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Two candidate genes for low platelet count
identified in an Asian Indian kindred
by genome-wide linkage analysis: glycoprotein
IX and thrombopoietin
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A genome-wide linkage analysis of platelet count was carried out in a large Asian Indian kindred. Linkage
analysis showed one marker (D3S1309) on chromosome 3q with a lod score of 3.26 and another (D3S1282)
approximately 30 cM centromeric, with a lod score of 2.52. Multipoint analysis of chromosome 3q
identified two peaks with maximum multipoint lod scores of 3.52 and 4.11 under markers D3S1309 and
D3S1282, respectively. Two strong candidate genes for platelet variation were identified in the linked
region; thrombopoietin (THPO) and glycoprotein IX (GPIX). Resequencing of four individuals revealed five
single-nucleotide polymorphisms (SNPs) in THPO and one mutation in the transmembrane region of GPIX.
Analysis of variance showed that the GPIX mutation and one THPO SNP accounted for 6 and 4% of the
variation in platelet count, respectively. The THPO SNP lies in the 30 untranslated region of the gene and
has not been previously reported. The G to A transition at nucleotide 653 resulted in an Ala 156 (GCC) to
Thr (ACC) replacement in the GPIX protein. The GPIX mutation was recently identified in a Chinese patient
with Bernard–Soulier syndrome (BSS), a rare recessive bleeding disorder characterized by
thrombocytopenia and giant platelets. One copy of the GPIX mutation was found in 300 European
individuals with platelet counts within the normal range. The results suggest that two QTLs on
chromosome 3q influence platelet count variation in the Asian Indian kindred, with the GPIX
transmembrane mutation and the 30 UTR SNP in THPO being strong candidates.
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Introduction
Platelets are small anuclear cells that adhere to damaged

blood vessels and effect hemostasis. They contain RNA, a

canalicular system, and several different types of granules

that play an important role in the formation of blood clots

and the inflammatory response. Platelets are produced in

the bone marrow from mature megakaryocytes and
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circulate in blood for 9–10 days before being sequestered

in the spleen for elimination. The hemopoietic growth

factor, thrombopoietin (TPHO), is the primary regulator

of megakaryocyte growth and platelet numbers.1,2 TPHO

is produced primarily in the liver, at a constitutive rate.

Plasma TPHO level is regulated in a negative feedback

fashion via adsorption and internalization by cells that

express the TPHO receptor, Mpl.3 –9 Thus, when platelets

and megakaryocytes are decreased, less TPHO is removed

from the plasma, the subsequent increase in circulating

TPHO stimulates an increase in platelet production in the

bone marrow.

Thrombopoiesis, however, is not entirely dependent on

TPHO. Other genes that participate in megakaryopoiesis,

megakaryocyte differentiation, and the subsequent shed-

ding of platelets, include glycoprotein (GP)11b, GP1ba, GPIX,
GPV, platelet factor 4, and the gene for the TPHO receptor,

c-Mpl.10 Several clinical disorders of low platelet count

(thrombocytopenia) and high platelet count (thrombo-

cytosis) have been documented. While most cases of

thrombocytopenia are more likely to be acquired than

inherited, several syndromes of congenital thrombo-

cytopenia have been described, including those involving

the GP1ba and GPIX genes (Bernard–Soulier syndrome

(BSS)).11 –13

Although the genetic determinants of many congenital

thrombocytopenias have been identified, very little is

known about the genetic determinants of normal platelet

count variation. The ‘normal’ range of platelet count in a

healthy person is quite broad (150–400�109/l), but an

individual’s platelet count is maintained within a much

narrower range; constantly balanced between thrombo-

poiesis and senescence.14 Platelet count within the

normal range has been shown to be largely determined

by genetic factors with heritability estimates from twin

studies ranging from 0.57 to 0.80.15,16 The first genome-

wide linkage analysis of platelet count was recently

reported with 745 Australian twin pairs having platelet

counts within the normal range and showed suggestive

evidence for a QTL on chromosome 19q (lod score¼2.59,

P-value¼0.0003).17

The results of a genome-wide linkage study of a large

Asian Indian kindred with b thalassemia are reported here.

