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Abstract — Genetic defects in the heme synthesis enzymesdeadroup of heterogeneous disorders termed tighpoas.
Numerous factors influence the clinical expressabporphyrias, primarily by altering the rate ofnfe synthesis. To date,
no genotype-phenotype correlation has been maéggain the variable penetrance observed in vatéegarphyria (VP)
and other acute hepatic porphyrias. As first and determining gene in the heme pathway, 5-amindileate synthase-1
(ALAS), appears to be an ideal candidate modifier. Brevstudies established critical mechanismsAfoAS1regulation
and a direct transcriptional response to drugsdiyned drug-responsive enhancer sequences (ADRBSjlentify possible
functional variants within the 5 region @&ALAS1 selected regulatory regions, including the ADRHES&mMents, were
screened by DNA sequencing analysis in 26 VP patidreterozygous for the causative R59W mutation he t
protoporphyrinogen oxidas®POX)gene. Two novel variants, -853C>T and -1253T>Aenidentified.In silico analyses
indicated that the -853C>T transition is located edmtely 5’ to a half-palindromic putative estrogegeptor binding site.
Co-transfection experiments with an estrogen recep{@&Ro) expression vector in HepG2 cells, suggest thiat région
mediates an increased transcriptional respondeeipriesence of estrogem(nd ER. The wild-type -853C/-1253T allele
induced a 47% increase in transcription, while t883T/-1253A double mutant allele showed a 35% dase in
transcription compared to expression in the absené&. The highest induction was observed for the mu@s8T/1253T
allele that generated an increase of 66%. We cdecthat the -853T variant functions as an enhaincéne presence of
estrogen and speculates that the -1253A variancestranscription activity.
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INTRODUCTION The first enzyme of the heme synthesis

pathway, 5-aminolevulinate  synthase-1

The importance of heme is underscore(ALAS1), regulates the rate of heme

by its involvement in numerous vital cellularproduction in all non-erythroid tissues while
functions such as energy transfer, drugs isoform, ALAS2, controls heme synthesis
metabolism and enzyme biosynthesis. lim differentiating erythrocytes. Because heme
mammals, heme synthesis is most active ig crucial to the homeostasis of nearly all
the bone marrow, where hemoglobin igells, but cytotoxic when produced in excess
produced, and in the liver, for the formatio22), defects in heme metabolism have
of hemeproteins such as the drugextensive biochemical and pathological
metabolizing cytochrome P450 (CYP450tonsequences (33). With the exception of
enzymes. ALAS1andALAS?2 defects in the other seven
— ALASL Samoreu . Jenes coding for the enzymes of the heme
gené?gggg?f).rotoporphy}inogaer:Igiigzgén;;;dﬂsg?;cﬁg syntheS|_s pathway lead to a grOl.Jp of

hepatic porphyria;ERa, estrogen receptor alphapl, Metabolic disorders, called the porphyrias.

stimulating protein-1UTR, untranslated regiorDMEM , The acute hepatic porphyrias (AHPS) are
Dulbecco’s modified Eagle’s mediumkCS, fetal calf characterised by incomplete penetrance and

