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Human pulmonary surfactant protein A (SP-A) is encoded by
two genes, SP-Al and SP-A2, that exhibit coding sequence
(allelic) and 5’ splicing variability. In this report we determine the
effect of the genetic variability within the SP-A1 and SP-A2 genes
on the level of SP-A mRNAs and on the SP-A2 splicing variants
in different individuals. We analysed mRNA specimens from 23
unrelated adults using genotype analysis, Northern analysis and
primer extension, and made the following observations. (1) The
level of SP-A mRNA varies among individuals (coefficient of
variation = 0.49). One SP-A genotype (6A26A%1A°1A®) appears
to be associated with a low to moderate level of SP-A mRNA. (2)
The SP-A1/SP-A2 mRNA ratio varies among individuals, from

0.94 (lowest) to 6.80 (highest) within the study population. One
genotype appears to be associated with a moderate to high SP-
A1/SP-A2 mRNA ratio and another with a low to moderate
ratio. (3) There is no correlation between the level of SP-A
mRNA and the SP-A1/SP-A2 mRNA ratio. (4) Variability in
the ratio of the major SP-A2 splice variants among individuals
results from nucleotide differences in the splice-recognition
sequence of specific SP-A2 alleles. The SP-A mRNA levels, the
SP-A1/SP-A2 mRNA ratio, and the ratio of the major SP-A2
splice variants have a genetic basis in that they vary depending
upon the specific SP-A alleles present.

INTRODUCTION

Surfactant protein A (SP-A) is the major non-serum pulmonary
surfactant-associated protein. Functional SP-A is a large multi-
meric (18 SP-A monomers) complex [1,2] involved in varied
aspects of surfactant biology [3-5]. SP-A expression is tissue
specific and is regulated by developmental stage and a number of
hormones (reviewed in [6]). It is increasingly evident that human
SP-A is also complex at the molecular level (reviewed in [7]). In
humans, SP-A is encoded by two functional genes, SP-A1 and
SP-A2. The two genes have very similar genomic structures and
encode proteins that differ in eight amino acids [8.,9], four of
which lie within the collagen-like region of the protein that is
responsible for the formation of SP-A trimers, the first step in the
assembly of the functional complex. It is not known whether SP-
A1l and SP-A2 differ in function, though it has been proposed on
theoretical grounds that both proteins are required, in the ratio
two SP-A1 to one SP-A2, for formation of the multimeric SP-A
complex [10].

The genes exhibit variability on three levels. (a) Alternative
splicing of 5’-untranslated (UT) exons results in major transcripts
of both genes that differ in their 5 UT region [11,12]. (b)
Sequence variability within the coding region of both genes
results in a number of allelic variants for each gene ([8,9,11-15];
the present paper). (¢c) The 3° UT region of each gene contains
considerable sequence variability [13,16,17]. It is currently not
known whether some or all of this genetic variability has
physiological significance, though it has been established that the
major 5" UT region splice variants of both SP-A1 and SP-A2 are
translated in vivo [18].

The level of SP-A mRNA varies considerably among adult
individuals [19]. The variability, as reflected by the coefficient of
variation (CV; standard deviation/mean) of 0.53, was high
compared with that observed for the hydrophobic surfactant

protein SP-C (CV =0.27) [19]. At the time that this initial
observation, i.e. that the level of SP-A mRNA varies among
adult humans, was made [19], the molecular complexity of SP-A
was not fully appreciated. A recent study has shown that SP-C,
in contrast with SP-A, is highly conserved among humans [20].
The apparent coincidence of molecular complexity with varied
mRNA level (SP-A), and molecular conservation with relatively
constant mRNA level (SP-C), is intriguing, and suggested to us
that the observed variation in SP-A mRNA may be a direct
result of its genetic heterogeneity. Consequently, we designed the
studies described in the present report to begin to search
systematically for links between SP-A mRNA expression and
specific forms of SP-A genetic variability.

EXPERIMENTAL
Tissue acquisition

The human lung tissue used for these studies was discarded
surgical tissue from patients who underwent lung resections
primarily for tumours. The tissues used were considered ‘normal’
on gross inspection by a pathologist. In addition, sections of
frozen and paraffin-embedded tissue from fifteen of the specimens
(marked with triangles in Table 2) were stained with haematoxylin
and eosin and were examined histologically by one of us (D. E.
deM.). These tissue sections contained no major pathology and
were from comparable levels of the lung, as determined from the
size of small airways.