Significant linkage is shown at two locations on chromo-

some 3q with age-, sex-, and b thalassemia-adjusted platelet

counts. Analysis of two candidate genes on chromosome

3q is described. A known, rare functional mutation in the

platelet glycoprotein IX (GPIX) gene18 was shown to be

associated with low platelet counts in the kindred. The

mutation creates a hydrophilic amino acid (threonine)

from a hydrophobic amino acid (alanine) in the trans-

membrane domain of the mature protein. A previously

unknown single-nucleotide polymorphism (SNP) in the 30

untranslated region (UTR) of the thrombopoietin gene was

shown to be associated with platelet counts in the kindred;

although no function could be attributed to the SNP it

could potentially influence post-transcriptional control of

gene expression.

Materials and methods
Subjects

The kindred of Asian Indian origin used in this study has

been previously described in detail.19–21 b thalassemia and

hereditary persistence of fetal hemoglobin (HPFH) segre-

gate within the kindred. Three individuals were homo-

zygous for b thalassemia and they were removed from the

analysis. The kindred spans seven generations and was

analyzed in six family units in order to break consangui-

neous relationships and reduce computation time, as

described previously.20

The six families include 7, 11, 16, 49, 59, and 75

individuals, with 4, 9, 15, 37, 27, and 62 of the individuals

being genotyped, 7, 6, 11, 36, 51, and 62 of the individuals

having platelet count data and 4, 6, 11, 31, 25, and 48

individuals having both genotype and platelet count data

in each family, respectively.

Hematological studies

Blood samples were collected in EDTA as anticoagulant.

Hemoglobin level, red blood cell counts (RBC), white

cell counts (WBC), and platelets counts were determined

with an automated blood cell analyzer (Bayer H3 RTX,

Newbury, UK).

Genotyping

The marker data were the same as used by Craig et al20 in

a previous genome screen for genes acting on fetal

hemoglobin levels in the kindred; five additional markers

were added later under the same protocol. A total of 216

microsatellite markers were genotyped in total on the

autosomal chromosomes, and 10 on chromosome X. All

identifiable genotyping errors were corrected for the

previous analysis of the marker data. The marker allele

frequencies were estimated from the data.

Four individuals in the kindred were selected for

mutation detection based on their platelet levels; two

individuals with platelet levels at least one standard

deviation greater than the kindred mean and two with

platelet counts at least one standard deviation less than the

kindred mean.

DNA analyses

DNA was extracted from peripheral blood leukocytes using

standard procedures. Four individuals were selected for

sequence analyses of the GPIX and THPO genes. The

polymerase chain reaction (PCR) was used to specifically

amplify the entire genomic sequence of the GPIX gene

(ENSEMBL gene ENSG000001/69704) in five overlapping

amplicons, which included three exons and both introns,
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about 250bp upstream and 100bp downstream genomic

sequence, respectively. The PCR amplifications were

performed in 25 ml reaction volumes containing 50ng

genomic DNA, 0.2mmol/l of each dNTP, 50mmol/l

KCl, 10mmol/l Tris-HCl pH 8.3, 1.5mmol/l MgCl2, 2.0U

Taq Gold polymerase (PE Applied Biosystem), and 10pmol

of each forward and reverse primers. After an initial

denaturation of 10min at 941C, 32 cycles of 941C for

30 s, 551C for 30 s, and 721C for 45 s, with a final extension

at 721C for 2min, were performed. After checking for

amplification, the PCR products were gel purified using

the Qiaquick gel extraction kit (Qiagen, Crawley, UK)

and sequenced using the Applied Biosystem Big Dye

Primer Chemistry and ABI3100 Prisms Sequencer (Applied

Biosystems).

Sequence analysis of the four individuals identified a

single-point mutation, G to A, altering amino-acid position

156 in exon 3, Ala (GCC) to Thr (ACC) (dbSNP ref

rs3796130). The G to A mutation creates an Hph1 site.

