The individuals were from
different mines but were from similar geographical coal
mining areas.

Genotyping

Genomic DNA was prepared from formalin-fixed, paraffin-
embedded lung tissue blocks following microwave deparaffi-
nisation using a commercial DNA isolation kit (Promega,
Madison, WI, USA). Genotyping was performed on genomic
DNA, using a 5'-nuclease PCR assay. Primers and probes were
designed using the Assay-by-Design™ service (Applied
Biosystems, Foster City, CA, USA). Table 1 lists the primer
and probe sequences for each polymorphism. PCR amplifica-
tion was performed in a volume of 25 uL containing 10 ng
genomic DNA, 12.5 uL. 2X TagMana Universal Master Mix
(Applied Biosystems), 200 nM probe and 900 nM primer.
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Cycling conditions were 50°C for 2 min and 95°C for 10 min,
followed by 50 cycles at 92°C for 30 s and 60°C for 1 min.
Amplification was performed using an iCyclers IQ (Biorad
Laboratories, Hercules, CA, USA) real-time thermal cycler.
Positive (DNA freshly obtained from human blood samples)
and negative controls were included within each run to
determine experimental consistency. All samples with ambig-
uous results were repeated, as were a random selection of 10%
of all samples, to ensure laboratory quality control.

The overall rate of successful DNA isolation was >90%, which
is consistent with other studies that examined fixed tissues
[19]. Unsuccessful isolations were slightly more likely to occur
in cases than in controls due to the tissue quality in samples
with extensive fibrotic lesion and coal dust accumulation.

Statistical analysis

Differences between PMF cases and controls with respect to
demographic and other characteristics of the subjects were
evaluated using Chi-squared tests for discrete variables and
unpaired two-sample t-tests for continuous variables. Data sets
that violated the normality assumption of these analyses were
analysed after normalising transformations. There were no
significant differences between cases and controls based upon
age or smoking history. For reasons of power, heterozygous
and homozygous subjects for the risk allele of each SNP were
combined into carriers of at least one copy of the risk allele.
Potential associations between each SNP and PMF were tested
using Chi-squared tests for single SNP associations and
Mantel-Haenszel Chi-squared tests for multiple SNP associa-
tions. The Breslow-Day test was performed to evaluate
homogeneity of the odds ratios (OR). The Expectation—
Maximisation algorithm was used to determine haplotypes
and their frequencies. A Chi-squared test was performed to
determine haplotype—phenotype association by comparison
with a reference haplotype chosen on the basis that it was
present most frequently.

RESULTS
The demographic characteristics of the study groups included
in the analyses are described in table 2.

Emphysema was present in both PMF and control groups (93.7
and 84.2%, respectively), most likely caused by smoking and
focal emphysema associated with macules.

Differences in individual genotype frequencies between cases
and controls did not reach statistical significance for any of the
individual polymorphisms studied (table 3). As unsuccessful
genotyping of subjects did not occur in the same individuals
for every gene, each analysis did not have the same sample
size. The reported frequencies for each genotype are based on
all samples successfully genotyped.

The allele frequencies in the control population were similar to
those determined in other studies involving Caucasian popula-
tions and were in Hardy—Weinberg equilibrium (data not shown).

