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ABSTRACT

Lactase-phlorizin hydrolase, lactase, is the intestinal enzyme responsi-
ble for the digestion of the milk sugar lactose. The majority of the world’s
human population experiences a decline in expression of the lactase gene
by late childhood (lactase non-persistence). Individuals with lactase per-
sistence, however, continue to express high levels of the lactase gene
throughout adulthood. Lactase persistence is a heritable autosomal dom-
inant condition and has been strongly correlated with several single nu-
cleotide polymorphisms (SNPs) located ~14 kb upstream of the lactase
gene in different ethnic populations: -13910*T in KEuropeans and
-13907*G, -13915*G, and -14010*C in several African populations. The
coincidence of the four SNPs clustering within 100 bp strongly suggests
that this region mediates the lactase non-persistence/persistence pheno-
type. Having previously characterized the European SNP, we aimed to
determine whether the African SNPs similarly mediate a functional role in
regulating the lactase promoter. Human intestinal Caco-2 cells were
transfected with lactase SNP/promoter-reporter constructs and assayed
for promoter activity. The -13907*G and -13915*G SNPs result in a sig-
nificant enhancement of lactase promoter activity relative to the ancestral
lactase non-persistence genotype. Such differential regulation by the SNPs
is consistent with a causative role in the mechanism specifying the lactase
persistence phenotype.

Lactase-phlorizin hydrolase (LPH, lactase) possesses two enzymatic
activities: lactase (8-D-galactoside galactohydrolase, EC 3.2.1.23) and
phlorizin hydrolase (phlorizin glucohydrolase, EC 3.2.1.62) (1). LPH
enzyme present on the brush-border membrane of mammalian small
intestinal absorptive epithelial cells is responsible for the hydrolysis of
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the disaccharide lactose, the predominant carbohydrate in milk, to
yield glucose and galactose. The resulting monosaccharides can be
absorbed across the brush-border membrane for use as a source of
energy or as components of glycolipids and glycoproteins. The devel-
opment of assays for lactase activity and the application of molecular
genetic methods has accelerated investigation of the ethnic distribu-
tion of lactose intolerance and expression of the LPH gene (LCT) (2—-8).

The human LCT gene located on chromosome 2q21 comprises 17
exons spanning ~49 kb (7, 9, 10) and is transcribed to yield a mRNA
transcript of ~6 kb encoding 1927 amino acids (11). The LPH mRNA
translation product is heavily glycosylated, with a mass of ~220 kD,
and is processed at the brush-border membrane by proteolytic trim-
ming to a mature ~160-kD protein (12). Lactase activity at the muco-
sal surface of the human small intestine is highest at birth. Seventy
percent of humans worldwide undergo a permanent maturational de-
cline in lactase activity by late childhood (lactase non-persistence)
resulting in lactose intolerance (5, 13). In certain populations, how-
ever, high-level lactase activity persists into and throughout adulthood
(lactase persistence). Such lactase persistence occurs predominantly in
people of northern European descent and in some populations in Africa
that have a history of pastoralism (14). Although lactase non-persis-
tence is the more common human phenotype (6, 7, 15), lactase persis-
tence is believed to have occurred as a result of a selection process
within the last ~10,000 years enabling sustained dairy consumption in
certain populations (2, 5, 8, 16). Lactase persistence is inherited in an
autosomal dominant manner (17, 18).

Recent interest in lactase non-persistence/persistence has focused on
the molecular biological mechanisms regulating the maintenance or
decrease of intestinal lactase gene expression during maturation. It is
generally agreed that lactase persistence or non-persistence in hu-
mans is transcriptionally regulated at the LCT messenger RNA
level (6, 19, 20). In 2002, Enattah et al. reported the identification of
single nucleotide polymorphisms (SNPs), -13910*C/T and -22018*G/A,
upstream of the LCT locus, that are associated with lactase non-
persistence/persistence in Finnish families (21). The -13910*C/T and
-22018*G/A SNPs are located within intron 13 and intron 9, respec-
tively, of the adjacent MCM6 gene on chromosome 2q21. Subsequently,
the -13910*T allele was shown to enhance transcription of lactase gene
promoter-luciferase reporter constructs in intestinal Caco-2 cells
(22, 23). Additional reports have stated that the -13910*T allele corre-
lates well with lactase persistence in European countries (24—26) and
some Brazilian populations (27). In regions of Africa with a history of
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milk consumption and a high prevalence of lactase persistence, how-
ever, the frequency of the -13910*T allele is low or zero (28, 29), as is
also the case for lactase persistence in northern Chinese populations
(30). New polymorphisms, -3712*T/C, -13907*C/G, -13913*T/C,
-13915*T/G, and -14010*G/C, associated with lactase non-persistence/
persistence, have recently been identified in African and Saudi Ara-
bian populations (15, 28, 31-34). In the African populations, the
-13907*G, -13915*G (15, 28, 33), and -14010*C (33) variants were
widely found, whereas the -13913*C variant was found rarely (28). In
Saudi Arabian populations, the -13915*G (28, 31, 32) and -3712*C (31)
variants were identified.

Investigative efforts have focused on elucidating whether the vari-
ous lactase SNPs function to regulate lactase non-persistence/persis-
tence in adulthood. Such molecular mechanisms have not been fully
defined. In the present study, we describe functional characterization
of differential effects on lactase promoter activity in intestinal cell
culture mediated by the lactase SNPs (-13907*G, -13915*G, and
-14010*C) present in Africa.

MATERIALS AND METHODS

Cloning of African SNP Region DNA Fragments in Promoter-
reporter Constructs. 215-bp DNA fragments spanning nucleotides
-14014 to -13800 upstream of the human LCT gene and including one
of the African lactase persistence SNPs (-13907*G, -13915*G, and
-14010*C) or the ancestral allelic sequence were amplified by polymer-
ase chain reaction (PCR) from chromosomal DNA constructs33 gener-
ously provided by G.A. Wray, of Duke University, as templates. Spe-
cifically, for amplification of DNA fragments corresponding to the
ancestral allele or to the lactase persistent SNPs -13907*G and
-13915*G, oligonucleotides 5'GGACGCGTAGACGTAAGTTACCATT-
TAATAC3’ (-14014 to -13922 bp upstream of LCT) and 5'GGACGCGT-
CGTTAATACCCACTGACCTATC3' (-13800 to -13821 bp) were used as
forward and reverse primers, respectively. For amplification of the
DNA fragment corresponding to the lactase persistent SNP -14010%C,
the oligonucleotide 5'GGACGCGTAGACCTAAGTTACCATTTAATACS’
(-14014 to -13922 bp) was used as the forward primer. All primers were
synthesized with a 5 terminal Mlul restriction enzyme site for subse-
quent cloning. The amplified DNA fragments corresponding to the an-
cestral allele or the African SNPs were cloned in both orientations
(forward and reverse) at the Mlul site upstream of the lactase



158 ERIC SIBLEY ET AL

promoter in the p2kLac promoter-reporter construct to generate
p2kLac-Ancestral, p2kLac-Ancestral’ (reverse), p2kLac-13907*G,
p2kLac-13907%G’ (reverse), p2kLac-13907*G, p2kLac-13907*G’ (re-
verse), p2kLac-14010*C, and p2kLac-14010*C’ (reverse). The previ-
ously described p2kLac construct contains a 2.0-kb fragment of the rat
lactase proximal promoter cloned upstream of firefly luciferase cDNA
in the reporter plasmid pGL3Basic (Promega) (35). Incorporation of the
ancestral allele or SNP fragment sequences was confirmed by sequenc-
ing.

Cell Transfection and Assay of Luciferase Activity. Caco-2
cells were initially cultured in 100-mm dishes at 37°C in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. Upon reaching
90% confluency, cells were seeded into 35-mm dishes with 2.5 X 105
cells per dish and cultured for 48 hours (50—80% confluent) and then
transiently transfected with the experimental construct (0.4 pmol) and
10 ng of pRL-CMV (used as an internal control to normalize the
transfection efficiency; Promega). Transfections were performed with
Lipofectamine reagent (BRL) in triplicate according to the manufac-
turer’s protocol. Transfected cells were cultured for 48 hours (70-90%
confluence), harvested, and assayed for luciferase activity with the
Dual-Luciferase™ Reporter Assay System (Promega). Firefly lu-
ciferase activities for each experimental construct were normalized to
the activity of the internal control (pRL-CMYV), and expressed as rel-
ative luciferase activity (mean + SD). Statistical analysis was per-
formed with Student’s unpaired ¢-test.

RESULTS

African SNP regions for lactase persistence were characterized with
respect to their ability to regulate lactase promoter activity in Caco-2
cells, a human colonic adenocarcinoma cell line expressing a number of
small-intestinal brush-border enzymes including LPH (36). Specifi-
cally, 215-bp DNA fragments corresponding to nucleotides -14010 to
-13800 of the human LCT gene and including either a specific SNP or
the ancestral sequence were cloned in both orientations into luciferase
report constructs upstream of a 2-kb 5’ flanking region of the rat
lactase gene previously shown to direct intestine-specific promoter
activity in cell culture and in transgenic mice (37, 38). Caco-2 cells
were transiently transfected with the lactase SNP-promoter-reporter
constructs and assayed for relative luciferase activity.
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As shown in Figure 1, the 2-kb rat lactase promoter fragment in
p2kLac directed a 5.4-fold increase in luciferase activity relative to the
construct pGL3-Basic lacking the promoter. Addition of the 215-bp
fragment corresponding to the ancestral allelic sequence (-13907*C,
-13915*T, and -14010*G) to generate the p2kLac-Ancestral promoter-
reporter construct resulted in an additional 3-fold enhancement of
luciferase activity.

To determine whether the different African SNP regions associated
with lactase persistence are capable of functioning to regulate the
lactase promoter, Caco-2 cells were similarly transfected with the
individual SNP (13907*G, -13915*G, and -14010%C) promoter-reporter
constructs and assayed for luciferase activity. Transfection with the
-13907*G promoter-reporter constructs, p2kLac-13907*G (forward)
and p2kLac-13907*G’ (reverse), resulted in a statistically significant
enhancement of luciferase reporter gene expression over that of cells
transfected with the p2kLac-Ancestral constructs (Figure 1). Specifi-
cally, the -13907*G allelic DNA region in the forward orientation
resulted in a 1.2-fold enhancement (P < 0.05) of reporter activity as
compared with the ancestral allele. Similarly, the -13907*G allelic
DNA region in the reverse orientation resulted in a 1.5-fold enhance-
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Fic. 1. Characterization of lactase promoter activity regulated by the -13907*G SNP
associated with lactase persistence. Caco-2 cells were transiently transfected with the
lactase promoter-luciferase reporter constructs and assayed for luciferase activity.
pGL3-Basic: promoterless firefly luciferase reporter construct. p2kLac: firefly luciferase
reporter construct with 2.0-kb fragment of the rat lactase promoter region. p2kLac-
Ancestral and p2kLac-Ancestral’: p2kLac with the 215-bp fragment of ancestral se-
quence (nucleotides -14014 to -13800) cloned in the forward or reverse orientation,
respectively. p2kLac-13907*G and p2kLac-13907*G’: p2kLac with the 215-bp -13907*G
SNP fragment cloned in the forward or reverse orientation, respectively. Transfection
efficiencies were normalized to renilla luciferase expression from a co-transfected pRL-
CMV vector and expressed as relative luciferase activity (mean + SD, n = 3). *P < 0.05,
#P < 0.001 versus the relative firefly luciferase activity of p2kLac-Ancestral.



160 ERIC SIBLEY ET AL

ment (P < 0.001) of reporter activity as compared with the ancestral
allele.

Transfection with the -13915*G promoter-reporter constructs,
p2kLac-13915*G (forward) and p2kLac-13915*G’ (reverse), also re-
sulted in a statistically significant enhancement of luciferase reporter
gene expression over that of cells transfected with the p2kLac-Ances-
tral constructs (Figure 2). The -13915*G allelic DNA region in the
forward orientation resulted in a 1.6-fold enhancement (P < 0.001) of
reporter activity as compared with the ancestral allele. The -13915*G
allelic DNA region in the reverse orientation resulted in a 1.8-fold
enhancement (P < 0.001) of reporter activity as compared with the
ancestral allele. In contrast to the enhanced promoter activation me-
diated by the -13907*G and -13915*G DNA regions, the -14010*C
allelic region in both the forward and reverse orientations (p2kLac-
14010*C and p2kLac-14010*C’, respectively) did not enhance lu-
ciferase activity as compared with that mediated by the ancestral
allele (Figure 3). Thus, the -13907*G and -13915*%G SNP variants were
both capable of functioning to enhance activity of the 2-kb rat lactase
promoter in Caco-2 cells. The -14010*C SNP variant did not function to
enhance promoter activity.
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Fic. 2. Characterization of lactase promoter activity regulated by the -13915*G SNP
associated with lactase persistence. Caco-2 cells were transiently transfected with the
lactase promoter-luciferase reporter constructs listed below and assayed for luciferase
activity. pGL3-Basic: promoterless firefly luciferase reporter construct. p2kLac: firefly
luciferase reporter construct with 2.0-kb fragment of rat lactase promoter region.
p2kLac-Ancestral and p2kLac-Ancestral’: p2kLac with the 215-bp fragment of ancestral
sequence (nucleotides -14014 to -13800) cloned in the forward or reverse orientation,
respectively. p2kLac-13915*G and p2kLac-13915*G’: p2kLac with the 215-bp -13915*G
SNP fragment cloned in the forward or reverse orientation, respectively. Transfection
efficiencies were normalized to renilla luciferase expression from a co-transfected
pRL-CMV vector and expressed as relative luciferase activity (mean = SD, n = 3).
#P < 0.001 versus the relative firefly luciferase activity of p2kLac-Ancestral.
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Fic. 3. Characterization of lactase promoter activity regulated by the -14010*C SNP
associated with lactase persistence. Caco-2 cells were transiently transfected with the
lactase promoter-luciferase reporter constructs listed below and assayed for luciferase
activity. pGL3-Basic: promoterless firefly luciferase reporter construct. p2kLac: firefly
luciferase reporter construct with 2.0-kb fragment of rat lactase promoter region.
p2kLac-Ancestral and p2kLac-Ancestral’: p2kLac with the 215-bp fragment of ancestral
sequence (nucleotides -14014 to -13800) cloned in the forward or reverse orientation,
respectively. p2kLac-14010*C and p2kLac-14010*C’: p2kLac with the 215-bp -14010*C
SNP fragment cloned in the forward or reverse orientation, respectively. Transfection
efficiencies were normalized to renilla luciferase expression from a co-transfected pRL-
CMV vector and expressed as relative luciferase activity (mean + SD, n = 3).

DISCUSSION

In most mammals, the LCT gene is expressed maximally in the
proximal and middle small intestine at birth, with its expression then
declining after weaning. Regulation of the spatial and temporal ex-
pression patterns of the LCT gene is presumed to be primarily at the
level of gene transcription. In previous studies, a 2-kb 5’ flanking
fragment of the rat lactase promoter has been shown to mediate both
spatial restriction and temporal downregulation of reporter gene ex-
pression in transgenic mice (37, 38). In the present study, in order to
attribute function to recently identified SNPs associated with lactase
persistence in African populations, DNA fragments in the SNP region
were characterized with respect to their ability to regulate promoter
activity when cloned upstream of the 2-kb fragment of the rat lactase
promoter and assayed in intestinal Caco-2 cells.

