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Purpose: We aimed to assess whether epidemiological evidence on genetic associations for complex diseases

concord with in vitro functional data. Methods: We examined 36 studies on bi-allelic markers and 23 studies on

haplotypes where investigators had addressed both epidemiological associations and the functional effect of the

same gene variants in luciferase reporter systems in vitro. Results: There was no correlation between epidemio-

logical odds ratios and luciferase activity ratios (�0.09, P � 0.60). Luciferase activity ratios could not tell whether

a probed epidemiologic association would be significant or not (area under receiver operating characteristics curve,

0.52). Luciferase results usually were qualitatively similar across cell lines and experimental conditions, with some

exceptions. A luciferase activity ratio of 1.44 adequately separated statistically significant from non-significant

functional differences (area under receiver operating characteristics curve, 0.95). Binary and continuous disease

outcomes usually gave concordant results; other in vitro methods, in particular EMSA, agreed with luciferase

results. Selective reporting and use of different variants and contrasts between functional and epidemiological

analyses were common in these studies. Conclusions: In vitro biological data and epidemiology provide indepen-

dent lines of evidence on complex diseases. We provide suggestions for improving the design and reporting of

studies addressing both in vitro and epidemiological effects. Genet Med 2006:8(9):583–593.
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Variability in the human genome amounts to over 5 million
polymorphisms, but only a fraction of them has biological and
clinical significance.1–3Documentation of functional relevance
may lead to better insights about various biological pathways
and complex disease outcomes.Moreover, epidemiological in-
vestigations are further strengthened if gene variants with pop-
ulation-level phenotype associations are also shown to have
functional relevance.3,4

There are many methods for assessing and establishing the
functional relevance of genetic variants.3 For a few metabolic
candidate genes, assays have long been available to measure
enzymatic activity, but this applies to only a minority of genes
in the current discovery-oriented era. Gene variants that en-
tirely abrogate protein expression or function are also a very
small minority. However, for most genes and variants, it is a

challenge to evaluate their impact on gene transcription, let
alone protein levels and activity. A large component of the
genetic variability that impacts on phenotypes and complex
diseases may reflect regulatory variation in the human
genome.5 Such variation seems to be very extensive across dif-
ferent nonhuman genomes6–9 and the same may apply to
humans.8,10

However, making sense of the epidemiological and clinical
meaning of this variation remains a major challenge. A large
number of in vitro, ex vivo, and in vivo functional assays are
available. While newer technologies still emerge,10 luciferase
reporter systems have been the most popular method for es-
tablishing in vitro the functional significance of polymor-
phisms to date,3,11,12 especially for variants in regulatory re-
gions (e.g., promoter or enhancer regions). Luciferase reporter
systems use constructs that contain segments of a genetic re-
gion of interest alongwith the luciferase gene. These constructs
are transfected in cell lines. Experiments can be performed
with segments containing different genetic variants. The tran-
scriptional efficiency of the different variants is thenmeasured
through luciferase activity. Important questionsmay be posed.
Do these in vitro functional effects correspond to the presence
or not of postulated gene-disease associations? Do stronger
functional effects of different gene variants correspond also to
stronger gene-disease associations? Are the in vitro results con-
sistent across different cell lines and experimental protocols?
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Here we evaluated a systematic sample of studies where in-
vestigators had reported a probed epidemiologic association of
a common disease phenotype and concurrently examined the
differential effects of this polymorphism in transfected cell
lines with luciferase gene reporter systems. We estimated the
empirical concordance between epidemiological and func-
tional biological data, and aimed to obtain insight on how the
conduct, reporting and interpretation of studies addressing
both functional and epidemiological data could be improved.

MATERIALS AND METHODS
Identification of eligible studies

Eligible studies for this analysis were retrieved fromPubMed
using the combination of “luciferase” and “polymorphism”.
We screened the retrieved articles as of June 2005 for studies
that presented epidemiological data from cases and controls
with and without a disease or with and without a disease out-
come; and data on the activity of the same genetic variant of
interest based on a luciferase assay.We excluded studies where
only epidemiological data or only functional data were pre-
sented in the article. We excluded articles with non-original
data, non-English language articles, and articles where very
rare variants were described occurring in �1% of the control
population. To maximize consistency, for epidemiological
data we focused on case-control studies of unrelated subjects
(including studies with other design, e.g., cohorts, where case
and control status could be inferred) and excluded the sparse
available data on family-based designs.
In order to further achieve standardization of the data to be

analyzed, we created two datasets of eligible studies. The first
dataset focused on bi-allelic polymorphisms and on dichoto-
mous outcomes (including continuous traits, if categorized
upfront into two groups by the authors). This dataset included
also data on haplotypes of several polymorphisms, whenever
there was complete linkage disequilibrium and thus only two
haplotypes were available. In this first dataset it would be pos-
sible to estimate consistently an odds ratio for the gene-disease
associationanda luciferase activity ratio for the comparisonof the
two alleles and perform a quantitative comparison of these data.
The second dataset included all studies where luciferase ex-

periments had been performedwith haplotypes of two ormore
different gene variants (not in perfect linkage disequilibrium).
This second dataset allowed to extent a qualitative comparison
of the epidemiological and functional inferences with haplo-
types, since haplotype analyses have recently become the stan-
dard in population genetics.13,14

Of the 342 electronically retrieved items, 201 were excluded
upon reading the title and abstract, as it was clear that they did
not have original data with both luciferase experiments and
epidemiological associations in human populations. Of the re-
maining 141 articles, 80 were excluded as they did not fulfill
eligibility criteria, 5 could not be retrieved in full text for fur-
ther scrutiny, and 56 were eligible for the analysis (36 in the
first dataset of bi-allelic markers, 23 in the second dataset of
haplotypes [3 articles were common in both datasets]).

Analyzed data

From each eligible article, we extracted data on the authors,
year of publication, and the genetic variant(s) or haplotypes of
interest where both epidemiologic and functional data were
available.
For the bi-allelic marker dataset, we also recorded the 2-by-2

table for cases and controls at the allele level for each eligible ge-
netic variant and outcome of interest and odds ratios were esti-
mated for each 2-by-2 table.Whendifferent case-control samples
were available from populations of similar ethnic descent, data
weremerged to obtain a single 2-by-2 table, while data frompop-
ulations of different ethnic descent or significantly different allele
frequencies in their control groupswere combinedby theMantel-
Haenszel method15 (aMantel-Haenszel synthesis was performed
also in one study that addressed two types of cancer with separate
case andcontrol samples).Theodds ratios for theepidemiological
associationwere expressed consistently to show the association of
the disease/outcome with the minor allele. We recorded whether
this odds ratio was formally statistically significant (P � 0.05) or
not and whether the original authors had claimed a significant
epidemiological association based on any allele- or genotype-
based contrast in the entire populationor subgroups thereof.Dis-
crepancies in the level of statistical significance were noted along
with their reasons.
For the haplotypes dataset, we recorded whether an analysis

had been performed considering all haplotypes with frequency
of at least 1% in the study population and if so whether there
were formally statistically significant differences. We also
noted whether the original authors had claimed a significant
epidemiological association based on any allele-, genotype- or
haplotype-based contrast in the entire population or sub-
groups thereof.
We also recorded for each probed association, the data on

luciferase experiments. For the bi-allelic maker dataset, we re-
corded the ratio of luciferase activity with the minor versus
major allele construct under baseline conditions as well as
whether the difference between the two alleles was formally
statistically significant (P � 0.05). When more than one cell
type was used, data were recorded separately for each cell type.
When data were also provided with various co-stimulation
conditions or changed plasmid constructs, these were also re-
corded separately for each experimental condition. For the
haplotype dataset, we similarly recorded the haplotypes, cell
lines, and experimental conditions assessed and whether the
functional differences were formally statistically significant or
not when all tested haplotypes were considered. When P-val-
ues were not given for an analysis involving all tested haplo-
types, we performed an analysis of variance using the presented
mean values and standard deviations.
Assessment of continuous traits is far less common than

assessment of binary phenotypes. Nevertheless, for all eligible
studies, we also examined whether any additional continuous
phenotypes had been evaluated representing the disease under
study and whether inferences were similar to those obtained
using the binary disease outcomes.
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Finally, we recorded information onwhether any additional in
vitro assays had been used to establish functional differences be-
tween gene variants or haplotypes, and if so, what the results had
been. The sparse in vivo and ex vivo data were also recorded.
All data were extracted independently by two investigators

and discrepancies were resolved with discussion. Consensus
was reached on all items.

Analyses

In the bi-allelic marker dataset, we examined whether there
is correlation between epidemiological odds ratios and lucif-
erase activity ratios. Data were analyzed either using theminor
allele’s data as the nominator for both odds ratios and lucif-
erase ratios; or coining both odds ratios and luciferase ratios to
be �1, a probably biased analysis that forces the biological
signal to square with the direction of the epidemiological sig-
nal. Analyses were performed using nonparametric Spear-
man’s correlation coefficients (secondary analyses used the
parametric Pearson correlation coefficient with both metrics
log-transformed).
We also examined whether the absolute values of luciferase

activity ratios can tell whether the respective probed epidemi-
ological association would be statistically significant or not;
and whether the absolute values of luciferase ratios can tell
whether they are also statistically significant or not. We esti-
mated the luciferase activity ratio that would yield a minimum
of 90% sensitivity and calculated the respective specificity. All
luciferase ratios were coined as �1 for these analyses. Analyses
were based on receiver operating characteristics curves that plot
the sensitivity against the specificity for various cut-offs of abso-
lute luciferase activity ratios. Areas under the ROC curves were
estimated. An area of 0.5 shows total lack of concordance (no
diagnostic ability) and an area of 1.0 shows perfect concordance
(perfect diagnostic ability).
We used analysis of variance to estimate whether variability

in luciferase activity ratios was larger between different gene
variants or between different cell types and experimental con-
ditions for the same gene variant.
In the haplotypes dataset, we examined whether luciferase

and epidemiological inferences agreed or not in the presence of
formal statistical significance.
For both datasets, we recordedwhether different cell lines or

experimental conditions gave luciferase activity ratio estimates
that differed in their level of statistical significance. Finally, we
examined the concordance of other functional assays that had
been used as compared with luciferase results and epidemio-
logical association results.
All analyses were conducted in SPSS 12.0 (SPSS Inc., Chi-

cago, IL) and reported P-values are 2-tailed.

RESULTS
Bi-allelic markers

Of the 36 evaluated bi-allelic polymorphisms16–51 (Table 1),
28 were located in the 5=-flanking region, 5 were exonic, 2 were

intronic, and 1 lay in the 3=-untranslated region. Awide variety
of disease phenotypes were probed.
For 29 of the 36 cases, the investigators claimed the presence

of a statistically significant epidemiological association (Table
1 and Appendix 1 [online only]). However, in 8 of the 29
claimed associations, there was no formal statistical signifi-
cance for the contrast of the two alleles, when all data were
analyzed. Significant associations had been based on selected
genotype contrasts, often with peculiar choices (e.g., a contrast
of both homozygote groups combined vs. heterozygotes) with-
out further justification; or on exploratory subgroup analyses
based on age or racial descent, although the results in the se-
lected isolated subgroups did not differ beyond chance com-
pared to the other subjects.52 In one study, a significant asso-
ciation was seen only in a selected genotype contrast, for the
subgroup of younger people, further limited to the sub-sub-
group of those carrying a specific genotype of another gene.37

Based on a priori definitions in our protocol, we considered
these eight associations as not formally significant, since they
were clearly post hoc explorations. Moreover the direct equiv-
alent of luciferase assays would be allele-based comparisons,
since the transfection constructs use alleles.

Luciferase activity ratios versus genetic odds ratios in bi-allelic
markers

There was no correlation between the observed luciferase
activity ratio and the observed odds ratio in the epidemiolog-
ical case-control association analysis. Across the 36 topics, the
Spearman correlation coefficient was �0.09 (P � 0.60, Pear-
son correlation coefficient 0.04, P� 0.83) when we considered
the geometrical mean of the luciferase activity ratios of differ-
ent cell lines with baseline experimental conditions and the
allele-level odds ratio (Fig. 1). When data from different cell
lines on the same gene variant were considered as separate data
points, the Spearman correlation coefficient was �0.27 (P �
0.06, Pearson correlation coefficient 0.19, P � 0.28), suggest-
ing a small trend for smaller luciferase activity ratioswith larger
epidemiological effects.
We also performed an analysis where all odds ratios and all

luciferase activity ratios (geometricmeans for several cell lines)
were also coined to be �1. This analysis assumes that the allele
that increases the risk of a disease phenotype may either in-
crease or decreasemRNA levels and both increase and decrease
count as evidence of biological function that is concordant
with the epidemiological effect. Thus, the analysis forces the
results toward concordance. Even with this analysis, the corre-
lation coefficient was only 0.24 and not statistically significant
(P � 0.17).
Luciferase activity ratios also had absolutely no diagnostic

ability for telling whether the respective epidemiological study
would show a statistically significant (P � 0.05) or not associ-
ation. The area under the ROC curve was 0.52 (Fig. 2).
The number of total luciferase experiments and replicates

varied from 1 to 39 (Appendix Table 2; online only), but many
studies were unclear whether they reported on the number of
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Table 1
Studies addressing concurrently epidemiological associations and luciferase experiments on the same alleles for bi-allelic markers

Gene and variant Disease phenotype
Association
resultsa Cell types in luciferase experiments

Luciferase
resultsa

Other
conditionsb

VKORC1 -1639 G�A Warfarin sensitivity S HepG2 S 0

KLF11 Gln62Arg T2DM S betaTC3 S 0

IL-8 -251 A�T Gastric cancer S AGS NS 2

I-TAC -599del5 Chronic HCV infection S Huh-7/infected (subgenomic)/infected
(full-length)c