RNA isolation

Frozen human lung tissue was powdered and homogenized in
buffer containing 4 M guanidinium thiocyanate. The DNA was
sheared by passing repeatedly through a needle, and RNA was

Abbreviations used: SP-A, surfactant protein A; UT, untranslated; CV, coefficient of variation; RT, reverse transcription; BAL, bronchoalveolar

lavage.
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Figure 1 Specific amplification of SP-A ¢cDNA

(A) The genomic structure of the SP-A gene is shown. The open boxes represent the exons, drawn to scale: 5 UT exons, A through D; coding exons, | through IV; 3" UT. The TATA box and
translation start and stop sites are indicated by arrows above the boxes. Below the boxes are the locations of oligonucleotides used in the study; their orientation is indicated by arrows. (B) SP-
A1 and SP-A2 cDNAs were divided, by PCR amplification, into two gene-specific fragments, as shown. The fragments were applied to slot blots for genotyping. (C) The specificity of amplification
is shown. The 5” (lanes 2-5) and 3" (lanes 6—11) fragments were amplified as described in the Experimental section. The cDNA template included in each amplification mixture is indicated under
each lane of the figure as follows: RT, RT reaction products; for the SP-A1 gene control, the allele 6A% cDNA was used ; for the SP-A2 gene control, the allele TA° cDNA was used. The products
(RT or cDNA) in lanes 2, 3 and 6-8 were amplified with SP-A1-specific oligonucleotides, and the products in lanes 4, 5 and 9—11 were amplified with SP-A2-specific oligonucleotides. The size
difference between the 5" fragments from SP-A1 and SP-A2 can be seen (lanes 2—5). The faint higher band in the RT lanes (2 and 4) is the splice variant AB’D’, produced from both genes [11].
The specificity of the 3" fragments is demonstrated by the amplification of the specific control cDNAS in lanes 7 and 11 and by the lack of product in lanes 8 and 10. Specificity of the 3" fragments
was further verified by gene-specific hybridization with oligonucleotides 351 and 433 (results not shown). Lane 1, @174 Haelll markers.

isolated by centrifugation through a caesium chloride cushion
[21].

Northern analysis

Total lung RNA (10 xg) was separated on a formaldehyde gel
and transferred to nylon membrane, according to the vendor’s
specifications (DuPont-NEN Life Science Products, Boston,
MA, U.S.A.). Membranes were hybridized with SP-A ¢cDNA and
actin-specific oligonucleotide 182. Hybridization was quantified
by scanning laser densitometry.

Reverse transcription (RT)-PCR for genotyping

RT was carried out as described in a total volume of 25 yl using
mouse mammary leukaemia virus reverse transcriptase (Gibco/
BRL, Gaithersburg, MD, U.S.A.). For RT of total lung RNA,
1 ug RNA was incubated with 15 ng of primer (oligonucleotide
68) at 70 °C for 10 min. The reaction was incubated at room
temperature for 15 min with buffer (provided by the vendor of
the reverse transcriptase)/0.5 mM each dNTP/10 mM DTT/
0.5 z1 of RNase block (Stratagene, La Jolla, CA, U.S.A.). Mouse
mammary leukaemia virus reverse transcriptase (0.75 ul, 150
units) was added, and the reaction mixture was incubated at
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Table 1 Oligonucleotides

The nucleotide positions for the SP-A1 gene are those of White and co-workers [8], and those for the SP-A2 gene are those of Katyal and co-workers [9].

Number of Nucleotide Gene
oligonucleotide 5’-to-3” sequence Orientation position specificity

9 GGCACAGCCACATGGCTCTG Antisense 10391058 SP-A1, SP-A2
32 CTGGAGGCTCTGTGTGTGGG Sense 181-200 SP-A1, SP-A2
68 TGCCACAGAGACCTCAGAGT Antisense 38453864 SP-A1, SP-A2
292 CCATTATTCCCAGGAGGACATGGTG Antisense 1575-1599 SP-A2
293 CCATCATTTCCAGGAGGACATGGCA Antisense 1555-1579 SP-A1
310 TGCCATGTCCTCCTGGAAATG Sense 1555-1575 SP-A1
314 CACCATGTCCTCCTGGGAATA Sense 1575-1595 SP-A2
327 ATCACTGACTGTGAGAGGGT Sense 472491 SP-A2
351 GGTATCCCTGGAGAGTGTGG Sense 1595-1615 SP-A1
433 GGTGTCCCTGGAGAGCGTGG Sense 1616—1635 SP-A2

46 °C for 1 h. The reaction was terminated by heating at 95 °C
for 5 min. For genotyping samples, gene-specific amplification of
SP-A cDNA was achieved by dividing the cDNA into 5" and 3’
segments and amplifying each segment using SP-A1- and SP-A2-
specific primers. For the 5 segment, oligonucleotides 32 and 293
(SP-Al-specific) or 292 (SP-A2-specific) were used; for the 3’
segment, oligonucleotides 68 and 310 (SP-A1l) or 314 (SP-A2)
were used for amplification. The position and orientation of
oligonucleotides are shown in Figure 1A, and the 5 and 3’
fragments are shown in Figure 1B. For the 5 segment, 2.5 ul of
the RT reaction mixture was used as template in a total volume
of 50 ul. For the 3’ segment, 5 ul of the RT reaction mixture was
used in 100 xl. The PCR mixture contained buffer supplied by
the polymerase vendor, 50 ng of each of the appropriate oligo-
nucleotide pairs, 75 mM each dNTP, 1.5 mM MgCl, and 1 unit
of AmpliTaq polymerase. Cycling conditions were 94 °C for
20s, 53°C for 20s and 72°C for 30s, for 30 cycles (5
segment) or 40 cycles (3’ segment), plus a final 72 ° extension for
10 min. The sizes of the amplified 5" fragments of SP-A1 cDNA
and SPA2 cDNA differ by 30 nucleotides as a result of alternative
splicing of exon B. Therefore, the specificity of amplification of
the 5" fragment was verified by checking the size of the products
on an agarose gel (Figure 1C). The specificity of amplification of
the 3’ fragment was monitored by parallel amplification of
characterized SP-A1 and SP-A2 cDNA clones (Figure 1C) and /or
hybridization with a gene-specific oligonucleotide probe (oligo-
nucleotides 351 and 433).

Primer extension

Primer extension was carried out as previously described [11],
using 25 pug of lung total RNA and 150000 c.p.m. of **P-labelled
oligonucleotide 9. Extension products were separated on a 6%,
polyacrylamide sequencing gel, and the sizes of the products
were determined from a sequence ladder run on the same gel.
Extension products of interest were quantified by densitometry
of an autoradiograph of the gel.

Slot-blot/genotype analysis

The SP-A1l alleles determined by sequence information and
characterized experimentally are 6A, 6AZ%, 6A® and 6A*. Simi-
larly, the SP-A2 alleles are 1A, 1A 1A', 1A? and 1A% [14]. RT-
PCR products were applied to slot blots and were hybridized
with 5-end-labelled SP-A1 and SP-A2 allele-specific oligo-
nucleotides as described by Floros and colleagues [14].
Hybridization and wash temperatures differed for the various

oligonucleotides. The specificity of hybridization was monitored
by inclusion on the slot blots of cDNAs of known SP-A1 and SP-
A2 alleles [11].

Sequencing of splice recognition sequence

SP-A2 genomic DNA of the 1A, 1A, 1A? alleles of interest was
amplified with oligonucleotides 327 and 68, and the 3.4 kb
product was cloned into the pGemT vector (Promega, Madison,
WI, U.S.A.). The clones were cycle-sequenced using the fmol
sequencing system (Promega).

Oligonucleotides

Detailed information about the oligonucleotides used in the
present study is presented in Table 1. Oligonucleotides 9, 32 and
68 were used for RT-PCR. Oligonucleotide 9 was used for the
primer extension experiment. Oligonucleotides 351 and 433 were
used to verify the specificity of the gene-specific amplification of
SP-A 3’ fragment for genotyping. Gene- and allele-specific
oligonucleotides used for genotyping are described in detail
elsewhere [14].

Statistical analysis

Student’s 7 test was used for comparison of total SP-A mRNA
and the SP-A1/SP-A2 mRNA ratio between different groups.
Haplotype analysis was carried out using the EH program [22].

RESULTS

As described in the Introduction, the SP-A genes exhibit a
considerable degree of variability. In previous studies we have
described four alleles for SP-A1 and five for SP-A2, based on
nucleotide differences within the coding exons [11,14]; we
observed that the ratio of the major SP-A2 5" UT region splice
variants varied among individuals [11,18]; we also reported that
the level of SP-A mRNA varies among adult individuals [19].
The studies in which these observations were made involved a
relatively small number of individuals: three [11], five [18] and
eleven [19]. Therefore, we designed a series of experiments using
a larger study population, from which we hoped to understand
the basis of the variability in the amount of SP-A mRNA and the
SP-A2 splicing variability among humans. In the present study
we isolated total RNA from lung tissue of 23 unrelated adult
individuals and subjected these RNAs to a number of different
analyses. The SP-A genotypes of the study population were also
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Table 2 Total SP-A mRNA and SP-A genotype

Relative levels of total SP-A mRNA (in arbitrary units) were determined from Northern-blot
analysis for 23 adults. The SP-A genotype of these individuals was determined from gene- and
allele-specific hybridization as described in the Experimental section. The individuals have been
listed in order of increasing total SP-A mRNA, with their genotypes also listed. The genotype
6AZ6AZ1AM AL (1) appears to be associated with low-to-moderate levels of SP-A mRNA. Lung
tissue from individuals marked with a triangle was subjected to microscopic analysis. The
genotype 6AZ6A*TAMA" (*) is discussed in the text.

Total SP-A

mRNA

(arbitrary
Individual units) Genotype
1810 0.49 A 6A® 1A” 1A
18014 0.55 6A% 6A? 1A° 1A%
1792 0.67 A 6A® 1AY 1A
17874 0.67 6A% 6A% 1A? 172
18064 073 6A? 6AZ 1A? 1A%
18074 0.83 6A 6A% 1A 1A
18004 0.90 6A? 6A? 1A? 1A%
1802 1.04 6A% 6A? 1A° 1A%
17934 117 6A 6A* TA? 1A2
18084 1.23 6A% 6A? 1A° 1A%
18034 1.37 A 6A* 1A 1A
17894 1.38 6A% 6A? 1A° 1A%
17974 1.55 A% 6A® 1AT 1A
1790 1.63 6A% 6A? 1A° 1A%
1805 1.66 6A 6A* 1A 1A°
1809 1.75 6A% 6A® 1A” 1A
17994 1.90 A 6A® 1AY 1A
17884 2.09 6A% 6A® 1A” 1A
1798 2.31 6A BA% 1A 1A
18124 2.41 6A% 6A® 1A” 1A
18114 2.52 6A A% 1A 1A
18044 272 6A 6A% 1AD 1A
1791 3.14 6A 6A* 1A 1A°

determined. Figure 1A shows the genomic structure of SP-Al
and SP-A2 and the position and orientation of oligonucleotides
used in the studies described below.

The majority of the specimens used were taken from lung
tissue resected to remove a localized tumor. Frozen and paraffin-
embedded tissue from 15 of the specimens (marked with a
triangle in Table 2) was examined histologically. The tissues did
not show any major pathology and represented comparable
levels of peripheral lung, based upon the size of small airways
present. Figure 2 shows haematoxylin- and eosin-stained sections
from three of the specimens that contained low (1801, panel A),
moderate (1789, panel B) and high (1804, panel C) levels of SP-
A mRNA, as determined by Northern-blot analysis (see below).

Genotype analysis

The genotypes of 23 individuals were determined by hybridization
with allele-specific oligonucleotides. The sequences of these
oligonucleotides were based on the SP-A alleles that have been
characterized to date by both sequencing and oligonucleotide
hybridizations [14]: 6A, 6AZ%, 6A*% and 6A* for SP-Al, and 1A,
1A 1A', 1A? and 1A* for SP-A2 [14]. The hybridization
specificity of the oligonucleotides has been previously described
[14]. SP-A mRNA was reverse transcribed from total lung RNA
using oligonucleotide 68, common to both genes. The cDNA was
then amplified using four pairs of oligonucleotides (32/293,
32/292, 314/68 and 310/68), resulting in a 5 and a 3’ fragment
for each gene (Figure 1B). The specificity of the amplification of
the SP-A1 and SP-A2 fragments from reverse-transcribed RNA

Figure 2 Histological sections of representative lung specimens

Frozen and paraffin-embedded tissue sections were cut from specimens from each group
representing (A) low, #1801; (B) moderate, #1797; (C) high, #1804, levels of total SP-A
mRNA. No major pathology was detected that would indicate the presence of chronic or acute
lung disease. The histologic analysis also indicates that specimens represent comparable levels
of the lung. Sections were stained with haematoxylin and eosin. Magnification x 197.

was verified by size difference for the 5" fragment (Figure 1C,
lanes 2-5). For the 3" fragment, specificity was monitored by
parallel amplification of characterized SP-A1 and SP-A2 cDNA
clones (Figure 1C, lanes 6-11) and/or by gene-specific
hybridization with oligonucleotides 351 and 433 (not shown).
The amplification products were applied to slot blots and were
hybridized with allele-specific oligonucleotides.

We determined the SP-A1 and SP-A2 genotypes of the 23
individuals. For one individual (1803) the SP-A1 genotype and
for another individual (1804) the SP-A2 genotype could not be
assigned from the hybridization pattern. This observation
suggested the presence of additional alleles not yet described. All
the previously characterized SP-A1 alleles and all the SP-A2
alleles, except 1A® [14], were present in the study group. Ten
different genotypes were identified (Table 2, column 3). The most
frequent genotypes were 6A%6A21A°1A° (339,; n=7) and
6A26A31A1AY (299%; n=6). The frequencies of the SP-Al
and SP-A2 alleles in the study population were, for SP-A1: 6A,
8.9%; 6A?, 62.29%,; 6A% 22.29,; and 6A*, 6.7%; and, for SP-
A2: 1A, 13.3%; 1A° 62.29%:; 1A', 20.0%; and 1A% 4.49%,.
Using the EH program for haplotype analysis [22], we detected
two significant (P < 0.01) haplotypes, 6A21A° and 6A*1A".
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Figure 3 Primer-extension products from SP-A1 and SP-A2 mRNA

(R) 5" end of the SP-A genes showing 5" UT exons that are alternatively spliced, forming
different transcripts for each SP-A gene. There are two splice acceptor sites, D and D’, three
nucleotides apart at the 5” end of exon D. Oligonucleotide 9, common to both genes, was used
for primer extension. (B) An autoradiograph of primer-extension products from six specimens
is shown. Primer extension was carried out using total lung RNA from unrelated adults, as
described in the Experimental section. The major SP-A1 splice variant (AD”) and the major SP-
A2 splice variants (ABD, ABD") are marked by arrows.

Total SP-A mRNA

We used Northern blots hybridized with SP-A cDNA to compare
SP-A mRNA levels among the adults studied. Duplicate blots
were hybridized first with SP-A cDNA, stripped, and then
hybridized with actin probe to normalize the SP-A levels. One set
of filters hybridized significantly more strongly than the other.
However, there was a good correlation between the relative SP-
A levels on the duplicates (correlation coefficient r = 0.83; results
not shown), so that the ranking of individuals according to total
SP-A mRNA was similar on each set of filters. The relative levels
of SP-A among the 23 individuals shown in Table 2 (column 2)
are the means of the relative levels on the duplicate blots. The
individuals are arranged in order of increasing total SP-A mRNA.
(Duplicate values were not available for samples 1801, 1792 and
1808, and so these individuals were not included in statistical
analyses but are included in the Table for purposes of illustration).
There was a wide range of relative levels of SP-A mRNA, the

difference between the lowest and the highest values being more
than sixfold. Approximately 50-60 %, of the individuals fell in a
group where there was a two-to-fourfold range in total SP-A
mRNA level. The CV, a measure of the variability among the
samples, was 0.49.