serum;PCR, polymerase chain reactioRL.U, relative light . . .
unit: SEM, standard error of the mean high molecular heterogeneity without any
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apparent evidence for a genotype-phenotygxpression of this gene in the liver has been
correlation. In the AHPs, variousshown to be under negative feedback control
environmental precipitating factors, such asf heme in various species (6,10,32). The
sunlight and hormones have been identifiedegulatory pool of unassigned heme
but none sufficiently explain the penetrancdestabilizes ALAS1 mRNA (19), blocks
of the dominant disease-causing mutatiomitochondrial import of the precursor protein
This suggests that a combination 0f31) and represses mRNA transcription (32).
environmental and additional modifier lociVarious reports have, however, suggested
modulate the clinical expression of thd¢hat the direct inhibition of ALAS1
disease-causing mutation. A classic model efanscription by heme, appears to be unlikely
an AHP with numerous additive factorsat physiological heme concentrations (19)
contributing to the phenotypic outcome, isnd that the precise molecular mechanism by
variegate porphyria (VP). The typical clinicawhich heme regulateALAS1mRNA levels,
appearance of VP include skin symptomsemains poorly characterized and
and/or acute attacks that are proposed to bentroversial (7,34).
directly attributable to the build-up of In a study by Podvineet al. (36), the
cytotoxic heme precursors (26). The higlgene activity of the -1249 bp to -1 bp human
occurrence of VP and the prevalence of th®LAS1 promoter region was assayed in
R59W disease-causing mutation in thehicken hepatoma cells (LMH). The
protoporphyrinogen oxidase genPR0OX, promoter fragment exhibited basal promoter
make South African VP patients an ideahctivity, but did not cause an increase in
cohort to study the consequence of othéranscription in response to prototypic
genetic factors that, in conjunction withinducers ofALAS1 They subsequently used
R59W, may possibly influence the severit@n in silico method to analyse sequences
or outcome of the disease. Whildurther upstream in thALAS15’ region and
investigations into possible modifyingidentified two sequence elements in the 30
variants within the promoter and codindb 5’ flanking region of the gene that directly
regions of PPOX itself, revealed an activate humarALAS1gene transcription in
abundance of variants, none of these coutdsponse to drugs. These two delta-
explain the variance in clinical expressiomminolevulinate acid drug-responsive
observed in VP patients (14,48,49). Thesenhancer sequences (ADRES), located 16
studies proposed that the contributions @&nd 20 kb upstream of the transcription
other candidate trans-acting loci should biitiation site, was testeoh vitro and found
investigated (3,48). to be responsive to the compounds
A likely candidate modifier gene is thephenobarbital (PB), metyrapone,
first and rate-determining gene of the hepatjropylisopropylacetamide (PI1A) and
heme synthesis pathway, 5-aminolevulinatglutethimide. They concluded that drug
synthasel (ALAS1) A previous study mediated induction ofALAS1is due to a
investigated the existence of modifyinglirect effect of the inducing compound and
variants within the coding- and splice-sitenot a consequence of the increased synthesis
regions ofALAS1 however, only one variantand accumulation of cytochrome P450 and
was detected and no correlation wasubsequent depletion of the heme pool.
observed between this previously identified In this study, focus was directed to the 5’
silent mutation (4713C>T,; NCBI refSNP ID:regulatory region of ALAS1 to identify
rs352168) and the variable VP phenotypeariants possibly affecting the transcription
(44). rate of this gene, and consequently the rate of
The mechanisms for the basal and drudreme synthesis. In particular, we aimed to
induced regulation ofALAS1 are currently examine the hypothesis that variants in the
intensively investigated. Initially it was ADRES elements and/or regulatory regions
believed that ALAS1 enzyme production was the proximal promoter region, will affect
exclusively controlled by heme given thathe transcriptional regulation 0RALAS]
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thereby influencing not only heme synthesi§enotyping

- - : Allele frequencies of the detected variants were
regulatlon, but also DOSSIny the phenOtyplgstablished in the two population-matched controups

outcome of the hepatic porphyrias by alterin@o mixed Ancestry; 88 Caucasian individuals) anchifg

the amount of heme precursor build-up prignembers (31) of the individuals in the study cohort
. . terozygous for the detected variants. The variant
to a defective heme SyntheSlS enzyme. At luded a -853C/T transition and -1253T/A transiers

alteration in ALAS1 gene expression inand will be discussed further in the results sectibhese
combination with a R59WPPOX allele may variants were respectively genotyped by restrictioalysis
Py sing the enzyme#écll and Bsal. Primer sequences and
have a Slgmflcant eff.eCt on th? amount c)gonditions are available in Supplementary Tables B. &
heme presursor build-up prior to the
defective PPOX enzyme, influencing the In SilicT?] anaIVSfis oced
. . T e reference sequence was subjecte 0
C|InI(.:a| outcome Qf VP even_ In SIbIIr_“~:]Sbioinformatic analysis to predict transcriptiontfacbinding
sharing the same disease-causing mutation sites (TFBS) by comparing data obtained from fiviéedent
software packages, including TRES (25), Matinspe(38y},

MATERIALS AND METHODS Alibaba2 (15), Signal Scan (30) and Match (27) faDE
program parameters were used as search criteriae T

