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Timing of the Last Glacial Maximum
from observed sea-level minima
Yusuke Yokoyama, Kurt Lambeck, Patrick De Deckker, Paul Johnston
& l. Keith Fi®eld

Nature 406, 713±716 (2000).
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In this Letter, a statement on page 715 that the eustatic sea level
Dzeus(t) differs from the ice-volume-equivalent sea level Dze(t) is
erroneous. We thank W. R. Peltier for drawing this error in
interpretation to our attention. The two de®nitions were initially
introduced to distinguish changes in sea level that were the result of
ice mass being added to the oceans from other changes caused by
thermal expansion, for example. The erroneous statement was the
result of a programming error that was introduced into the program
in 1998 when it was modi®ed to deal with shelf ice more accurately
and to introduce the time dependence of the coastlines in the
evaluation of the equivalent sea-level change through equation (3).
This evaluation requires a knowledge of the location of the shoreline
at each time step, of the grounding line of the ice and of the part of
the shelf ice that ¯oats or grounds as a result of sea level change and
shelf-ice thickness change. The error was introduced at the end of
each iteration of the sea-level equation, when the value of sea level

change was integrated over the ocean and the resulting volume was
compared with the change in ice volume for the corresponding
interval. The eustatic sea level at this stage was de®ned as the global
average of sea-level change but, because we allow sea level to be non-
zero on land so as to be able to compute the tilting of lakes or the
changing elevations of tree lines, the averaging should have been
restricted to the ocean. Fortunately, the error does not enter into any
other part of the model predictions because the estimate of global
sea level rise is based on the ice volume change in equation (3)
throughout the core program. Thus calculations of the isostatic
correction Dzi(j,t) in equation (1) and of the ice-volume-equivalent
sea level Dze(t) are correct, as are the results illustrated in Fig. 2. The
matter arises in the two sentences in parentheses of the penultimate
paragraph of the main text (page 715), in a discussion of the
difference between our Barbados results and those of Peltier. The
®rst sentence in parentheses remains correct, but our attempt to
explain it in the second sentence is not. The cause for the disagree-
ment must be sought elsewhere, possibly in the different ice and/or
earth models used. M
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The role of interleukin-1
polymorphisms in the
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Jolanta Lissowska, Chiu-Chin Yuan, Nathaniel Rothman, George Lanyon,
Maureen Martin, Joseph F. Fraumeni Jr & Charles S. Rabkin

Nature 404, 398±402 (2000).
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We reported the association of interleukin-1 gene cluster polymorph-
isms suspected of enhancing production of interleukin-1 b with an
increased risk both of hypochlorhydria induced by Helicobacter pylori
and of gastric cancer. We were subsequently alerted to an error in
our genotyping by a report1 that the IL-1B-511T variant is in
positive linkage disequilibrium with the IL-1B-31C allele, rather
than with the IL-1B-31T allele as we had stated. We have traced this
discrepancy to incorrect labelling of the sequence data from the
wild-type and variant controls for the IL-1B-31 assays. Conse-
quently, the designations IL-1B-31T and IL-1B-31C were reversed
in the text and Tables 1±3. We have now veri®ed the proper
identi®cations by re-sequencing our controls. In addition, we
have con®rmed the more common (IL-1B-31T/IL-1B-511C) and
less common (IL-1B-31C/IL-1B-511T) haplotypes by forward and
reverse sequencing ®ve homozygous samples (two wild-type and
three variant) for both of these loci. Our data and analysis remain
otherwise unchanged. The electrophoretic mobility shift assays were
unaffected by this error and hence the greater DNA binding of the
IL-1B-31T-bearing oligonucleotide represents the wild-type IL-1B
promoter. M
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During the Last Glacial Maximum, ice sheets covered large areas
in northern latitudes and global temperatures were signi®cantly
lower than today. But few direct estimates exist of the volume of
the ice sheets, or the timing and rates of change during their
advance and retreat1,2. Here we analyse four distinct sediment
facies in the shallow, tectonically stable Bonaparte Gulf,
AustraliaÐeach of which is characteristic of a distinct range in
sea levelÐto estimate the maximum volume of land-based ice
during the last glaciation and the timing of the initial melting
phase. We use faunal assemblages and preservation status of the
sediments to distinguish open marine, shallow marine, marginal
marine and brackish conditions, and estimate the timing and the
mass of the ice sheets using radiocarbon dating and glacio-hydro-
isostatic modelling. Our results indicate that from at least 22,000
to 19,000 (calendar) years before present, land-based ice volume
was at its maximum, exceeding today's grounded ice sheets by
52:5 3 106 km3. A rapid decrease in ice volume by about 10%
within a few hundred years terminated the Last Glacial Maximum
at 19; 000 6 250 years.

The broad and shallow continental margin of northern Australia
includes several local bathymetric depressions, the largest of which is
the Bonaparte Gulf. During times of sea-level lowstands much of the
shelf was exposed, and the sediments deposited in the depressions
were protected from wave action by the outer shelf edge. A total of 23
gravity cores, 10 vibrocores and 3 grab samples were collected from
present-day water depths of 34 to 147 m along transects across the
shelf margin and the Bonaparte depression (Fig. 1a). All cores were
sedimentologically examined and a number were selected for micro-
palaeontological analysis and radiocarbon dating. Depending on
faunal assemblages and preservation status (Fig. 1b, see also Methods
section below) four distinct bio-sedimentary facies have been recog-
nized: open marine, shallow marine, marginal marine, and brackish
water, denoted by OM, SM, MM and BR, respectively, in Fig. 1b. We
obtained 41 radiocarbon dates of foraminifera and bivalve molluscs
using accelerator mass spectrometry (AMS) techniques and dated
some of the larger bivalves using conventional liquid scintillation
counting methods. All AMS-dated samples were severely etched
(about 40% to 50%) to discard outer shell material that may have
been contaminated by secondary carbonate precipitation. Figure 1b
summarizes the results for 7 of the cores from water depths between
128 and 95 m. All carbonate ages have been corrected for reservoir
effect (400 years; refs 3, 4) and calibrated to a calendar timescale5,6.
The cores indicate excellent preservation of faunal specimens, many
without evidence for reworking, and the 14C dates indicate only rare
instances of age inversions.