Individuals with the most common genotype, 6A26A*1A°1A°
(indicated by t in Table 2), are found mostly in the upper half of
Table 2, suggesting that the level of SP-A mRNA from this
genotype is relatively low (mean+S.E. is 1.07+0.13 compared
with 1.70+0.19 for all other genotypes). Despite the small
sample number, this difference approached statistical significance
(P = 0.06). On the other hand, the total level of SP-A mRNA in
individuals with the other common genotype, 6A%6A%1A°1A!,
varies from very low to a high level, raising the possibility that
this group consists of two subgroups (see the Discussion).

Relative levels of SP-A1 and SP-A2 mRNA (SP-A1/SP-A2 mRNA
ratio)

We used primer extension to determine whether the relative
mRNA content from each SP-A gene is the same or differs
among individuals. Primer extension is a relatively direct method
of measuring the relative levels of SP-A1 and SP-A2 transcripts,
because the SP-A mRNA is subjected to only one manipulation,
reverse transcription. Because SP-A1 and SP-A2 transcripts
undergo different patterns of alternative splicing of their 5 UT
exons [11], the extension products of each gene differ in length
and can be readily identified on a sequencing gel. The 5 UT
exons that undergo alternative splicing to produce different
transcripts are shown in Figure 3A. The major SP-A1 transcript
is AD” and the major SP-A2 transcripts are ABD and ABD".
Figure 3B shows primer extension products of six study indi-
viduals; the SP-A1 (AD’) and SP-A2 (ABD, ABD’) products are
indicated. The SP-A1/SP-A2 ratio for each individual was
determined by densitometry and was calculated as [AD’/
(ABD + ABD’)].

Primer extension was carried out using RNA from 21 indi-
viduals; there was insufficient RNA from individuals 1792 and
1789 for this experiment. We used radio-labelled oligonucleotide
9 (Figure 1A), common to both genes, as the primer for extension.
Extension products were separated on a sequencing gel, and their
sizes were verified by comparison with a sequencing ladder run in
parallel lanes. The study individuals with their SP-A genotypes
are listed in increasing order of SP-A1/SP-A2 ratio in Table 3.
The SP-A1/SP-A2 mRNA ratio varies widely among individuals;
the lowest ratio was 0.94 for individual 1794 and the highest was
6.80 for individual 1801. In general, the majority of individuals
express more SP-A1 mRNA than SP-A2 mRNA (SP-A1/SP-A2
> 1). Individuals with the double homozygous 6A26A*1A°1A°
genotype (indicated by T in Table 3) tend to have moderate-to-
high SP-A1/SP-A2 ratios, shown by their position in the lower
half of the Table. Statistical analysis of the data showed that the
SP-A1/SP-A2 mRNA ratio of the individuals with this genotype
(mean+S.E. = 4.764+0.45) was significantly higher than the
mean ratio of all the other individuals (2.72+0.43; P = 0.01).
The genotype 6A6A%1A1A° (Table 3) appears to be associated
with a low to moderate ratio.

Relative levels of the SP-A2 major transcripts (ABD/ABD’ ratio)

SP-A1 and SP-A2 genes undergo different patterns of alternative
splicing of 5" UT exons [11]. Earlier studies from this laboratory
have reported that the relative levels of the major SP-A2 splice
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Table 3 SP-A1/SP-A2 mRNA ratio and genotype

The SP-A1/SP-A2 mRNA ratio was determined for 21 individuals using primer extension as
described in the Results. The individuals are listed in order of increasing SP-A1/SP-A2 mRNA
ratio, with their genotypes. Individuals with the genotype 6A?6A?1A%A° () have a moderate-
to-high ratio, whereas individuals with genotype 6A 6A? 1A 1A° (*) are associated with a
moderate-to-low ratio.

Individual SP-A1/

number SP-A2 Genotype

1793 0.94 6AZ 6A* 1A" 1A2
1791 0.95 6A% 6A* 1A 1A°
1811 1.10 6A BA% 1A 1A%
1798 116 6A 6A% 1A 1A%
1803 1.41 6A° 6A* 1A 1A
1805 172 6A% 6A* 1A 1A°
1807 174 6A BA% 1A 1A%
1809 2.9 6A% 6A° 1A° 1A
1797 3.52 6A° 6A® 1AT 1A!
1810 3.70 6A% 6A° 1A° 1A
1800 387 6A% 6A? 1A? 1A%
1787 4.04 6A% 6A® 1A" 1A2
1808 4.04 6A% 6A? 1A? 1A%%
1788 411 6A% 6A° 1A° 1A
1790 413 6A% 6A? 1A7 1A%
1804 428 6A 6A% 1AY 1A
1799 433 6A 6A° 1A” 1A
1806 450 6A% 6A? 1A° 1A%
1802 521 6A% 6A? 1A? 1A%%
1812 6.40 6A% 6A° 1A° 1A
1801 6.80 6A% 6A? 1A? 1A%

Table 4 ABD/ABD’ ratio and SP-A2 genotype

The ratio of the major SP-A2 5" UT region splice variants, ABD/ABD’, was determined for 20
individuals using primer extension as described in the Results. The data are the means + S.E.
for the individuals of each genotype.