_ rVISTA computational platform

Subjects (http://genome.lbl.gov/vista/index.shiml was used for

The study cohort included 26 R59W heterozygousulti-species comparative genomic analysis. Thereace
South African VP patients (21 Caucasian and 5 Mixedequence (approximately 1.3 kb) was compared to the
Ancestry individuals) incorporating both randomlyosen ALAS-1 promoter sequences from chimpanzePan(
individuals along with 1 Mixed Ancestry sibling paiand a troglodyte3, macaque Nacaca mulatt} dog (Canis
descendant (Supplementary Figure B). The group ssi familiaris), cow Bos tauru¥ mouse Klus musculus rabbit
of 2 male and 24 female VP patients with a meancdgé  (Oryctolagus cuniculys rat (Rattus norvegicys chicken
years. Biochemical analyses and medical diagnoses f@Gallus gallu3 and zebrafish Qanio rerig). Promoter
characteristic VP symptomatic expression were abill sequences (2 kb upstream and 5’-UTR) were extrdubea
[5]. Patients were classified into 4 symptomatioups: the Ensembl Genome Browser (archive version at
asymptomatic (10), acute attacks (4), skin sympt{@pand http://jul2008.archive.ensembl.org/index.html  Estrogen
skin symptoms and acute attacks (6). All patiefasily  responsive (ER) binding sites were predicted using t
members of patients, and controls (90 Caucasian88nd TRANSFAC database at default settings for “matrix
Mixed Ancestry individuals) gave written informednsent  similarity and core similarity cut-off’ via the r@®TA
for the use of their genomic DNA. The study wasrappd  platform.
by the Ethics Review Committee for Human Research,

Stellenbosch University. Plasmid construction
‘ _ To test the functional significance of the -853Cxill a
Mutation analysis -1253T>A variants, constructs of th¢AS15-UTR region

According to the reference sequence (NCBI accessiagias amplified by PCR and subcloned into the pGL2-Basic
number AC006252), four oligonucleotide primers wereector (Promega). Three constructs were generadsd,
designed, incorporatinlhel and Bglll restriction sites, to illustrated in Figure 1, consisting of the -1286 tp+6 bp
amplify the -1286 bp to +6 bALAS1upstream region, wild-type ALAS1 fragment [denoted pGL(ALAS-WT)]; a
encompassing the most 5’ transcription start sit8S) as fragment containing the -1253A and -853T variants
described by Roberts and Elder (40). Furthermorey twdenoted pGL(ALAS-ERE/Sp1)] and a fragment contagnin
fragments in the upstream distal promoter regiomche only the -853T variant [denoted pGL(ALAS-ERE)]. A
containing an ADRES element, were amplified (36)hwit standard protocol primer-mediated mutagenesis tqukn
primers containingkpnl and Nhel restriction sites. The was used to create the pGL(ALAS-ERE) from the
most 5 ADRES element was termed ADRES1 (5'pGL(ALAS-ERE/Spl) construct. All constructs were
GGGACTCCAGTGACCTCTCCTTGCACA-3") and was sequenced to confirm authenticity.

contained in the region from position -21016 to6@0. The Pl S [
second ADRES element, termed ADRES2 (5- A pOLALASWD= | . . —
GGGTGAGCTAAGTTCA-NN-TGTGCTGCCGTGACCT- wniis st S ’

promoter

3’), was contained in the region from position -8660 -

16118. In total, four primer sets (see Supplemegnitables l l o —
A & B) were designed for PCR amplification of tAeAS1  B)  porLarasERESp)- st o " [Luc |
promoter and ADRES elements in standard PCR reactio ot s e

containing 2mM MgCl, and annealing temperatures as -853T variants

indicated in the supplementary tables. Successfull l —
amplified PCR products were subjected to semi-autetha o,  poL@aLasErRp)=  SPISE - EREneste [Luc |
DNA sequencing analysis on an ABI 3130XL Genetic LA pomeemin T e T

Analyser (Applied Biosystems), using 11 primers (Sejgyre 1. (A) pGL(ALAS-WT), contains the wild-typdALAS1

Supplementary Tables A & B and Figure A) to creatgromoter fragment; (B) pGL2(ALAS-ERE/Spl), contairtke

bidirectional sequenced, overlapping fragments thate ALAS1promoter fragment with the -853T and -1253A vasalC)

compared to the reference sequence. pGL2(ALAS-ERE), contains th&LAS1 promoter with the -853T
variant. The putative Spl- and ERE half-sites adiciated with
grayed boxes and the transcription start site (T83$heLuc gene
indicated with arrowed boxes.
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Cell culture and transient transfections

Human hepatocellular carcinoma HepG2 cells were Although the variant alleles were only

cultured in steroid-free culture conditions devofdsteroid tected in individual f Mixed A v |
hormones [phenol red-free DMEM (Sigma) supplementege ected In individuals or vixe ncestry in our

with 10% (v/v) charcoal-stripped FCS (Highveld) and patient cohort, subsequent genotyping of control
glutamine (2mM)] at 37C and 5% CQ@ At 24 hours prior populations indicated that both alleles were
to transfection, cells were seeded in 6-well plate$0-60% present in the Mixed Ancestry and Caucasian
confluence. Cells were transfected with a mixtunetaiming ; ;

the respectiveALAS1 reporter constructs (Lg/well), the populations.  The aIIeIg freq.uenCIeS .Were
normalizing pSVB-galactosidase expression plasmid (ZEJCaICUI‘Elted for both variants in the Mixed
ng/well) and the human estrogen receptotER<) Ancestry- [(-853C:T = 0.956:0.044); (-1253T:A
expression plasmid, pPCDNA3-E®{25 ng/well), using the = 0.956:0.044)] and the Caucasian control groups
transfection reagent Fugéite (Roche). Parallel [(-853C:T = 0.989:0.011); (-1253T:A =

transfections with the promoterless pGL2-Basic pldsm . .
were used as a negative control. The medium wasrdisd 0.943:0.057)]. The -853T allele is more prevalent

24 hr following transfection and fresh medium addedn the Mixed Ancestry population, while the
containing either estradiol jE(Sigma), 3 x 16M final  frequency of the -1253A allele was found to be

concentration] or vehicle (EtOH, 0.03% final conication) slightly higher in the Caucasian population.

(23). Cells were lysed in 25@l reporter lysis buffer ; ; ;
(Promega) and light emitted quantified with a Vasit Pedigree analysis of the 31 family members

Microplate Luminometer (Turner Biosystems) using théJSing 4 gen.erations revealed that, in this family,
luciferase assay kit (Promega). Theglo assay kit the two variant alleles -853 and -1253 are co-

(Promega) was used for quantification fphalactosidase inherited (supplementary Figure B). No variants
activity. Both kits were used according to theyere detected in the previously described

manufacturer’s instructions.
Data were presented as the ratio of luciferaseicti ADRES elements.

(RLU) normalized top-galactosidase activity (RLU), from Predicted Regulatory Sites
triplicate wells from three representative experitse The Computer-aided analyses of the -1286 to +6
values obtained for the pGL(ALAS-WT) construct washp ALAS1 promoter region revealed several
assigned a relative activity of 1 and expressiothefother motifs resembling consensus binding sites of
constructs indicated as a value relative to this. -
many known nuclear factors. Thesilico survey

Statistical analysis of data was therefore directed by comparing results from

The normalized values for reporter gene expressigthe TFBS prediction programs using the
results were analyzed (SAS software, SAS Institlite,, sequences in and around the -853C/T and -
Cary, NC) and only values within the20% range of one 15531/ variants. Results from three of the five
another were used to determine arithmetic meansSalad LT .
values of the means. The significance of differenceSOftware programs indicated that the -853 variant
between multiple group means was determined byysisal IS located immediately 5’ to a half-palindromic
of variance (ANOVA). In those cases in which sigraht estrogen response element (ERE), with the
differencesf < 0.05) were detected by ANOVA, pair-wise binding site (TGACCT) for the estrogen

tests were performed, using the SAS software packaagl . .
Microsoft Excel. Results were presented as mearEM & receptore. (ER-w) as shown in Figure 2. The -

as a percentage of the reference. 1253 variant was located 3’ to a non-consensus
stimulatory protein-1 (Sp-1) TFBS (Figure 2).
RESULTS These observations prompted an examination of

the rest of the amplified promoter region for
Identification and characterization of ALAS10ther possible ERE sites/half-sites. In total, five
promoter variants putative perfect and imperfect ERE half-sites
Sequence analyses of the PCR fragment¢ere predicted (Figure 2)ALAS1comparative
detected two novel variants in the proximapromoter analysis between species (conserved
promoter: a C>T transition at nucleotide positio@rea in brackets) revealed the human reference
-853 and a T>A transversion at nucleotidéequence to be 99.5 % conserved to chimpanzee
position -1253. In the study population, thre€1291 bp), 93.1 % to macaque (1294 bp), 72.8 %
related female individuals of Mixed-Ancestryto dog (371 bp), 70.3 % to cow (390 bp), 72 % to
were found to be heterozygous for both variantgouse (236 bp), 77.2 % to rabbit (145 bp) and
(Table 1). 73.3 % to rat (116 bp). ALAS-1 promoter

Table 1 A table indicating the genotype and phenotypthefthree VP patients heterozygous for the twoatietevariants.
F: Female

Gender Age -853 Genotype -1253 Genotype VP Phenotype Contraceptive use
Patient 1 F 22 cT T/A Asymptomatic No
Patient 2 F 49 cT T/A Skin Symptoms Tes
Patient 3 F 52 CT T/A Skin Symptoms Yes
23
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sequences of chicken and zebrafish showed (chimpanzee and macaque -— Figure 3).
conservation (at 70% default level) to the humaBubsequently, functional analysis of the 1292 bp
reference sequence. Several putative estrogeagment was initiated to establish the estrogen
responsive (ER) binding sites were detected mesponsiveness of ti_ASlpromoter. Also, the
the conserved genomic areas (Figure 3) betweeffect of the -853T variant adjacent to the
species. The ERE half-site containing the congutative ERE half-site oALAS1transcription in
sequence 5'-TGACCT-3’ specifically adjacent taesponse to estrogen was determined. The
the -831C/T variant was detected in #heAS-1 possible effect of the -1253A variant was further
promoter sequences of the two primatespeculated.

-1253T/A
=>
-1273 ctgaatggcacagaactggg@gtcgagctctcagaccaaa -1234
-1233 gccctcatcctggactggtcccactgccactctgaaccca -1194
YERE (2 x imperfect)
-1193 ggtgcctcctctgaaggtggagactcacc'tcacct'gcctt -1154
-1153 gcagccagctgggtgctcagagacagaaatgcaaagtacc -1114
Y2ERE (imperfect)
-1113 tggacacaccctggtcaccatcattctggactttgtccct -1074
-1073 cttgttaatgctcagctgggaaaggaataccctcaaaggc -1034
-1033 cctttcctcaagaatggaggagagtacctctgagcctggc -994

-993 acaggcccagcccaacacagcccaagccaagctgggaagg -954

-953 gtgtggggcaaggaagccagactgacattcctgagacggg -914
-913 tttgccaagccctacactttatgtgttgtacccgggaaac -874
-853CIT YERE (perfect)
—
-873 tcaatggaggtatggcccamgctgacctttggcatggag -834

YERE (imperfect)
+—

-833 gcctaagccaccctgectggtgcccagggtggccagcaagg-794

-793 ggcttcagacaaccctggatggaaaataaaaatagtgg -756

Figure 2. A section of the reference nucleotide sequendba@hALAS15’ flanking region stretching from position -75®
1273. The sequence was retrieved from the NCBI EmMNtezeotide Database (accession number AC006258),theé first
base of the most 3’ TSS denoted as +1, and theotig directly 5’ to this set as -1 (accordind1d]). A complete optimal
ERE site has a consensus sequence of 5-AGGTCAnnICIKIA3’. The optimal perfect and imperfect ERE halésiare
highlighted and overlined with their directions icated with an arrowhead; the predicted Sp1-like ai -1262 to -1252 bp
is double-underlined. The wild-type nucleotideshef detected variants (-853C/T and —1253T/A) aretitied in.
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ALAS-1 promoter (hum

A_ERE site in
. Ref
TRANSFAC 8590/ ERE % aite (5' TGACCT-3) eference sequence
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Figure 3. Multi-species comparative analysis of theAS1proximal (~ 1.3 kb) promoter region. Putative BRding sites
(using TRANSFAC) were identified in conserved promategions. Only EREs (dark grey triangles) detedtedhe
majority of conserved areas between species (itetlday dashed lines) are shown.

Differential expression of the ALAS1 promoter = 6500,

region in response to estrogen = so00
In order to test the involvement of estrogen & .
in the differential expression profile of the wild 5 %%
type ALAS1 construct [pGL(ALAS-WT)], &5 50001
HepG2 cells, known to express little or no = 45004
estrogen receptar-(30,46), were co-transfected 3 4000
with the pGL(ALAS-WT) construct and an ER- é s500

a_expression vector (pCDNA-ER-and indu_ced T 1 12 o & F

with E,. In a single Edose-response experiment Log ME,

(Figure 4), normalised luciferase expression

values indicated a dose-responsive increase ffyure 4. HepG2 cells transiently transfected with the
ALAS1 promoter expression in response t@tALAS1 promoter reporter construct (0GL(ALAS-WT)),
augmented concentrations of estrogen. Sin@ég expression vector for BR(pCDNA3-ER:) and a

estrogen at a concentration of 3 XDinduced galactosidase normalizing plasmid (pB\galactosidase)
were induced with increasing concentrations of &

the highest luciferase expression values for thjicated. Luciferase values were normalized with
PGL(ALAS-WT) construct, this concentrationgalactosidase values and a dose response curvéeof t

was chosen as the most favorable to be used formalized data is presented displaying the meS8&M of

subsequent induction experiments. the expression values of one experiment performed i
triplicate.
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To establish the effect of the detectel e : ; : :
promoter variants on JHnduced ALAS1 L R—
expression, the wild typeALAS1 construct | el PZ 7777 : b B e
(PGL(ALAS-WT)) plus the mutated constructs PP —
[PGL(ALAS-ERE/Sp1) and pGL(ALAS-ERE)] pesseww{ EEEELGy | | oves
were co-transfected with pCDNA-ER- in . : : : P s
HepG2 cells, grown under steroid hormon| ™ | Er=sSS = .|
deprived conditions, and induced with eithe :-:wwiﬂswmﬂ' 15 2

vehicle or B (Figure 5). The normalized
expression value of the PpGL(ALAS-WT) Figure 5. A histogram indicating the normalised mean *

construct co-transfected with BRand induced SEM expression values of the three pGAIPAS1promoter
with EtOH, was used as reference and assignedoastructs in steroid-free culture conditions frahree
value of 1. Comparisons between the thr(:.ié‘]"“}l?e'“de”t transfection e"p‘;”megts (iiaéfgéﬁzme)-d

. . C ach construct was co-transfected witl induce
constructs induced with EtOH, indicated th ith either EtOH or E The promoter-less pGL2-Basic
PGL(ALAS-WT) and pGL(ALAS-ERE) had yector was included as a negative control. The esgion
approximately the same expression levels, witfalue of pGL(ALAS-WT) induced with EtOH, was usesl a
the expression of pGL(ALAS-ERE/Sp1) 5|ight|ythe reference and assigned a value of 1. Expresgfid)lne
lower (11%), though not significantly s@ & other constructs was conveyed as a value relativéhe

! . eference with * denoting statistically significatifferences
0.49), than these tWO. Comparisons between t §m the reference, and ¢ denoting significant etiéhces
three constructs in the presence of; Epetween EtOH and Finductions of a construct (* p<
demonstrated a 23% decrease in expression 0iA5). The error bars indicate the standard erfréhe@mean
PGL(ALAS-ERE/Sp1) compared to pGL(ALAS- (SEM).

WT). Although not statistically significanfp(=

0.104), such a decrease may have a significant DISCUSSION
influence in vivo, or at more physiologically
relevant concentrations of ,E During B Genetic variants within, or adjacent to, gene

stimulation, the expression of pGL(ALAS-regulatory elements may alter the binding of
ERE/Spl) was 41% lower than that ofranscription factors and affect gene expression
PGL(ALAS-ERE) and was also statistically(reviewed in 9,29). Prior studies have defined
significant with ap value of 0.0087. The increaseseveral critical regulatory elements in the 5’
in expression of pGL(ALAS-ERE) compared toegions of the human, mouse, chicken and rat
pPGL(ALAS-WT) was noticeable in Finduced ALASlgenes that regulate expression patterns of
conditions (17% increase), and even though thibis gene (5,12,13,36,40). The main objective of
difference in expression was not statisticallpur study was to describe the nature and extent of
significant, in individual experiments thenucleotide variation in the humaALAS1 5’
increase seen in pGL(ALAS-ERE) was muctiegion and to analyze the influence of naturally
more prominent. Transfections induced with EOccurring promoter variants on the modulation of
resulted in a statistically significant increase i\LAS1gene expression in VP patients. In this
expression of all constructs, when compared tegard, we have identified two novel, functional
the respective constructs treated with the solvefifomoter variants at nucleotide positions -
EtOH. The pGL(ALAS-WT) construct induced853C/T and -1253T/A, and no variants in either
with E,, demonstrated a 47% increase i®f the two ADRES regions, indicating a high
expression compared to pGL(ALAS-WT) in thedegree of sequence conservation of the ADRES
absence of E(induced with EtOH), with g elements in our study cohott silico analyses
value of 0.0033. pGL(ALAS-ERE/Sp1) had &predicted five putative ERE half-sites and
35% increased expression level in the presenceidglicated that the -853C/T transition is located 5’
E, compared to its expression in EtOld £ to one half of an optimal consensus binding site
0.038). The pGL(ALAS-ERE) constructfor ER« while the -1253T/A transversion is
displayed the highest expression: a 66% increaggated 3’ to a putative non-consensus Spl site.
in the presence of Ecompared to its expressionComparing conserved promoter sequences
in the absence of,Hp = 0.0004). between species may elucidatemotifs that are
more likely to be functional due to evolutionary
conservation. In this investigation, we identified
several ERcis-motifs shared in the conserved
areas oALAS-1promoter between species. With
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special emphasis on the ERE half-site adjacenttonstruct may therefore signify an increased
the -831C/T variant, although present in theffect of estrogen-activated ERN transcription,
conserved regions of the chimpanzee andediated by the -853T variant.
macaque ALAS-1 promoter, no additional It is known that estrogen regulation can be
information (i.e. retained functionality betweemmediated by imperfect half-sites and modulated
other species) could be retrieved. Although it isy the sequences flanking ERE half-sites (42).
recognized that TFBS software programs provid&nolik et al(2) and Driscoll et al. (11)
only a prediction of possible binding sites whememonstrated that AT-rich sites adjacent to ERE
unconfirmed by functional studies, oursjtes increase the binding affinity of EFERE
computational search results prompted furthgfinding with a  subsequent enhanced
investigation into the effect of these variants oftanscriptional activity. They postulated that
nearby predicted regulatory elements. In a studiiese sequences immediately flanking ERE sites,
similar to ours, Harendzet al. (20) identified a might share a common feature that stabilizes E
transition 1 bp from an ERE half-site in theerg DNA binding, conferring enhanced,-E
Gelatinase A gene which mediated a decreasegfyy-ERE binding and facilitating the
transcriptional activity in response to estrogemogperative functionality of multiple ERE sites.
reinforcing the hypothesis that a closely situateflney suggested that the rationale behind this
variant may influence ERE function. _ phenomenon is that, since AT-rich sequences are
Co-transfection of reporter constructs with @haracterized by low melting temperatures and
human ERu expression vector in hepatocyteSpNA bending, such a change in chromatin
maintained in  steroid-free  conditions, andtrycture may bring DNA binding sites and their
induced with & demonstrates that all threepound proteins in closer proximity to each other
ALAS1 promoter constructs are estrogeRng to the transcription initiation complex. Since
responsive. Furthermore, the presence of thezry ERE function by creating a DNA bend, it
853T variant mediated a moderate increase ¥y, pe hypothesized that the -853T variant,
transcription, while the addition of the -1253Ayhich has two A nucleotides at its 5’ side, may
variant reduced the effect of the -853T variant. cyeate an area that is more easily bent, assisting

Initially we speculated that the increase% recruiting ERe to the ERE site/s and
expression observed for all 0BLAS1promoter ., nqqnents of the initiation complex. In view of

constructs in response to estrogen, was due 10 th@se findings, it is therefore possible that the -
elevated demand for heme to metabolize the hi 3T variant may influence the stability of &R

levels of estrogen (32). However, several repor o . :
e E binding, resulting in an enhanced
indicate that heme regulatesALAS1 by transcriptional effect.

decreasing its mRNA half-life (19,34) or by . L
influencing the intracellular translocation of the Another consideration is that @Rmay act

L : . . indirectly on theALAS1 promoter region, with
proteinvia the heme responsive regions, sﬂuate%e '853T variant increasing its effect. The

in the coding region of this gene (7). Since thes direct interaction of ER to ERE half-sites

heme-mediated regulatory mechanisms all occ b tensivel ed (14.28). |
post-transcriptionally, the results observed in o Ve Dbeen extensively reporte ( T ). In
indirect binding of ER can indeed

transfection assays, can be attributed to th&mans, _ _
transcriptional effect of estrogen-activated &R-"€SUlt in estrogen regulation, predominantlg

on theALAS1promoter. Microarray experimentsSP1 (37,41). It has been shown that in a number
by Stuckeyet al. (45) reflected our findings and Of cases, Spl/ERinteractions mediate estrogen
verified earlier studies that reported the inductiolnducibility of promoters, especially where half-
of the ALAS enzyme upon stimulation with sexSites are involved (35). _ _
steroids and their metabolites (16,17,24), when EStrogen levels fluctuate in an organism and
they demonstrated an increase IALAS1 Vary greatly between sexes and at different stages
production in mouse uterine tissues upoﬁf life. In females, the plasma levels of estrogens
estrogen stimulation. Our results suggest that tifécrease at puberty and also vary throughout the
increase in ALAS1 activity in response to menstrual cycle, with estrogen levels being at its
estrogen, may be consistent with thdighest prior to ovulation (reviewed by 18). At
functionality of either one or more of theMenopause, depletion of the ovarian follicles
predicted ERE half-sites in th&LAS1promoter leads to a steady decline in ovarian estrogen
region. If these EREs are indeed functional, tHyoduction. In- males, estrogens also play an
elevated expression of the pGL(ALAS-ERE)jmMportant physiological role, although little is
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known about the regulation of estrogermormonal contraceptive use. The other two
production by extragonadal tissues (reviewed hatients heterozygous for the two variants, were
43). Additionally, numerous dietary- andboth 50 years and older, classified as having only
medicinal supplements may deliver additionadkin symptoms and a history of contraceptive
estrogen or estrogen-like molecules to the bodyse.
Results obtained from our study imply that an  The localization of both variants on the
individual will, during periods of augmentedsame allele therefore presents an intriguing
estrogen levels, experience elevated levels s€enario where the same allele may have either a
ALAS1 transcription, which will cause aprotective or precipitating effect on disease
subsequent increase in the rate of the entire hepenetrance  under  differing  physiological
synthesis pathway. Our findings may have agonditions. In VP for example, an individual with
important impact on individuals suffering fromthe —1253A variant could therefore experience a
acute hepatic porphyria. Acute porphyric attackslecrease in disease penetrance under normal
such as observed in VP and other porphyrias, arellular conditions, but during periods of
primarily caused by the accumulation of hemelevated estrogen levels, the —853T variant could
precursors in the presence of a defective enzyraahance VP penetrance by amplifying the normal
in the heme pathway. Consequently, a porphyri@sponse to estrogen.
patient may experience an added build-up of Additional ALAS1 reporter gene assays in
these heme precursors during episodes of higther cell lines will indicate if the observed
estrogen levels, and subsequent enhancestrogen-responsiveness of this gene is liver-
porphyria phenotypic consequences. Since thipecific or operational in other tissues. Further
estrogenic effect seems to be augmented by teidies analysing larger porphyria patient groups
presence of the -853T variant, porphyria patienteay provide insight into possible association of
with this variant, and other variants with similathe detected variants with a specific phenotypic
effects, may experience even further aggravatimmputcome. Specifically, analyses of acute
phenotypic consequences during periods dahtermittent porphyria patients (AIP) might proof
increased estrogen levels. This theory i® be more informative when considering that it
consistent with the occurrence of VP symptomsccurs at a higher frequency in other populations
primarily in women and predominantly at theand the fact that that AIP patients present with
onset of puberty, with acute attacks oftemecurrent acute attacks that was found to be more
precipitated by contraceptive use and thfrequent in females (21). Although the limited
frequency of the acute attacks decreasing wisample size and other precipitating factors
age (47, http://lwww.porphyria-europe.com/Oleonfounded the effect of association on a clinical
for-patients/EN/for-patients). In other types ofevel, this study forms a basis for further anaysi
porphyrias, reports also exist of the association of the ALAS1 promoter to confirm the
acute attacks with the menstrual cycle (8). mechanism and involvement of ER-and the
The enhanced transcriptional effect causgsutative ERE half-sites in the estrogen-mediated
by estrogen is, however, lessened by the additiop-regulation ofALAS1 These findings offer a
of the -1253A variant. From the results obtainedescription of the mechanism involved in heme
in our study, we speculate that gorphyria regulationvia ALAS1in response to estrogen and
patient with the -853T/-1253A allele may becontribute to unraveling the mode of regulation
protected against severe acute symptoms, singk this gene, providing the groundwork for
the decrease iALAS1transcription mediated by further studies concerning heme homeostasis.
this variant, will reduce the rate of heme
synthesiswith a resultant reduction in the build- ACKNOWLEDGEMENT
up of cytotoxic precursors that will curb disease al . wed by the Medical Rebe
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