Last Glacial Maximum (LGM) sea-level indicators are preserved
in a number of the cores. To reconstruct a sea-level curve based on
micropalaeontological evidence, it is necessary to consider the
palaeoenvironmental conditions as a sequence of events assuming
that little or no break in sedimentation, and no erosion, has
occurred. (If a hiatus does occur it results in missing bio-facies
and in reworking of the faunas; and this is not observed.) Thus,
through identi®cation of a transition from shallow marginal marine
to brackish conditions and then back to shallow marginal marine
conditions, the timing of the brackish conditions records the
interval of lowest sea level. Once this depth is identi®ed in a
single core, other cores with depths either side of the identi®ed
low sea-level stand are examined to substantiate the reconstruction.
This has been done using core GC5 as the master core because it has
the best preserved and dated record for brackish water conditions.
No truly lacustrine phase has been recognised in any of the cores,
indicating that throughout the LGM the Bonaparte depression
remained in open contact with the Timor Sea7.

The transition from marginal marine to brackish facies occurs in
core GC5 at 21,280 calendar years before present (cal. yr BP) at a
depth of 340 cm below the sea ¯oor (Fig. 1b). Sediments below this
depth contain marine ostracods and planktonic foraminifers,
whereas above this boundary dwarf specimens of the benthic
foraminifer Ammonia beccarii occur along with other shallow to
brackish water indicators such as the benthic foraminifer Elphidium
spp. and the euryhaline ostracod Cyprideis australiensis8,9. Marginal
marine and brackish-water conditions existed for about 3,000 years,
in agreement with results from cores GC4 and GC6 (Fig. 1b) as well
as GB1. Sea level at GC5 was, therefore, a few metres below -121 m
(Fig. 2a) in this time interval. Deeper cores, both within the
depression (GC1, GC2 and GC3) and outside it, do not indicate
any brackish facies and place a lower limit of -125 m on the position
of relative sea-level at these locations. The microfossil assemblages
of cores GC10 and GC11, at -103 and -101 m respectively, are
indicative of a marginal beach or coastal lagoon environment
between 17,650 and 17,450 cal. yr BP. In core GC7, undamaged
littoral-dwelling bivalves occur at -107 m with an age of
17,610 cal. yr BP (Fig. 1b). Figure 2a illustrates the results for all
samples free from post-depositional disturbance. They indicate that
between 22,000 and 19,000 cal. yr BP a rapid rise of 10±15 m
occurred.

² Present address: Space Sciences Laboratory, University of California, Berkeley, California, USA, and
Lawrence Livermore National Laboratory, 7000 East Avenue, PO Box 808, L-202 Livermore, California

94550, USA.

© 2000 Macmillan Magazines Ltd



letters to nature

714 NATURE | VOL 406 | 17 AUGUST 2000 | www.nature.com

The sea-level change due to the melting of land-based ice sheets
is10,11

Dz rs1 � ¢ze � Dz i �1�

where
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is a measure of the ice volume Vi that contributed to the sea-level
rise. We call this the ice-equivalent sea-level change. Aw is the ocean
area and ri, rw are the average densities of ice and ocean, respec-
tively. Dzi is the total glacio-hydro-isostatic contribution to sea-level
change. At the Australian sites, away from the former ice sheets, the
isostatic response is one of subsidence of the sea ¯oor and coastal
zone because of the meltwater loading of the ocean ¯oor. Here, Dzi is
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Figure 1 Location and stratigraphy of the Bonaparte cores. a, Location of the

sampling sites on the northwest shelf of Australia with bathymetric contours (in metres)

and coring sites. b, Sedimentological description with facies inferred from micro-

palaeontological methods (see Methods) and 14C dates for gravity cores. Four facies are

identi®ed as follows: OM, open marine; SM, shallow marine; MM, marginal marine; and

BR, brackish-water (see Methods section). Dated horizons are indicated and all ages are

in 14C years. The complete data set, including calibrated ages, is available from

http://www.ngdc.noaa.gov/paleo/data.html.
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about 10% of the primary contribution Dze and the relative sea
levels lie above the ice-equivalent sea level at the time of the LGM12.

The isostatic effects also need to be considered when estimating
ice volumes from eustatic sea level Dzeus, de®ned as the globally
averaged sea-level change. The value of Dzi in equation (1) averaged
over the oceans, hDziiAw, at any time is non-zero because of the
change in shape and depth of the ocean basin under the changing
surface ice and water load. Hence the spatially averaged change in
sea level at any time is Dzeus � Dze � hDz iiAw and the last term
contributes about 20% to Dzeus. In addition to the time dependence
of the depth of the ocean basin, the evaluation of the isostatic term
in equation (1) and the integral in equation (2) includes the time
dependence of both the coastline and the area of shallow sea ¯oor
covered by grounded ice.

Figure 2b illustrates the ice-equivalent sea level and associated
land-based ice volume, inferred from the Bonaparte Gulf observa-
tions. These results use a rigorous glacio-hydro-isostatic formula-
tion with Northern Hemisphere ice models that are consistent with
observational evidence from these localities and with an Antarctic
ice model that contributes 25 m to Dze (refs 13±15). Earth model
parameters used in these corrections are based on analysis of
Australian postglacial sea levels12 and uncertainties in these param-
eters are included in evaluating the error bars of Fig. 2b. Because the
isostatic corrections are about 10% of the total sea-level change,
uncertainties in the distribution of ice between the different centres
of glaciation contribute little to the magnitude of the isostatic effects

themselves. The consequence of the isostatic corrections is that
the ice-volume-equivalent sea level at the LGM lies between -135
and -130 m, corresponding to a volume of grounded ice in excess of
the present volume by �52 6 2� 3 106 km3.

Earlier observations of the LGM sea level on the Australian
shelf7,16 and elsewhere17,18 have shown considerable uncertainty, in
part because of the limitation of the preserved indicators and in part
because of inadequate age determination. Of the previous data, that
of greatest importance is the Barbados evidence where the depth±
age relationship of corals have placed lower limits on the local sea-
level curve19,20. Figure 2b includes isostatically corrected sea-level
estimatesÐusing the same model and model parameters as for the
Bonaparte dataÐfor the Barbados data as well as three earlier
estimates from northern Australia7. The main group of Barbados
results, from Acropora corals that live in water depths down to about
5 m (ref. 19), occur in the interval from 19,000 to 17,000 cal. yr BP

and, when corrected for the differential isostatic effects, are con-
sistent with the Bonaparte Gulf data. The two older data points from
Barbados lie at greater depths and are also consistent with the new
data for the corresponding period. The agreement between the
Barbados and Bonaparte estimates shortly after 19,000 cal. yr BP

indicate that the equivalent sea level stood at about -120 m at this
time, above the coral and marginal marine samples. The earlier
brackish water samples occur at about -135 m equivalent sea level.
These estimates are from minimally reworked fauna showing
evidence of bleaching and without age inversions. Thus a rapid rise
in sea level occurred at about 19,000 cal. yr BP, within a time interval
de®ned by the dating accuracy of a few hundred years. This rapid
rise was followed by a period of about 2,000 to 3,000 years of much
slower melting of the ice sheets before the onset of the main phase of
late-glacial melting. The bulk of the Barbados evidence, therefore,
does not correspond to the period of maximum glaciation but to the
early stages of the late-glacial phase.

The inferred ice-equivalent sea level of -130 to -135 m is consistent
with the glaciological lower limit estimate of -127 m established by
the CLIMAP project1 and does not support the maximum CLIMAP
ice-sheet reconstruction of -163 m. (It has been argued that upper-
and lower-limit CLIMAP models contain excessive ice when com-
pared with an isostatically corrected Barbados sea-level result of
-105 m (ref. 21). But this latter quantity corresponds to Dzeus, not
Dze. A Dzeus of -105 m corresponds in fact to Dz of about -135 m.)

The global sea-level observations do not indicate where the ice
was stored. Analyses of sea-level data from formerly glaciated
regions provide Northern Hemisphere ice volumes that are less
than those contained in glaciologically based models13,21±23 and the
previously noted14,24 discrepancy between the Northern Hemisphere
and total LGM ice volumes remains. Changes in Antarctic ice may
account for part of this, although estimates based on Antarctic
rebound analyses are inadequate to explain the entire imbalance25.
In the inversion of sea-level data it is the rebound within the former
ice margins that is most sensitive to changes in ice volume, but the
necessary observations occur only once the area becomes ice free.
Hence, ice volumes for the LGM and early part of the late-glacial
period remain poorly constrained in such analyses26. The rapid rise
in sea level noted at 19,000 cal. yr BP may provide part of the answer
to the missing-ice problem: that the LGM ice sheets were initially
cold-based, steeply domed and thick but then, in response to basal
thawing over some regions, evolved rapidly into relatively thin ice
cover with a signi®cant reduction in ice volume27,28. Such a hypoth-
esis is consistent with the geomorphological ®eld evidence27, with
glaciological modelling29 and with the ice models inferred from
rebound analyses13,22. M

Methods
Facies determination

To de®ne water depth within 1±2 m in the Bonaparte Gulf, it is necessary to examine the
sequence of depositional events immediately before and after the deposition of the
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brackish facies. In a falling sea-level sequence the following biosedimentological facies
sequence can be expected within the core: 1, open marine; 2, shallow marine; 3, marginal
marine; and 4, brackish conditions. The last three facies are seen, for example, in the lower
part of core 5 (Fig. 1b). When sea level rises the sequence reverts to marginal marine and
then to shallow marine. It is this sequence of facies changes before and after the deposition
of the brackish-water sediments that determine the position and duration of shallow-
water conditions. The four depositional sequences are as follows.
`̀ Open marine'' was identi®ed by the presence of fragile pteropod remains, numerous and
diversi®ed benthic foraminifer and ostracod taxa, that are indicative of normal marine
salinity. In analogy with modern conditions, water depths are around 20 m because
planktonic foraminifers are either absent or rare.
`̀ Shallow marine'' was characterized by the absence of pteropods and the presence of
numerous and well-preserved foraminifer and ostracod taxa (which include species of
Aglaiella, Argilloecia, Callistocythere, Loxoconcha, Pterygocythereis, Uloleberis, in addition
to common bairdiid taxa); there are no planktonic foraminifers. Biodiversity of the
microbiota is substantially lower than in the open marine facies. Water depths are around
10 m.
`̀ Marginal marine'' was de®ned by a change to a lower diversity of benthic marine
ostracods (commonly encountered species: Neocytheretta ssp., Xestoleberis sp.) and
benthic foraminifers, accompanied by the robust endobenthic scaphopods. Most speci-
mens show signs of abrasion. Bivalve molluscs are common and frequently damaged.
Broken echinoid spines and bryozoan remains are ubiquitous. Terrigenous material,
mostly quartz, is common. Water depths are less than 5 m, being within the zone of tidal
in¯uence.
`̀ Brackish water'' was identi®ed by a paucity of typically marine organisms and the
presence of the foraminifer Ammonia beccarii, often in large numbersÐand as dwarf
morphs due to environmental stresses such as ¯uctuating salinities and temperaturesÐ
accompanied by the euryhaline ostracods Cyprideis australiensis, Leptocythere spp. and
Neocytheretta spp. Signs of bleaching of the calcareous shells, indicating exposure to
corrosive waters, are common. Terrigenous material is common. Salinities are well below
sea-water salinity due to a strong in¯uence of continental waters, such as found in estuaries
and tidal ¯ats. Water depths correspond to near mean sea level and up to the high-tide
level. Present tidal range is 63 m and this represents the upper limit of the accuracy of
these sea-level indicators.
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Modern birds have markedly foreshortened tails and their body
mass is centred anteriorly, near the wings1±5. To provide stability
during powered ¯ight, the avian centre of mass is far from the
pelvis, which poses potential balance problems for cursorial birds.
To compensate, avians adapted to running maintain the femur
subhorizontally, with its distal end situated anteriorly, close to the
animal's centre of mass; stride generation stems largely from
parasagittal rotation of the lower leg about the knee joint6±12. In
contrast, bipedal dinosaurs had a centre of mass near the hip joint
and rotated the entire hindlimb during stride generation4±8,11±13.
Here we show that these contrasting styles of cursoriality are
tightly linked to longer relative total hindlimb length in cursorial
birds than in bipedal dinosaurs. Surprisingly, Caudipteryx, des-
cribed as a theropod dinosaur14,15, possessed an anterior centre of
mass and hindlimb proportions resembling those of cursorial
birds. Accordingly, Caudipteryx probably used a running mechan-
ism more similar to that of modern cursorial birds than to that of
all other bipedal dinosaurs. These observations provide valuable
clues about cursoriality in Caudipteryx, but may also have impli-
cations for interpreting the locomotory status of its ancestors.

In contrast to bipedal dinosaurs, the femur in cursorial birds
contributes little to generation of stride length, and avian hindlimb
movement is largely the result of retraction of the lower leg7±12.
Hence, it might be expected that relative stride length in cursorial
birds would be lower than that in bipedal dinosaurs. However, this
is probably not the caseÐlengths of `effective hindlimb' segments in
birds (tibiotarsus + tarsometarsus) and dinosaurs (femur + tibia +
metatarsal III) are equivalent16 (Fig. 1a). Consequently, total hind-
limb length in cursorial birds is invariably one-and-a-half times
longer than in theropod and ornithopod dinosaurs (Fig. 1b).
Additionally, as adept avian runners have evolved repeatedly from
¯ighted ancestors17, we conclude that these profound anatomical
modi®cations that facilitate avian cursoriality are multiple conver-
gent responses to secondary resumption of cursoriality in distantly
related taxa independently derived from ¯ighted ancestors.

² Present address: Department of Biology, Stephen F. Austin State University, Nachogdoches, Texas 75962,

USA.
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genotypes: (1) elav±GAL4/+; UAS±wild-type a-synuclein/+; (2) UAS±A30P
a-synuclein/elav±GAL4; and (3) UAS±A53T a-synuclein/elav±GAL4. Sections were
stained with haematoxylin and eosin. Time points monitored were 1, 10, 30 and 60 days. In
addition, serial 1-mm sections of glutaraldehyde-®xed heads from ¯ies of the same
genotypes prepared at 1, 30 and 60 days were stained with toluidine blue to highlight
degenerating cells. No evidence of excess neurodegeneration was detected using either
technique.

To evaluate dopaminergic cells of the dorsomedial cluster by tyrosine hydroxylase
immunostaining, serial 4-mm sections were cut to include the entire brain. Immuno-
positive cells at the level of the giant interneuron commissure, posterior to the fan-shaped
body, were counted in well oriented frontal sections at 1, 10, 30 and 60 days. At 1 day all
control and experimental sections contained four or ®ve cells in the delineated region. At
30 and 60 days all controls showed four or ®ve cells. At 30 and 60 days all a-synuclein-
expressing animals (a-synuclein, elav±GAL4 and a-synuclein, Ddc±GAL4 transhetero-
zygotes) showed 0 or 1 tyrosine-hydroxylase-positive cell in the de®ned region. Tyrosine-
hydroxylase-positive cells outside the dorsomedial cluster were present, and served as
internal controls for the immunostaining procedure. At least four, and usually between six
and ten brains were examined for wild-type a-synuclein and each mutant a-synuclein.
Controls included young and aged ¯ies of the genotypes elav±GAL4/+ and Ddc±GAL4/+.
We evaluated expression of a-synuclein and b-galactosidase on similar serial section
preparations. Quanti®cation was simpli®ed in these experiments because no clear cell-
body-associated a-synuclein or b-galactosidase immunoreactivity was observed in the
aged a-synuclein transgenic ¯ies at the times reported.

For histological examination of retinas, heads were ®xed in glutaraldehyde and
embedded in epon. Tangential retinal sections were prepared at a thickness of 1 mm and
stained with toluidine blue (Fig 4).

Standard electron microscopy was performed on brains from 25-day-old experimental
(UAS±A30P a-synuclein/elav±GAL4) and control (elav±GAL4/+) ¯ies. For immunoe-
lectron microscopy, pre-embedding immunohistochemistry with an Hrp-congugated
secondary antibody was performed on 60-day adult brains from experimental (UAS±
A30P a-synuclein/elav±GAL4) and control (elav±GAL4/+) ¯ies ®xed in 4% para-
formaldehyde with 0.5% glutaraldehyde. Tissue was post-®xed in osmium and embedded
in epon. Unstained ultrathin sections and ultrathin sections stained with uranyl acetate
and lead citrate were examined.

Climbing assay

The climbing assay was performed as described19,20. Forty ¯ies were placed in a plastic vial,
and gently tapped to the bottom of the vial. The number of ¯ies at the top of the vial was
counted after 18 s of climbing. Twenty trials were performed for each time point. The data
shown represent results from a cohort of ¯ies tested serially over 55 days. The experiment
was repeated three times, with independently derived transgenic lines. Similar results were
obtained from each experiment. The experiment was carried out under red light (Kodak
Safelight Filter 1A). Control ¯ies were of the genotype elav±GAL4/+. Experimental
animals were of the following genotypes: (1) elav±GAL4/+; UAS±wild-type a-synuclein/+;
(2) UAS±A30P a-synuclein/elav±GAL4; and (3) UAS±A53T a-synuclein/elav±GAL4.
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Helicobacter pylori infection is associated with a variety of clinical
outcomes including gastric cancer and duodenal ulcer disease1.
The reasons for this variation are not clear, but the gastric
physiological response is in¯uenced by the severity and anatomi-
cal distribution of gastritis induced by H. pylori. Thus, individuals

© 2000 Macmillan Magazines Ltd



letters to nature

NATURE | VOL 404 | 23 MARCH 2000 | www.nature.com 399

with gastritis predominantly localized to the antrum retain
normal (or even high) acid secretion2, whereas individuals with
extensive corpus gastritis develop hypochlorhydria and gastric
atrophy3, which are presumptive precursors of gastric cancer4.
Here we report that interleukin-1 gene cluster polymorphisms
suspected of enhancing production of interleukin-1-beta are
associated with an increased risk of both hypochlorhydria
induced by H. pylori and gastric cancer. Two of these polymorph-
ism are in near-complete linkage disequilibrium and one is a
TATA-box polymorphism that markedly affects DNA±protein
interactions in vitro. The association with disease may be
explained by the biological properties of interleukin-1-beta,
which is an important pro-in¯ammatory cytokine5 and a powerful
inhibitor of gastric acid secretion6,7. Host genetic factors that
affect interleukin-1-beta may determine why some individuals
infected with H. pylori develop gastric cancer while others do not.

H. pylori infects half of the world's population and has been
implicated in the pathogenesis of gastric cancer1, the second-most
common malignancy worldwide8. The mechanism of H. pylori-
induced carcinogenesis is not clear. The infection almost always
causes in¯ammation of the gastric mucosa, the distribution and
severity of which varies widely and affects the clinical outcome.
Gastritis that is con®ned to the antral region is associated with
excessive acid production and a high risk of duodenal ulcer disease2.
In contrast, gastritis involving the acid-secreting corpus region leads
to hypochlorhydria, progressive gastric atrophy3 and an increased
risk of gastric cancer4,9. These pre-cancerous changes are unfavour-
able to H. pylori growth and some gastric cancers arise long after the
infection has disappeared. Duodenal ulceration and gastric cancer
seem to be mutually exclusive outcomes of H. pylori infection that
cannot be explained by differences in bacterial virulence factors
alone, as virulent strains seem to be equally associated with both
conditions10,11. An alternative explanation is that host genetic factors
(in conjunction with bacterial and/or environmental factors) deter-
mine the immune and in¯ammatory responses to H. pylori infec-
tion. A critical factor in H. pylori-induced gastric carcinogenesis is
gastric acid secretion, which both in¯uences and is in¯uenced by
H. pylori-induced gastritis. If in¯ammation of the corpus mucosa is
severe, acid secretion is inhibited and eventually lost through the
destruction of gastric glands3. Furthermore, pharmacological inhi-
bition of acid secretion leads to the re-distribution of H. pylori-
induced gastritis with a reduced intensity of antral in¯ammation

and an increased intensity in the corpus, and may progress to gastric
atrophy in the long term12. Endogenous factors that suppress acid
secretion could also contribute to corpus gastritis and atrophy.

The interleukin-1 (IL-1) gene cluster on chromosome 2q contains
3 related genes within a 430-kilobase (kb) region, IL-1A, IL-1B and
IL-1RN, which encode the pro-in¯ammatory cytokines IL-1a and
IL-1b as well as their endogenous receptor antagonist IL-1ra
respectively5. IL-1b is upregulated in the presence of H. pylori and
is important in initiating and amplifying the in¯ammatory response
to this infection13±15. IL-1b is also a potent inhibitor of gastric acid
secretion6,7; on a molar basis it is estimated to be 100-fold more
potent than proton pump inhibitors and 6,000-fold more potent

Table 1 Estimated haplotype frequencies and linkage disequilibrium coef®cients

Haplotype* Disequilibrium²

Population Loci 1±1 1±2 2±1 2±2 1±3,4,5 2±3,4,5 D9 x2 p
...................................................................................................................................................................................................................................................................................................................................................................

GCR controls IL-1B 2 31=IL-1B 2 511 0.610 0.010 0.005 0.375 0.98 95.2 0.0001
(n � 100) IL-1B 2 31=IL-1B � 3954 0.420 0.200 0.380 0.000 -0.53 27.8 0.0001

IL-1B 2 31=IL-1RN 0.519 0.096 0.131 0.244 0.005 0.005 0.52 26.6 0.0001
IL ÿ 1B � 3954=IL-1RN 0.495 0.295 0.155 0.045 0.010 0.000 -0.20 3.8 0.05

Low acid GCR IL-1B 2 31=IL-1B 2 511 0.422 0.000 0.022 0.556 0.96 41.4 0.0001
(n � 45) IL-1B 2 31=IL-1B � 3954 0.273 0.149 0.560 0.018 -0.27 3.3 0.07

IL-1B 2 31=IL-1RN 0.330 0.092 0.203 0.375 0.000 0.000 0.48 10.5 0.001
IL ÿ 1B � 3954=IL-1RN 0.408 0.425 0.125 0.042 0.000 0.000 -0.17 1.4 0.24

Normal acid GCR IL-1B 2 31=IL-1B 2 511 0.681 0.017 0.000 0.302 0.95 52.1 0.0001
(n � 58) IL-1B 2 31=IL-1B � 3954 0.527 0.171 0.275 0.027 -0.20 2.3 0.13

IL-1B 2 31=IL-1RN 0.611 0.087 0.130 0.155 0.000 0.017 0.47 12.6 0.0004
IL ÿ 1B � 3954=IL-1RN 0.561 0.223 0.180 0.018 0.017 0.000 -0.25 3.6 0.06

Gastric cancer controls IL-1B 2 31=IL-1B 2 511 0.699 0.002 0.000 0.298 1.00 426.6 0.0001
(n � 429) IL-1B 2 31=IL-1B � 3954 0.498 0.203 0.250 0.048 -0.16 11.2 0.0008

IL-1B 2 31=IL-1RN 0.612 0.084 0.109 0.185 0.005 0.004 0.51 112.6 0.0001
IL ÿ 1B � 3954=IL-1RN 0.525 0.214 0.196 0.056 0.009 0.000 -0.07 2.1 0.14

Gastric cancer cases IL-1B 2 31=IL-1B 2 511 0.576 0.008 0.003 0.413 0.98 352.4 0.0001
(n � 366) IL-1B 2 31=IL-1B � 3954 0.418 0.166 0.352 0.063 -0.19 12.8 0.0003

IL-1B 2 31=IL-1RN 0.423 0.155 0.152 0.259 0.007 0.004 0.39 54.7 0.0001
IL ÿ 1B � 3954=IL-1RN 0.413 0.350 0.162 0.064 0.007 0.004 -0.17 11.0 0.0009

...................................................................................................................................................................................................................................................................................................................................................................

Data given for pairs of IL-1 loci in gastric cancer relatives (GCR), gastric cancer cases and respective control populations.
* For all IL-1B loci, C is denoted by allele 1 and T is denoted by allele 2.
² D9 � D=Dmax for association of most common alleles at each locus.
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Figure 1 Differential binding patterns between the T- and C-bearing alleles of the IL-1B

promoter. Nuclear extracts from fresh human monocytes stimulated for 30 min with

lipopolysaccharide (LPS) (+) show evidence of induction of DNA±protein complexes 1 and

2 on the IL-1B 2 31T oligonucleotide. Complex 3 and free probe were equivalent across

all lanes. Cold competition with a 100-fold excess of unlabelled probe (T) blocked the

formation of complex 1 (lane 3), whereas cross-competition with unlabelled IL-1B 2 31C

(C) only partially blocked complex 1 (lane 4). Results were similar with monocyte extracts

from three different donors.
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than H2 antagonists16. Three diallelic polymorphisms in IL-1B
have been reported, all representing C±T base transitions, at
positions -511, -31 and +3954 base pairs (bp) from the tran-
scriptional start site17. There are con¯icting data regarding the
functional effects of these polymorphisms on IL-1b
production18,19. The IL-1RN gene has a penta-allelic 86-bp
tandem repeat (VNTR) in intron 2, of which the less common
allele 2 (IL-1RN*2) is associated with a wide range of chronic
in¯ammatory and autoimmune conditions17. IL-1RN*2 is asso-
ciated with enhanced IL-1b production in vitro19, but data
regarding its effects on IL-1ra production are contradictory20±22.