SP-A2 Number of
genotype ABD/ABD’ individuals
1A 1A2 0.3640.18 2
1A 1A 0.11+0.01 5
1A 1A 017 1
1AT 1A 3.65 1
1A 1A! 3.9040.30 5
1AY 1A0 3.89+0.29 6

variants (ABD and ABD’) differ among individuals [11,18]. The
ABD and ABD’ variants arise from splicing of the A and B
untranslated exons on to either the D (ABD transcripts) or D’
(ABD’ transcripts) splice-acceptor site of UT exon D. Splicing
can occur at two sites on exon D in the SP-A2 gene, because of
the presence of two consensus splice sequences, D and D’, at the
5" end of exon D (Figure 3A). The variation in the ABD/ABD’
ratio was confirmed in the present study and is illustrated in
Figure 3B, which shows primer extension products of both SP-
A1l (AD’) and SP-A2 (ABD, ABD) for six study individuals. The
ratio of ABD to ABD’ transcripts was determined from densito-
metric analysis of autoradiographs of primer-extension products.

In Table 4, the study individuals are grouped according to their
SP-A2 genotype. The data indicate that the ABD/ABD’ ratio
varies according to the SP-A2 genotype of the individual.
Individuals with SP-A2 genotype 1A°/1A, 1A°/1A% or 1A/1A’
haveratios < 1.0, i.e. there are more ABD’ than ABD transcripts,
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Figure 4 Sequence differences in SP-A2 alleles affect splice site selection

The genetic basis of the variation in ABD/ABD” ratio. (A) The splice-recognition sequence at
the 5” end of UT exon D of two SP-A2 alleles, 1A% and 1A%, was sequenced. The nucleotide
change from A (1A% to G (1A% that eliminates the D splice site is boxed. (B) The intron
nucleotide sequences at the 5" end of exon D for alleles 1A° and 1A' and for alleles 1A and
1A% are shown. Arrows mark the splice junctions, D and D', that are used by SP-A2 alleles to
give ABD (for 1A and 1A" alleles) and ABD” (for 1A, 1A%, 1A" and 1A? alleles) transcripts. (C)
The extended intron consensus sequence of a splice junction (top) and the corresponding 1A°
or 1A' sequence if splicing occurs at the ABD (middle) or at the ABD’ (bottom) splice site are
shown. The invariant AG is underlined in each case. The numbers above the ABD and ABD
sequences are the frequency with which that nucleotide occurs at that position in the consensus
sequence. In the ABD transcripts, the nucleotide (boxed) five bases upstream from the AG splice
site is T in 46% of splice junctions, and in ABD” transcripts is A in 9% of splice junctions.
Therefore the ABD pattern is favoured in 1A% and 1A" alleles.

whereas individuals with genotypes 1A°/1A°, 1A°/1A' and
1A'/1A" have ratios > 1.0, i.e. ABD transcripts predominate.
Similar results were obtained when the samples were analysed
using RT-PCR (results not shown). The correlation of genotype
and ratio of SP-A2 splice variants suggests that the variability of
this ratio has a genetic basis, such that 1A and 1A? alleles favour
splicing at the ABD’ splice site and 1A® and 1A* favour splicing at
the ABD splice site. To determine whether sequence differences
in the splice site of the various alleles could explain site selection,
we sequenced the pertinent region of the 1A and 1A? alleles. The
published SP-A2 genomic sequence [9] is the 1A allele [11], and
the intron sequence at the splice junction at the 5 end of exon D
is CAGCAG. Figure 4A shows the sequence of the splice-
recognition site of the 1A° and 1A? alleles. As hypothesized,
there was a sequence change in the splice-recognition sequence
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of the 1A? allele (Figure 4A). The sequence was changed from
CAGCAG to CGGCAG in the 1A? allele, resulting in the
elimination of the D splice site, so that 1A? transcripts only have
the ABD’ splice pattern whereas 1A° transcripts can have either
the ABD or ABD’ pattern (Figure 4B). The sequence of the 1A
allele was the same as 1A? in this region, and the sequence of 1A!
was the same as 1A° (results not shown).

The data in Table 4 also show that alleles IA® and 1A' favour
splicing at the ABD site quite strongly. This preference for the
ABD site is explained after comparison of the intron sequence at
the ABD and ABD’ splice sites with the corresponding extended
consensus splice sequence [23]. Figure 4C makes this comparison.
The numbers above the ABD and ABD’ sequences are the
frequency with which that particular nucleotide occurs at that
position in the consensus sequence. The invariant AG nucleotides
adjacent to the splice site are underlined. The nucleotide (boxed)
five bases upstream from the splice site is T (as occurs for ABD
transcripts) in 46 %, of splice junctions and A (as occurs in ABD’
transcripts) in 9 %, of splice junctions. The preference for T in the
consensus sequence explains why the ABD pattern is favoured
and therefore why ABD transcripts predominate in 1A® and 1A*
alleles, where both splice sites are available.

DISCUSSION

SP-A is the major non-serum protein associated with pulmonary
surfactant. A variety of different functions have been ascribed to
SP-A [6], so that variation in the amount of SP-A has the
potential to affect surfactant biology at a number of different
sites. In the present study we have confirmed our earlier
observation that the level of SP-A mRNA varies among indi-
viduals [19]. We observed a sixfold difference in total SP-A
mRNA between the highest- and lowest-expressing individuals
(Table 2); the high degree of variability in the group is reflected
in the CV of 0.49. It is our hypothesis that the individual
variability in the amount of SP-A mRNA is a reflection of one
or more of the complexities observed at the level of the SP-A
genes. In this study we investigated (1) variability among
individuals in the level of total SP-A mRNA and in the relative
levels of SP-A1 and SP-A2 mRNA as a function of SP-A
genotype and (2) variability among individuals in the ratio of the
SP-A2 major splice variants (ABD/ABD’) as a function of SP-
A2 genotype.

Correlation of genotype with total SP-A mRNA level, SP-A1/SP-A2
mRNA ratio and the ABD/ABD’ ratio

The frequencies of the SP-A1 and SP-A2 alleles are very similar
to those observed in a much larger population recently described
by Floros and colleagues [14] (Table 5). This similarity suggests
that the group of individuals studied here, though small, is
roughly representative of the general population. Because of the
small size of this study population (n = 23) and the large number
of potential SP-A genotypes, conclusions can be drawn for only
the most frequent genotypes, i.e. for 6A26A%*1A°lA° and
6A6AP1A 1AL

The total SP-A mRNA level varies among individuals (Table
2). Individuals with the genotype 6A26A%1A°1A° (indicated by T
in Table 2) have a low-to-moderate amount of SP-A mRNA.
Because these individuals are homozygous for both SP-A genes,
they must carry the 6A*1A° haplotype, suggesting that total SP-
A mRNA from this haplotype is low and that the amount of 6A*
mRNA and/or of 1A° mRNA is low in these individuals. The
6A26A21A°1A° genotype was also associated with a moderate-
to-high SP-A1/SP-A2 mRNA ratio (Table 3t). Taken together,

Table 5 SP-A1 and SP-A2 allele frequency distribution

The frequency (percent) of the SP-A1 and SP-A2 alleles in the present study population
(n = 45alleles for each SP-A1 and SP-A2) is compared with the frequency of a larger population
(n = 253 alleles for SP-AT and n = 245 alleles for SP-A2) [14]. The SP-A2 allele 1A% was
not represented in the present study population.

Study Larger

population population
Alleles (%) (%)
SP-A1
6A 91 93
6A? 63.6 54.4
6A3 205 278
BA* 6.8 85
SP-A2
1A 136 115
1A° 61.4 56.5
1A 205 21.0
1A2 45 87
1A% 0 08

these observations indicate that the content of 1A° mRNA
is lower than that of 6A>2.

The other common genotype, 6A?6A%1A°1A! (indicated by *
in Table 2), appears to fall into two subgroups, one with a low
level of total SP-A mRNA and the other with high total SP-A
mRNA, suggesting that there may be other differences that
distinguish these two apparent subgroups that are not readily
discernible from this study: for example, (i) one group may
contain a sequence difference within the coding sequence that is
not detected by the hybridization oligonucleotides used here, i.e.
this group may represent another allele; (ii) there could be
differences in the 3" UT region of the allele(s) of one group that
alter the stability of its mRNA, which in turn affects the level of
mRNA ; or (iii) there may be differences in the genetic background
of the two subgroups that alter the expression of the alleles
present, i.e. gene modifiers [24].

There was no correlation between total SP-A mRNA and SP-
A1/SP-A2 mRNA ratio (correlation coefficient r = 0.29). This
observation suggests that the total amount of SP-A mRNA in an
individual is not determined by the relative expression of the SP-
A genes. Rather, the picture that emerges is that total SP-A
mRNA level and the relative levels of SP-A1 and SP-A2 mRNA
produced in a given individual vary as a function of the specific
alleles present, i.e. of the SP-A genotype. At the present time, the
basis for the difference in expression among SP-A alleles is not
known. However, the data suggest that individual alleles differ in
the level of transcription or stability of their message, resulting in
different amounts of mRNA.

The majority of individuals have an SP-A1/SP-A2 ratio greater
than one (Table 3), indicating an excess of SP-Al mRNA.
McCormick and Mendelson [25] determined the relative levels of
SP-A1 and SP-A2 mRNA in four adults. They found that SP-A2
mRNA made up 759, of total SP-A mRNA in each case. Our
results, in contrast, suggest that the relative contribution of each
gene can vary considerably among individuals, but that in most
cases there is more SP-A1 than SP-A2 mRNA. The reason for
this apparent difference is unclear, though it is possible that it is
the result of individual variation.

In addition, variability in the ratio of the major SP-A2 splice
variants is also determined by genotype. Thus certain alleles (1A
and 1A?) can only splice at the ABD’ site whereas others (1A°
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and 1A') can use both sites, because of sequence differences
within the intron splice-recognition sequence adjacent to the
exon D splice junction in SP-A2 (Figure 4). The physiological
significance of the splicing differences (if any) is unclear, because
both ABD and ABD’ transcripts can be translated in vitro [11]
and are also translated in vivo [18]. The rate of translation of each
of these transcripts may differ, but, to date, no such information
is available.

A wide range of SP-A levels has been measured in the
bronchoalveolar lavage (BAL) of healthy control individuals
in several studies, suggesting that SP-A protein level does
vary among individuals [26-29]. It is not known whether the
differences among individuals in BAL SP-A levels reflect an
underlying range of SP-A mRNA levels, as described here. In the
present study, the level of SP-A protein in the lung tissue of each
individual was not measured. To date, no systematic studies of
correlation between human SP-A protein and SP-A mRNA level
in different individuals have been reported. However, a number
of studies using human fetal lung explant culture have investi-
gated the response of SP-A protein and its message to a variety
of stimulatory and inhibitory regimens. Of particular interest
was the observation of Ballard and co-workers [30] that in
the explants they studied there was considerable variability in the
amount of both SP-A and its message between different specimens
and that the protein and message levels tended to be correlated.
The observed variability in level of SP-A mRNA among
specimens may have been a reflection of differences in SP-A
genotype of the fetal lungs used in their experiments, as described
in the present report. The results of explant studies show that, in
general, the protein level tends to follow the mRNA level. For
example, the content of both SP-A protein and SP-A mRNA
increases with time in culture in untreated explants [30] and in
explants exposed to dibutyryl cAMP, epidermal growth factor,
tri-iodothyronine and interferon [31-33]. In contrast, insulin,
transforming growth factor-# and retinoic acid inhibit the
accumulation of both SP-A and its message in explant culture
[32,34,35]. In the human adenocarcinoma cell line H441-4,
phorbol ester treatment decreases the amount of both SP-A and
SP-A mRNA [36]. The response to glucocorticoids of both SP-
A and its message is biphasic, showing increased expression at
low concentrations of glucocorticoids and inhibition of ex-
pression at high concentrations [37,38]. These results strongly
suggest that the SP-A level is correlated with the level of SP-A
mRNA, at least under the conditions of explant culture. It is
possible that the situation in adults is different. In adults, the SP-
A level may change relative to the SP-A mRNA level as a result
of increased or decreased degradation of SP-A or by a change in
the efficiency of the translation of SP-A mRNA into protein in
different individuals. However, at this time, no information of
this nature is available for SP-A in human adult lung.

The range of SP-A in healthy individuals that can maintain
normal lung function has not been well defined. Nor have there
been studies where the amount, or range of amounts, of
functional SP-A has been determined in BAL of healthy indi-
viduals. However, the level of SP-A protein in BAL was found to
be altered during certain disease states: decreased in acute
respiratory distress syndrome [28] and idiopathic pulmonary
fibrosis [26], and increased in sarcoidosis and hypersensitivity
pneumonitis [27]. Smoking had no significant affect on the level
of SP-A in BAL of healthy volunteers [27]. The differences
among humans in the level of SP-A mRNA we observed in the
present study, as determined by histological analysis, do not
appear to be the result of lung pathology (such as chronic or
acute lung disease) or to be due to different sampling sites (for
example, distal versus proximal) in the lung.

Summary

Using RNA isolated from 23 unrelated adult individuals, we
have shown that: (1) the level of SP-A mRNA varies among
individuals; (2) one SP-A genotype associates with a low-to-
moderate level of SP-A mRNA; (3) the variability in the ratio of
the two major SP-A2 transcripts results from sequence differences
in the UT exon D splice-recognition sequence; (4) the relative
level of SP-A1 to SP-A2 mRNA (SP-A1/SP-A2 mRNA ratio)
varies among individuals and the level of SP-A1 mRNA is
generally greater than the level of SP-A2 mRNA; (5) one SP-A
genotype associates with a moderate-to-high SP-A1/SP-A2
mRNA ratio and another with a low-to-moderate ratio; and (6)
there is no correlation between the SP-A1/SP-A2 mRNA ratio
and total SP-A mRNA level.

The minimum level of SP-A mRNA required to maintain
normal surfactant metabolism and function is currently un-
known. A level that is sufficient under normal conditions may
prove inadequate in the event of disease or other stress on the
respiratory system. Immunohistochemical studies of lungs of
infants who died of respiratory distress syndrome showed reduced
levels of surfactant proteins [39]. SP-A, in particular, was greatly
reduced in or absent from these lungs [40]. A correlation between
the level of SP-A and the severity of respiratory distress syndrome
has also been noted [41]. Our results suggest that SP-A genotype
has an impact on the level of SP-A mRNA and that one
genotype is associated with relatively low amounts of SP-A
mRNA. Thus, should an infant possessing a genotype that
correlates with low levels of SP-A mRNA be born prematurely,
it is possible that the risk that this infant will develop respiratory
problems is significantly increased, compared with an infant of
comparable age but with a different genotype, i.e. one that
correlates with high levels of SP-A mRNA. Furthermore, it is
possible that a particular stress/disease results in different
outcomes in adult individuals with different genotypes.
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