Likewise, there were no significant associations detected with
disease when interactions among two variants were examined.
This apparent lack of association, however, can be misleading
if the association between one SNP and disease is dependent
upon whether the risk allele for the second SNP is present,
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Real-time PCR primer and probe sequences
Cytokine Ref SNP Substitution Probes Primers
SNP ID*
Name Sequence Name Sequence
IL-1p -511 rs16944 C-T Probe-C VIC-AGAGCTCCCGAGGC-MGB Primer-F CAGAGGCTCCTGCAATTGACA
Probe-T FAM-AGCTCCTGAGGCAGA-MGB Primer-R GGTCTCTACCTTGGGTGCTGTTC
IL-1p +3953 rs1143634 C—>T Probe-C VIC-TGTGTCGAAGAAGAT-MGB Primer-F CCTAAACAACATGTGCTCCACATT
Probe-T FAM-TCCCATGTGTCAAAGA-MGB Primer-R ATCGTGCACATAAGCCTCGTTA
IL-10 +4845 rs17561 G-T Probe-G VIC-AGGTCAGCACCTTT-MGB Primer-F GCACTTGTGATCATGGTTTTAGAAA
Probe-T FAM-AGGTCATCACCTTTT-MGB Primer-R GTATTTCACATTGCTCAGGAAGCT
IL-6 -174 rs1800795 G—C Probe-G VIC-TCTTGCGATGCTAAA-MGB Primer-F TGACGACCTAAGCTGCACTTTTC
Probe-C FAM-TCTTGCCATGCTAAA-MGB Primer-R GGGCTGATTGGAAACCTTATTAAGA
TGF-p1 -509  rs1800469 C—>T Probe-C VIC-CCATCCCTCAGGTGT-MGB Primer-F AAGGAGAGCAATTCTTACAGGTGTCT
Probe-T FAM-CATCCTTCAGGTGTC-MGB Primer-R GCCTCCGGAGGGTGTCA
TNF-a -238 rs361525 G—A Probe-A VIC-CTCCCTGCTCTGATTC-MGB Primer-F CAGTCAGTGGCCCAGAAGAC
Probe-G FAM-CCCTGCTCCGATTC-MGB Primer-R AGCATCAAGGATACCCCTCACA
TNF-a -308 rs1800629 G—A Probe-A VIC-CCCGTCCTCATGCC-MGB Primer-F CCAAAAGAAATGGAGGCAATAGGTT
Probe-G FAM-CCCGTCCCCATGCC-MGB Primer-R GGACCCTGGAGGCTGAAC
VEGF +405 rs2010963 G—C Probe-G VIC-CCCTGTCCCTTTCG-MGB Primer-F GAGAGAAGTCGAGGAAGAGAGAGA
Probe-C FAM-CCTGTCGCTTTCG-MGB Primer-R CCCAAAAGCAGGTCACTCACTT
EGF +61 rs4444903 G—A Probe-A VIC-CCAAGGGTTGTAGCTGG-MGB Primer-F TCCATATTTCTTCTTTCAGCCCCAAT
Probe-G FAM-AAGGGTTGTGGCTGG-MGB Primer-R ACAGAGCAAGGCAAAGGCTTA
ICAM-1 +241  rs1799969 G—A Probe-A VIC-TGGGAACAGCCTGTC-MGB Primer-F CAGGGGACCGTGGTCTGTT
Probe-G FAM-TGGGAACAGCCCGTC-MGB Primer-R CATAGGTGACTGTGGGGTTCAA
MMP-2 -1306 rs243865 C—>T Probe-C VIC-CTAAAGAGGTGGAGTGCT-MGB Primer-F GCCATTGTCAATGTTCCCTAAAACA
Probe-T FAM-CTAAAGAGGTAGAGTGCT-MGB Primer-R TGACTTCTGAGCTGAGACCTGAA

SNP: single nucleotide polymorphism; IL: interleukin; TGF: transforming growth factor; TNF: tumour necrosis factor; VEGF: vascular endothelial growth factor; EGF:
epidermal growth factor; ICAM: intercellular cell adhesion molecule; MMP: matrix metalloproteinase; VIC: probe dye; FAM: probe dye; MGB: minor groove binder;
F: forward; R: reverse. #: National Center for Biotechnology Information reference SNP ID.

i.e. if the ORs are heterogeneous. The ORs were significantly DISCUSSION

heterogeneous for the VEGF +405/ICAM-1 +241, VEGF +405/
IL-6 -174, and TNF-o -238/TNF-a -308 pairs. Examinations of
only these pairs, along with the triple VEGF +405/ICAM-1
+241/1L-6 -174 combination, found no significant association
of the TNF-o -238/TNF-o. -308 pair with PMF. However,
individuals with the combined genotype (polygenotype) of
VEGF +405/ICAM-1 +241/IL-6 -174 (C-A-G) were at a signifi-
cantly higher risk of developing PMF (OR 3.4, 95% confidence
interval 1.3-8.8) than individuals with the other allelic
combinations of VEGF, ICAM-1 and IL-6 SNPs. Of the
individuals having the polygenotype VEGF +405/ICAM-1
+241/1L-6 -174 (C-A-G), 74% had PMF and 26% did not.

Haplotype analysis was performed for the TNF-o. and IL-1
genes. Two SNPs in TNF-o and three SNPs in the IL-1 genes
generated four and eight haplotypes, respectively. In logistic
regression analyses, the reference haplotypes carrying only the
most common alleles, TNF-o -238 /TNF-o -308 (G-G, 78.38%)
and IL-1P -511/IL-1B +3953/IL-10 +4845 (C-C-G, 37.64%),
were the reference haplotypes that were to be compared with
all other haplotypes. There were no significant differences
between the other haplotypes and the reference haplotype in
any of the comparisons, with or without any adjustments for
the significant covariates. Likelihood estimates for the covari-
ates also indicated that none of the covariates were significant
indicators of PMF.
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In the present study, the frequency distribution of SNPs in
genes involved in the regulation of inflammatory and fibrotic
processes was investigated in a population of coal miners with
and without PMF. None of the investigated polymorphisms
had a statistically significant effect on disease when studied
individually or in pairs. The present authors determined that

1y =185 Demographic characteristics of the study groups

Control PMF p-value

Subjects n 344 304

Age yrs 69.9+9.0 69.9+8.9 0.97
Smokers % 66.5 62.4 0.56
Smoking yrs 16.84+18.2 16.6+18.8 0.89
Mining yrs 348+11.4 351+11.2 0.78
Surface yrs 225+171 22.8+16.7 0.87
Underground yrs 32.8+11.8 33.3+11.6 0.63
Caucasian 312 (91.5) 271 (89.4) 0.63
African-American 16 (4.7) 19 (6.3)

Data are presented as mean+sb or n (%), unless otherwise stated. PMF:
progressive massive fibrosis.
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ay-\:18 51 Distribution of the genotypes in the study groups

Genotype Controls PMF OR (95% CI)
TNF-0 -308

GG 225 (70.8) 192 (65.8)

GA 83 (26.1) 85 (29.1) 1.20 (0.84-1.72)

AA 10 (3.1) 15 (5.1) 1.76 (0.77-4.00)
TNF-a -238

GG 309 (91.4) 275 (92.0)

GA 27 (8.0) 24 (8.0) 1.00 (0.56-1.77)

AA 2 (0.6) 0
TGF-p1 -509

CEC 170 (52.3) 143 (50.5)

cr 121 (37.2) 109 (38.5) 1.07 (0.76-1.50)

T 34 (10.5) 31 (11.0) 1.08 (0.63-1.85)
VEGF +405

GG 154 (47.4) 149 (52.0)

GC 130 (40.0) 106 (36.9) 0.84 (0.60-1.18)

CEC 41 (12.6) 32 (11.1) 0.81 (0.48-1.35)
EGF +61

GG 138 (44.0) 106 (38.0)

GA 132 (41.6) 121 (43.4) 1.19 (0.84-1.70)

AA 47 (14.8) 52 (18.6) 1.44 (0.90-2.30)
ICAM-1 +241

GG 245 (79.0) 212 (78.8)

GA 57 (18.4) 50 (18.6) 1.01 (0.66-1.54)

AA 8 (2.6) 7 (2.6) 1.01 (0.36-2.83)
IL-6 -174

GG 122 (38.8) 114 (42.0)

GC 134 (42.7) 113 (41.5) 0.90 (0.63-1.29)

CC 58 (18.5) 45 (16.5) 0.83 (0.52-1.32)
MMP-2 -1306

cC 202 (63.3) 170 (61.8)

CT 97 (30.4) 86 (31.3) 1.05 (0.74-1.50)

T 20 (6.3) 19 (6.9) 1.13 (0.58-2.18)
IL-10 +4845

GG 179 (563.8) 162 (565.7)

GT 121 (36.3) 104 (35.7) 0.95 (0.68-1.33)

T 33 (9.9 25 (8.6) 0.84 (0.48-1.47)
IL-1B -511

CcC 136 (40.0) 119 (39.3)

CT 161 (47.4) 137 (45.2) 0.97 (0.69-1.36)

T 43 (12.6) 47 (15.5) 1.25 (0.77-2.02)
IL-1p +3953

CcC 203 (60.6) 187 (63.0)

CT 110 (32.8) 93 (31.3) 0.92 (0.65-1.29)

T 22 (6.6) 17 (5.7) 0.84 (0.43-1.63)

Data are presented as n (%), unless otherwise stated. PMF: progressive
massive fibrosis; OR: odds ratio; Cl: confidence interval; TNF: tumour necrosis
factor; TGF: transforming growth factor; VEGF: vascular endothelial growth
factor; EGF: epidermal growth factor; ICAM: intercellular cell adhesion
molecule; IL: interleukin; MMP: matrix metalloproteinase.

the study had sufficient statistical power to report this finding.
Based on the observed minor allele frequencies among the
controls between 21.0 and 61.2%, the study had 90% power to
detect an OR of >1.8 if it existed. For the rarest minor allele
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frequency, 8.6% (i.e. TNF-a -238), an OR of >2.2 could be
detected with 90% power.

Since common variants contribute only a small fraction to the
overall disease risk, it is not unexpected that the individual
SNPs did not reach statistical significance. In a multifactorial
disease, such as PMF, it is likely that genetic susceptibility is
dependent upon the effect of multiple gene polymorphisms
acting at each step in combination with exposure. Although
the selection of candidate genes was based on their biological
roles in the disease process, it was limited to the genes that
have already been identified and characterised. There are
potentially many, as yet unidentified, genetic variants that
can contribute to PMF risk. Alternatively, disease risk could
also depend on polymorphisms in linkage disequilibrium
with other variations that influence susceptibility to PMF.
Moreover, interindividual differences in the expression of
selected genes may influence disease progression by acting as
disease modifiers. These variants may modify the progression
or severity of disease alone or in certain genotype combina-
tions, in the presence of other genetic or environmental factors.
Alternatively, they could represent the modifying effects of
genetic factors that have yet to be described. However, the
present study design was not appropriate for such evaluation,
due to the presence of only severe cases of disease.

Previous association studies in coal miners have focused
primarily on investigation of SNPs in the TNF-o and IL-1
genes. It has been shown that the TNF-o -238 and -308 variants
are associated with silicosis [20, 21]. In a recent study
investigating TNF-o. gene variations in Japanese miners with
CWP and PMF, no association was found between the TNF-o
-238 and -308 variants and PMF [22], and it was suggested that
these variants may not be related to the severity of CWP. The
present results confirm this conclusion in a significantly larger
group of coal miners. IL-1p +3953 and -511 polymorphisms
have also been studied in silicosis, but no associations were
found between these variants and disease [23]. Recently, the
IL-1o0 -889 SNP was reported to be associated with CWP
susceptibility in a Chinese population [24]. However, the
study did not have enough power to detect statistically
significant associations, due to its small sample size (45 miners
with CWP).

Although none of the individual SNPs selected were associated
with PMF, three-way interaction analyses showed that the
VEGF +405, ICAM-1 +241 and IL-6 -174 SNPs might interact
synergistically to affect the occurrence of PMF. The combina-
torial effect of VEGF +405, ICAM-1 +241, and IL-6 -174 gene
variants appears to mirror the interaction observed in vivo
between VEGF, ICAM-1 and IL-6 proteins. IL-6 plays a key role
in driving the acute inflammatory response and in the
production of acute phase proteins [25]. Although the role of
the -174 G—C SNP in the IL-6 gene in disease is unclear,
several studies showed that the G allele was associated with
higher plasma levels [26] and with various inflammatory lung
diseases [27]. In vivo studies have shown that a reciprocal
interaction between IL-6 and ICAM-1 influence production of
other acute phase proteins and hence amplifies and maintains
the inflammatory response. ICAM-1 has been shown to play
a critical role in bleomycin-induced pulmonary fibrosis by
regulating the production of pro-inflammatory cytokines
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including IL-6 [28]. A polymorphism in codon +241 (A allele)
was found to be associated with a lower serum ICAM-1 level
and chronic inflammatory diseases [29, 30]. IL-6 also plays
multiple roles in angiogenesis and vascular remodelling by
upregulating VEGF, a major regulator of angiogenesis, in both
transcription and protein levels in many cell types [31]. The
polymorphism at +405 G—C has been shown to regulate VEGF
expression, and higher production has been associated with
the +405 G allele [32]. Elevated levels of VEGF and soluble
ICAM-1 have been linked to elevated IL-6 levels in breast
cancer [33]. Under in vitro conditions, VEGF induces the
expression of cell adhesion molecules, such as ICAM-1, in
endothelial cells and promotes the adhesion of leukocytes [34].
Thus, particular SNPs in the VEGF, ICAM-1 and IL-6 genes
may influence the interaction and amplification process
between these genes, and play an important role in the
pathogenesis of pulmonary fibrosis.

Taken together, the results suggest that the individual single
nucleotide polymorphisms are unlikely to have a significant
role in the development of progressive massive fibrosis. This is
the first extensive genetic study that highlights a possible
combinatorial effect of interleukin-6, vascular endothelial
growth factor and intercellular cell adhesion molecule-1
functional single nucleotide polymorphisms in progressive
massive fibrosis. Since single nucleotide polymorphism inter-
actions provide insight into the relationship of complex
pathways and highlight key genes that could be targets for
further studies, the polygenotype/disease association found in
the present study requires further exploration in independent
data sets. Furthermore, it will be important to examine the
functional effects of other variant combinations in these genes,
to understand the mechanisms by which they modulate
susceptibility to progressive massive fibrosis.
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