NS/S/S 2

TARC -431 C�T Atopic dermatitis NS DJM-1 S 0

NOS-3 -786 C�T CAD S HUE NS 3

T- betHis33Gln T1DM (S)-g HeLa S 0

E-cadherin -347 G�GA Colorectal cancer S SNU-C4/SNU-C5/SNU-1033 S/S/S 0

TP73 -386 A�G Alzheimer’s disease S SK-NSH-N NS 0

FCGR2B -386 G�C/ -120 T�A SLE S BJAB/U937 S/S 2

P27 kipI-838 C�A MI S Jurkat S 0

HSC70 1541-1542delGT intronic Lung cancer (S)-g NCI-H1299 S 0

TLR2 -196 to -174del Asthma NS THP-1 S 0

PCK1 -232 C�G T2DM S HepG2/3T3L1/fibroblasts S/S/S 1

E-cadherin -347 G�GA Familial gastric cancer (S)-g CV-1/HeLa/SNU-719/AGS/KatoIII S/S/S/S/S 0

NFKB1 -94ins/delATTG Ulcerative colitis S HeLa/HT-29 S/NS 2

PEPCK -232 C�G T2DM NS HuH7 NS 6

TSC-22 -396 A�G Diabetic nephropathy in
T2DM

S HepG2 NS 0

IFN- gammaRI-56 T�C Severity of malaria NS Nalm6 NS 1

VEGF -2549 ins/del18 Diabetic nephropathy S HepG2 S 0

FasL-844 T�C SLE (S)-g, r Jurkat S 4

Clock 3111T�C 3= UTR Evening sleep preference NS COS-1 NS 0

MIF -173 G�C Juvenile idiopathic
arthritis

S A549/CEM C7A S/S 0

PSEN2 -A deletion promoter Alzheimer’s disease (S)-g,a,og NHNP S 3

CYP3A4*1B (A�G NFSE �295 to �286) Breast and ovarian cancer NS HepG2/rat hepatocytes NS/NS 2

RANTES In1.1T/C intronic Rapid death from AIDS S Jurkat S 0

GCLM -588 C�T/ -23 G�T MI S THP-1/HUVEC/HeLa NS/NS/NS 1

NOS2A -756 ins/delAAAT T2DM nephropathy/
albuminuria

S HEK293 S 1

UGT1A1 -3263 T�G Hyperbilirubinemia S HepG2 S/S 0

HTR3A C178T (Pro16Ser) Bipolar disorder S HEK293 S 0

Uteroglobin A38G Progression of IgA
nephropathy

S A549 S 0

UCP1 �112 A�C T2DM S COS7 S 0

Thrombomodulin -33 G�A Carotid atherosclerosis (S)-g,a Human microvascular endothelial cells S 0

TGF-beta1 -509 C�T Alzheimer’s disease (S)-g COS-1 NS 0

IL-6 -174 G�C Systemic-onset JCA (S)-g HeLa S 2

5HT2A -1438 G�A Schizophrenia NS HeLa and SK-N-SH (not separate) NS 2

aS, statistically significant results; NS, not statistically significant results. For association results, (S) means that the authors of the original study claimed a significant
association, but this was not so, when data were analyzed at the allele level for the whole study population; significant results were obtained either in specific genotype
contrasts (g) or in subgroup analyses, including subgroups defined by “racial” descent (r), age (a), or the presence of other gene variants (og).
bOther conditions beyond baseline (e.g., with various stimulation protocols or using different plasmid constructs).
cCells were infected with either subgenomic HCV replicon or with full-length HCV replicon.
CAD, coronary artery disease; HCV, hepatitis C virus; JCA, juvenile chronic arthritis; MI, myocardial infarction; T1DM, type 1 diabetes mellitus; T2DM, type 2
diabetes mellitus; SLE, systemic lupus erythematosus.
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independent experiments or number of replicates of the same
experiment.

Variability across luciferase assay experimental conditions for
bi-allelic markers

Across all 99 available datasets (Appendix Table 2; online
only), we found that the variation due to different experimen-
tal conditions accounted for � 8% of the total variation based
on analysis of variance. For 19 gene variants, experiments had
been done with two or more different cell lines and/or various
experimental conditions. In 12 of them, all cell lines and exper-
imental conditions yielded the same conclusions (always sta-
tistically significant differences between the two alleles or al-
ways nonstatistically significant differences). For five gene
variants there were no significant differences for constructs
bearing the two different alleles at baseline conditions, but dif-
ferences emerged upon stimulation with various substances;
one gene variant had opposite effects in different cell lines; and
for one gene variant the differential effect of the minor allele
was seen only on infected, but not uninfected cell lines. Despite
these modest differences, statistically significant luciferase ac-
tivity ratios in opposite direction were seen for only one gene
variant.
The absolute value of the luciferase activity ratio could tell

with high accuracy whether it would also be formally statisti-
cally significant (P � 0.05) or not - the area under the ROC
curve was 0.95. Using a ratio cut-off of 1.44 for the high versus

low activity allele had a sensitivity of 91% and specificity of
94% for identifying formally statistically significant differences
in function.

Associations involving haplotypes

Twenty-three studies16,35,45,53–72 performed luciferase ex-
periments using constructs with haplotypes and also addressed
epidemiological associations (Table 2). Of the 23 evaluated
haplotypes (Table 2), 19were entirely in the 5=-flanking region,
3 also included intronic or coding regions, and one was in-
tronic.
Overall, the inferences of epidemiological and luciferase

analyses agreed in terms of whether there were statistically sig-
nificant effects or not in six studies, and disagreed in five stud-
ies, while agreement varied in two studies (different results
depending on whether allele- or genotype-based analyses were
done; or depending on the disease outcome considered). In the
remaining 10 studies, the investigators did not perform epide-
miological analyses using the haplotypes examined in the lu-
ciferase experiments (N � 7 studies) or reported only on spe-
cific haplotype contrasts, without considering all haplotypes in
the epidemiological analyses (N � 3 studies).
In nine studies, the investigators performed luciferase ex-

periments on selected haplotypes only, and in six of these the
selected haplotypes were not chosen with strict preference to
the ones that were more common in the study population. In
another three studies, the investigators tested in luciferase ex-
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Fig. 1. Lack of correlation between the observed odds ratio in the case-control epidemiological study and the luciferase activity ratio for the same gene variant. Odds ratios pertain to
allele-level estimates for the effect of the minor allele. For direct analogy, the luciferase activity ratio pertains to the activity of the construct containing the minor allele versus the construct
with the major allele. Only the baseline experimental conditions for luciferase assays are considered here. When many different cell lines were tested, we used the geometrical mean of the
luciferase activity ratios across cell lines. Two outliers are not shown.
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periments haplotypes that were nonexistent in the study pop-
ulation (frequency � 0%).
In 10 studies, luciferase experiments were performed with

two cell lines and the results were consistent in terms of
whether overall statistical significance was present or not in 9
of them (both significant N � 7, both non-significant N � 2,
discordant N� 1). In another study, 5 cell lines were evaluated
and results agreed in terms of statistical significance with 4 of
the 5 cell lines. However, with one exception, in all studies
where several cell lines found statistically significant results, the
highest luciferase activity was seen for different haplotypes
across different cell lines.
In three studies, luciferase experiments were also done with

different stimulation conditions. In one study, the results were
similar with stimulated and unstimulated conditions,55 while in
the other two studies the same order of activity was seen across
haplotypes, but the results became formally significant,while they
were non-significant with unstimulated conditions.68,70

Continuous disease outcomes

Four of the 36 studies with bi-allelic markers and binary
outcomes also evaluated association analyses for continuous
traits that would represent the disease under study. Binary and
continuous traits usually gave concordant inferences.
VKORC1 -1639G�Awas significantly associated both with bi-
nary-categorized warfarin sensitivity and with the dose of war-

farin required.51 Clock 3111 T�C was not significantly associ-
atedwith either evening sleep preference or with the � value for
sleep.38 UGT1A1 -3263 T�G was significantly associated with
the risk of binary-categorized hyperbilurubinemia and was
also significantly related with the levels of bilirubin in the con-
trol group.46 Finally, IL-8 -251 A�T was significantly associ-
ated with the risk of gastric cancer and was also significantly
associated with the antral atrophy and metaplasia score, al-
though the latter was seen only in the younger subjects.36

Of the 23 studies evaluating haplotypes, one found a statis-
tically significant association between RANTES promoter
and a continuous outcome (CD-4 cell depletion), but this was
not the same as the binary outcome examined in that same
study (HIV infection) for which there was no significant
association.59 One other study of asthma also evaluated the
continuous outcomes of forced expiratory volume at one sec-
ond and bronchial hyper-responsiveness score, but tested only
singlemarkers (not haplotypes) for these outcomes.64 Another
study that addressed also associationswith serum IgE levels but
tested different haplotypes than those tested in the luciferase
experiments.57

Other in vitro functional assays

In 11 studies, investigators examined also binding signals in
electrophoretic mobility shift assays (EMSAs); seven of these
studies had addressed in luciferase experiments single bi-allelic
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Fig. 2. Receiver operating characteristic (ROC) curve for luciferase activity ratios as a diagnostic test for determining whether the respective epidemiological association would be
statistically significant (P� 0.05) or not. The diagonal shows total lack of diagnostic information (no concordance at all) and the observed data are hovering around this diagonal with area
under the curve 0.52 (P� 0.82). To achieve a sensitivity of 91%, the specificity is only 26%. Only the baseline experimental conditions for luciferase assays have been considered. Luciferase
ratios have been consistently coined to be �1, so as to always show the difference between the high- versus low-activity allele. When different cell lines were tested, these have been entered
separately in the calculations. Analyses using the geometricalmean of the luciferase activity ratios across different cell lines on the same gene variant yield similar results (area under the curve
0.60, P � 0.31, not shown).
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markers, three had addressed haplotypes, and one had addressed
both. All 11 investigations claimed differences in binding affinity,
but only two of them tried to quantify the difference in the signal
intensity (described as 1.5-fold24 and 1.8-fold31 intensity differ-
ence), while the other 9 studies gave qualitative data on whether
the signalwasweaker, stronger, absent,ordifferentwithoneof the
two alleles.16,25,37,41,42,49,54,69,71 In one study, three different cell lines
were tested and results differed qualitatively across cell lines.71

There was modest concordance at best with the epidemiologi-
cal data. Formally statistically significant epidemiological associa-
tions were seen in seven16,25,31,41,54,69,71 of the 11 investigations.

The results of EMSAs were generally consistent with the in-
ferences of luciferase assays. However, in the three studies
where the respective luciferase assays had examined haplo-
types, EMSAs did not examine all the polymorphisms involved
in the luciferase-tested haplotypes; therefore the full corre-

Table 2
Studies addressing concurrently epidemiological associations and luciferase experiments involving haplotypes

Gene
Region

(markers/common haplotypes) Disease phenotype
Association

results, other claimsb
Cell types in

luciferase experiments
Luciferase
resultsc

MMP2 Promoter (2/4) Esophageal cancera S HEK293 S

MMP8 Promoter (3/4) PPROM ND, (S)-g BeWo/HTR-8/JEG-3/
THP-1/U937

S/S/S/NS/S

IFNGR1 Promoter (2/4) Mycobacterial diseasea NS K562/PLB-985 S/S

FCGR2B Promoter (3/4) SLE NHA, (S)-s,oh BJAB/U937 S/S

HMOX-1 Promoter (2/11) MIa NHA, (S)-s Bovine aortic endothelial
cells

S (4/11, nsf )

MAPT Promoter (9/3) Parkinson’s Variesd HEK-293/SK-N-MC NS/NS

MxA Promoter (2/4) SSPE S HeLa NS (3/4, nsf )

HSP70-1 5= and coding (2/4) Parkinson’s NHA, (S)-s,g IMR32/HEK-293 S/NS

RET Promoter (2/3) Hirschprung disease S NMB/Vi-856 S/S (4/3, ne)

ALDH1A1 Promoter (2/3) Alcoholism NS, (S)-r HeLa/HepG2 S/S

ALOX5AP Promoter (2/4) Asthma NHA HeLa NS

LTCAS Promoter (2/4) Asthma NS HeLa/Ku812F NS/NS

CTLA4 5= and coding (2/4) BHRa NHA, (S)-s, g,oh A549 Unknown (3/4 nsf )

RANTES 5= and intron 1 (3/5) HIV infectiona ND, (S)-s,g,oh Jurkat S (6/5, ne)

5HTR2C Promoter(2/5) Bipolar disorder NS (ND) IMR32/C6 NS/NS (3/5, nsf )

NE Promoter (2/4) Lung cancer ND, (S)-g A549 S

Cathepsin G Promoter (4/�4) MIa NHA U937 NS (4/�4, nsf )

HTR3A 5= UTR (3/4) Bipolar disorder S HEK293 S (3/4, nsf )

IL-18 Promoter (5/3) Multiple sclerosis NS HeLa 229 NS

5HTR2C Promoter (4/6) Obesitya S (NS for T2DM) P19 S (4/6, mf )

ERa Intron 1 (2/4) Alzheimer’s disease NS HeLa S3 S (3/4, mf )

RANTES Promoter (2/3) HIV infectiona NS SW480/U937 S/S (4/3, ne)

DRD2 5= region (2/4) Schizophrenia NHA, (S)-s,g Y-79/HEK 293 S/S (3/4, mf )

Common haplotypes are those with frequency of at least 1% in a respective study population. Luciferase experiments with different conditions (unstimulated,
stimulated) were performed only in three studies (MxA, HSP70-1, IL-18).
aAdditional binary disease phenotype examined as well, with similar inferences on the presence or not of an epidemiological association, unless specified otherwise
in the next column.
bS, statistically significant results in an analysis considering all common haplotypes; NS, not statistically significant results in an analysis considering all common
haplotypes; ND, no data presented to allow an analysis considering all common haplotypes; NHA, no haplotype analyses performed involving the haplotypes tested
in luciferase experiments. For other claims, (S) means that the authors of the original study claimed a significant association based on analyses of single markers (s)
rather than the full haplotypes, in specific genotype contrasts (g), in analyses involving haplotypes other that those tested in luciferase experiments (oh), or in
subgroup analyses defined by “racial” descent (r).
cS, statistically significant results in an analysis considering all haplotypes tested in luciferase experiments; NS, not statistically significant results in an analysis
considering all tested haplotypes. Whenever the tested haplotypes differ from those with frequency of at least 1%, the parenthesis shows those tested over those with
frequency of at least 1%.mf,most frequent haplotypes tested; nsf, tested haplotypes chosen not strictly with frequency criteria; ne, authors also tested a haplotype that
was non-existent in the study populations.
dNon-significant associationon an analysis considering all haplotypes (allele-based), significant associationon an analysis considering all haplotype pairs (genotype-based).
PPROM, pre-term premature rupture of membranes; SLE, systemic lupus erythematosus; MI, myocardial infarction; SSPE, subacute sclerosing panencephalitis; BHR,
bronchial hyper-responsiveness; HIV, human immunodeficiency virus; T2DM, type 2 diabetes mellitus; SE, standard error.
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spondence of the results is difficult. Among the studies of bi-
allelic markers, in two investigations24,25 the luciferase assays
did not show consistently significant differences between the
two alleles except under special conditions.
Sparse data on other reporter constructs (one study33) and

real time PCR quantification of mRNA in vitro (three
studies18,33,55) showed consistent inferences with the respective
luciferase data, but agreed with epidemiological inferences
only in two18,55 of the three studies.

DISCUSSION

In the appraised sample of investigations, luciferase results
could not tell whether the respective epidemiological associa-
tion would be formally statistically significant or not. More-
over, larger luciferase activity ratios did not correlate with
stronger epidemiological effects. Luciferase activity ratios
tended to be qualitatively similar across cell lines and experi-
mental conditions, but exceptions did occur. The available
comparative data on other outcomes and functional assays
suggested that binary and continuous disease outcomes usu-
ally gave concordant results; other in vitro methods, in partic-
ular EMSA, agreed with luciferase results.
There is no consensus in the literature on what constitutes a

large enough luciferase activity ratio.5 In theory, very small differ-
encesmaybecome formally statistically significant, ifmanyexper-
iments are performed. Conversely, quite large differencesmay be
dismissed as non-significant, if only one or few experiments are
performed. Luciferase studies should explicitly describe how
many independent experiments were performed and how many
replicates were done in each experiment; this information was
often difficult to decipher in the analyzed studies. A sufficient
number of experiments is needed, since luciferase assays have
some unavoidable variance. Nevertheless, in the assembled data-
base a cutoff of 1.44 adequately differentiated significant from
non-significant luciferase activity ratios. Efforts need to be made
to standardize further functional assays and their interpretation
across laboratories. Our finding does not necessarily mean that
ratios as low as 1.5 are always biologically important. Such values
are very low compared to what is typically seen for the effects of
mutations inmonogenetic disorders, but formultigenetic effects,
relatively small differences should not be dismissed lightly.
In our analysis, we focused on in vitro functional data. Infor-

mation on in vivo and ex vivo functional assays in the analyzed
studies was very limited, but it suggested that therewasmodest to
good concordance with epidemiological data (Appendix Table 3;
onlineonly). Jaishas conducteda farmorecomprehensive, exten-
sive reviewofgeneexpression inhealthyversusdiseased tissues for
genetic variants involved in replicated genetic associations.4 This
evaluation concluded thatmany epidemiological associations are
accompanied by significant differences in tissue gene expression.
As with our in vitro data, the absolute differences in biological
signals weremodest at best. It is reasonable to expect that biolog-
ical effectsmeasured ex vivo are likely to be closer to the epidemi-
ological associations than invitro functional effects.However, ob-
taining such ex vivo data are more difficult.

We observed some common problems in the literature that
we analyzed. First, results were often selectively reported for
particular genetic contrasts, variants, haplotypes, or popula-
tion subgroups. Second, some studies used different genetic
variants and contrasts in epidemiological versus functional
analyses and thus these lines of evidencewere not directly com-
parable. Third, luciferase experiments were often performed
only for selected haplotypes, not necessarily the most frequent
ones. As haplotypes analyses have now become the norm for
investigations of human variation, these design and reporting
problems can create confusion and spurious claims. Some in-
vestigators may have reported preferentially their best data73,74

and may have strived to show that there is concordance be-
tween their epidemiological and biological data.75 Thus, if any-
thing, published data may be biased in favor of agreement be-
tween epidemiological and functional data. However, we
found little concordance.
Most studies did not evaluate more than one functional as-

say. We should acknowledge that luciferase assays are one of
many possible functional assays. Generalization across assays
should be made cautiously. Different functional assays may
provide complementary insights. Their results should not be
forced to fit with those of other assays or clinical data using
spurious contrasts and analyses. There is a continuumbetween
binary disease categorizations, continuous traits, in vivo func-
tional measurements, ex vivo experiments, and in vitro func-
tional data. This continuum should be examined without pre-
conceptions on whether results should agree across these
different experimental levels. Comprehensive, comparable
analyses with no selection bias in reporting should allow max-
imizing our insight about the credibility of postulated gene-
disease associations and their biological background. Table 3
summarizes some suggestions on how to achieve this goal
based on the empirical data that we examined. Moreover, it
should be anticipated that in contrast to monogenetic disor-
ders where functional approaches show large effects in line
with very high odds ratios, for multigenetic heritability due to
common genetic variation, both functional and epidemiolog-

Table 3
Considerations for studies addressing both epidemiological and functional

effects of genetic variation

Consider obtaining and juxtaposing evidence on diverse levels of biological
function (in vitro, ex vivo, in vivo), whenever possible

Evaluate all common alleles and haplotypes, avoid unjustified selection

Avoid focusing on post hoc selective pairwise comparisons and selective
subgroup claims

Report results of all functional evaluations and all probed epidemiological
associations regardless of direction of effects, statistical significance, and
seeming concordance with other data

Report functional results in sufficient detail: number of experiments and
replicates, effect size and uncertainty thereof for all alleles or haplotypes,
and, if pertinent, genotypes and haplotype pairs

Report epidemiological results in similar sufficient detail: separate counts in
cases and controls or mean and standard deviation per genetic group on
the same genetic groups as those addressed by the functional data

Ioannidis and Kavvoura

590 Genetics IN Medicine



ical effects are likely to be verymodest, and need careful design
and optimal measurements.
Some caveats should be discussed. First, our evaluation used

a convenience sample of studies that involved both functional
and epidemiological data. It would be impractical or even im-
possible to identify all studies that have performed both types
of research.We simply used a systematic sample that would be
large enough to answer our questions appropriately. More-
over, for some of these gene variants and associations, other
investigators may have performed independent studies. How-
ever, we wanted to see whether there is concordance under
what are, in theory, the most favorable circumstances, i.e., in
the hands of the same team performing the epidemiological
and biological analyses. This caveat reinforces our basic obser-
vation of lack of agreement.
We also found that the luciferase results were relatively ro-

bust to different experimental conditions. Selective reporting
of best results is less likely to be a problem here.While discrep-
ancies of epidemiology and biology may have been seen as
unattractive to publish, several authors seemed to dwell with
interest on the differential luciferase assay results obtained
with different conditions and tried to build complex biological
explanations around them.19,32,36 However, while exceptions
did occur, usually different cell lines gave largely similar infer-
ences. Differences are more common with different stimula-
tion conditions; for haplotypes analyses, the exact order of
haplotypes in terms of luciferase activity varied across cell lines
and experimental conditions, but full reversal of the order with
different conditions was seen only in one study. Interpretation
of such differences should be cautious. It is difficult to repro-
duce in an in vitro system the exact biological milieu that leads
to a complex disease phenotype.5 The same applies to more
recently developed functional assays76–78 and their reproduc-
ibility needs to be empirically evaluated acrossmany studies, as
we did for the luciferase reporter systems.
Functional gene variants are very common,79 especially

among promoter polymorphisms.80,81 However, the link to
specific postulated associations for pinpointed phenotypes is
difficult. The lack of concordance between epidemiological
and luciferase data may be due to many reasons. The epidemi-
ological associations may not be accurate and may not even be
replicated.82–84 Even for well-documented functional variants,
altered gene expressionmay have a different impact on the risk
for different diseases, and often it is not possible to guess which
disease would bemost relevant for each functional variant. Alter-
natively, the luciferase experiments may not be capturing the bi-
ological effect,whichmayeven involve apathwayother than tran-
scription. For markers in linkage disequilibrium with the true
functional variant, the luciferase assays may or may not capture
the transcriptional effect, depending on whether the true marker
is also included in the construct and whether the linkage disequi-
librium is very strong or weak. Therefore, it should not be very
surprising that these two lines of epidemiological and in vitro ev-
idence provide largely independent information. Investigators in
complex disease genetics should approach epidemiological and
biological lines of evidence without any preconception or preju-

dice about their concordance. These lines of experimentation
provide complementary evidence that needs to be carefully inte-
grated rather than forced to fit.
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