The PCR was used to specifically amplify a region of

GPIX sequence encompassing codon 156 in all members

of the Asian Indian family, and the amplicon restricted

with Hph1 to screen for the Ala 156 (GCC) to Thr (ACC)

mutation. A TaqMan assay was designed to type the

G-A mutation in 300 unrelated North European

subjects aged 18–79 years randomly selected from the

Twins UK cohort (www.twinsuk.ac.uk) in a 10 ml reaction
volume containing TaqMan Universal PCR Master

Mix (ABI) and 20ng genomic DNA. The samples were run

and analyzed on an ABI 7900HT analyzer (Applied

Biosystems).

The THPO gene was sequenced in the four individuals

selected from the family. All six exons, and at least 100bp

of the flanking intronic sequence, 250bp of 50, and 200bp

of 30 flanking sequence were specifically amplified by

the PCR in seven partially overlapping fragments. Design

of the PCR primers was based on the THPO gene sequence

according to Ensembl gene ID ENST00000204615. PCR

and sequencing were performed using conditions and

approach exactly as described for the GPIX gene. Five SNPs

were identified in the four individuals: T/C in exon 2

(50UTR), dbSNP ref rs956732; G/A in intron 3 (dbSNP ref

rs2280740); C/A in intron 5 (dbSNP ref rs6142); G/A in

exon 6, 30UTR (db SNP ref rs6141); and G/A in exon 6,

30UTR (24bp downstream of rs6141). The ‘A’ allele of the

rs6141 SNP in the 30 UTR creates a site for the restriction

enzyme NlaIII, while the ‘G’ allele removes the site. The

SNP in exon 6 downstream of rs6141 is novel, the ‘A’ allele

creates a site for NlaIV, while the ‘G’ allele removes

the NlaIV site in this region. All individuals of the Asian

Indian kindred were screened for both the 30UTR SNPs by

NlaIII and NlaIV restriction analysis, respectively, of

specifically amplified DNA encompassing exon 6 of the

THPO gene. Sequences of all the primers used are available

on request.

Statistical analyses

Single-point linkage analysis was carried out under a major

QTL inheritance model using the ILINK routine of the

program FASTLINK.22–24 The QTL has two alleles, A1 and

A2. The major QTL inheritance model has five parameters:

the frequency of the A1 allele, p; three genotype-specific

trait means, mA1A1, mA1A2, and mA2A2; and the variance of the

QTL genotype-specific distribution, s2. The three QTL

genotypes were assumed to have equal trait variance.

Multipoint linkage analysis was carried out across 91 cM of

chromosome 3q using the program Vitesse.25,26 The data

was analyzed under the same major QTL inheritance model

that was used in the single-point analysis. Multipoint

location scores were computed at intervals across the test

region and converted to lod scores by dividing the score by

4.6. The effects of the covariates were estimated by linear

regression. Platelet counts were adjusted for the covariates

by multiplying the counts by the estimated regression

parameter. Statistical analyses of individual polymor-

phisms, including analysis of variance and regression

analysis, were carried out using the publicly available

statistical software called R.

Results
The mean and standard deviation of the observed platelet

count distribution were 284700/ml and 75800/ml, respec-
tively, and the minimum and maximum counts were

83 000/ml and 653000/ml, respectively. A log transforma-

tion of scale was applied to the platelet count data to

improve the fit to the normal distribution. Platelets counts

were significantly affected by age, sex and b thalassemia.

The sizes of the covariate effects were estimated by linear

regression and the trait values were adjusted for the

measured effects. The three covariates combined were

found to account for 21% of the phenotypic variance,

with age, sex, and b thalassemia individually accounting

for 13, 3, and 5% of the variation in the platelet data,

respectively.

Platelet counts decreased with age, and tended to be

higher in women and in b thalassemia heterozygotes.

Platelet counts that were more than three standard

deviations different from the sample mean were set to

missing.

Genome-wide linkage analysis

The major QTL model parameters estimated from the kind-

red data were: p¼0.22, mA1A1¼�1.183, mA1A2¼�0.748,

mA2A2¼0.473, and s2¼0.620. The parameter estimates

suggested that a low platelet count phenotype was

segregating in the kindred. Although the maximum like-

lihood estimates of the inheritance model parameters

represent the best statistical fit of the platelet data to the

major gene model, they are not necessarily the parameter

values that will give the most power in a linkage analysis.
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The estimated model would not be powerful for linkage

analysis, given that the within-genotype trait distributions

overlap considerably and the QTL allele frequency is high.