To determine whether these polymorphisms are important with
respect to the different outcomes of H. pylori infections, we studied
their effects on gastric physiology in healthy subjects. We had
previously shown that a cohort of 149 ®rst-degree relatives of gastric
cancer patients from the West of Scotland had a high prevalence of
hypochlorhydria (de®ned as a pentagastrin-stimulated peak acid
output of less than 15 mmol h-1) in association with H. pylori
infection23. Of the 103 (69%) gastric cancer relatives (GCR) infected
with the H. pylori, 45 had hypochlorhydria and gastric atrophy and
58 had normal or high acid secretion. One hundred unselected
newborns from the West of Scotland were available as population
controls. We also had available a case-control study of gastric cancer,
based on a population from Warsaw, Poland, in which there were
393 gastric cancer cases and 430 controls with DNA samples24. We
were thus able to determine whether genotypes that modify IL-1b
are associated with low acid secretion and gastric atrophy, and
whether these same genotypes increase the risk of gastric cancer.
These studies were reviewed and approved by the Institutional
Review Boards and Ethics Committees of the US National Cancer
Institute, the University of Glasgow Hospitals NHS Trust, and the
M. Sklodowska-Curie Memorial Cancer Centre (Warsaw).

In both the Scottish and Polish control populations, the alleles at
the individual loci of IL-1B and IL-1RN were in Hardy±Weinberg
equilibrium, with non-signi®cant x2 values. There was marked
linkage disequilibrium among the loci within the gene cluster (see
also ref. 25). Linkage disequilibrium between IL-1B 2 31 and
IL-1B 2 511 was almost total, with 99.5% of the inferred haplotypes
(IL-1B 2 31=IL-1B 2 511) in the combined control groups consist-
ing of either T±T or C±C (Table 1). There was also strong linkage
disequilibrium (D9 < 0:5) between IL-1B 2 31 and IL-1RN in both
populations. However, the two groups differed with respect to
linkage disequilibrium between IL-1B 2 31 and IL-1B � 3954,
which was strong in the Scottish population controls but relatively
weak (D9 � 2 0:16) in the Polish controls. There was no signi®cant
linkage disequilibrium between IL-1B � 3954 and IL-1RN in either
control group.

There were no signi®cant differences in genotype frequency for
any IL-1 marker between the GCR and controls or between the total

H. pylori-infected and uninfected GCR (Table 2). Nevertheless,
among the infected GCR, those with low acid secretion had a
signi®cantly higher frequency of the pro-in¯ammatory IL-1RN*2
allele and the T±T haplotype of IL-1B 2 31 and IL-1B 2 511
(IL-1B 2 31T=1L-1B 2 511T), as compared with the GCR with
normal or high acid secretion. Carriers of the T allele of
IL-1B 2 31 (IL-1B 2 31T�) had an age-adjusted odds ratio of 9.1
(95% con®dence interval (CI), 2.2±37), and there was little differ-
ence between the homozygous and heterozygous carriers (Table 2).
IL-1RN*2 homozygotes (IL-1RN*2/*2) were also at increased risk of
hypochlorhydria, although risk among the IL-1RN*2 heterozygotes
was not signi®cantly increased (Table 2). In a logistic regression
model including both factors, the estimated age-adjusted odds
ratios for IL-1B 2 31T� and IL-1RN*2/*2 were 7.5 (95% CI, 1.8±
31) and 2.1 (95% CI, 0.7±6.3), respectively. The IL-1B � 3954
genotype was not associated with the risk of hypochlorhydria.

There were similar associations between these alleles and the risk
of gastric cancer. Carriers of IL-1B 2 31T had an increased gastric
cancer risk at an odds ratio of 1.9 (95% CI, 1.5±2.6), with no
signi®cant difference between homozygotes and heterozygotes
(Table 3). Moreover, IL-1RN*2 was associated with an increased
risk in homozygotes but not in heterozygotes (Table 3). In a logistic
regression model including both of these genotypes, the estimated
odds ratios for IL-1B 2 31T� and IL-1RN*2/*2 were 1.6 (95% CI,
1.2±2.2) and 2.9 (95% CI, 1.9±4.4), respectively. IL-1B � 3954T
homozygotes seemed to be protected against gastric cancer,
although the effect did not reach statistical signi®cance (Table 3).

The estimated effects of IL-1B 2 31T� and IL-1RN*2/*2 were
similar in subgroups of gastric cancer cases de®ned by age, sex,
histological type and anatomical site (data not shown). Further-
more, adjustment for other reported risk factors for gastric cancer,
including tobacco and alcohol use, ABO blood group and family
history of gastric cancer, did not substantially alter the estimates
(data not shown).

The IL-1B 2 31T=IL-1RN*2 haplotype imparted a greatly
increased risk of gastric cancer, as compared with having no copy
of IL-1B 2 31T and at least one copy of the other IL-1RN alleles.
Twenty-two per cent of cases (compared with eight per cent of
controls) had this haplotype, either in its homozygous form or with
IL-1B 2 31C=IL-1RN*2, with an odds ratio of 4.4 (95% CI, 2.8±6.9).
In the absence of IL-1B 2 31T, homozygous IL-1RN*2 was asso-
ciated with a similarly elevated odds ratio of 5.3 (95% CI, 1.9±14),
although this genotype combination was uncommon because of
linkage disequilibrium between the two loci. In contrast, the odds
ratio for IL-1B 2 31T� with no more than one copy of IL-1RN*2
was only 1.7 (95% CI, 1.2±2.3). Nonetheless, because its effect is
observed in both homozygotes and heterozygotes, the IL-1B 2 31T
allele accounts for a greater proportion of excess gastric cancer cases
than the IL-1RN*2 allele, despite their comparable frequencies. The

Table 2 IL-1 genotype frequencies in gastric cancer relatives (GCR) and controls

H. pylori-infected GCR

Locus Genotype Low acid
(n � 45)

Normal acid
(n � 58)

Odds ratio
(95% CI)*

Uninvected GCR
(n � 46)

Population controls
(n � 100)

...................................................................................................................................................................................................................................................................................................................................................................

IL-1B 2 31 C/C 5 30 1.0 23 37
C/T 28 21 8.1 (2.0±33) 18 50
T/T 12 7 13.6 (2.6±71) 5 13

IL-1B 2 511 C/C 5 29 1.0 23 36
C/T 30 21 8.3 (2.0±34) 18 51
T/T 10 8 11.4 (2.2±58) 5 13

IL-1B � 3954 C/C 30 35 1.0 28 67
C/T 15 23 0.8 (0.3±1.9) 15 26
T/T 0 0 3 7

IL-1RN 1/1 17 35 1.0 24 42
1/2 14 14 2.4 (0.9±6.2) 15 44

1/3, 4, 5 0 2 0 0 2
2/2 14 7 5.6 (1.8±17) 7 12

...................................................................................................................................................................................................................................................................................................................................................................

* Odds ratio for low acid versus normal/high acid, adjusted for age and within-family sampling. CI, con®dence interval.
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fraction of gastric cancer in the population that is attributable to
IL-1B 2 31T is estimated to be 31%, compared with 18% for IL-
1RN*2. Their combined population attributable fraction is esti-
mated to be 38%, which represents the fraction of gastric cancer
cases that are caused by these IL-1 alleles.

The IL-1B 2 31 polymorphism involves a TATA sequence in the
IL-1B promoter. To investigate the effect of IL-1B 2 31 variants on
the induction of IL-1b, we used electrophoretic mobility-shift
analysis to assess their DNA-binding activity in vitro. Synthetic
allele-speci®c oligonucleotides representing the polymorphic
IL-1B 2 31 sites were incubated with nuclear protein extracts
from non-stimulated human monocytes and monocytes activated
by lipopolysaccharide (LPS). LPS stimulation induced a ®vefold
increase in DNA binding (complex 1) on the IL-1B 2 31T oligonu-
cleotide (Fig. 1, lanes 1 and 2). In contrast, LPS failed to induce
complex 1 formation on the IL-1B 2 31C oligonucleotide (Fig. 1,
lanes 5 and 6). Furthermore, complex 1 formation on radiolabelled
IL-1B 2 31T was speci®cally blocked by competition with the
unlabelled IL-1B 2 31T, but not the IL-1B 2 31C, oligonucleotide
(Fig. 1, lanes 3 and 4). These results indicate that one or more
proteins (presumably transcription factors) in complex 1 may be
unable to interact with the C-bearing IL-1B 2 31 allele to form the
transcription initiation complex. In parallel experiments assessing
allele-speci®c oligonucleotides for IL-1B 2 511, there were no
differences in binding activity (data not shown), indicating that
the effect of IL-1B 2 511 may be mediated by linkage disequilibrium
with the TATA box polymorphism. On the basis of these results and
previously published functional data for IL-1RN, hypochlorhydria
and gastric cancer may be associated with alleles of IL-1B 2 31 and
IL-1RN that enhance IL-1b production.

Here we demonstrate that pro-in¯ammatory genotypes of the IL-
1 loci (IL-1B 2 31T� and IL-1RN*2/*2) increase both the like-
lihood of a chronic hypochlorhydric response to H. pylori infection
and the risk of gastric cancer, presumably by altering IL-1b levels in
the stomach. While the pro-in¯ammatory effects of high IL-1b
concentrations may facilitate the clearance of H. pylori from the
gastric mucosa, the concomitant inhibition of acid secretion allows
the spread of H. pylori-induced in¯ammation from the antrum to
the corpus. This functional inhibition is initially reversible but the
progressive destruction of parietal cells eventually leads to irrever-
sible hypochlorhydria. A decreased ¯ow of gastric secretions may
therefore heighten mucosal damage by allowing the accumulation
of bacterial toxins and by-products of in¯ammation that would
normally be diluted and ¯ushed out. The reactive oxygen and
nitrogen oxide species that are derived from in¯ammation are
known mutagens, while hypochlorhydria permits superinfection
by other bacteria that enhance the production of highly car-
cinogenic N-nitroso compounds26.

H. pylori-induced hypochlorhydria also markedly reduces the
levels of vitamin C in gastric juice27, further facilitating the forma-

tion of N-nitroso compounds. The opportunities for DNA damage
caused by this cascade of genotoxic factors are ampli®ed by the
increased rate of cell turnover in in¯amed mucosa. Therefore,
genotypes that enhance IL-1b production may favour the initiation
of a set of responses to H. pylori that result in hypochlorhydria,
corpus atrophy and an increased risk of gastric cancer.

Our ®ndings complement the most widely accepted multi-stage
model of gastric carcinogenesis4, and provide insights into the
etiological role of H. pylori. We have shown at least two suscept-
ibility loci in the IL-1 gene cluster for gastric cancer and its
precursors. The effects of these loci in¯uence an early stage of the
disease process and require the presence of H. pylori infection.
Progression towards cancer is probably in¯uenced by other com-
ponents of the host genetic constitution acting epistatically, as well
as by dietary and other factors in the environment.
IL-1B 2 31T=IL-1RN*2 constitutes a pro-in¯ammatory haplotype
that is in strong linkage disequilibrium, at least in Caucasian
populations. We speculate that this linkage disequilibrium re¯ects
past selective pressures for or against enhancement of the IL-1b
response to environmental challenges. Whereas pro-in¯ammatory
genotypes may be advantageous for the host response to some
infections, the vigorous IL-1b production associated with H. pylori
gastric infection may exacerbate mucosal damage and increase the
risk of eventual neoplasia. M

Methods
IL-1 genotyping

IL-1B polymorphisms were distinguished by two separate methods, polymerase chain
reaction single-strand conformation polymorphism (PCR-SSCP) and 59 nuclease PCR
assays (TaqMan). For PCR-SSCP, 50 ng DNA was ampli®ed in a GeneAmp PCR System
9700 (PE Applied Biosystems), using the primer pairs listed in the Supplementary
Information. Ampli®cation was performed in a volume of 20 ml, containing 10 mM Tris-
HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 200 mM each of dATP, dTTP and dGTP, 100 mM
dCTP, 1 mCi of [a-32P]dCTP (3,000 Ci mol-1), 80 ng of each primer and 1 unit of Taq
polymerase. The thermocycling conditions were as follows: 94 8C for 10 min; then 5 cycles
of 94 8C for 30 s, 65 8C for 30 s and 72 8C for 30 s; then 30 cycles of 94 8C for 30 s, 60 8C for
30 s and 72 8C for 30 s; then 5 cycles of 94 8C for 30 s, 55 8C for 30 s and 72 8C for 30 s. SSCP
analysis of the radiolabelled ampli®cation products was performed as described28.

For TaqMan assays, primers (Operon Technologies Inc.) and probes (PE Applied
Biosystems) were designed using Primer Express software (PE Applied Biosystems).
Probes for the T or C allele were 59-labelled with either FAM (6-carboxy¯uoresceine) or
VIC ¯uorogenic dyes, and 39-labelled with TAMRA (6-carboxytetramethylrhodamine)
quencher. PCR ampli®cation was performed in a volume of 25 ml containing 50 ng
genomic DNA, 1´ TaqMan Universal Master Mix (PE Applied Biosystems), 200 nM for
each probe and 900 nM for primers. Cycling conditions were 50 8C for 2 min, 95 8C for
10 min, then 40 cycles of 95 8C for 15 s and 62 8C for 1 min, as recommended by the
manufacturer. Thermal cycling of optical plates was performed in GeneAmp PCR System
9700 and endpoint analysis was performed in the ABI PRISM 7700 Sequence Detection
System (PE Applied Biosystems). Sequences of primers and probes for IL-1B TaqMan
assays are available from the authors.

