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Disruption of anove regulatory el ement in the erythroid-specific promoter
of the human PKLR gene causes severe pyruvate kinase deficiency

Richard van Wijk, Wouter W. van Solinge, Claus Nerlov, Ernest Beutler, Terri Gelbart, Gert Rijksen, and Finn C. Nielsen

We established the molecular basis for
pyruvate kinase (PK) deficiency in awhite
male patient with severe nonspherocytic
hemolytic anemia. The paternal allele ex-
hibited the common PKLR cDNA se-
guence (c.) 1529G>A mutation, known to
be associated with PK deficiency. On the
maternal allele, 3 in cis mutations were
identified in the erythroid-specific pro-
moter region of the gene: one deletion of
thymine —248 and 2 single nucleotide
substitutions, nucleotide (nt) —324T>A
and nt —83G>C. Analysis of the patient’s

RNA demonstrated the presence of only
the 1529A allele, indicating severely re-
duced transcription from the allele linked
to the mutated promoter region. Transfec-
tion of promoter constructs into erythro-
leukemic K562 cells showed that the most
upstream —324T>A and —248delT muta-
tions were nonfunctional polymorphisms.
In contrast, the —83G>C mutation
strongly reduced promoter activity. Site-
directed mutagenesis of the promoter re-
gion revealed the presence of a putative
regulatory element (PKR-RE1) whose core

binding motif, CTCTG, is located between
nt —87 and nt —83. Electrophoretic mobil-
ity shift assay using K562 nuclear ex-
tracts indicated binding of an as-yet-
unidentified trans-acting factor. This novel
element mediates the effects of factors
necessary for regulation of pyruvate ki-
nase gene expression during red cell
differentiation and maturation. (Blood.
2003;101:1596-1602)
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Introduction

Pyruvate kinase (PK) catalyzesthe final step of glycolysisinwhich
phosphoenol pyruvate is converted to pyruvate with the concomi-
tant generation of adenosine triphosphate (ATP). Pyruvate kinase
deficiency is the most common cause of nonspherocytic hemolytic
anemia due to defective glycolysis. The consequent lack of
sufficient energy, which is required for normal functioning and
cellular survival, shortens the life span of the mature PK-deficient
erythrocyte. Consequently, PK-deficient patients display a pheno-
type of nonspherocytic hemolytic anemia abeit with variable
clinical severity.! PK deficiency is transmitted as an autosomal
recessive disease and to date, more than 130 mutations in PKLR
have been reported to be associated with PK deficiency.? Most
(70%) of these mutations are missense mutations affecting con-
served residues in structurally and functionally important domains
of PK.

The human gene for liver and red blood cell-specific PK
(PKLR) is located on chromosome 1213 where it directs tissue-
specific transcription for both the liver-specific isozymes PK-L and
the red blood cell-specific isozyme PK-R*¢ by the use of alternate
promoters.” Functional analysis of the rat PK erythroid-specific
promoter has indicated that nucleotides (nts) from —870 to +54,
relative to the cap site, confer erythroid specificity to a reporter
gene.1® Within this region, aminimal promoter (nts —62 to +54),
including a putative —50 CCACC/Spl element and a —20 GATA
element, displayed erythroid-specific activity.® Studies on the

human promoter have, moreover, indicated that a region from
—120 to —270, relative to the trandational initiation codon,
functions as a powerful enhancer.® DNA sequence comparison
between the rat and human erythroid-specific promoter of PKLR
reveals 4 well-conserved elements, indicated in Figure 1. Further-
more, 2 CAC boxes and 4 GATA motifs are present within the first
250 bp upstream region.® So far only one mutation in the PK-R
promoter has proven to be associated with PK deficiency—asingle
base substitution at nt —72 (—72A>G). The down-regulation of
expression by this mutated promoter has been attributed to
disruption of the consensus binding motif for GATA-1 at nts —69
to —74.1

Previously, we reported 2 in cis mutations in a severely
PK-deficient Danish patient.’> We now report on the functional
analysis of these mutations and show that the most proximal one,
—83G>C, congtitutes part of a core binding motif of a novel
regulatory element (PKR-REL) in the erythroid-specific promoter
of PKLR, in close proximity to aregulatory GATA-1 binding site.

Patient, materials, and methods

The patient is a 6-year-old Danish boy who has suffered from severe,
transfusion-dependent hemolytic anemia since hirth. PK deficiency was
diagnosed at the age of 1 year. Because of the continuous presence of
transfused donor erythrocytes, we used a density gradient to separate
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-469 aggttacagagtggtgaaggcactctgecatttcttggttgagacagagaa

-419 aaaaagtggtcagaactgggtaaccctecceccccaccatattatcacagtg
-324T>A
-369 atcccttttgtotttettecaggeteccagecccacectacagececTgote
-319 cctggattecactagagctaacttocagtaaagtacaaagaaaatggggeca
-248delT
TA-1 GATA-1
260  tatgactggccaaaaaaaaaaliidstattcacgtggatgaccalffifigta
4+ o
GATA-1
219 tgaatggattgaaaattffiidaggaaaaaaggatgagaggaaatgccagyg
-169 agatgagggcagagagcaggeccgttotgggggagggattetgtggggaca
-83G>C
CACISp1 CACISp1 PKR-RE GATA-1
-119  EEEEErctactiEEErgocecttttete tt@tc tccottafEey
e .+ e

-69 agaccagcagttttgtcatcctotecctetecattocatggtooccgeagee

-18 ccaggcccacactgaaagc

Figure 1. Partial DNA sequence of the erythroid-specific promoter of PKLR.
A 469-bp region comprising the upstream regulatory domain and exon 1 down to the
ATG codon as used in this study. Conserved elements (from Kanno et al®) between
the human and rat PK-R promoter are depicted by dotted lines. The cytosine
identified as the PK-R transcriptional start site® is underlined. GATA-1, CAC/Spl
motifs, and the novel regulatory element PKR-RE1, as reported in this study, in the
upstream 270-bp region are shown in boxes (orientation indicated by arrows). The 3
in cis mutations, as identified in our patient, are indicated above their corresponding
nucleotides (in capital letters) in the promoter sequence.

reticulocytes from mature erythrocytes, in order to obtain an as
representative-as-possible patient-specific red cell population.’3 PK activity
and activity measurements of the red blood cell age-related enzymes,
glucose-6-phosphate dehydrogenase (G6PD) and hexokinase (HK), were
determined according to standardized procedures.’