The inheritance model used in the genome-wide linkage

analysis assumed that the QTL is associated with

low trait levels, having the parameter values: p¼0.01,

mA1A1¼�2.00, mA1A2¼0.00, mA2A2¼1.00, and s2¼1.00.

Goring and Terwilliger27 have shown, for discrete traits,

that an increase in power is achieved by using ‘strong’

linkage models, whereby the disease locus genotypes are

assigned with high probability because of the rare muta-

tion, high-penetrance model parameters. The increase in

power comes at the expense of an inflated recombination

fraction estimate. The recombination fraction parameter

absorbs the error in the model that results from using the

strong model parameters, whereas a weak model estimated

from the data will be less informative, have less error, have

a smaller recombination fraction estimate, and give a lower

lod score. Given that the true model is never known with

certainty in genetic studies of complex traits, the inheri-

tance model will always be incorrect and the recombina-

tion fraction will always be biased. Therefore, the upward

bias that comes from using a powerful model, which will

give higher lod scores, is of minimal concern.

A simulation study was carried out to assess the null

distribution of lod scores given the genetic model used in

the genome-wide linkage analysis. Lod scores were com-

puted for 10 000 replicate data sets of the observed platelet

counts and an unlinked marker having five equally

frequent alleles. There were 236 replicates that had lod

scores between 1.0 and 2.0 (probability based on 10000

replicates equals 0.024), and 11 replicates with lod scores

between 2.0 and 3.0; no lod scores greater than 3.0 were

computed from the simulated data. If all 226 markers in

the genome-screen were independent (which they are not)

an overconservative estimate is that one could expect five

to six markers showing lod scores between 1.0 and 2.0 by

chance alone.

Figure 1 shows the single-point lod scores for the 226

markers tested across the genome. The greatest evidence

for linkage was found on chromosome 3, given by both the

value of the single-point lod score at an individual marker

and the lod scores of adjacent markers. Table 1 shows the

11 markers that showed lod scores greater than 1.00 and

recombination fraction estimates less than 0.50. Six conse-

cutive markers across approximately 73 cM on chromo-

some 3 had lod scores greater than 1.00. The highest

single-point lod score was 3.26 at marker D3S1309. Marker

D16S413 on chromosome 16q24.3 showed a lod score of

1.96; the nearest marker was located 42.5 cM centromeric

and did not show evidence for linkage. Markers D21S265

and D21S1270 (lod scores of 1.92 and 1.45, respectively)

are separated by a genetic distance of 7 cM.

Multipoint analysis was carried out using a map of six

markers spanning 91 cM of chromosome 3q (Figure 2).

Locations are given as cM distances from the most

centromeric marker D3S1271. A maximum multipoint

lod score of 4.11 was observed at position 73.0 cM, the

location of D3S1282. A one lod-unit confidence interval

extends approximately 24 cM around the linkage peak

between the 60 and 84 cM locations. A second peak in

the multipoint curve occurs near the 45 cM position with

a maximum lod score of 3.52 at the 41 cM position, the

location of marker D3S1309. The one lod-unit confidence

interval around this second peak extends approximately

27 cM between locations 28 and 55 cM. Positive lod scores

across the six markers on chromosome 3q were observed

along multiple lineages within the kindred. The largest

family in the kindred contributed the highest lod scores

under both peaks while the second smallest family in the

kindred contributed the second highest lod score under the

more telomeric peak; it does not share any founders with

the larger family. The second largest family provided no

evidence for linkage to chromosome 3q. The two peaks

are the result of a dip in the multipoint lod score curve at

the 56 cM location of the marker D3S1279. As expected,

excluding marker D3S1279 results in one large multipoint

Figure 1 Single-point lod scores for 226 markers across the
genome. Lod scores for markers having recombination fraction
estimates greater than 0.50 were set to zero.

Table 1 Lod scores exceeding 1.00

Marker Location Lod score y

D3S1271 3q12.2 1.15 0.11
D3S1303 3q13.32 1.96 0.04
D3S1309 3q23 3.26 0.001
D3S1279 3q25.1 1.75 0.09
D3S1282 3q26.2 2.52 0.001
D3S1262 3q27.3 1.15 0.17
D16S413 16q24.2 1.96 0.001
D18S62 18p11.31 1.63 0.001
D21S265 21q21.3 1.92 0.04
D21S1270 21q22.11 1.45 0.001
D22S277 22q12.3 1.02 0.13
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peak across the region (results not shown). In order to

determine if the dip in the multipoint curve was a result of

an obligate recombination event imposed by the linkage

analysis model, the allele frequency parameter was in-

creased from 0.05 to 0.30 and the data were reanalyzed.

The lod scores were considerably lower across the region

and the same two-peak pattern was observed (results not

shown).

In order to verify the chromosome 3q results with an

alternative linkage analysis method, multipoint linkage

analysis using the model-free variance components

approach implemented in the program SOLAR28 was

carried out (Figure 2). The model-free approach shows a

similar, although less significant, two-peak pattern across

chromosome 3q, demonstrating the significant statistical

power that was achieved with the strong model-based

analysis of the kindred.

Candidate gene analysis of chromosome 3q

Within the linked region there were two genes that were

known to be involved in the regulation of platelet count,

thrombopoietin (THPO) and platelet glycoprotein IX

(GPIX). GPIX and THPO map to chromosome 3q21.3 and

3q27.1, the respective centromeric and telomeric peaks

in the multipoint curve. TPHO is a 353-amino-acid glyco-

protein hormone produced primarily by the liver and is a

major physiological regulator of circulating platelet count.

TPHO affects the proliferation and differentiation of

megakaryocytes, and, in general, circulating blood levels

of TPHO are inversely related to blood platelet levels

in human and animal models.5 –8 An activating splice

donor mutation in the THPO gene has been shown to

cause thrombocythaemia, a chronic myeloproliferative

syndrome that results in elevated levels of circulating

platelets.29 Five SNPs were found in the THPO gene in the

kindred, including one previously unreported G/A variant

in the 30 untranslated region, and was genotyped in the full

kindred.

GPIX is a relatively small glycoprotein of 177 amino

acids found on the surface of human platelets. GPIX is a

component of the platelet membrane glycoprotein Ib/IX/V

complex, the platelet receptor for von Willebrand factor

(vWF). Binding between the GP complex and vWF initiates

platelet activation, and the complex is believed to regulate

megakaryocytopoiesis, therefore affecting circulating pla-

telet counts.30 Mutations in GPIX have been shown to

cause BSS, a rare autosomal recessive disorder characterized

by prolonged bleeding time, mild to severe thrombocyto-

penia, and giant platelets. A known nonsynonymous

mutation at nucleotide position 653 was found resulting

in an Ala 156 (GCC) to Thr (ACC) replacement. This

mutation has recently been reported to cause BSS in a

Chinese individual,18 although in this paper, the mutation

was reported to occur at amino acid 140, which, in fact, is

position 156 of the immature protein. The same mutation

was previously found in a screen of 24 Japanese individuals

for the purpose of SNP identification.31 The mutation was

genotyped in the full kindred as well as 300 individuals of

North European origin.

Analysis of variance was carried out to measure the effect

of the GPIX mutation and the THPO 30 UTR polymor-

phisms on platelet count variation. The analysis did not

account for the correlation between observations due to

familial relationships; therefore, the calculated P-values

are overly liberal. Haplotypes were constructed for the

two SNPs in the 30 UTR of THPO. The novel THPO G/A

polymorphism (24bp downstream of rs6141) accounted

for as much phenotypic variation as the haplotype,

with the rs6141 SNP individually having less of an effect.

The GPIX mutation and the THPO rs6141 (þ24) site

both showed statistically significant associations (P-value

o0.05) with platelet counts, accounting for an estimated

6% (P-value¼0.002) and 4% (P-value¼0.016) of the

variance in age-, sex-, and b-thalassemia-adjusted platelet

counts, respectively, under a dominant model. The fre-

quencies of the low trait associated alleles for the THPO

rs6141 (þ24) G/A polymorphism and the GPIX mutation

were 0.06 and 0.09, respectively, including all typed

individuals. When all carriers of the GPIX mutation were

excluded from the analysis, 6% (P-value¼0.007) of the

Figure 2 Multipoint lod score curves across 91 cM of chromosome
3q. Approximate marker and gene locations are given on the lower
and upper x-axes, respectively. For all three results, platelet count data
were adjusted for the effects of age, sex, and b thalassemia. ‘GPIX
adjusted’ indicates that platelet counts were adjusted for the effect of
the Ala 156 to Thr mutation. ‘TPHO adjusted’ indicates that platelet
counts were adjusted for the effect of the rs6141 (þ24) G/A
polymorphism in the 30-UTR. ‘No adjustment’ indicates no adjustment
for either of the genetic (1) variants. ‘Variance Comp’ indicates the
analysis that was carried out using the model-free variance compo-
nents approach implemented in the computer program SOLAR.
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phenotypic variation in platelets was accounted for by the

THPO variant. Conversely, when all carriers of the minor

THPO allele were excluded, the GPIX mutation accounted

for 11% (P-value¼0.0004) of platelet count variance in the

kindred. A total of 300 individuals of North European

descent were screened for the GPIX mutation to estimate

its frequency. Only one copy of the allele was observed,

suggesting that the mutation is rare in the European

lineage.

Two new platelet count phenotypes were created by

further adjusting the data for either the THPO rs6141

(þ24) SNP or the GPIX mutation, and multipoint linkage

analyses were carried out using the six markers across

chromosome 3q (Figure 2). Removing the effects of the

polymorphisms in GPIX or THPO results in large reduction

in the lod scores across the chromosome 3q region. There

are 11 individuals who are heterozygous at both genes

so that adjusting for either polymorphic site will have

a significant effect on the inheritance pattern of platelet

counts at the other linked site, thereby reducing the lod

score across the entire 3q region. There was one homo-

zygote for the GPIX Ala156 Thr mutation in the kindred.

The individual did not show symptoms of BSS or an

abnormally low platelet count. He was heterozygous for

b thalssaemia.

Three different haplotypes defined by the A allele at the

GPIX mutation and the D3S1309 microsatellite (closest

marker) were observed among six founders carrying the

mutation in the kindred. THPO maps closest to marker

D3S1282. Three haplotypes were also observed with the

A allele at the THPO rs6141 (þ 24) polymorphism and the

D3S1282 microsatellite in five founders carrying the THPO

allele. All of the founder haplotypes segregate at least one

generation in the kindred.

Discussion
Like most quantitative traits, there are rare Mendelian

disorders that account for the extreme tails of the platelet

count trait distribution; however, the genetic etiology

underlying the majority of the trait distribution is complex

and poorly understood. This study is the second genome-

wide search for QTLs controlling platelet count that has

been reported; the previous study showed no evidence for

linkage to chromosome 3q17 but a suggestive linkage to

19q. We did not replicate the findings in the Australian

study. However, the linkage results reported here are

significant, with lod scores exceeding 3.0 in two regions

of chromosome 3q. The results of the genetic analysis of

chromosome 3q suggest that the two regions of significant

linkage are the result of two QTL, as opposed to a drop in

lod score due to the linkage information from a single

marker in the region. There were two strong candidate

genes for platelet count on chromosome 3q, platelet

glycoprotein IX (GPIX) and thrombopoietin (THPO), and

each gene mapped under one of the two peaks of statistical

significance.

A rare functional mutation at nucleotide 2113 in GPIX

results in an Ala 156 (GCC) to Thr (ACC) replacement

and was shown to associated with low platelet counts in

the kindred. The mutation creates a hydrophilic amino

acid (Thr) from a hydrophobic amino acid (Ala) in the

transmembrane domain of the mature protein. Wang

et al18 recently reported the same mutation, although the

amino-acid location cited was 140, in a Chinese woman

with BSS. Using flow cytometric analysis, