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A High Proportion of Chromosome 21
Promoter Polymorphisms Influence

Transcriptional Activity
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We have sought to obtain an unbiased estimate of the proportion of polymorphisms in promoters of human
genes that have functional effects. We carried out polymorphism discovery on a randomly selected group of 51
gene promoters mapping to human chromosome 21 and successfully analyzed the effect on transcription of 38
of the sequence variants. To achieve this, a total of 53 different haplotypes from 20 promoters were cloned into
a modified pGL3 luciferase reporter gene vector and were tested for their abilities to promote transcription in
HEK293t and JEG-3 cells. Up to seven (18%) of the 38 tested variants altered transcription by 1.5-fold, confirm-
ing that a surprisingly high proportion of promoter region polymorphisms are likely to be functionally important.
The functional variants were distributed across the promoters of CRYAA, IFNAR1, KCNJ15, NCAM2, IGSF5,
and B3GALT5. Three of the genes (NCAM2, IFNAR1, and CRYAA) have been previously associated with human
phenotypes and the polymorphisms we describe here may therefore play a role in those phenotypes.
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THE human genome contains fewer protein coding expression. How to identify polymorphisms that in-
fluence the expression of genes is a key problem ingenes than expected, and this has stressed the poten-

tial importance of differential gene regulation in dis- human genetics (13). Sequence elements anywhere in
the genome may influence the expression of genes;ease susceptibility and other inherited phenotypes (14,

23). Most molecular genetic studies of inherited traits however, the principal elements that control tran-
scription are within the core promoter and proximalhave focused on DNA encoding protein, largely be-

cause our knowledge of regulatory sequence is ele- promoter regions. Polymorphisms within these re-
gions therefore have a priori the greatest likelihoodmentary. The human genome contains thousands of

common polymorphisms that change the amino acid of having a functional effect on transcription.
Recently, novel in vivo methods have been de-sequence of protein. However, it contains several

million polymorphisms in noncoding regions of the scribed that indirectly measure the effect of regula-
tory polymorphism by using a marker sequence vari-genome, and it is gradually becoming clear that the

latter types of polymorphism are also a major genetic ant in either the promoter (17) or an exon (3,18,24).
While these methods have great utility, they do notsource of human phenotypic variation.

Many, or most, polymorphisms in noncoding re- determine which of the several sequence variants
contained within any given haplotype actually exertgions presumably have no functional effect, while

others may have major effects on gene function, in- functional effects. At present, this requires the use of
in vitro reporter gene assays. Previously, reportercluding cis-acting influences on the control of gene
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gene assays have been limited by low throughput and each of 16 ethnically diverse individuals (eight sub-
jects of Northern European origin, two of Zulu ori-currently there is limited information available about

the frequency and the size of effects of functionally gin, two Chinese, two Australian Aborigines, one
Warao, and one Kaingang; no further phenotypic datarelevant promoter polymorphisms.

We have recently developed a high throughput are available on these subjects) was screened for
polymorphisms using DHPLC under conditions se-method for detecting functional polymorphisms (4)

and have applied that methodology to more than half lected by DHPLCMelt (http://insertion.stanford.edu/
melt.html) as described previously (16). Fragmentsof all the experimentally proven human promoters

in the Eukaryotic Promoter Database [(12); http:// yielding chromatograms indicating heteroduplex for-
mation were sequenced using Big Dye Terminatorwww.epd.isb-sib.ch/]. In this, the only large-scale

published study of its kind that we are aware of, we chemistry (Applied Biosystems) to confirm and char-
acterize polymorphisms. Minor allele frequency waspreviously reported that a high proportion (approxi-

mately 35%) of polymorphic promoters (12) yielded estimated in pooled DNA from 100 local blood do-
nors by automated sequencing.evidence for functional differences between haplo-

type pairs, and that around 10% of all examined pro-
moters had functionally relevant polymorphisms. Cloning
However, that estimate was based upon analysis of
the relatively small proportion of possible promoters For high throughput we required a strategy of di-

rect cloning into the luciferase expression vector(<1%) that have been experimentally determined
(12). Given the amount of experimental work re- pGL3 (Promega). To create a high-efficiency pGL3

T/A cloning vector, we first inserted an EcoRV sitequired to define a promoter, it is likely that these pro-
moters were in some way of atypical prior interest using standard procedures into the pGL3-basic multi-

ple cloning site to create pGL3-basic-RV. This wasto geneticists. In this study, we report an analysis of
promoters whose selection is relatively unbiased ex- cut with EcoRV (10 µg plasmid, 120 U EcoRV, BSA

100 µg/µl, 10 µl NEB buffer 3 in 100 µl) at 37°C forcept by genome position. To compile this list of pro-
moters, we chose chromosome 21 as it was one of 18 h and purified using a Qiagen plasmid mini-prep

kit. A 3′ T overhang was added by incubating 10 µgthe first chromosomes to be fully sequenced (10). We
screened 51 promoters for sequence variation, and of cut vector at 75°C for 3 h in 10× PCR buffer (Qia-

gen) 20 µl, 25 mM MgCl2 8 µl, 100 M dTTP 2 µl,where variation was detected, we cloned the haplo-
types into a reporter gene plasmid. Pairs of haplo- Taq DNA polymerase (Qiagen) 10 U in 200 µl final

volume (19). Unpurified product was stored in single-types were then analyzed for their ability to promote
gene expression in human cell lines using a reporter use aliquots at −80°C.

DNA from heterozygous individuals was amplifiedgene assay system.
using Expand High Fidelity DNA polymerase (Roche)
to minimize misincorporation of nucleotides. PCR
products to be cloned were purified using a QiagenMATERIALS AND METHODS
spin column. Amplimer (15 ng) and 50 ng of the pre-

Promoter Selection and Polymorphism Identification
pared T-vector were ligated in 10 µl using T4 DNA
ligase (Promega) at 4°C overnight or at RT for 1 h.DNA promoter sequences for 83 genes on chromo-

some 21 with proven [82] or predicted [1] open read- After ligation, 1 µl of the mix was incubated at 37°C
for 2 h with 20 U of EcoRV to cut any residual plas-ing frames were identified at random based on the

annotation of the published sequence on June 2000. mid that lacked the additional 3′ T and had thus recir-
cularized (this procedure was not carried out wherePrimers were designed to amplify 500–700 bp of the

5′ flanking sequence. In selecting the promoter se- the insert contained an EcoRV site). Approximately
one tenth of the recut ligation mix (i.e., approxi-quence the specifications for the 3′ primer were, in or-

der of priority, that: a) the start of transcription was mately 500 pg equivalent of vector) was used to
transform 100 µl of SURE 2 supercompetent cellsincluded within the amplimer, b) it did not amplify an

ATG within the 5′ UTR, and c) it was within 50 bp 3′ (Stratagene) (9). Colonies were picked using a sterile
pipette tip, suspended in water (25 µl), and heated toto the start of transcription to minimize effects of the

5′ UTR. The genes, promoter sequences, and primers 97°C for 5 min; 1.5 µl of the suspension was ana-
lyzed by PCR using the vector primers to measure theused are listed in appendix 1, available at: http://www.

uwcm.ac.uk/study/medicine/psychological_medicine/ efficiency of the cloning (GL2 and RV3, Promega;
annealing temperature 56°C). Correct orientation waspub_data/Chr21.htm.

Approximately 5 µl of crude PCR product from determined using one gene-specific primer and one
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plasmid-specific primer (RV3; Promega; annealing er’s instructions. Luciferase activity in the remaining
cells was measured in the original plate using a Luctemp 58°C for all inserts).
Screen assaying kit (Tropix). Both plates were read
on a TR717 (Berthold Technologies) single photonIdentification of Allelic Pairs
counting luminometer for 1–10 s per well.

At least six clones, with the insert correctly orien-
tated, were picked to identify allele pairs. To limit
the number of clones to be sequenced, allele pairs

RESULTSwere identified by mixing the PCR products from
pairs of clones and looking for heteroduplex forma-

We attempted to amplify by PCR 83 gene pro-
tion by DHPLC under the same conditions originally

moters (Appendix I; http://www.uwcm.ac.uk/study/
required for polymorphism detection. Each mixture

medicine/psychological_medicine/pub_data/Chr21.
was heated to 97°C for 3 min and allowed to reanneal

htm). Of these 51 (61%) could be optimized using
prior to analysis by DHPLC. The component plas-

standard conditions. Those that failed to amplify gen-
mids of a mixture showing the signature of a hetero-

erally had a high GC content. Reagents that facilitate
zygote were isolated from the SURE cells using stan-

amplification of high GC fragments (such as DMSO)
dard procedures, sequenced to confirm fidelity, and

were not used as we have previously found that these
used to transfect eukaryotic cells in culture.

promote misincorporation of nucleotides and the am-
plimers prove difficult to clone due to frequent re-

Cell Culture
arrangements despite the use of SURE cells (4).
Clearly this precludes functional characterization. OfThe ability of each sequence to promote transcrip-

tion of the luciferase gene was tested transiently in the 51 promoter sequences we were able to amplify,
30 (59%) contained one or more sequence variants inhuman cell lines HEK293t (human embryo kidney,

a gift from GlaxoSmithKline) and JEG-3 (human at least one individual. A total of 65 polymorphisms
were found (Appendix II; http://www.uwcm.ac.uk/placenta; ECACC). Cell lines were transfected with

plasmid using lipofectamine following the manufac- study / medicine / psychological_medicine /pub _ data/
Chr21.htm). Ten of the 30 polymorphic promotersturer’s (Gibco) protocol with modifications described

below. Cell lines were cultured according to ECACC proved impossible to clone, the principal reason be-
ing frequent rearrangement and partial deletion of the(European Collection of Cell Cultures; www.ecacc.

org.uk) specifications at 37°C with 5% CO2. Cells insert in the plasmid and not ligation failure (4). A
total of 53 different haplotypes for the 20 cloned pro-were seeded into black, clear bottom 96-well lumino-

metric plates (Perkin Elmer) at approximately 60% moters were identified, representing 41 different se-
quence variants. The haplotypes found are listed inof confluencey the day prior to transfection. Plates

seeded with HEK293t were coated with lysine (Sig- Table 1.
All but one putative promoter sequence (TTC3)ma) prior to seeding. Prior to transfection, all plas-

mids were quantitated fluorimetrically using Pico displayed activity greater than that of the promoter-
less pGL3-basic-RV plasmid. However, since the de-Green (Molecular Probes) and a TD-700 (Turner De-

signs) fluorimeter. HEK293t cells were transfected sign of the primers used for this promoter (June 2000),
a number of alternative upstream starts of transcrip-with 80 ng/well DNA, 1 µl/well lipofectamine; JEG3

cells were transfected with 80 ng/well DNA, 0.5 µl/ tion have been predicted for this gene and it is proba-
ble that the sequence used in the present study doeswell lipofectamine, 0.5 µl/well PLUS-reagent. To

provide a control for transfection efficiency, cells not represent the true promoter for this gene. There-
fore, excluding the three variants we detected in thewere cotransfected with CMV-SPAP (an expression

plasmid containing the gene-secreted placental alka- TTC3 putative promoter, we assessed a total of 38
sequence variants for functional effects.line phosphatase under the control of the cytomegalo-

virus promoter, a gift from GlaxoSmithKline). A ra- We have previously suggested that three criteria be
met for significant activity differences between pro-tio of approximately 1:4000 control to test DNA was

used. Cell lines were transfected overnight in serum- moter haplotypes in our system (12). First, the differ-
ences must be statistically significant; second, thatfree medium, which was replaced with complete

heat-inactivated medium (PAA Laboratories) and in- statistically significant replication must be achieved
with independent construct preparations; and third,cubated for a further 24 h.

SPAP activity was measured in the culture medium that the ratio of the low- to high-expression haplotype
be a minimum of 0.67 (representing a 1.5-fold differ-after transferring to a second 96-well plate using a

phospha-light kit (Tropix) according to manufactur- ence in expression between haplotypes). The last cri-
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TABLE 1
LIST OF GENES TESTED IN REPORTER GENE ASSAYS

Activity Relative to Control Relative Allele Activity
Gene Haplotype
Symbol Designation HEK293T JEG-3 HEK293T JEG-3 Haplotype

NCAM2 A 25 1.2 100 NA C −358, G −300
B 18 1 72* NA G −358, G −300
C 12 1.1 50† (43, 57) NA C −358, A −300

IFNAR1 A 46 18 100 82 T −427, GT (5) −86
B 45 22 98 100 C −427, GT (5) −86
C 7 3.3 15† (2, 28) 15† (1, 29) C −427, GT (13) −86

KCNJ15 A 76 4 100 100 G −106
B 45 4 59† (49, 69) 97 T −106

B3GALT5 A 11.4 <1 100 NA G −157
B 7.5 <1 66† (55, 77) NA A −157

IGSF5 A 14 <1 100 NA C −494, A −110
B 9.5 <1 67* (57, 77) NA T −494, C −110

CRYAA A 25 1.7 100 NA A −549, G −464, G −426, del −420, A −295
B 22 1.7 88 NA A −549, C −464, G −426, del −420, A −295
C 23 1.6 92 NA G −549, G −464, T −426, del −420, A −295
D 22 1.8 89 NA G −549, G −464, G −426, A ins −420, A −295
E 21 1.4 85 NA G −549, C −464, G −426, del −420, A −295
F 8 <1 29† (18, 40) NA A −549, G −464, G −426, del −420, G −295

C21ORF6 A 87 182 100 100 A ins −234, GAA del −222
B 66 151 76 83 del −234, GAA ins −222

CCT8 A 21 894 84 85 G −443
B 25 1050 100 100 C −443

SYNJ1 A 12 2.4 81 100 A −300
B 15 1.8 100 75 G −300

PRKCBP2 A 12 1.8 100 100 A −371, C −161
B 11 1.7 95 95 A −371, T −161

CRYZL1 A 190 110 93 96 G −312, T −209, C −23
B 183 85 89 74 A −312, T −209, C −23
C 206 115 100 100 G −312, T −209, A −23

ITSN1 A 31 1.9 100 68 A −384
B 27 2.8 89 100 G −384

HLCS A 148 24 93 89 G −430, T −426, G −353, G −182
B 160 21 100 78 G −430, C −426, A −353, A −182
C 141 22 88 82 G −430, T −426, A −353, G −182
D 132 27 83 100 G −430, C −426, A −353, G −182
E 133 26 83 96 A −430, T −426, A −353, G −182

TTC3 A <1 <1 NA NA T −448, C −411, T −154
B <1 <1 NA NA C −448, T −411, C −154

DYRK1A A 8.4 <1 100 NA A −87
B 7.9 <1 94 NA G −87

DSCR4 A 86 259 82 98 C −640
B 104 264 100 100 G −640

WRB A 34 31 92 78 A −485, A −295, G −174
B 37 40 100 100 G −485, G −295, A −174
C 29 32 79 80 G −485, A −295, G −174

SH3BGR A 10 8.3 100 100 A −402, A −370
B 10 8.1 98 97 T −402, G −370

FTCD A 17 3.3 88 100 G −345, A −292
B 20 2.9 100 88 T −345, C −292

ITGB2 A 18 14 100 88 A −414, T −384
B 18 16 98 100 G −414, G −384
C 15 15 82 95 A −414, G −384

Reporter gene activity corrected by SPAP is given relative to the promoterless pGL3 basic vector. Relative allele activity is expressed as a
percentage of the highest expressing haplotype. Where the difference is significant according to our full criteria, 95% confidence intervals
for the difference are given in parentheses. NA denotes levels of reporter gene activity not high enough for analysis.
*p < 0.005 based on a comparison with the most active haplotype.
†p < 0.001 based on a comparison with the most active haplotype.
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terion was chosen because 1) homozygosity for the DISCUSSION
high-expression haplotype is conceptually equivalent
to triploidy for the low-expression haplotype and 2) We have sought to determine if human promoters

frequently harbor polymorphisms of functional im-our empirical replication studies suggest that changes
of this magnitude are highly robust, and almost al- portance. To avoid biases that may be introduced by

selecting promoters that have been identified by oth-ways replicate in independent experiments using in-
dependent preparations of plasmid. Polymorphisms in ers as of being of particular interest, we carried out

polymorphism discovery on a randomly selectedsix promoter sequences (NCAM2, IFNAR1, KCNJ15,
B3GALT5, IGSF5, CRYAA) met these criteria in at group of 51 gene promoters mapping to human chro-

mosome 21. Whether selection for a common chro-least one cell line (Table 1). This figure represents
12% of the promoters we were able to analyze for mosomal location introduces a different type of bias

is unknown. Allowing for dropouts at the PCR andthe presence of sequence variants in our screening
set, although if adjusted for the proportion of promot- cloning stage, we estimate that in our panel of sub-

jects, around 18% of gene promoters on chromosomeers we were unable to clone (33%), this figure rises
to 18%. Of the promoter sequences with polymor- 21 have sequence variants that affect the transcrip-

tional activity of the gene by an amount equivalentphisms that we were able to clone (n = 19), six pro-
moters with functional variants represent approxi- to that produced by an additional copy of the gene.

However, the proportion of polymorphic promotersmately 30% of the total.
is clearly dependent upon the number of individualsCell adhesion molecule, neural, 2 (NCAM2): In HEK cells,
studied, and therefore perhaps a more useful estimatethe C/G variant at −358 has a statistically significant

effect (haplotype A compared with B) but falls short of for geneticists is our estimate that functional differ-
our threshold of 1.5-fold difference. However, the G al- ences between alleles or haplotypes were found for
lele at position −300 drives expression twice as strongly 18% of the individual polymorphisms studied. This
as the A allele (haplotype A compared with C).

estimate is based upon observation that for five of theInterferon, alpha, beta, and omega, receptor 1 (IFNAR1):
six promoters with functionally different haplotypesThe T/C polymorphism at −427 has no effect on tran-

scription (haplotype A compared with B) but the GT we were able to identify a single sequence variant
repeat at −86 has a major effect in both cell lines, the 5 responsible for a 1.5 change in transcriptional activ-
repeat allele having a sevenfold higher activity than the ity; for the other gene, LOC150084 (IGSF5), the con-
12 repeat allele.

tribution of the two sequence variants could not bePotassium channel, inwardly rectifying, subfamily J, mem-
distinguished and we therefore include both as func-ber 15 (KCNJ15): In HEK cells, the G at position −106

increases activity of the promoter by 1.7-fold compared tional.
with T at that position. In our previous study based upon a more biased

B3 galactosyltransferase 5 (B3GALT5): The G allele at series of gene promoters from the eukaryotic pro-
−157 was analyzed and at this position gives 1.5-fold

moter database, allowing for dropouts, around 10%higher activity than the A allele in HEK cells.
of promoters had functional sequence variants (12).LOC150084 (IGSF5): Two polymorphisms were found in

the screening set but only two different haplotypes were As that study was based upon screening half the num-
identified and so the effects of each variant could not ber of subjects for sequence variants as the present
be determined individually. In HEK cells, the C −494, study, that lower estimate is roughly consistent with
A −110 haplotype had approximately twice the activity

the present findings. It is more difficult to compareof the T −494, C −110 haplotype.
the estimates of the proportion of polymorphismsAlpha A crystallin (CRYAA): Five sequence variants were

found represented in six haplotypes. Five of the haplo- with functional consequences because, in our earlier
types (A, B, C, D, and E) had similar activity showing study, the effects of individual SNPs in haplotypes
that the variants at −549, −464, −426, and −420 had no could not as readily be distinguished as in the present
effect on transcriptional activity. However, a compari-

study.son of haplotypes A and F reveals that a G at position
We have previously proposed a conservative thresh-−295 lowers the activity by over threefold compared

with an A at that position. Analyses in each cell line old for defining true promoter activity as 10 times
were qualitatively similar, although the level of expres- the background activity found with the promoterless
sion in the JEG cell line was below our threshold for pGL3-basic plasmid in any cell line (5). This was
analysis.

based upon our observation that randomly selected
sequences may occasionally show activity up to thisViewed from the perspective of the individual

polymorphisms, of the 38 variants we were able to level. One sequence selected for the gene TTC is
probably not a gene promoter at all and was selectedexamine, 7 were associated with altered function,

giving a point estimate of 18% for the proportion of on the basis of incorrect annotation of the human ge-
nome sequence. DYRK1A had maximum activity ap-promoter polymorphisms that, in our assay system,

have functional effects. proximately eight times that of the pGL3-basic-RV,
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and therefore we cannot be confident we examined a genes (11). It is probably involved in the synthesis of
type 1 Lewis antigens in gastrointestinal and pancre-true DYRK1A promoter. However, this sequence is,

in the most current database entries, still adjacent to atic cancers (15) but its role in these and other pro-
cesses has yet to be fully established.the putative start of transcription and therefore is still

very likely to be a promoter (5). IGSF5 is a predicted protein designated LOC150084
with similar sequence to the immunoglobulin super-Although the genes for this study were selected in

a random fashion to provide relatively unbiased esti- family. Since the primers for this promoter were de-
signed, two additional upstream exons have beenmates of general importance of the extent to which

promoter polymorphisms are functional, some of our predicted (April 10, 2003 revision). Given that the
sequence we examined has 11 times the promoter ac-data regarding specific promoters are likely to be of

considerable interest to specific research groups. tivity of the negative control, it seems likely that
there are multiple promoters for this gene.These data are briefly discussed below.

NCAM2 is a neural cell adhesion molecule that has CRYAA: The importance of α-crystallins in the
maintenance of lens transparency was demonstratedbeen proposed to be involved in the variable pheno-

types seen in Down syndrome (21). It has also re- by the work of Brady et al., who showed that mice
homozygous for a targeted disruption of the α A-cently been shown that changes in its expression af-

fects odorant receptor (OR) growth (1). Olfactory crystallin gene developed cataracts and had cyto-
plasmic inclusion bodies containing the small heatsensory neurons (OSNs) individually express only

one of the hundreds of OR genes, and each projects shock protein α B-crystallin (2). Since then a number
of missense and nonsense mutations have been de-with precision to topographically defined conver-

gence sites in the glomeruli of the olfactory bulb. It scribed in the literature [reviewed in (8)] that can lead
to either recessive or dominant cataracts. Our findinghas recently been shown that normally regulated lev-

els of NCAM2 are important for accurate OR- of a threefold difference between allelic variants of
the promoter region suggests that the polymorphismspecific axon segregation of some OSNs. Overex-

pressing transmembrane-bound NCAM2 results in involved may be a candidate for predisposition to the
development of cataracts.co-convergence events close to the correct target glo-

meruli. By contrast, overexpression of Gpi-anchored KCNJ15: The potassium channel inward rectifiers
(Kir) constitute a family of potassium channels thatNCAM2 results in axons that can bypass the correct

target before co-converging on glomeruli located at a maintain the resting membrane potential close to the
equilibrium potential for potassium ions. KCNJ15 isdistance. This suggests that the functional promoter

variant we have found may affect development of in the Down syndrome critical region (7). The murine
equivalent of KCNJ15 (mkir4.2) is developmentallyOSNs and possibly other neural systems.

IFNAR1 (and IFNAR2, which we were unable to regulated and found in tissues that may be affected in
Down syndrome—heart, thymus, thyroid gland, andstudy) belongs to the class II cytokine receptor fam-

ily, and forms a heterodimer when bound to inter- perichondrium—although there is no evidence that it
is involved in the etiology of Down syndrome (22).feron-α or -β. This results in phosphorylation of the

receptors as well as Jak and Stat proteins. Activated In summary, we have sought to obtain an unbiased
estimate of the proportion of polymorphisms in theJak-Stat proteins then initiate the transcription of

IFN-inducible genes that are responsible for antipro- promoters of human genes with functional effects.
Although our analysis is conservative, our data sug-liferative, immunomodulatory, and antiviral effects.

Thus, IFNAR1 is an important gene in many fields of gest that around 18% of variants in proximal promot-
ers are functional, and provide strong empirical sup-research. Epstein and Epstein showed that fibroblasts

with trisomy 21 had an exaggerated response to inter- port for affording the promoters of genes high
priority in genetic analyses. Of those promoter vari-feron and it is possible that this is due to increased

gene dosage of IFNAR1 (6). Matsuyama et al. studied ants with functional effects, three (NCAM2, IFNAR1,
and CRYAA) have been previously associated withthe same GT repeat polymorphism that we found, and

have shown that hepatitis C patients with the 12 re- human phenotypes. The polymorphisms we describe
here may therefore play a role in those phenotypes.peat allele have lower response to interferon than

those with the 5 allele repeat (20). We found that the
5 repeat allele has sevenfold greater expression than
the 12 repeat allele, suggesting that the latter may
lower response to interferon by lowering the expres- ACKNOWLEDGMENT
sion levels of IFNAR1.

B3GALT5 is a galactosyltransferase, a membrane- This work was funded by the Medical Research
Council, UK.bound protein, and one of a family of 14 β Gal-T
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