DNA sequence analysis of PKLR

The coding region of PKLR was amplified using primers as previously
described.®> Additional primerswere used for part of the putative erythroid-
specific promoter (GenBank accession number AB015984 D13232) and
3’-untranglated region (3'-UTR; GenBank accession number D13243).
Sense primer PKRP-ESF 5'-AGGTTACAGAGTGGTGAAGGC-3' (nts
—469 to —449, relative to the start codon) and antisense primer PKRP-ESR
5-GCTTTCAGTGTGGGCCTGG-3' (nts —20 to —1) amplify a 469-bp
region immediately upstream of the initiator methionine. Sense primer
PKRU-F 5'-TCTACGTTCTCCAGCCCACAC-3' (nts +58 to +78, rela-
tive to the termination codon) and antisense primer PKRU-R 5'-
GAGTGGGAAGGAATTTCTGGG-3' (nts +689 to +669) amplify a
669-bp region of the 3'-UTR. Polymerase chain reactions (PCRs) were
carried out with 200 ng DNA in 50-pnL volumes containing 10 mM
Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl,, 0.01% (wt/vol) gelatin, 0.2
mM of each deoxynucleotide triphosphate (ANTP), 0.3 wM of each primer,
and 2.5 U AmpliTag Gold DNA polymerase. All reagents were obtained
from Applied Biosystems (Roche Molecular Systems, Branchburg, NJ).
After initial incubation for 10 minutes at 95°C, samples were subjected to
35 cycles of amplification with denaturation at 94°C for 30 seconds,
annealing for 30 seconds at 64°C (60°C for exon 9 and 3'-UTR) and
extension at 72°C for 45 seconds, followed by an elongated extension time
of 10 minutes after the last cycle. Automated DNA sequence analysis was
performed with the ABI Prism dRhodamine Dye Terminator Cycle Sequenc-
ing Ready Reaction Kit (Applied Biosystems, Foster City, CA), according
to the manufacturer’s instructions. Sequencing reactions were al carried
out in forward and reverse direction, and samples were analyzed on an
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Applied Biosystems ABI 310 Genetic Analyzer (Applied Biosystems). The
PCR products were purified prior to DNA sequence analysis using the
QIAquick PCR purification kit (Qiagen, Vaencia, CA).

Restriction enzyme analysis

Mutations were confirmed by restriction enzyme analysis on newly
amplified PCR product. The cDNA sequence (c.) 1529G>A mutation in
exon 11 was confirmed by Syl digestion as described.'> The 2 promoter
mutations, —324T>A and —83G>C, were confirmed by digestion of the
PCR product with BstX1 and BsmAl, respectively. The 469-bp PCR product
from the wild-type allele, as amplified with PKRP-ESF and PKRP-ESR,
contains one recognition site for BstX| that yields fragments of 206 bp and
263 bp after digestion. The —324T>A mutation creates a second recogni-
tion sequence for this enzyme, resulting in additional fragments of 152 bp
and 54 bp. The —83G>C mutation abolishes one of 2 recognition
sequences for BsmAl normally present in this PCR product. Consequently,
fragments of 35 bp and 434 bp are produced after digestion of the mutant
alele with BsmAl, whereas 35-bp, 357-bp, and 77-bp fragments are the
result of digestion of the wild-type allele with this restriction enzyme. All
enzymes were purchased from New England Biolabs, Beverly, MA.

Reverse transcription—PCR

Reverse transcription—PCR (RT-PCR) to detect the ¢.1529G>A mutation
was performed using the GeneAmp RNA PCR Core Kit from Applied
Biosystems (Roche Molecular Systems) according to the instructions of the
manufacturer. Briefly, 1.0 g of the patient’s reticulocyte RNA was reverse
transcribed using random hexamers as primers. After addition of 30 pmol of
primers CDPK-11 (5'-CTCAGCCCAGCTTCTGTCTCG-3', exon 11 nts
1437 to 1457) and PKr-6 (5'-GTGTGGGCTGGAGAACGTAGA-3', exon
12 nts +78 to +58), the samples were subjected to 35 cycles of
amplification with denaturation at 94°C for 30 seconds (5 minutes at 95°C
prior to the first cycle), annealing at 58°C for 30 seconds, and extension at
72°C for 30 seconds, followed by an elongated extension time of 10
minutes after the last cycle. Total liver RNA was used as a positive control
and controls without RNA as well as controls in which the reverse
transcription step was omitted were included.

Allelic frequency determination

Allelic frequency of —248delT and population evidence regarding its
physiologic effect were obtained by screening the DNA of 241 anonymized
white control subjects and heterozygotes for the ¢.1529G>A mutation,
respectively, for the —248del T mutation by allele-specific oligonuclectide
hybridization (ASOH). Genomic DNA (100 ng) was amplified in the region
of nt —248T in the PK-R promoter by PCR. The 25-p.L system contained 34
mM Tris-HCI, pH 8.8, 8.3 mM NH4SO,, 1.5 mM MgCl,, 85 g/mL bovine
serum albumin, 0.2 mM of each dNTP, 100 ng of sense (5'-CTCCCTGGAT-
TCACTAGAGC-3', nts —322 to —303) and antisense (5'-AGGATG-
GACTTTGCTAAGT-3', nts 65 to 83) primers, and 1.5 U Tag DNA
polymerase. After a 5-minute denaturation step at 98°C, 30 cycles of 93°C
for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds were
performed followed by a 7-minute 72°C incubation. The 405-bp PCR
product (4 pL) was then spotted on Nytran SuPerCharge membranes
(Schleicher and Schuell, Keene, NH). The membranes were denatured,
neutralized, and UV-crosslinked prior to hybridization. The membranes
were hybridized with wild-type (5'-AAATATCTATTCACGTG-3') and
mutant (5'-AAAAATCTATTCACGTG-3') 32P-labeled oligonucleotide
probes for the —248T position of the PK-R promoter. After hybridization
the membranes were washed in 6 X SSC, 0.1% sodium dodecyl sulfate
(SDS) at 50°C and devel oped with a Cyclone storage phosphor autoradiog-
raphy system (Packard Instrument, Meriden, CT).

Promoter constructs and site-directed mutagenesis

The human PK promoter constructs from the patient and healthy controls
were generated from a 469-bp PCR fragment comprising the upstream
regulatory domain and exon 1, down to the ATG codon (Figure 1). The
blunt-end PCR fragment was cloned into the pCR-Blunt vector (Invitrogen,
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Table 1. Glycolytic enzyme activities in the patient and his parents

PK G6PD HK
(U/gHb) (U/gHb) (U/gHb)
Peripheral blood
Control 8.4-14.4 9.5-15.0 1.05-1.81
Patient 7.1 21.4 4.30
Father 14.2 21.0 1.90
Mother 8.3 18.0 2.30
Reticulocyte-rich fraction
Patient 3.8 21.7 4.22

Paisley, United Kingdom) before it was excised and inserted into the Mlul
and Xhol sites of pGL3-Basic (Promega, Madison, WI). Site-directed
mutagenesis was performed with splicing by overlap extension as de-
scribed.16 Using PK-R promoter reporter plasmid pGL3_PKRWT as the
wild-type template, we generated the following mutants: pGL3_PKR91A
(nt —91T>A), pGL3_PKR90T (nt —90C>T), pGL3_PKR89G (nt
—89T>G), pGL3_PKR88G (nt —88T>G), pGL3_PKR87A (nt —87C>A),

pGL3 PKR86G (nt —86T>G), pGL3_PKRS5A (nt —85C>A),
pGL3 PKR8AG (nt —84T>G), pGL3_PKR83C (nt —83G>C),
pGL3 PKR82G (nt —82T>G), pGL3_PKR8IA (nt —8IC>A),

pGL3_PKR80G (nt —80T>G), pGL3_PKR79T (nt —79C>T) and
pGL3_PKR78T (nt —78C>T). Briefly, 2 PCR products were generated that
harbored the desired mutation using primers PK RP-ESF and PKRP-ESR in
combination with the applicable mutant antisense primers and sense
primers, respectively (primer sequences are available on request). Frag-
ments were electrophoresed and purified from the agarose gel using the
QIAquick Gel Extraction Kit (Qiagen). Subsequently, for each mutant
promoter construct 12.5 pL of each of both fragments obtained by the first
PCR reaction were combined and subjected to a second round of
amplification with primers PKRP-ESF and PKRP-ESR. Finally, the blunt-
end mutated PCR fragment was cloned into the pCR-Blunt vector
(Invitrogen), and subcloned into the Xhol and Mlul sites of the pGL3-Basic
vector, as described above. All constructs were verified by DNA sequence
analysis. There were 3 additional mutant promoter constructs prepared as
described that harbored the —248del T polymorphism (pGL3_PKR248del T),
the —324T>A mutation (pGL3_PKR324A) and, by using the patient’s
DNA as a template, both the —324T>A and —83G>C mutations in cis
(pGL3_PKR324A/83C).

Cell culture and transient DNA transfections

K562 cells were cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum, 1% streptomycin, and 1%
penicillin in 10% CO, at 37°C. Cells were transiently transfected with
Lipofectamine (Life Technologies, Paisley, United Kingdom) according to
the manufacturer’s instructions. Briefly, 30 000 cells’'cm? were seeded in
24-well plates 24 hours prior to transfection. The cells were transfected with
2 p.g reporter plasmid DNA and 100 ng RL-SV40 plasmid (Promega) that
was used as internal control. After 48 hours, luciferase activity was
measured with the Dual Luciferase Assay kit (Promega) and normalized to
renilla luciferase activity. The promoterless pGL3-Basic Luciferase Re-
porter Vector (Promega) was used as a negative control.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSAs) were performed essentially
as described!” with K562 nuclear extracts, prepared according to Dignam et
al.’® Wild-type and mutant double-stranded oligonucleotide probes were
obtained by annealing the following single-stranded primers: PKWT, sense
5'-TTCTCTTCTCTGTCTCCCTT-3' and antisense 5’AAGGGAGACA-
GAGAAGAGAA-3'; and PKmut, sense 5'-TTCTCTTCTCgGTCTC-
CCTT-3' and antisense 5'-AAGGGAGACcGAGAAGAGAA-3', respec-
tively. PKmut contains the —84T>G mutation (in lower case). Competitors
(excess of unlabeled probe oligonucleotide or corresponding mutant
oligonucleotide) were included as described in the figure legends.
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Results
Glycolytic enzyme activities

The results from the measurement of peripheral blood glycolytic
enzyme activities in the patient and his parents are summarized in
Table 1. In the patient, PK activity was only just below the lower
reference value, whereas the HK and G6PD values were high,
indicating that the red cell population was relatively young.
Consequently, weinterpreted the PK activity astoo low. To exclude
the interference of donor cells, we isolated the low-density,
reticulocyte-rich fraction of the patient by Percoll-density centrifu-
gation. Subsequent glycolytic enzyme activity measurements in
this fraction showed an even lower PK activity. In contrast, the
G6PD and HK activity remained unaltered, thus underscoring the
presence of PK deficiency in the patient’s red blood cells. The PK
activity measured in peripheral blood of the father was normal,
whereasthe erythrocyte PK activity of the mother was low, relative
to that of G6PD and HK.

DNA sequence analysis of PKLR

By DNA sequence analysis of PKLR, the patient was found to be
heterozygous for the common ¢.1529G>A mutation in exon 11
(Figure 2A). This mutation was confirmed by Styl digestion and
subsequent restriction enzyme analysis of his parents revealed that
the patient had inherited thisallele from hisfather (datanot shown).
Apart from heterozygosity for the well-established polymor-
phisms? ¢.1705A>C, ¢.1738C>T, and ¢.1992T>C in exon 12, no
other mutations were detected in PKLR exons and splice junctions.
However, 3 previously undescribed base alterations were indenti-
fied in the PK-R promoter compared with the healthy control
individual. Of these, 2 were single nucleotide substitutions of,
respectively, thymine to adenine at nt —324 (—324T>A) and

A

1529G/A

exon 11

ATGCCRAGG é{ GAAAG

intron 11

=L||(.|In A GEC cCT
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Figure 2. Heterozygous PKLR ¢.1529G>A missense mutation and sole expres-
sion of the 1529A allele in the patient. (A) PKLR DNA sequence analysis of exon 11
in the patient shows a heterozygous G>A substitution (arrow). The splice donor site
of intron 11 is indicated. (B) RT-PCR analysis of the patient’'s RNA yielded only one
transcript that contained the 1529A mutation (arrow), thereby indicating a severely
reduced transcription of the in trans 1529G allele. Double horizontal arrows denote
boundaries between exons.
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Figure 3. Heterozygosity for 2 novel mutations in the PK-R promoter at nt —83
(—83G>C) and nt —324 (—324T>A) in the patient and his mother. A 469-bp
fragment was amplified as described and subjected to restriction enzyme digestion.
The obtained pattern for each reaction is indicated by arrows (see “Patient, materials,
and methods”). Heterozygosity for both the —83G>C mutation (BsmAl digestion)
and the —324T>A mutation (BstXI digestion) was confirmed in the patient (PAT) and
also detected in his mother (M), whereas they were absent in the patient’s father (F).
P indicates uncut PCR product; and C, healthy control.

guanine to cytosine at nt —83 (—83G>C). Both mutations were
confirmed in the patient by BstXl and BsmAl digestion, respec-
tively, and also found to be present in the patient’s mother, whereas
they were absent in the patient's father (Figure 3), thereby
demonstrating that both mutations were present in cis. Neither
allele was detected in a healthy control population (n = 100). A
third sequence variation was observed around nt —248 in both the
patient and his mother but not in the patient’s father and the control.
Its characterization, however, was hampered because of an appar-
ent concomitant variation in the number of adenines between nts
—249 and —258 in al subjects. Since the latter was likely to be a
PCR artifact due to dippage of Tag DNA polymerase at this
homonucleotide run,’® we cloned this promoter fragment and
characterized its DNA sequence context (see “Polymorphic dele-
tion of thymine —248").

Polymorphic deletion of thymine —248

DNA sequence analysis of anumber of cloned promoter fragments
from the patient and the control confirmed the presence of the
—324T>A and —83G>C mutations in cis in the patient. The
third mutation in the patient constituted the deletion of thymine
—248 (—248delT).

Since nt —248T constitutes part of an inverted consensus
binding site for GATA-1, (A/T)GATA(A/G),® the —248delT
mutation potentially disrupts binding of GATA-1 (Figure 1).
Therefore, constructs containing the wild-type (pGL3_PKRWT)

A

-488
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and the —248del T polymorphic allele (pGL3_PKR248del T) were
transiently transfected in K562 cells to determine the effect of the
—248del T mutation on promoter activity. A comparison between
the 2 aleles showed a statistically significant (P < .05) increasein
promoter activity upon —248del T (Figure 4A).

In vivo evidence regarding the functional consequences on
transcriptional activity of the —248delT deletion was obtained
from a study of carriers of ¢.1529G>A and —248delT in trans. If
the —248T mutation abolished or severely impaired transcription,
such compound heterozygous patients should be PK deficient and
anemic or at least have macrocytosis because of increased erythro-
poiesis. In a previous study,?! several thousand DNA samples from
a general population were screened for the ¢.1529G>A mutation
and 11 heterozygotes were detected. Among these, 4 individuals
also carried the —248del T mutation. Since 37 of 37 ¢.1529G>A
aleles carried the wild-type promoter (data not shown), it is
reasonable to assume that these individuals were compound
heterozygotes for ¢.1529G>A and —248delT. If the —248delT
mutation prevented transcription, then the patient should be PK
deficient. Enzyme activities were not available, but we compared
the average hemoglobin of 3 female compound heterozygotes (12.6
g/dL), which was no different than the 12.1 g/dL of the 3 female
single heterozygotes for ¢.1529G>A. The male patient had a
hemoglobin level of 15.2 g/dL. All had norma mean corpuscular
volume (MCV) values. We infer that the —248del T mutation is a
benign polymorphism and is not associated with reduced promoter
activity and, consequently, with PK deficiency. Subsequent determi-
nation of the alelic frequency of this mutation was performed by
screening 241 control subjects of a general white population for
this mutation by allele-specific oligonucleotide hybridization.
There were 206 wild-type subjects (—248T/T), 34 heterozygous
subjects (—248T/delT) and one homozygous control (—248del T/
delT). Consequently, the allelic frequency for this novel polymor-
phism in the PK-R promoter is 0.075.

Functional characterization of nt —324T>A and nt —83G>C
promoter mutations

To assess the functional consequences of the mutated PK-R
promoter region, we first performed RT-PCR analysis on the
patient's RNA with primers spanning exons 11 and 12 to determine
therelative expression of the 2 alleles. As shown in Figure 2B, only
the 1529A dlele could be detected in the patient, strongly

Figure 4. The —83G>C mutation in the PK-R promoter strongly
down-regulates promoter activity in vitro. Luciferase reporter gene
constructs containing 469 bp of the wild-type or mutated PK-R promoter
were transiently transfected in K562 erythroleukemic cells. Luciferase
activities were expressed relative to control pGL3-SV40 and pGL3-Basic
was included as a negative (promoterless) control. (A) Constructs B
pGL3_PKRWT and pGL3_PKR248delT contained the wild-type or polymor-

; ) L . 460 30
phic —248delT allele, respectively. The latter mutation disrupts an inverted [ - pAL3 PRRIZAAEAC
830

GATA-1 binding site (arrow) but no down-regulation of promoter strength is Ao
observed. In contrast, an increase in promoter activity was observed upon
removal of thymine —248. (B) Individual and combined effects of the 488
—83G>C and —324T>A missense mutations were studied using con-
structs that contained only the —83G>C mutation (pGL3_PKR83C) or the 463

—324T>A mutation (pGL3_PKR324A), or both mutations in cis
(pGL3_PKR324A/83C). The —324T>A mutation had no effect on pro-
moter activity as compared with the wild-type (pGL3_PKRWT). In contrast,
the —83G>C mutation is capable of strongly reducing in vitro promoter
activity and is unaffected by the concomitant presence of the —324T>A
substitution in cis. * Statistically significant (P < .05).
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indicating that transcription is severely reduced by the
mutated promoter.

To study the individual and combined effects of the —324T>A
and —83G>C mutations on PK-R promoter activity, we trans-
fected constructs pGL3_PKRWT (wild-type), pGL3_PKR324A (nt
—324T>A), pGL3_PKR83C (nt —83G>C), and pGL3_PKR324A/
83C (nt —324T>A and nt —83G>C in cis) in K562 cells and
compared their relative luciferase activities. Figure 4B shows that
the —83G>C substitution is capable of down-regulating promoter
activity (pGL3_PKR83C and pGL3_PKR324A/83C). This effect
was achieved either with (pGL3_PKR324A/83C) or without
(pGL3_PKR83C) the concomitant presence of the —324T>A
mutation. In contrast, promoter activity was not atered, with regard
to the wild-type promoter, in case only the —324T>A mutation
was present (pGL3_PKR324A). We infer that the —83G>C
mutation disrupts transcription.

Delineation of a putative regulatory element comprising
the nt —83G>C mutation

Since the proximal erythroid-specific promoter region of PKLR
previously was reported to dictate basal promoter activity,® we
hypothesized nt —83 to be part of a previously unrecognized
trans-acting factor binding element. To unravel the sequence of the
putative cis-element we generated a series of consecutive promoter
mutants from nts —91 to —78 and determined their activity in
K562 cells. Figure 5 shows that substitution of nts —87 to —83
leads to a decreased promoter activity. In particular, the —84T>G
mutation exhibited a profound reduction in transcription. Substitu-
tionsfurther upstream (nts —88 to —91) or downstream (nts —82 to
—78) did not significantly alter promoter activity. Thus, we defined
the existence of a novel regulatory element in the PK-R promoter
PKR-RE1 whose core binding motif is confined to nts —87 to —83.

To further explore the involvement of PKR-REL in binding
trans-acting factors, we performed EMSA with K562 nuclear

175
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Figure 5. Site-directed mutagenesis of aregion of the PK-R promoter spanning
nts —91 to —78 identifies the core motif CTCTG of a novel PK-R regulatory
element (PKR-RE1). PK-R promoter reporter gene constructs harboring mutations
from nts —91 to —78 were expressed in K562 cells. The applicable mutation is
depicted in the lower part of the figure. Luciferase activities were calculated relative to
control pGL3-SV40. pGL3-Basic was included as a negative (promoterless) control.
The decreased promoter activity as a result of the introduced mutations at nts —87 to
—83 revealed a single pentanucleotide motif CTCTG. * Statistically significant
(P < .05).

BLOOD, 15 FEBRUARY 2003 - VOLUME 101, NUMBER 4

1 234 567 8 910 11 121314
WT comp  mut comp WT comp mut comp

_' .!l .I_I. l|| I]
e T e
B g B T "

PK WT probe

PK mut probe

Figure 6. PKR-REL1 is involved in DNA-protein interaction. Electrophoretic
mobility shift assay was performed with K562 nuclear extract and oligonucleotide
probes designed according to the native core binding motif (PKWT; lanes 1-7) and
mutated PKR-RE1 (PKmut; lanes 8-14). Absence (—) and increasing amounts of
unlabeled wild-type and mutant competitor are indicated. The figure shows 3 distinct
DNA-protein complexes upon incubation with labeled PKWT (lane 1). One of these
bands (arrow) could be competed off successfully by increasing amounts of excess
unlabeled PKWT (lanes 2-4), but remained unaffected by the addition of increasing
amounts of excess unlabeled PKmut as a competitor (lanes 5-7). In contrast, this
band was absent when lysates were incubated with radiolabeled PKmut (lane 8),
whereas the extra band that appeared upon incubation with PKmut could be
competed off succesfully by increasing amounts of both unlabeled PKWT and PKmut
(lanes 9-11 and 12-14, respectively).

extract and oligonucleotide probes designed according to the native
core hinding motif (PKWT) and mutated PKR-RE1 (PKmut;
—84T>G). Figure 6 demonstrates the formation of 3 distinct
DNA-protein complexes upon incubation with labeled PKWT
(lane 1). One of these bands (arrow) could be competed off
successfully by increasing amounts of excess unlabeled PKWT
(lanes 2-4), but remained unaffected by the addition of increasing
amounts of excess unlabeled PKmut as a competitor (lanes 5-7),
thereby establishing its specificity. This band was absent when
lysates were incubated with radiolabeled PKmut (lane 8), thereby
suggesting that the particular protein-DNA interaction was abol-
ished in case PKR-RE1 was disrupted. Instead, another band
appeared that could, however, be competed off successfully by
increasing amounts of both unlabeled PKWT and PKmut (lanes
9-11 and 12-14, respectively). We infer that the —83C is part of a
putative trans-acting factor binding element, characterized by a
CTCTG core motif.

Discussion

We established the molecular basis for PK deficiency in a
6-year-old boy of Danish ancestry who suffered from severe
hemolytic anemia. On the paternal allele of this patient we detected
a guanine-to-adenine substitution at nt 1529 in PKLR. The
Arg510GIn encoded by this frequently occurring mutation and the
consequent structural changes in PK that lead to PK deficiency
have been well documented.1>22 The fact that the father had normal
PK activity (Table 1), in spite of being heterozygous, emphasizes
the difficulty of accurately identifying heterozygotes based on
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enzyme activity alone. On the maternal alele of the patient, we
detected 3 novel mutations in the erythroid-specific promoter of
PKLR. Two of these mutations were single-base substitutions,
—324T>A and —83G>C, relative to the initiator adenine. The
third change consisted of the deletion of thymine at nt —248.

RT-PCR analysis of the patient's RNA demonstrated sole
expression of the 1529A alele (Figure 2B). Therefore, it was
conceivable that the mutated promoter caused effective down-
regulation of transcription from the affected alele. Analysis of the
various promoter mutations in K562 cells showed that —83G>C
alone was capable of inducing a drastically reduced promoter
activity in vitro, whereas the —324T>A and —248del T mutations
exerted no such effect (Figure 4). The latter mutation represents a
nonfunctional polymorphic substitution (allele frequency 0.075),
whereas —324T>A isanonfunctional mutation.

In vivo evidence regarding the lack of functional consequences on
transcriptional activity of the —248delT deletion came from a study
among individuals who were compound heterozygous for the
¢.1529G>A and —248ddT in trans. If transcription was hampered by
the —248dd T mutation, such patients should be PK deficient and
anemic or at least have macrocytoss because of increased erythropoi-
ess. However, the average hemoglobin level of 3 female compound
heterozygotes (12.6 g/dL) showed no differences when compared with
the average hemoglobin level of 3 femae single heterozygotes for
€.1529G>A (12.1 g/dL). One male patient had a hemoglobin level of
15.2 g/dL and dl individuas had norma MCV vaues.

Because —248delT disrupts the GATA-1 binding motif at nts
—244 to —249, we aso investigated whether this mutation was
able to influence promoter activity in vitro. Luciferase activities
reflecting the rel ative promoter strength of these constructs showed
no decline in promoter activity as a result of —248delT (Figure
4A). As this would have been suggestive of a functional stimula-
tory GATA-1 binding site in vitro, it is unlikely that the latter isthe
case. Thus, both in vitro and in vivo evidence support the presence
of anonfunctional GATA-1 binding site at nts —244 to —249in the
erythroid-specific promoter of PKLR. Interestingly, we found that
the wild-type allele conferred an approximately 2-fold increase in
promoter activity upon deletion of thymine —248 (Figure 4A).
Although the effect isrelatively small, it is possible that —248del T
modulates the phenotypic expression of PK deficiency, as previ-
ously shown for a polymorphic dinucleotide repeat at the UDP-
glucuronosyltransferase 1 promoter?3 that contributesto the clinical
phenotype in G6PD-deficient neonates.?*

Only one mutation in PKLR is known to date that is associated
with a reduced transcription from its erythroid-specific promoter
and consequent quantitative reduction in PK-R. A markedly
reduced amount of PK-R mRNA was detected, 20% by semiquanti-
tative RT-PCR analysis, as a result of a single nucleotide substitu-
tion at nt —72.11 The involvement of GATA-1 was presumed since
the mutation was located in the core of the binding motif of this
erythroid-specific transcription factor.20252 |nitially, a —249del A
mutation in the PK-R promoter was reported in association with PK
deficiency.?” However, reinvestigation of the patient's DNA re-
vealed the presence of the same 3 in cis mutations we report here.?
Kugler has alowed us to examine a DNA sam-
ple from his patient, and we have confirmed his results (data
not shown).

Most current data on the function of the PKLR gene indicate
that the proximal promotor region is essential for transcriptional
initiation. The distal region upstream position —300, where nt
—324T is located, appears to be dispensable for transcriptional
regulation as shown by Kanno et al, who found that removal of nts
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—513 to —304 had no effect on promoter activity.® In the same
study, the proxima 120 bp, containing 2 CAC boxes and one
GATA binding motif, were shown to direct a basal promoter
activity, whereas the 150 bp upstream acted as an enhancer.® From
studies on the rat PK-R promoter, this region was also found to be
functionally important.1%2829 |_acronique et al demonstrated that a
proximal 320-bp PK-R promoter fragment is able to direct
erythroid-specific transcriptionin arat fetal liver cell-free transcrip-
tion system and interacts both in vitro and in vivo in an erythroid-
specific manner with GATA-1, CACC-binding proteins, and uniden-
tified factors recognizing G/C-rich motifs.?® Furthermore, Max-
Audit et a demonstrated the specific binding of GATA-1 and
members of the CACC/Spl family to the proximal GATA binding
site of a minimal promoter spanning nts —62 to +54.1° GATA-1
and Sp1, 2 factors known to physicaly interact,® have also been
shown to cooperétively activate transcription from a minimal (nts
—62to +43) rat PK-R promoter in Drosophila S2 cells.?®

Because of the effect of the —83G>C mutation and its |ocation
in awell-conserved region between rat and humans (Figure 1), we
anticipated that nt —83G was an essential part of a trans-acting
factor binding element. Systematic mutagenesis of the region
disclosed the presence of a cis-element, whose core CTCTG
extends from nts —87 to —83 (Figure 5). We designated this novel
regulatory element in the PK-R promoter, PKR-RE1. Subsequent
EMSA using K562 nuclear extract demonstrated in vitro DNA-
protein interaction at the core of PKR-RE1 involving an as-yet-
unidentified protein (Figure 6). In agreement with these data,
Lacronique et al previously showed by in vitro DNAse | footprint-
ing that the corresponding conserved sequence in the rat PK-R
promoter encompassing nts —64 to —58 was involved in DNA-
protein interaction.? In gel shift assays, the labeled probe contain-
ing the CTCTG sequence and spanning nts —80 to —57 formed 2
retarded complexes which, on the basis of mobility shift assays,
were suggested to correspond to GATA-1—containing complexes,
athough GATA-1 later proved to bind more upstream.? Since the
CTCTG motif is located just 10 bp upstream of the GATA-1
binding site, an appealing model would be that GATA-1 formed a
complex with the trans-acting factor binding to PKR-REL, similar
to the previously described erythroid ternary complex between
GATA-1, the helix-loop-helix factor TAL1, and the bridging
LIM-only protein Lmo2.3! Although PKR-REL does not constitute
an E-box, we tested whether GATA-1- and FOG-mediated trans
activation of the PK-R promotor was affected by the —83G>C
mutation, but have so far not observed any difference between the
wild-type sequence and the mutant (R.v.W., WW.v.S., C.N., and
F.C.N., unpublished results, November 2000). Based on current
knowledge, we therefore propose that the PKR-RE1 functions
independently of GATA-1.

Since the CTCTG motif resembles no known transcription
factor elements,® PKR-REL may be involved in a novel mecha-
nism of erythroid-specific trans activation. Future identification of
the putative trans-acting factor(s) may provide important leads to
our understanding of erythroid-specific transcriptional regulation
involved in red cell differentiation and maturation.

Acknowledgments

The authors are most grateful for the technical assistance of Joan
Christiansen and Annet van Wesel and want to express their thanks
to Karen de Vooght for helpful discussion of the manuscript.



1602 VAN WIJK etal BLOOD, 15 FEBRUARY 2003 - VOLUME 101, NUMBER 4

References

1. Zanella A, Bianchi P. Red cell pyruvate kinase vate kinase deficiency. Br J Haematol. 2000;110: 22. Wang C, Chiarelli LR, Bianchi P, et al. Human
deficiency: from genetics to clinical manifesta- 993-997. erythrocyte pyruvate kinase: characterization of
tions. Baillieres Best Pract Res Clin Haematol. 12. van Solinge WW, van Wijk HA, Kraaijenhagen the recombinant enzyme and a mutant form
2000;13:57-81. RJ, Rijksen G, Nielsen FC. Novel mutations in the (R510Q) causing nonspherocytic hemolytic ane-

2. Bianchi P, Zanella A. Hematologically important human red cell type pyruvate kinase gene: two mia. Blood. 2001;98:3113-3120.
mutations: red cell pyruvate kinase (third update). promoter mutations in cis, a splice site mutation, 23. Beutler E, Gelbart T, Demina A. Racial variability
Blood Cells Mol Dis. 2000;26:47-53. a nonsense- and three missense mutations in the UDP-glucuronosyltransferase 1 (UGT1A1)

3. Satoh H, Tani K, Yoshida MC, Sasaki M, Miwa S, [abstract]. Blood. 1997;90(suppl 1):272a. promoter: a balanced polymorphism for regula-
Fuijii H. The human liver-type pyruvate kinase 13. Rijksen G, V.eerma.n A, Schippeijester G.P’ tion of bilirubin metabolism? Proc Natl Acad Sci
(PKL) gene is on chromosome 1 at band q21. Staal GE. Diagnosis of pyruvate kinase defi- U SA.1998;95:8170-8174.

Cytogenet Cell Genet. 1988:47:132-133. ciency in a transfusion-dependent patient with 24. Kaplan M, Renbaum P, Levy-Lahad E, Hammer-

4. Tani K, Fujii H, Nagata S, Miwa S. Human liver ;?T;HZQOIWC anemia. Am J Hematol. 1990; man C, Lahad A, Beutler E. Gilbert syndrome and
type pyruvate kinase: complete amino acid se- : : o glucose-6-phosphate dehydrogenase deficiency:
quence and the expression in mammalian cells. 14. Recommended methods for the characterization a dose-dependent genetic interaction crucial to
Proc Natl Acad Sci U S A. 1988:85:1792-1795. céf red (_::II pzru\g:tlte gin?fe \t/_aria_nt: Interr;altional r&egr;ati;g);p;blilizr;gisnizmlig.z Proc Natl Acad Sci

ommittee for Standardization in Haematology. . ;94: - .

5. Kanno H, Fujii H, Hirono A, Miwa S. cDNA Br J Haematol. 1979:43:275-286 B . L - .
cloning of human R-type pyruvate kinase and 15 van Solinge WiV Kra’lai'enha o R, Riksen G 25. Orkin SH. GATA-binding transcrlpno.n factors in
identification of a single amino acid substitution : | Ig lar rod ”,' fﬁ J d]bl el hematopoietic cells. Blood. 1992;80:575-581.
(Thr384—Met) affecting enzymatic stability in a etal. Mo i?u ar rno eling lo. ul_map re foo cel 26. Simon MC. Gotta have GATA. Nat Genet. 1995;
pyruvate kinase variant (PK Tokyo) associated gﬁ;r?;ea gj’(sa;etiosr:rg;ltjljsriiglrsngvlgzlﬁgzsop;e?g—ve 11:9-11.
wnh hereditary hemolytic anemia. Proc Natl Acad cytic hemolytic anemia. Blood. 1997:90:4987- 27. Kugler W, Laspe P, Stahl M, Schroter W, La-
SciU SA. 1991;88:8218-8221. 4995, komek M. Identification of a novel promoter muta-

6. Lenzner C, Nirnberg P, Jacobasch G, Thiele 16. Ho SN. Hunt HD. Horton RM. Pullen JK. Pease tion in the human pyruvate kinase (PK) LR gene
B-J. Complete genomic sequence of the human : LR Sit’e—directed mutas enesis b overla; exten- of a patient with severe haemolytic anaemia
PK-L/R-gene includes four intragenic polymor- sioln using the pol mergse chainyreactior? Gene [erratum appears in Br J Haematol. 2002;119:
phisms defining different haplotype backgrounds 1989_77,21_59" Y : : 289]. Br J Haematol. 1999;105:596-598.
of normal and mutant PK-genes. DNA Seq. 1997; ! . . 28. Lacronique V, Boquet D, Lopez S, Kahn A, Ray-
8:45-53 17. Nerlov C, Rerth P, Blasi F, Johnsen M. Essential X ) o . i

- . AP-1 and PEA3 binding elements in the human mondjean M. In vitro and in vivo protein-DNA in-

7. Marie J, Simon MP, Dreyfus JC, Kahn A. One urokinase enhancer display cell type-specific ac- teractions on the rat erythroid-specific L' pyruvate
gene, but two messenger RNAs encode liver L tivity. Oncogene. 1991;6:1583-1592 kinase gene promoter. Nucleic Acids Res. 1992;
and red cell L’ pyruvate kinase subunits. Nature. e T ) 20:5669-5676.
1981:292:70-72. 18. Dignam JD, Lebovitz RM, Roeder RG. Accurate

o transcription initiation by RNA polymerase Il in a 29. Gregory RC, Taxman DJ, Seshasayee D, Ken-

8. Noguchi T, Yamada K, Inoue H, Matsuda T, soluble extract from isolated mammalian nuclei. singer MH, Bieker JJ, Wojchowski DM. Func-
Tanaka T. The L- and R-type isozymes of rat Nucleic Acids Res. 1983:11:1475-1489. tional interaction of GATA1 with erythroid Krup-
pyruvate kinase are produced from a single gene . e pel-like factor and Sp1 at defined erythroid
by use of different promoters. J Biol Chem. 1987; 19 ggr;ri;;@;g:t;ns:?:;nﬁl 35;(:;;"(\:"2/3“%:1 /;s- promoters. Blood. 1996;87:1793-1801.
262:14366-14371. production of frameshift, base substitution, and 30. Merika M, Orkin SH. Functional synergy and

9. Kanno H, Fujii H, Miwa S. Structural analysis of deletion mutations. J Biol Chem. 1985:260:5787- physical interactions of the erythroid transcription
human pyruvate kinase L-gene and identification 5796. factor GATA-1 with the Kruppel family proteins
of the promoter activity in erythroid cells. Bio- 20. Tsai S-F, Martin DI, Zon LI, D’Andrea AD, Wong Spl and EKLF. Mol Cell Biol. 1995;15:2437-2447.
chem Biophys Res Commun. 1992;188:516-523. GG, Orkin SH. Cloning of cDNA for the major 31. Wadman IA, Osada H, Grutz GG, et al. The LIM-

) g !

10. Max-Audit |, Eleouet JF, Roméo P-H. Transcrip- DNA-binding protein of the erythroid lineage only protein Lmo2 is a bridging molecule assem-
tional regulation of the pyruvate kinase erythroid- through expression in mammalian cells. Nature. bling an erythroid, DNA-binding complex which
specific promoter. J Biol Chem. 1993;268:5431- 1989;339:446-451. includes the TAL1, E47, GATA-1 and Ldb1/NLI
5437. 21. Beutler E, Gelbart T. Estimating the prevalence of proteins. EMBO J. 1997;16:3145-3157.

11. Manco L, Ribeiro ML, Maximo V, et al. A new pyruvate kinase deficiency from the gene fre- 32. Wingender E, Chen X, Hehl R, et al. TRANSFAC:

PKLR gene mutation in the R-type promoter re-
gion affects the gene transcription causing pyru-

guency in the general white population. Blood.
2000;95:3585-3588.

an integrated system for gene expression regula-
tion. Nucleic Acids Res. 2000;28:316-319.