Subsequent to the identification of the European SNP (-13910*C/T)
associated with lactase non-persistence/persistence (21), additional
SNPs (-13907*C/G, -13915*T/G, and -14010*G/C) have been identified
in African populations (15, 28, 33, 34). The -13907*C/G SNP is wide-
spread in Sudan (28, 33) and is present at a high frequency in Ethiopia
(26). The -13915*T/G SNP is prevalent in Sudan and Ethiopia (15, 28),
and the -14010*G/C was reported to be common in Tanzania and
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Kenya (33, 34). In the present study, 215-bp fragments encompassing
the -13907*G or -13915*G lactase persistence-associated SNPs signif-
icantly enhanced lactase promoter activity as compared with the
215-bp fragment corresponding to the ancestral sequence (Figures 1
and 2). In contrast to a previous report (33), however, the 215-bp
fragment encompassing the -14010¥*C SNP did not enhance promoter
activity relative to the ancestral fragment in our study (Figure 3). It is
possible that the -14010*C SNP-region fragment did not enhance lac-
tase promoter activity because of the cloned location of the SNP just
five bases from the 5’ end of the DNA fragment insert. It therefore
remains to be determined whether the -14010*C SNP is a functional
mutation or merely a DNA polymorphism that is associated with the
lactase persistence phenotype.

The mechanism by which the -13907*G, -13910*T, and -13915*G
SNP region sequences can function to enhance lactase promoter activ-
ity in cell culture has yet to be fully defined. Lewinsky et al. found that
the Oct-1 transcription factor can interact differentially with the Eu-
ropean -13910*T region sequence as compared with the ancestral
sequence in in vitro binding assays (39). Subsequent reports, summa-
rized in Figure 4, have confirmed that the -13907*G and -13915*G
SNP region sequences associated with lactase persistence in African
and Middle Eastern populations can similarly interact with the Oct-1
transcription factor (31, 40). Future studies will focus on defining the
role of Oct-1 and other transcriptions factors as candidate transcrip-
tion factors involved in mediating temporal expression of the LCT
gene.

3’ MCM6 Gene 5’ Lactase Gene

Glc TG cy
PROMOTER |i
[EXON 1 |

-14010 -13915}-13907
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Fic 4. Schematic diagram of human lactase gene 5’ flanking region. The relative

locations (within intron 13 of the MCM6 gene) of SNPs associated with lactase persis-
tence identified in different populations are indicated. The transcription factor Oct-1
interacts differentially with the -13903 to -13926 SNP region DNA oligonucleotides in in
vitro DNA-binding assays.
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DISCUSSION

Howley, Boston: Thank you for the talk, Eric. Given that the element you found,
which may or may not bind Oct-1, functions as an enhancer, does it have an effect on the
upstream MCM6 gene?

Sibley, Palo Alto: The lactase persistence polymorphisms are located in intron 13 of
the MCM6 gene. We have not looked; but those who have characterized MCM6 have not
described any transcriptional regulation by Oct-1 or the lactase persistence SNP region.

Clark, San Antonio: I was wondering if you have considered whether those lactase
persistence SNPs might also affect epigenetic factors that could be regulating expres-
sion.

Sibley, Palo Alto: We have looked for methylation differences or sequences that may
be involved in methylation. Also, other colleagues in the field have looked for differences
in histone modification but have not yet identified any epigenetic effects. I would be
surprised if epigenetic factors are not involved, however, since epigenetic regulation
would seem to be a more likely mechanism for mediating the maturational changes in
lactase gene expression.

Rosenwasser, Kansas City: I enjoyed your presentation. I am curious about relative
allele frequencies in the African populations versus the European populations at that
particular site, and whether you’ve done any preferential affinity binding with Oct-1 and
those nucleotides?

Sibley, Palo Alto: Regarding the second part of your question, we actually have
purified Oct-1 and performed binding reactions the same way we’ve done with the
EMSAs that I described, using intact nuclear protein extracts isolated from intestinal
cells. The same type of interactions that we see with nuclear protein extracts are seen as
well with purified Oct-1. As for the allele frequencies, although we are not a population
genetics laboratory, I believe the region-specific lactase persistence allele frequencies are
generally less in the various African populations studied than in the Northern European
populations studied.

Kenney, Madison: As you probably know, there is a whole series of members in the
Oct transcription factor family. Some of them are widely expressed, liked Oct-1, and
others, like Oct-2, are very cell-type dependent. Are there any Oct family members that
are specifically regulated in the small bowel by age?

Sibley, Palo Alto: I am not aware if any Oct family members are regulated in the
small bowel by age.



