644

ORIGINAL ARTICLE

Identification of candidate lung cancer susceptibility
genes in mouse using oligonucleotide arrays

W J Lemon*, H Bernert*, H Sun, Y Wang, M You

See end of article for
authors’ affiliations
*These two authors
contributed equally to this
work.

Correspondence to:

Dr M You, Manuel
Tzagournis Medical
Research Facility, Room
530, 420W West 12th
Avenue, Columbus, Ohio
43210, USA;
you-1@medctr.osu.edu

J Med Genet 2002;39:644-655

We applied microarray gene expression profiling to lungs from mouse strains having variable suscep-
tibility to lung tumour development as a means to identify, within known quantitative trait loci (QTLs),
candidate genes responsible for susceptibility or resistance to lung cancer. At least eight chromosomal
regions of mice have been mapped and verified to be linked with lung tumour susceptibility or resist-
ance. In this study, high density oligonucleotide arrays were used to measure the relative expression
levels of >36 000 genes and ESTs in lung tissues of A/J, BALB/cJ, SM/J, C3H/HeJ, and C57BL/6)

mice. A number of differentially expressed genes were found in each of the lung cancer susceptibility

QTLs. Bioinformatic analysis of the differentially expressed genes located within QTLs produced 28
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susceptibility or resistance to pulmonary adenomas

have been described in mice using inbred strains
showing widely different susceptibilities to formation of both
spontaneous and chemical induced lung tumours.'” Suscepti-
bility is intrinsic to the lung itself as shown by the classical
experiments involving lung explants from sensitive and
resistant mice.*’ After carcinogen administration to F, mice
previously made host to these explants, only the lungs from
the sensitive mouse strain developed tumours.'’ Matings of
sensitive A/J and resistant C57BL/6J mice produce F, and F,
offspring, which are of intermediate sensitivity to tumour
induction, thus implicating more than one gene and illustrat-
ing that tumour size and number are multigenic quantitative
traits.’ Production of recombinant inbred (RI) lines of A/J (A)
and C57BL/6J (B6) mice and subsequent analysis of their
tumour sensitivities suggested that three genes, one major
and two minor genes, were involved in determining the sensi-
tivity to mouse lung tumour development.® Subsequent
linkage studies have identified pulmonary adenoma suscepti-
bility (Pas) and pulmonary adenoma resistance (Par) loci. We
thus adopt the definition of quantitative trait locus (QTL) as a
known chromosomal region in which one or more genes are
likely to underlie the linkage.

Listed in table 1 are the selected QTLs that have been
mapped in various mouse crosses. A major susceptibility locus
was mapped in (A/J x C3H/HeJ) F, mice to distal chromosome
6 and was termed the Pas1 locus. This locus produced a maxi-
mum logarithm of the likelihood ratio (lod) score of 9 and
accounted for approximately 45% of the observed phenotypic
variance.” A lod score of 3 or greater is considered significant
for linkage. Consistent results were obtained in comprehen-
sive linkage studies using (A/J x C57BL/6J) F, (60% of
variance), (A/J x C57BL/6J) x C57BL/6J (16% of variance),
(A/J x M spretus) x C57BL/6J (34% of variance), and A X B & B
x A RI mice (51% of variance).*"" Three other loci were
mapped to chromosomes 17, 19, and 9.* ° Linkage to a locus on
chromosome 17, the site of the putative Pas2 locus, was
observed in (A/J x C57BL/6J) F,, accounting for 8% of the total
variance in phenotype. The location of the Pas2 locus is
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susceptibility candidates and 22 resistance candidates. These candidates may be extremely helpful in
the ultimate identification of the precise genes responsible for lung tumour susceptibility or resistance in
mice and, through follow up, humans. Complete data sets are available at http://thinker.med.ohio-

homologous to human chromosome 6p21; potential candi-
dates at this location are the genes for tumour necrosis factor
o and B. Similarly, linkages to lung tumour susceptibility were
also seen at markers on chromosome 19 (Pas3), accounting for
3% of the phenotypic variation in a study on (A/J x C57BL/6J)
x C57BL/6J mice, and 2% of the explained phenotypic
variation when (A/J x C57BL/6J) F, mice were used. In this
latter study, suggestive linkage to a locus on chromosome 9
(Pas4) was determined to explain 4% of the total phenotypic
variance.®* Mouse-human synteny for all loci can be examined
in detail using the Homology browser at the NCBI
(www.ncbi.nlm.nih.gov/Homology).

At present, four Par QTLs have been mapped using F2 or
backcross populations of mice, including Parl (chromosome
11), Par2 (chromosome 18), Par3 (chromosome 12), and Par4
(chromosome 4)." Parl is a lung tumour resistance locus that
was mapped in (A/J x M spretus) x C57BL/6J mice to the
retinoic acid receptor-o (Rara) gene locus on chromosome
11.”"* Contributed by the M spretus allele, Parl gave a
maximum lod score of 5.3 accounting for 23% of phenotypic
variance when coexpressed with the highly penetrant Pasl
allele of the A/J strain. In mice carrying the M spretus instead
of the A/J allele of the Pasl gene, the resistant effect of Parl on
tumour incidence, multiplicity, and volume was lessened by
about a half. Parl behaves like a modulator of Pasl, to some
degree subduing the dominant effect of Pasl on lung tumori-
genesis. Par2 was mapped by linkage studies on (A/J X BALB/
cByJ) x A/J and (A/JOlaHsd x BALB/cOlaHsd) F, mice to
chromosome 18 at microsatellite marker DISMIT103. A lod
score of 12.2 was reported at this locus, with a phenotypic
variance of 38% for resistance to tumour induction.” This
locus was termed Par2. In our own analysis of (A/JOlaHsd x
BALB/cOlaHsd) F, mice, Par2 had a significant linkage to lung
tumour resistance and produced a maximum lod score of
11." The greatest linkage occurred at the site of the Dec tumour
repressor gene.' Par3 was mapped to chromosome 12 with a
lod score of 6.47, using backcross population between
SMXA24 RI mice and A/J mice." Par3 seems to have a stronger
resistance to lung tumour induction when coexpressed with
the A/J allele of the Par2."” Finally, Par4 or Papgl was mapped
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Table 1

Summary of Pas and Par QTLs. Pas QTLs have been largely studied using various genetic crosses of A/J and C57BL/éJ; Par 1 and 3 using A/J and SM/J; Par 2 and 4

using A/J and BALB/cJ. Markers flanking the QTLs were taken larger than what some recent fine mapping studies have produced in order to allow identification of multiple genes

End marker

Start marker

Celera Transcripts Affymetrix Mu74K

640
468
295
932

Celera

Name Genetic

Celera

Genetic
48.2

Name

Explained
variance

Breeding

Strains

Locus

250

142, 276, 365
39, 136, 371
39, 976, 948
114, 926, 441

D6Mit304 75

109, 249, 790
22,057,276
6, 828, 495

D6Mit54

60%
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Pas 1
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D17Mit50
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D9Mit282

17
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D17Mit23
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A xB6 B6 x A
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Pas 2

Pas 3

213

82, 499, 293

42

Pas 4

1043
373
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101, 055, 855
83, 071, 801

59
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44

D11Mit14
D18Mit4
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D4Mit77

69,772,571
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32

oo D11Mit4

(SMXA x A) x A
AxB/c

Par 1
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10.6

] [0)

Par 4
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to chromosome 4 (D4MIT77) (lod score = 3.0) using
(A/JJOlaHsd x BALB/cOlaHsd) F, mice.”" Linkage on
chromosome 4 was strongest at a marker recombinationally
inseparable from the pl16™* tumour suppressor gene locus,
with the BALB/cJ allele at this locus associated with sensitiv-
ity to lung tumour formation."”

Identification of candidate Pas and Par genes responsible
for the lung cancer susceptibility QTLs proves to be rather dif-
ficult. One obstacle is the fact that several hundred genes can
be localised to a 20-30 cM QTL region. Fine mapping studies
typically assume that one or very few genes are responsible for
most of the effect attributed to the QTL. If several genes or a
few genes separated by more than a few centimorgans are
responsible, fine mapping may prove to be more challenging.
Evaluation of differential gene expression and nucleotide
polymorphism of such a large number of genes can be a
significant challenge. In the present study, we combined the
Celera mouse genome sequence and lung cancer genetics with
microarray profiling to identify candidate genes. Specifically,
we used high density oligonucleotide arrays to detect
differential gene expression in lung cancer susceptibility QTL
regions for the identification of candidate genes responsible
for lung cancer susceptibility or resistance in several relevant
mouse strains.

METHODS

Approach

Markers flanking each QTL were located in the Celera (Rock-
ville, MD) mouse genome database (www.celera.com, 6
March and 13 March, 2002 data releases) and transcript
information downloaded. Transcripts were matched with
Affymetrix probe sets as described below. RNA from selected
mouse strains were profiled and the transcripts within each
QTL were evaluated for differential expression. Candidacy for
differentially expressed transcripts was determined by com-
paring profiles with published reports as described below.

Animals

Four to six week old mice, one from each of five mouse strains
including A/, SM/J (S), BALB/cJ (Bc), C3H/HeJ, and
C57BL/6J (B6) were obtained from The Jackson Laboratory
(Bar Harbor, ME). Animals were euthanised one week after
arrival. Lungs from these mice were harvested and frozen in
liquid nitrogen until RNA analysis.

RNA isolation

Total RNA from lungs of one mouse from each strain was iso-
lated using TRI reagent (Molecular Research Center, Cincin-
nati, OH). The tissue was frozen in liquid nitrogen, pulverised,
then homogenised in 1 ml of TRI reagent, incubated for five
minutes at room temperature, followed by addition of 200 pl
chloroform, vigorous mixing, and incubation on ice for 15
minutes. The sample was centrifuged at 14 000 rpm for 20
minutes; the aqueous phase was transferred to a fresh tube
with an equal volume of isopropanol, and incubated on ice for
30 minutes. After centrifugation at 14 000 rpm for 15 minutes,
the RNA pellet was washed in 75% ethanol and dissolved in
Rnase free water. The quality of RNA was confirmed on a for-
maldehyde agarose gel, and the concentration was deter-
mined by reading absorbance at 260/280 nm.

Microarray analysis

RNA samples were further purified, labelled, and processed by
our microarray core facility according to standard manufac-
turers’ protocols (www.cancergenetics.med.ohio-state.edu/
microarray). Singleton cRNA preparations were produced
from 30 pg of total RNA from each mouse and 10 pg equival-
ent aliquots were hybridised to each Affymetrix mouse oligo-
nucleotide array (Santa Clara, CA): Mu74Av2 (A array),
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Mu74Bv2 (B array), and Mu74Cv2 (C array). Arrays were then
scanned and digitised.

Mapping Affymetrix probe sets to Celera transcript
sequences

Transcript IDs, annotations, and transcript sequences for all
genes between flanking markers were downloaded from the
Celera database. To map Celera transcripts to Affymetrix probe
sets, BlastN (www.ncbi.nlm.nih.gov/BLAST/) was used to
compare Celera transcript sequences with the Affymetrix
“consensus” sequences (www.netaffx.com) for all probe sets
of the A, B, and C arrays. An Affymetrix probe set was said to
measure a particular Celera transcript under the following
conditions: (1) the sum total coverage of blast hits (E<10-4)
between an Affymetrix consensus and a Celera transcript
included (A) at least 50% of both sequences or (B) 70% of one
sequence and, in either case, the longer sequence was no more
than 1.5 times as long as the shorter; (2) the probe set met
condition 1 for no more than one Celera transcript. This blast
method was selected over an annotation matching method
since mappings produced with the blast method can be man-
aged by a direct objective scoring scheme, while annotation
matching has issues often requiring ad hoc resolution such as
annotation differences, redundant accession numbers, etc. For
each mapped probe set, the annotation presented here comes
from the associated Celera transcript.

Estimates of gene expression

Li-Wong full model estimates (LWF) of gene expression
were produced for A, B, and C arrays for mRNA samples. To do
this, fluorescence intensity data within CEL files were scaled
(normalised) by quadratically regressing log intensities for
each array against the log of the median spot intensities
(log(i) = B, + B, log (median) + B, log(median)*). Median spot
intensities were produced for each spot on an array type pro-
ducing what can be thought of as a pseudo-median array. A
arrays were scaled as one group, B arrays another, and C arrays
a third group. Estimates of gene expression were produced
from the scaled intensity data using a C program available on
our web site.

19 20

Differential expression and visualisation of gene
expression

Expression ratios and a Z scoring method were used to assess
differential expression.” Ratios of expression between rel-
evant strains for genes within the QTLs were computed. For
Pasl-4, A/J and B6 ratios were determined, for Parl and 3 A/J
and S ratios, and for Par2 and 4 A/J and Bc ratios. When more
than one probe set met the conditions for association with a
particular Celera transcript, the one displaying the greatest
fold change between the strains was selected to represent the
transcript. This selection provided a means to reduce the false
negative rate, which is crucial when identifying candidates.”
To produce colour images, gene expression values were unit
normalised ((x—X)/s,) across samples of all strains. For Pas 1-4,
the A/J and B6 values were retained and displayed via linear
colour gradient with cyan indicating values below the mean,
red indicating above the mean, and neutral grey near the
mean. For Parl and 3, A/J and S unit normalised values are
displayed and for Par2 and 4, A/J and Bc unit normalised
values are shown.

Follow up of observed candidates, including validation by
RT-PCR or northern blot, is under way, but because of the large
number of candidates, it is beyond the scope of this work.
Other results from our laboratory and from others indicate
good correlation between microarray results and RT-PCR and
northern analysis.” *

Estimation of significance
In an approach similar to the “modified t” approach used by
Eaves et al”* to analyse the Idd loci for diabetes susceptibility
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genes, a Z scoring method was used to produce a statistic for
comparing two strains within the set of five, and a liberal cut
off value was selected to reduce the false negative rate. The Z
transformation follows,

7 — 91— 92
/52 2
Jﬂl + Jﬂz
where 9 and are 92 the gene expression values for the two

strains being compared and 91 and %2 are variances associ-
ated with those gene expression values” (F Wright, personal
communication). Variances were estimated by producing a
model of variance from all the gene expression data from all
arrays and all samples. A linear model fitting log(variance
across strains) to log(mean across strains) from each gene
resulted in the model.* * For each expression value, the corre-
sponding variance can be computed and with each pair of
expression values, a Z score. The cut off for display was
selected as |Z| > 1.

Association and concordance with published reports

To identify candidate genes from the several within each QTL
passing the Z cut off, annotation was used to search published
reports for association of aberrant expression of the gene
with cancer. If the observed pattern of expression in the
strains was consistent with that of the reported association
with cancer, the gene was identified as a candidate. For
example, if a gene were a tumour suppressor and array
expression showed an increase in the resistant strain, the
gene was identified as a candidate for conferring inherent
resistance. Note that the nomenclature of Pas or Par does not
play a role in this, only the gene’s activity does. A tumour
suppressor within a Pas locus is a candidate if its expression
was higher in the resistant strain. Similarly, an oncogene
within a Par locus is a candidate if its expression was higher
in the susceptible strain.

RESULTS

Our approach to identifying candidate lung tumour suscepti-
bility and resistance genes builds on previous genetic work,
availability of the mouse genome sequence, and genome wide
expression profiling. The genome sequence, combined with
previously identified QTLs, enabled us to focus our gene
expression analysis on transcripts within the regions known
to modulate susceptibility and resistance. This reduced the
burden of identifying and filtering spurious associations
which typically encumber microarray analyses.

4 6 9 11 12 17 18 19
0— o 0 o 0 0 0 0 9
17 Pas3
T 32 106 Pas2 o
3 232 53
= 13
5 | Pard 32 557
% 64 37 Par3 Par2
8 425 4218 port 47 57U 57
5 96 Pas4 58
o 59 1
2 48.2 6
2 : 72
= 128 Pas1 74 79
2
82.7
160 — M
Figure 1 Depiction of the QTLs. Chromosomes are drawn

according to physical distance shown on the left with genetic
positions adjacent to each figure.
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Table 2  Differentially expressed genes within the Pas 1-4 loci. Since the relevant contrast for these loci is between A/J
and C57BL/6J, data for these alone are presented.

Affymetrix Gene expression Lit Celera

Probe set A/) C57BL/6) Fold Z A © Transcript Position Description

Pas1

160882 _at 93.5 59.9 1.6 1.6 mCT16668 111,668,200 Similar to calcium/calmodulin dependent protein
kinase |

99534 _at 1749 2252 0.8 -1.0 mCT20905 112,048,000 Motilin related peptide

163377 _at 67.1 49.1 1.4 1.1 mCT17991 119,013,900 CECR2 (hypothetical)

95024 _at 156.8 116.8 1.3 1.1 Y mCT17989 119,506,600 Ubiquitin specific protease 18, 15

99518_at 153.6 228.0 0.7 -1.6 mCT15708 120,721,600 Microfibrillar associated protein 5

94912 _at 173.1 120.0 1.4 1.4 mCT51351 121,112,300 Mitochondrial ribosomal protein S21

99635_at 232.0 1537 1.5 1.7 Y mCT22535 122,858,900 p33 ING1 homologue

102282_g_at 166.7 122.9 1.4 1.2 mCT22574 123,044,600 CD27L receptor

103499 _at 316.6 4713 0.7 -1.8 Y mCT6345 123,476,500 von Willebrand factor

102295_at 71.3 45.9 1.6 1.5 mCT6350 124,310,300 Ventricular potassium channel Kv1.5

97504 _at 309.8 462.7 0.7 -1.8 Y Y mCT12339 124,898,800 Cyclin D2

93095_at 312.3 234.2 13 1.2 Y Y mCT12335 125,175,000 High mobilty group protein 2A, 4

160456_at 110.6 75.4 1.5 1.4 Y Y mCT50365 126,286,900 Cyclophilin H

97761 _f at 110.7 150.8 0.7 -1.2 mCT7594 128,437,000 Natural killer cell receptor LYA9GDTM

93893 _f_at 57.5 34.4 1.7 1.6 Y mCT7596 128,527,900 Killer cell lectin-like receptor, subfamily A,
member 5

103271 _at 63.7 45.2 1.4 1.1 Y mCT16910 129,272,600 Low density lipoprotein related protein 6

103085_at 175.8 122.7 1.4 1.4 mCT20704 129,952,300 Haem binding protein

96620_at 315.0 247.0 1.3 1.1 mCT21036 130,050,900 Germ cell specific gene 1

160080_r_at  129.0 170.0 0.8 -1.1 mCT8442 131,289,700 RPL44

113727 _at 58.2 27.2 2.1 2.3 Y mCT8441 131,320,300 ATFa associated modulator

93866_s_at 1358.4 2039.5 0.7 -2.3 mCTé144 131,766,500 Matrix Gla protein

100427 _at 143.4 104.2 1.4 1.2 Y Y mCT6134 132,327,700 Protein tyrosine phosphatase BK

169427 i at  50.9 33.8 1.5 1.3 mCT6276 135,543,300 Riken cDNA 0610025G13 gene

106298 r at 16.7 24.1 0.7 -1.0 mCT6279 136,432,400 Organic anion transporter

160741 _at 151.2 234.0 0.6 -1.8 Y Y mCT5581 137,106,400 RecQ protein-like

100035_at 299.6 520.2 0.6 -2.5 Y Y mCT13800 139,928,900 ECA39 protein

97696 _r_at 2534.0 2969.4 0.9 -1.0 mCT13794 140,303,300 RPL7 - human

112736_at 59.6 40.6 1.5 1.3 Y Y mCT11838 140,747,600 Hes related

93250_r_at 96.4 139.1 0.7 -1.4 Y mCT11842 141,300,800 Calmodulin 2

111826_at 60.0 82.8 0.7 -1.1 mCT11846 141,390,800 Hypothetical protein FLJ10637

107088_at 280.1 387.1 0.7 -1.4 mCT11853 141,486,800 Riken cDNA 0610007L03 gene

162892 _at 51.4 36.2 1.4 1.1 mCT6219 141,840,000 Sterile alpha motif (hypothetical)

Pas2

165371 i at 48.6 70.1 0.7 -1.2 mCT18471 23,311,090  Trefoil factor 3, intestinal

115002_at 87.7 65.3 1.3 1.0 mCT18484 23,550,270  Glycerol 3-phosphate permease

97486 _at 95.4 137.3 0.7 -1.4 Y mCT15017 23,861,140  U2AF 35 kDa subunit

114243 _at 69.7 46.6 1.5 1.4 mCT15014 24,026,930  Myocardial SNF1-like kinase

110328_at 76.1 53.8 1.4 1.2 mCT14905 24,696,870  Riken cDNA 2310021J05

102689 _at 468.9 369.2 1.3 1.1 Y Y mCT22852 26,406,370 Tapasin

95158 _at 530.0 729.0 0.7 -1.6 Y Y mCT22857 26,425,580 KE2

102992_at 123.6 167.0 0.7 -1.2 Y Y mCT22855 26,485,130 H2-K region expressed gene 6

103616_at 211.7  156.2 1.4 1.2 mCT22850 26,497,970  Procollagen, type XI, alpha 2

103035_at 110.7 152.8 0.7 -1.2 mCT22863 26,634,000 TAP1-g7

104429 _at 101.5 1415 0.7 -1.3 mCT4541 26,743,420  Histocompatibility 2, O region beta locus

92652_at 103.8 71.2 1.5 1.4 Y Y mCT4529 27,211,740 Notch4

99652 _at 251.7 3333 0.8 -1.2 mCT14181 27,714,700 NG26

101416_f ot  252.8 337.3 0.7 =1.8 mCT14134 27,747,330 BAT4

93840_at 241.2 169.4 1.4 1.5 mCT14185 27,754,750  Apolipoprotein M

115138 _at 95.2 67.5 1.4 1.2 Y Y mCT17665 28,013,740 MHC psoriasis candidate protein

96212 _at 1425 957 1.5 1.5 mCT17672 28,374,830 CG16787 gene product

95124 _i_at 130.2 189.9 0.7 =5 Y Y mCT17677 28,417,670 Regulator of cullins 1

101341_at 593.1 786.9 0.8 -1.4 Y Y mCT23544 28,933,180 Histocompatibility 2, M region locus 9

103987 _at 63.4 45.2 1.4 1.1 mCT23038 29,279,660  Myelin/oligodendrocyte glycoprotein precursor

93041 _at 95.9 71.8 1.3 1.0 mCT23261 30,162,000  Mini chromosome maintenance deficient 4
homologue

94111 _r_at 57.9 123.7 0.5 -2.6 mCT23260 30,325,400  Similar to ZNF14 (KOX 6)

93348_at 107.8  76.3 1.4 1.3 Y mCT49663 31,898,120  Phosphoglycerate kinase 2

94730_at 27.5 12.1 2.3 2.2 mCT20042 31,983,740  Acidic epididymal glycoprotein 1

114707 _at 8.6 13.8 0.6 -1.2 mCT12126 32,320,720  Riken cDNA 2610528M18Rik

116771 _at 90.3 66.8 1.4 1.1 Y Y mCT11932 35,423,590 Ectonucleotide pyrophosphatase/
phosphodiesterase 4

108262_at 71.8 95.8 0.7 -1.0 mCT11931 35,506,800  Chloride intracellular channel 5

94041 _at 172.7 125.7 1.4 1.3 Y Y mCT5959 36,985,830 Heterogeneous nuclear ribonucleoprotein K

114726_at 108.3 167.2 0.6 =lo7/ Y Y mCT13097 39,168,870 CDC5-like

95359 _at 793.5 9820 0.8 -1.1 mCT12707 39,344,620  Heat shock protein 84

Pas3

161384_r_at 888.5 684.5 1.3 1.3 mCT15177 40,463,040  Hermansky-Pudlak syndrome protein

111898_at 51.8 35.7 1.5 1.2 mCT16304 41,789,800  Hypothetical protein FLJ10998

94065 _at 98.7 70.0 1.4 1.2 mCT9896 42,071,970  Acyl-CoA desaturase 1

97389 _at 78.6 106.6 0.7 -1.1 Y Y mCT1056 42,740,910 cdc25 homologue A (S cerevisiae)

115138_at 95.2 67.5 1.4 1.2 Y Y mCT14682 43,709,310 Semaphorin 4G

Cont.
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Table 2 continued

Affymetrix Gene expression Lit Celera

Probe set A/) C57BL/6) Fold Z A C Transcript Position Description

102796_at 116.0 158.5 0.7 -1.2 mCT10907 44,440,830  Nucleoplasmin 3

107249 _at 29.1 20.5 1.4 1.0 Y Y mCT10892 44,950,270 Golgi specific brefeldin A resistance factor 1

94334 _f_at 4421 353.8 1.2 1.0 mCT22402 45,702,150 66 kDa neurofilament protein NF-66

113579 _at 75.2 99.8 0.8 -1.0 mCT22401 46,183,310  Hypothetical protein FLI22559

97819 _at 238.1 496.5 0.5 -3.1 mCT5611 46,546,310  Glutathione-S+transferase-like

108925_at 55.5 35.9 1.5 1.4 mCT19627 47,290,880  VPS10 domain receptor

99162_at 83.6 120.0 0.7 -1.3 mCT22431 52,008,630  Splicing factor 30,survival of motor neuron
related

103029 _at 190.6  69.2 2.8 3.4 Y mCT22341 52,537,490  Apoptosis protein MA-3 (PDCDA4)

102635_at 17.2 229.6 0.1 -5.6 mCT19862 54,116,940 Vesicle transport through interaction with
+-SNAREs 1 homologue

102151 _at 163.0 240.4 0.7 -1.6 Y Y mCT19826 55,318,310 Adrenergic receptor, beta 1

110339_at 62.5 46.1 1.4 1.0 mCT19828 55,630,530  Actin binding LIM protein 1, isoform a

Pas4

169427 i_at  50.9 33.8 1.5 1.3 mCT12262 83,884,330 T box transcription factor TBX18

105097 _at 228.3 149.0 1.5 1.7 mCT19945 95,049,700 Claudin 18

160932_at 40.8 15.1 2574 25, Y Y mCT19764 95,904,200 Tyrosine kinase adaptor protein 1

92489 _at 141.7 105.5 1.3 1.1 Y Y mCT19766 96,358,630 Stromal antigen 1

100101 _at 198.8  267.1 0.7 =13 mCT19754 96,852,280  Small nuclear ribonucleoprotein polypeptide A

103085_at 175.8 122.7 1.4 1.4 Y Y mCT15895 98,688,030 Similar to topollBP

160326 _at 125.6 178.6 0.7 -1.4 mCT15894 98,732,280 CDV-3B

116123_at 269.5 341.6 0.8 -1.1 mCT3740 100,503,100 Riken cDNA 231004 1HO06 gene

163306_at 58.4 39.7 1.5 . mCT3725 100,736,700 Hypothetical protein XP_039534

160352 _at 270.1 189.8 1.4 1.5 mCT20224 101,833,700 Poly(rC)-binding protein 4

99534_at 1749 225.2 08 -10 Y Y mCT15938 102,938,800 Gfi)alpha 2

110292 _at 93.4 69.1 1.4 mCT16206 102,975,600 NAT-1

112736_at 59.6 40.6 1.5 mCT16182 103,385,700 Hypothetical protein FLI12565

94167 _at 196.6  250.7 0.8 -1.0 Y mCT18729 103,642,900 eNOS

100444 _at 79.9 105.5 0.8 -1.0 Y Y mCT18731 103,697,300 Cyclin dependent kinase 5

108911 _at 78.3 116.1 0.7 -1.4 Y Y mCT18933 103,862,400 SMARC D3

111826_at 60.0 82.8 0.7 =il1 Y Y mCT18907 104,395,600 Wiskott-Aldrich syndrome homologue
binding protein

105375 _at 8.3 13.7 0.6 =13 mCT18909 104,513,100 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 4

101115_at 86.8 128.1 0.7 -1.4 mCT20670 105,153,300 Lactoferrin precursor

98482_at 77.8 44.6 1.7 1.8 Y Y mCT20658 105,440,600 Parathyroid hormone receptor

98254 f at 856.3 1138.9 0.8 -1.5 mCT52401 106,253,100  Similar to Ribosomal protein L7a (H sapiens)

103647 _at 148.3 209.1 0.7 -14 mCT6130 108,921,500 Acid beta-galactosidase

115311 _at 42.4 26.2 1.6 1.5 mCT6129 109,441,300 Related to glycerophosphate dehydrogenase.

93880_at 110.9 754 1.5 1.4 mCT21847 112,331,400 Tbr2

98302_at 213.4 2725 0.8 -1.0 mCT19669 113,463,800 Sodium channel, type X, alpha polypeptide

Probe set, Li-Wong full model estimates of gene expression, fold change, and Z score are indicated in columns 1-5. Columns 6 and 7 indicate if the gene

has an association with cancer in published reports and, if so, if its observed differential expression is concordant with that of its association. The final

columns are the Celera annotation for the transcript. A/J is the susceptible strain in all cases. Candidates (bold) are those having expression concordant

with that published

The eight previously mapped QTLs are summarised in table
1 and shown pictorially in fig 1 using physical position of
flanking markers in the Celera mouse genome. Susceptibility
loci (Pasl-4) are located respectively on chromosomes 6, 17,
19, and 9. Resistance loci (Parl-4) are located respectively on
chromosomes 11, 18, 12, and 4. The columns contain first the
loci, followed by the strains involved in original mapping,
breeding method used during mapping, approximate pheno-
typic variance explained by alleles of the crossed strains,
proximal flanking markers, their genetic positions in MGD
(www.jax.org), and physical positions in the Celera database.
Next appear the distal flanking markers and their positions.
The final two columns contain the number of transcripts
found in the Celera genome between the markers and the
number of those transcripts found to be uniquely represented
on the microarrays.

In total, 4819 transcripts were found within the eight QTLs
in the Celera Discovery database and 1270 of these were found
to be represented on one or more arrays. LWF estimates of
gene expression were determined and fold change between
relevant strains computed to assess differential expression.

Table 2 illustrates gene expression differences for transcripts
within the Pas 1-4 QTLs in order of physical position. Pas QTLs
depict comparison of expression between A/J and B6 (fig 2).
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Table 3 depicts expression of transcripts within the Par 1-4
QTLs also ordered by position. Parl and 3 depict comparison
between A/J and S and Parl and 2 depict comparison between
A/J and Bc (fig 3). Both tables 2 and 3 provide details of
Li-Wong full model estimates of gene expression, statistics,
and annotation derived from Celera.

DISCUSSION

Pas1-4

Pas1

In Pasl-4, A/J is the susceptible strain and B6 the resistant
one. Tumour suppressor candidates will have shown higher
expression in B6, while oncogene candidates will have shown
higher expression in A/J. Pasl is a major susceptibility locus
based on the genetic linkage studies in several crosses.
Because of its location, the K-ras gene became a candidate for
the Pasl. However, K-ras had a Z score of 0.6 and thus did not
make the list of candidates on the basis of expression. Many
models implicating K-ras postulate a central role of mutation
in tumorigenesis which may not be manifest in normal gene
expression under the conditions here. A/J and B6 carry differ-
ent alleles of K-ras, but differential expression was not
detected in this experiment. Genes that did show differential
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Table 3  Similar fo table 2, except for the relevant contrasts. Par 1 and 3 involve A/J and SM/J while Par 2 and 4
involve A/J and BALB/c/. In all cases except Par 4, A/ is the susceptible strain

Affymetrix Gene expression Lit Celera
Probe set A/l SM/J Fold Z A C Transcript Position Description
Parl

100729 _at 1709.0 1208.8 1.4 2.0 mCT11594 70,066,180  RPL26

102216_at 154.1 101.8 1.5 1.6 Y Y mCT11607 70,329,560 12-lipoxygenase

110656_at 488.4  370.0 1.3 1.3 mCT22709 70,909,700  Sentrin/SUMO specific protease
0.8

95555_at 104.0 136.2 . -1.0 mCT11964 79,393,870  UNC-119 homologue (C elegans)

94761 _at 110.6  49.6 2.2 2.6 mCT52567 83,127,990  Monocytic cytokine FIC

94166_g_at 159.8 262.8 0.6 -2.0 mCT7613 83,256,700  Small inducible cytokine A1

Q4146 _at 750.9 9959 0.8 =15 mCT16927 84,654,840  Small inducible cytokine A4

109329 _at 12.9 19.8 0.6 -1.2 mCT11724 85,989,200  Ubiquitin specific protease

132134 _at 25.9 18.3 1.4 1.0 mCT63872 90,225,430  GIOT-1

94110_f_at 251.0 1522 1.6 2.0 mCT23795 90,389,780  Zinc finger protein s11-6

98761 _i_at 130.8 89.5 1.5 1.4 Y Y mCT23795 90,389,780  Zinc finger protein s11-6

100713_at 61.4 34.1 1.8 1.9 mCT54937 90,478,550  BC37295_1

160096_at 153.9 2483 0.6 -1.9 Y Y mCT7476 97,537,590  Speckle type POZ protein

94240 _i_at 753.1 572.9 1.8 1.4 Y Y mCT12415 99,422,870  RPL29/HIP

111892 r at  66.2 46.0 1.4 1.2 mCT12712 99,520,370  KIAAO775

94025 _at 440.2 315.8 1.4 1.5 mCT12735 100,079,800 Macropain subunit beta 3

98998_r_at 835.2 1038.9 0.8 -1.2 mCT22409 102,446,600 Hair keratin acidic 5

163459 _at 21.7 14.3 1.5 1.2 mCT22420 102,785,700 Riken cDNA 4921517C11

99444 _at 402.6  592.9 0.7 -1.8 mCT19970 103,576,900 Receptor-activity modifying protein 2

93803_at 383.7 5385 0.7 -1.6 mCT19897 103,646,900 Macropain 28 subunit, 3

93066_at 166.2 120.3 1.4 1.3 Y Y mCT22039 104,768,700 Granulin

109821 f ot 218.6 167.0 1.3 1.1 mCT6549 105,187,500 Proteasome beta type subunit 5

Par2

99500_at 336.5 134.1 2.5 3.5 mCT21401 58,328,380  Sodium/potassium/chloride transporters

160081_at 733.2 3487 2.1 3.4 mCT19134 60,175,410  RPL44

96764 _at 192.8 138.4 1.4 1.3 Y Y mCT19135 60,772,940 Interferon-g induced GTPase

165190_f at  292.6 184.0 1.6 1.9 mCT4726 61,138,540 RPS14

103477 _at 113.7 76.8 1.5 1.4 mCT4721 61,382,610  Caudal type homeo box 1

104354 _at 1859 2556 0.7 -1.3 Y mCT4715 61,468,440  cfms

95935_at 1599 10.8 148 53 mCT4705 61,558,260  Diastrophic dysplasia

99650_at 385.9 209.0 1.8 2.6 mCT13340 61,915,330  Hypothetical protein XP_046994

93193_at 2325 914 2.5 3.3 Y Y mCT49747 62,531,770 Beta-2 adrenergic receptor

103893_at 289.6 179.3 1.6 2.0 Y Y mCT21247 62,842,980 5-HT (serotonin) receptor

98113_at 4747 3125 1.5 1.9 mCT49712 64,190,020  Macropain subunit beta 1

95070_at 93.8 66.5 1.4 1.2 mCT19071 64,762,360  AsparaginyHRNA synthetase

163131 _at 29.9 16.7 1.8 1.6 mCT10477 67,480,240  Riken cDNA 2810405111

92429 _at 94.7 70.0 1.4 1.1 Y Y mCT5163 68,680,940 Melanocortin 2 receptor

160833 _at 166.0 79.1 2.1 2.7 Y Y mCT8975 70,950,710  Methyl-CpG binding domain protein 2

100621 _at 236.0 153.0 1.5 1.8 mCT49617 74,634,430 RPL10A

94778_at 300.8 119.3 2.5 3.5 mCT55393 74,794,640 RPS11

93095_at 312.3  199.9 1.6 1.9 Y Y mCT9020 75,562,950 High mobility group protein 1

169427 i_at  50.9 18.5 2.8 2.8 mCT50963 76,674,120  Riken cDNA 0610025G13

95705_s_at 137.7  269.6 0.5 -2.6 mCT49635 78,828,430  Similar to CG6244 gene product

140417 _at 546.1 984.0 0.6 2.9 Y mCT21388 78,849,820  Partitioning defective protein 6, alpha

98168_at 1159.1 829.0 1.4 1.8 Y mCT21125 79,637,650  RPL7q; surfeit 3

98852_at 542.6 418.6 1.3 1.2 Y mCT21123 79,744,900  Spalt

100732 _at 984.8 793.8 1.2 1.1 mCT49634 79,773,310  RPS8

96311 _at 2529 151.6 1.7 2.1 mCT2560 81,221,470  Myelin basic protein

99872 s_at 1973.3 1243.7 1.6 2.6 mCT51216 82,350,360  Ferritin light chainl

Par3

97181_f at 660.7 1143.2 0.6 -2.8 mCT6323 55,700,680  Antigen LEC-A - mouse

168094 i at  152.9 108.6 1.4 1.3 mCT17763 62,133,540  HSPC327

170035_at 96.4 72.0 1.3 1.1 mCT10566 66,254,020  Similar to Cl-tetrahydrofolate synthase

92909 _at 282.0 198.1 1.4 1.5 Y Y mCT4371 75,045,630  Placental growth factor

Par4

101651 _at 1490 111.2 1.3 1.1 mCT9802 39,054,870  Ciliary neurotrophic factor receptor

104615_at 48.5 70.5 0.7 =18 mCT9810 39,153,330  Similar to galactose-1-phosphate uridyl
transferase

104616_g_at 173.0 376.2 0.5 -3.1 mCT9810 39,153,330  Similar o galactose-1-phosphate uridyl
transferase

100710_at 373.5 223.6 1.7 2.2 Y mCT18829 39,448,380  Valosin containing protein

109821 f at 218.6 109.6 2.0 2.6 mCT18833 39,496,760  Stomatin-like protein 2

101886_f at  1366.1 980.2 1.4 1.8 mCT18854 39,885,870 CD72 antigen

102033_at 1743 131.0 1.3 1.1 mCT18841 39,887,490  Testis specific protein kinase 1

100605 _at 221.4 1504 1.5 1.6 mCT18837 39,959,110  Skeletal muscle beta-tropomyosin

97002_f_at 93.8 64.6 1.5 1.3 mCT18834 40,217,400  Olfactory receptor 37a

97001 _r_at 64.9 45.5 1.4 1.2 mCT18840 40,270,280  Olfactory receptor 37¢

100579_s_at  216.5 153.8 1.4 1.4 mCT17967 40,451,270  Clathrin light chain Al

97924 _at 193.9  150.5 1.3 1.0 mCT18007 40,475,760  UDP-N-acetylglucosamine-2-epimerase/

N-acetylmannosamine kinase

Cont.
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Table 3 continued

Affymetrix Gene expression Lit Celera

Probe set A/l SM/J Fold Z A C Transcript Position Description

92628 _at 617.2  370.1 1.7 2.4 mCT49891 41,844,870 RPL36

92349 _at 79.7 55.9 1.4 1.2 Y Y mCT12508 42,312,200 IGFBP-like protein

92384 _at 86.0 45.6 1.9 2.1 mCT13922 42,671,340  Xeroderma pigmentosum, complementation
group A

94401 _s_at 15.4 25.5 0.6 -1.4 mCT2768 42,916,920  Haemogen

93548 _at 136.1 82.8 1.6 1.8 mCT6236 43,965,870  Riken cDNA 1190006C12

104273 _at 162.3 351.0 0.5 -3.1 mCT12849 46,213,260  Similar to amino acid n-acyltransferase

98570_at 52.6 347 1.5 1.3 mCT4703 49,433,900  Nascent polypeptide associated complex alpha
polypeptide

97198 _at 99.7 192.1 0.5 2.5 mCT1837 49,649,520  abc-1

99162 _at 83.6 62.3 1.3 1.0 mCT51070 50,801,170  Hypothetical protein XP_017858

94240_i_at 753.1 533.0 1.4 1.7 mCT18653 51,795,030  RPL29

165619 _r_at 6.6 15.4 0.4 -2.0 mCT6237 53,232,650  Actinlike 7a

96143_at 40.1 22.3 1.8 1.7 Y mCT2186 53,551,990  Erythrocyte protein band 4.1-like 4b

92807 _at 1044.9 680.3 1.5 2.2 Y mCT2181 54,431,540  Thioredoxin

166368_at 65.7 47.7 1.4 1.1 mCT2179 54,471,070  Riken cDNA 4930429)24

94763 _at 112.3  69.8 1.6 1.7 mCT16138 54,774,370  Muscle localised kinase 2

101910_f at  129.9 204.2 0.6 -1.8 mCT18276 56,436,830  Major urinary protein 4

94110_f at 251.0 160.2 1.6 1.8 mCT13881 56,835,390  ZFP-37

92974 _at 94.1 70.1 1.3 1.1 mCT13881 56,835,390  ZFP-37

101877 _at 129.7 559 2.3 2.8 mCT13880 57,003,100  Copper transporter 1

100408 _at 81.8 50.7 1.6 1.6 Y Y mCT6036 57,284,400 DNA polymerase epsilon subunit 3

94045_at 115.0 69.4 1.7 1.8 Y Y mCT6028 57,887,030 Bikunin

100437_g_at  243.5 169.2 1.4 1.5 Y mCT6038 58,087,310  Orosomucoid 1

101136_at 160.2 2167 0.7 -1.2 Y mCT18762 58,561,280  Tumour necrosis factor superfamily, member 8

101759 _at SIIES) 69.7 0.7 -1. Y Y mCT12635 62,899,270 TCP-1-alpha

98901 _at 1544 1194 1.3 1.0 mCT49201 64,236,180 CGI-35

97909 _at 298.7 410.2 0.7 -1.4 Y Y mCT6339 64,446,380  Stathmin

107446_at 505.3 260.8 1.9 2.9 Y Y mCT6342 64,917,520 EGF-like domain multiple 5

98333_at 1383.6 1087.2 1.3 1.3 mCT18717 65,828,720 RPS18

102425 _at 82.4 36.6 2.3 2.6 mCT1623 66,695,350  Hypothetical protein XP_005490

93847 _at 116.7 75.5 1.5 1.6 Y Y mCT6233 69,792,470  Protein-tyrosine-phosphatase receptor delta

97956_g_at 346.2 21741 1.6 2.0 Y Y mCT8849 74,689,350 Tyrosinase related

100728_at 185.4 4425 0.4 -3.5 mCT8927 75,123,540  Multiple PDZ domain

97939 _at 251.3 141.7 1.8 2.3 mCT8914 77,109,010  Riken cDNA 2610202L11

97751_f at 258.2 380.4 0.7 -1.7 mCT3200 77,879,180  Glyceraldehyde-3-phosphate dehydrogenase

98589 _at 477.8 261.9 1.8 2.6 Y mCT1071 81,176,840  Adipose differentiation related

163145_at 515 26.6 1.9 2.0 mCT6119 82,300,740  AF9

110716_at 22.8 32.4 0.7 =-1.1 mCT6118 83,135,710  Hypothetical protein DJ1198H6.2

102149 f ot 151.2 103.2 1.5 1.5 Y Y mCT6126 83,202,950 Interferon alpha family, gene B

101791 _f ot 2789 211.0 1.3 1.2 mCT6126 83,202,950 Interferon alpha family, gene B

110656_at 488.4 2797 1.7 2.5 mCT6122 83,230,580 KIAA1354

93557 _at 86.7 53.8 1.6 1.6 mCT12990 83,481,020  Selenophosphate synthetase 2

98789 _at 106.9 75.5 1.4 1.3 Y Y mCT124933 84,760,902 Cyclin dependent kinase inhibitor p16INK4a

expression by the stated criteria are: hes related protein,
cyclophilin H, protein tyrosine phosphatase BK, matrix Gla
protein, recQ, and ECA39. Hes related protein is a basic helix-
loop-helix protein with a Notch binding site that is responsive
to Notch activation.” ** Notch4, a candidate in Pas2 below, has
been shown to be a site of insertion for viral intercisternal A
particles. Insertion can result in a constitutively active Notch4
which can ultimately drive transformation to a highly invasive
phenotype.”” Cyclophilin H is a paralogue of Pinl, which has
been shown to interfere directly with the association of beta-
catenin and Apc resulting in (1) increases of beta-catenin,
cyclin DI, c-Myc, and (2) a decrease in apoptosis as a
consequence of ubiquitination of IkappaB.” Pinl has been
shown to be up regulated in breast tumours. Protein tyrosine
phosphatase BK is of the receptor type and does not react with
serine residues.” Its function is otherwise unknown, but the
central role of phosphorylation in cell signalling indicates that
it remains a candidate. Matrix gla is a cell adhesion molecule
that has been shown to be down regulated in colorectal cancer,
although its role in tumorigenesis is not known.” RecQ is a
DNA damage repair enzyme in which missense alleles in
humans have been shown to alter the risk of lung cancer by
two-fold.” ECA39/Bcatl, branched chain amino acid amino-
transferase, catabolyses branched chain amino acids and pro-
duces ketoacids which at high levels induce apoptosis.”
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ECA39 is a c-myc target and has been implicated in c-myc
regulated apoptosis.”

Pas2

Pas2 QTL is located at the H-2 locus whose haplotypes corre-
late with the incidence and multiplicity of mouse lung
tumour induction.® The expected candidates are TNFa and (.
Neither made the Z cutoff (TNFa Z=0.43, TNFB Z=0.65).
Among the oncogenic candidates passing the Z cutoff are
Notch4, heterogeneous nuclear ribonucleoprotein K (protein
K), and ENPP4. Candidate tumour suppressors are regulator
of cullins 1 and cdc5-like. The several differentially expressed
MHC genes are MHC psoriasis candidate protein, histocom-
patibility 2 M region locus 9, H2-K region expressed gene 6,
histocompatibility 2 O region beta locus, and tapasin. Candi-
dacy of these genes was determined as follows. Protein K can
be bound by the Par2 candidate high mobility group protein
1, which can also bind p53 and another Par2 candidate
methyl-CpG binding domain protein 2.” Protein K has
pluripotent function that links translation, cell cycle, and
apoptosis. Protein K dependent repression of translation can
be modulated through phosphorylation by ERK.* Protein K is
a target of JNK which has a role in apoptosis” and protein K
transcription can be induced by EGF.** ENPP4 (Autotaxin), a
myc target which induces metastasis in the co-presence of
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Figure 2 Coloured image of gene expression for transcripts in the Pas 1-4 QTLs from A/J and C57BL/6). The leftmost column in each panel
denotes the fold change from A/J to C57BL/6)J, while the adjacent column denotes the fold change from C57BL/6) to A/J. Colour denotes the
number of standard deviations that expression differs from the mean expression for all five strains. Green denotes below average expression,
red denotes above average expression, and black denotes near average expression. An edited version of the annotation provided by Celera

for each transcript appears to the right of each image.
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Figure 3 Coloured image of gene expression for transcripts in the Par1 and 3 QTLs from A/J and SM/J in Par2 and 4 from A/J and

BALB/cJ. Values and colours are the same as those described for figure 2.

retinoic acid, is also a candidate.” Regulator of cullins 1 is a
member of the von Hippel-Lindau tumour suppressor
complex which regulates, in part, ubiquitination of IkB and
consequent activation of NFKB.” The function of cdc5-like is
not known, but by homology has a likely role in regulating
the cell cycle which indicates that it should remain a
candidate. MHC genes can play roles in transformation and
metastasis in many ways, so those genes are all left as
candidates.

Pas3

Pas3 was first described by Devereux et al’ as flanked by
DI9MIT42 and DI9MITI9 using linkage analysis of
N-ethyl-N- nitrosourea treated (A/J x C57BL/6J) Fl x
C57BL/6J backcross progeny. This observation was later con-
firmed by Festing ef al' using urethane treated (A/J x C57BL/
6J) F2 mice. Pas3 oncogenic candidates include golgi specific
brefeldin A resistance factor 1 and semaphorin 4G. Discord-
antly expressed non-candidate genes having interesting
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backgrounds include apoptosis protein MA-3 and cdc25
homologue A. Brefeldin A is a drug used to induce apoptosis
in adenocarcinomas through a process that blocks ADP-
ribosylation of proteins in the golgi apparatus. When this
process is blocked, proteins awaiting ribosylation accumulate,
eventually triggering an “ER stress” induced apoptosis signal
involving caspases 9 and 12. The BFA resistance factor trans-
fers ribosylation factors to proteins such that the drug effect
is mitigated.” The precise role of semaphorin 4G is not
known, but other semaphorins, such as M-semaH, are impli-
cated in metastatic potential.* The beta 1 adrenergic receptor,
along with the beta 2 receptor in Par2, is a candidate although
publications on the role of these in apoptosis is mixed. Some
results suggest that beta 2 receptor expression is the key to
sensitising cells to cisplatin induced apoptosis,* others that
coactivation of beta 1 and beta 2 receptors correlates with NK
resistance to metastasis,” and others that they both work
along with cyclooxygenase 2 to produce arachidonic acid
metabolites that induce apoptosis.” Incidentally, COX-2
(chromosome 1) showed very low or no expression in any of
the tissues.

Interestingly, this locus enhances lung tumour multiplicity
more significantly when K-ras has a heterozygous genotype as
compared with resistant homozygotes. The oncogenic candi-
dates primarily affect apoptosis pathways. With heterozygous
Ras and susceptible Pas3, one would have a situation in which
cells have the propensity to divide and be resistant to apopto-
sis. This could be a model for the relationship between Pas3
and Pasl.

Pas4

Pas4 was mapped by Festing et al." The expected candidate
associated with this locus in gene mapping studies is TGFf3
receptor II, but was not differentially regulated in this study.
Oncogene candidates are SH2/SH3 adapter protein (Nck), par-
athyroid hormone receptor, similar to topoisomerase II
binding protein, and NAT-1. Nck, a known proto-oncogene,
seems to play pluripotent roles in processes including transla-
tion and actin polymerisation.** Nck has been shown to bind
Wasbp, a Pas4 tumour suppressor candidate listed below,
which also performs a role in actin polymerisation.” Parathy-
roid hormone and parathyroid hormone receptor have both
been shown in vitro to be expressed in type II alveolar epithe-
lial cells and in an adenocarcinoma cell line and thus have
been postulated as forming an autocrine loop.” TopBP1 has
been shown to be involved in DNA damage repair and check-
point control.* This function may reduce rates of apoptosis.*
Interestingly, another topoisomerase II binding protein found
in Par4, DNA polymerase epsilon subunit 3, has a human
homologue, YB-1, whose expression pattern parallels that of
PCNA in adenocarcinoma.” This provides two topoIlIBPs
which promote cell survival or proliferation. NAT1, a highly
polymorphic N-acetyltransferase known to activate and
detoxify tobacco carcinogens, has been indicated for genotyp-
ing to assess risk for adenocarcinoma.”

Pas4 tumour suppressor candidates are G protein alpha I 2,
cdk5, SMARC D3, and Wiskott-Aldrich syndrome binding
protein. Gai2 does not have a clear role in cancer, although
some work has been done on oncogenic cell signalling through
pathways involving it. Should it have a role, these data suggest
a tumour suppressive one. Cdk5 has been suggested to have a
role in apoptosis of glioblastoma multiforme cells, as well as in
non-neural cells through a cAMP dependent pathway.” Wasbp
was discussed above. SMARC D3, involved in chromatin
remodelling, has been postulated to operate as a tumour sup-
pressor in mice and humans.”

A number of Pas4 genes appear to be associated with cancer
through cytoskeletal interactions. For example, Nck-1 con-
nects the ras pathway with cytoskeletal signals.” Wiskott-
Aldrich syndrome involves dysregulation of cytoskeletal
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signalling through actin binding and WASBP is a candidate.’
Stromal antigens, also related to cytoskeletin, can be
signalling molecules during metastasis. SMARCs are actin
dependent chromatin regulators of which SMARC D3 is
differentially regulated in the direction favouring carcinogen-
esis. It has been suggested from data in Drosphila that
topoisomerase II and actin can regulate chromatin remodel-
ling and thus gene transcription.” The theme for Pas4 appears
to be a linkage between cytoskeletal signals and chromatin or
gene expression. Although TGF P receptor was not seen
differentially regulated here, it has been suggested that one
effect of TGF during tumorigenesis is to induce cytoskeletal
reorganisation.”

Par1-4

Parl

Parl was first mapped by Manenti ef al” by crossing Pas1 posi-
tive A/J x M Spretus F1 mice with B6 mice. Later, Patear ef al*
published results using backcrosses of ((A/J X S RI) x A/J)F1
x A/J which confirmed Parl on chromosome 11 and mapped
Par3 on chromosome 12. In Parl, A/J is the susceptible strain
and SM/J the resistant strain. Parl contains the retinoic acid
receptor and its allele has been suggested to modulate the
Pasl allele.” RARa showed no difference in expression
between A/J and SM/J. Oncogene candidates are 12-
lipoxygenase, zinc finger protein s11-6, granulin, and ribo-
somal protein L29. Inhibition of 12-lipoxygenase has been
shown to produce apoptosis in prostate cancer, gastric cancer,
and other cancers.”* It has been shown that a 12-
lipoxygenase metabolite, 12-HETE, phosphorylates ERK
which consequently induces proliferation of cancer cells and
this is postulated as a mechanism for tumour cell proliferation
in vivo.”* In Pasl, several ERK pathway modulators are present
including cyclophilin H, cyclin D2, and ECA39, any or all of
which could link these loci in the fashion suggested by previ-
ous genetic studies. The candidate zinc finger s11-6 seems to
have unknown function. However, with a nearly certain role in
DNA binding, it remains a candidate. Granulin has a precursor
form called PC cell derived growth factor (PCDGF) which has
been shown to mediate oestradiol induced mitosis in breast
cancer by activating MAPK and cyclin D1.” Here there is a
plausible link to Pasl via cyclin D2, rather than cyclin DI.
Expression of RPL29, a heparin sulphate interacting protein,
has been correlated in colorectal carcinoma with metastatic
status.*

The Parl candidate tumour suppressor is speckle type POZ
protein. SPOP has been suggested through bioinformatics to
interact with the tumour necrosis alpha receptor and thus
may play a role in apoptosis.”

Par2

In Par2, A/J is the susceptible strain and BALB/cJ the resistant.
The candidate oncogenes are beta-2 adrenergic receptor,
methyl-CpG binding domain protein 2, serotonin receptor,
high mobility group protein 1, and interferon G induced
GTPase. All except the serotonin receptor were discussed
above. Serotonin receptor has been implicated as having
opposing dual roles in cancer. On the one hand, 5HT stimula-
tion produces vasoconstriction and thus limits blood supply to
tumours. On the other hand, tumour cells expressing receptor
produce an autocrine loop that supports aggressive
proliferation.”” These data, assuming it is the Par2 gene,
suggest that its role in proliferation is more important.
Expression of IFN gamma induced GTPase has been shown to
correlate with proliferation rate of fibroblast cells in vitro.”
This is consistent with an oncogenic role.

The major gene on distal chromosome 18 has previously
been reported,” * though chromosome 18 markers are only
occasionally deleted in mouse lung tumours.” ® Expected
candidate genes are Dcc (deleted in colorectal cancer) and
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homologues of DPC4 and JVIS-1 which have been shown to be
deleted in a small number of non-small cell lung cancers.” The
Mcc (mutated in colon cancer) and Apc (adenomatous polypo-
sis coli) genes, shown to have decreased expression in mouse
lung tumours,” map to a different region of chromosome 18.
In this study, only Dcc passed the Z cutoff but was not consid-
ered a candidate as its expression is higher in A/J. In this
study, we observed differential expression of high mobility
group protein 1 which non-specifically binds DNA and also
binds p53, and by computer analysis performed by others
putatively binds methyl-CpG binding domain protein 2, and
heterogeneous nuclear ribonucleoprotein K.” Since some of
these are activators and others repressors, this suggests that
the transcriptional machinery may have a different set point
in A/J versus Bc or B6.

Par3

In Par3, one candidate oncogene appears, placental growth
factor. P1GF has been shown to bind to VEGF1 receptor and to
play an important role promoting angiogenesis in wound
healing, cancer, etc.” Genetic studies have shown that having
the Par2 A/J allele and the Par3 SM/J allele confers increased
resistance to tumorigenesis.” The data here are as consistent
as follows. The SM/J allele of P1GF, having lower expression,
would be expected to result in a lower rate of angiogenesis,
thus inhibiting tumour growth. Simultaneously, the A/J allele
of Par2, providing increased expression of serotonin receptor,
would augment vasoconstriction, further inhibiting tumour
growth in spite of other factors supporting tumour prolifera-
tion.

Par4
In Par4, BALB/cJ is the susceptible strain, A/J the resistant,
since, in a backcross, hybrid mice containing the A/J allele for
Par4 are more resistant to tumours than those carrying the
BALB/cJ allele.” Increased resistance produced by the A/J
allele is pronounced in males. Interestingly, this locus is closely
linked to D4Mit77 and therefore also to the Cdkn2a
(pI6INK4a) locus.” Chromosome 4 markers in this region are
often deleted in mouse lung adenocarcinomas,” ®“ skin
carcinomas,” and hepatocellular carcinomas,” and the human
homologue on chromosome 9p21 is similarly deleted in some
human tumours.” Our results are consistent with this in that
pl6INK4a shows higher expression in A/J. Candidate tumour
suppressors are EGF-like domain multiple 5, bikunin, DNA
polymerase epsilon subunit 3 (pole3), tyrosinase related
protein 1, interferon alpha gene B, and IGFBP-like protein.
Once again, candidacy was determined as follows. EGF-like
domain multiple 5 is an uncharacterised gene, but it may play
a role in growth factor signalling, so it remains a candidate.
Bikunin has been shown to inhibit metastasic processes when
overexpressed.” However, in colorectal carcinoma, expression
was observed in both tumour and normal tissue with no dis-
cernible difference.” Pole3 was discussed above. Tyrosinase
related protein 1 is involved in melanogenesis and coat colour.
Interferon alpha induces apoptosis and some data suggest
that it is mediated by a c-myc dependent pathway.”
Insulin-like growth factor binding proteins are known to
inhibit cell growth and promote apoptosis by binding the
growth factors and thus blocking them from interacting with
their receptors.” This role is consistent with the results here.
Candidate oncogenes are T complex protein 1 alpha and
stathmin. TCP-1, a chaperonin involved in cytoskeletal protein
folding, has been shown to be upregulated in colon cancer and
to be a member of the complex that includes von Hippel-
Lindau (VHL) protein.” ™ Stathmin overexpression has been
reported to correlate with proliferation in ovarian cancer.”
Overall, the candidates observed in this data set are involved in
cell cycling or apoptosis and seem to be clustered near the
position of D4Mit77.
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General

The most efficient and effective way to look for differences in
expression of the genes in a given QTL is through microarray
technology. It can be speculated that at least some causative
genes will be differentially expressed, so candidates obviously
can be sought among genes found to be differentially
expressed. This dataset illustrates that candidates come from
several regulatory areas including apoptosis, cytoskeletal
organisation, chromatin modelling, and cell cycle. As such,
susceptibility and resistance to cancer involves a constellation
of factors, some interacting, and failure of any one can lead to
carcinogenesis. This observation may impact on both treat-
ment and further research. It may be that the next stage in
personalised medicine for cancer will initially involve a
tumour work up to establish whether the primary aberration
involves the cell cycle, apoptosis, or cytoskeleton and from
there, which gene and finally how best to intervene. In other
words, start with functional assays then follow up with geno-
typing and intervention strategies. The concentration, diver-
sity, and multiplicity of genes found within these QTLs to be
reported in other studies as aberrant in cancerous samples
suggests that fine genetic mapping may be a problematical
approach. Fine mapping may be most appropriate for
conditions with a strong suggestion of monogenicity.

Our statistical threshold was selected to reduce the false
negative rate, since omission of a candidate is more problem-
atical than carrying forward non-candidates. Just as methods
to reduce the false positive rate, such as Bonferroni correction,
increase the false negative rate, our choice of reducing the
false negative rate necessarily increases the false positive rate.
Managing false positives was accomplished in several ways.
First we focused analysis on genetically determined QTLs.
Second, we leveraged published reports to apply what has
already been observed about specific genes in cancer. This
approach has the potential pitfall that our analysis may be
restricted by current thinking. However, we have noted all the
genes which have been observed to be associated with cancer,
even when expression here appears discordant with reported
observations. Some of these, such as ATFa modulator in Pasl
and PDCD4 in Pas3, would be interesting to follow up on.

The apparent concentration of highly cancer associated
genes within these QTLs, regardless of their concordant or
discordant expression in this study, suggests a model for car-
cinogenesis in which genomic position plays a major role.
Suppose the genomic positions of these QTLs were used dur-
ing mitosis for both DNA replication and another DNA involv-
ing process, such as transcription or segregation, in a fashion
that permitted local replication errors at a rate much higher
than that for more distant positions. This would produce a
situation in which mutations are regionally concentrated at
these foci and thus could affect any number of proximate
genes. Any such regions containing genes involved in
sensitive, necessary pathways would be associated with
cancer, but analysis of any given tumour would often show
several mutated genes. Carcinogenesis per se would still
involve failure of cell cycle regulation or apoptosis, but the
mechanism for mutation would involve an interference of one
DNA involved process such as transcription or segregation
with DNA replication. These candidate genes are currently
being verified using RT-PCR or northern analysis and the
results will be reported in the near future.

SUMMARY

In summary, we have identified a number of candidates for
lung cancer susceptibility based on their concordant allele
specific differential gene expression. In addition, this study
shows the usefulness of genome wide expression profiling
using microarrays in conjunction with QTL mapping in the
identification of genes responsible for genetic traits. We believe
that some of the identified candidates are functionally
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relevant and that their expression concords with genetic stud-
ies and thus should be selected for further examination.
Accordingly, a series of experiments based on the information
from the present study are under way to determine allelic
variations and allele specific functional differences in lung
tumorigenesis.
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