For IL-1RN, genomic DNA was ampli®ed using PCR under the conditions described
above for IL-1B, using forward primer 59-CCCCTCAGCAACACTCC-39 and reverse
primer 59-GGTCAGAAGGGCAGAGA-39. The PCR products were separated by electro-
phoresis on 2% agarose gels and stained with ethidium bromide. Alleles were sized relative
to a 1-kb DNA ladder and coded conventionally as follows: allele 1 � 4 repeats,
allele 2 � 2 repeats, allele 3 � 5 repeats, allele 4 � 3 repeats, allele 5 � 6 repeats; the
rarer alleles 3, 4 and 5 were grouped in the statistical analysis.

A total of 93% (366/393) of the gastric cancer cases, 99% (429/430) of their population
controls, and all GCR subjects and their newborn population controls were successfully
genotyped for all four loci.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from freshly isolated human monocytes as described29,
after no stimulation or addition of 1 mg ml-1 LPS derived from E. coli (Sigma) for 30 min.
Complementary single-stranded oligonucleotides were synthesized (Life Technologies) as
follows (variant nucleotides in bold):

IL-1B 2 31 : 59-TGCTTTTGAAAGCC=TATAAAAACAGCG-39

IL-1B 2 511 : 59-TGACAGAGAGCTCCC=TGAGGCAGAGAAC-39

Complementary strands were annealed by combining 2 mg of each oligonucleotide and
6 ml of 10´ annealing buffer (500 mM Tris, 100 mM MgCl2 and 50 mM dithiothreitol) in a
60-ml reaction, placing in a boiling water bath for 5 min and allowing to cool to room
temperature. The DNA±protein binding reaction was conducted in a 20-ml volume
containing 7 mg of nuclear protein extract, 1 mg poly (dI±dC) (Sigma), 4 ml of 5´ binding

Table 3 IL-1 genotype frequencies in gastric cancer cases and controls

Locus Genotype Cases
(n � 366)

Controls
(n � 429)

Odds ratio
(95% CI)

.............................................................................................................................................................................

IL-1B 2 31 C/C 128 219 1.0
C/T 172 164 1.8 (1.3±2.4)
T/T 66 46 2.5 (1.6±3.8)

IL-1B 2 511 C/C 127 217 1.0
C/T 170 166 1.8 (1.3±2.4)
T/T 69 46 2.6 (1.7±3.9)

IL-1B � 3954 C/C 212 242 1.0
C/T 140 158 1.0 (0.8±1.4)
T/T 14 29 0.6 (0.3±1.1)

IL-1RN 1/1 148 230 1.0
1/2 117 152 1.2 (0.9±1.6)

1/3, 4, 5 8 7 1.8 (0.7±4.8)
2/2 93 39 3.7 (2.4±5.7)
2/5 0 1 0

.............................................................................................................................................................................
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buffer (60 mM HEPES, 7.5 mM MgCl2, 300 mM KCl, 1 mM ethylenediamine-tetraacetic
acid, 2.5 mM dithriothreitol, 50% glycerol and 4-(2-aminoethyl)-benzenesulphonyl
¯uoride hydrochloride) and 2:5 3 104 c:p:m: of 32P-labelled oligonucleotide probe. UN-
SCAN-IT 5.1 software (Silk Scienti®c) was used for densitometric analysis of the
autoradiographs.

Statistical analysis

Hardy±Weinberg equilibrium of alleles at individual loci was assessed by x2 statistics.
Haplotype frequencies for pairs of alleles were estimated using the Estimating Haplotype-
frequencies (EH) software program (ftp://linkage.rockefeller.edu/software/eh). Linkage
disequilibrium coef®cients D9 � D=Dmax and x2 values were calculated for pairs of the
most common alleles at each locus using the LINKDOS software program (distributed
with GENEPOP, ftp://ftp.cefe.cnrs-mop.fr/pub/PC/MSDOS/GENEPOP/). Odds radios
with Corn®eld 95% con®dence intervals and logistic regression models controlling for the
effects of possible confounders were computed using STATA version 5.0 software (STATA
Press). The odds ratios for hypochlorhydria were age-adjusted (categorized as <35, 36±
45, 46±55 and .55 years) because of its age-dependence23 and their con®dence intervals
were based on robust variance estimates30 which adjust for within-family correlation, to
account for sampling of several members of a given family.
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Productive interaction of a T lymphocyte with an antigen-pre-
senting cell results in the clustering of the T-cell antigen receptor
(TCR) and the recruitment of a large signalling complex to the site
of cell±cell contact1,2. Subsequent signal transduction resulting in
cytokine gene expression requires the activation of one or more of
the multiple isoenzymes of serine/threonine-speci®c protein
kinase C (PKC)3. Among the several PKC isoenzymes expressed
in T cells, PKC-u is unique in being rapidly recruited to the site of
TCR clustering4. Here we show that PKC-u is essential for TCR-
mediated T-cell activation, but is dispensable during TCR-depen-
dent thymocyte development. TCR-initiated NF-kB activation
was absent from PKC-v-/- mature T lymphocytes, but was intact
in thymocytes. Activation of NF-kB by tumour-necrosis factor a
and interleukin-1 was unaffected in the mutant mice. Although
studies in T-cell lines had suggested that PKC-u regulates activa-
tion of the JNK signalling pathway5,6, induction of JNK was
normal in T cells from mutant mice. These results indicate that
PKC-u functions in a unique pathway that links the TCR signal-
ling complex to the activation of NF-kB in mature T lymphocytes.

We inactivated the gene encoding PKC-u by homologous recom-
bination in embryonic stem cells by replacing the exon encoding the
ATP-binding site of the kinase domain (amino-acid residues 396±
451) with the neomycin resistance gene. Homozygous mutant mice
seemed normal and were fertile. Immunoblot analysis with anti-
bodies directed against sequences outside the deleted coding region
of PKC-u failed to detect any protein product, even of smaller than
normal size, in thymocytes or T cells from the mutant animals (data
not shown). Flow cytometric analyses of cells from thymus, spleen
and lymph nodes of the mutant mice were indistinguishable from
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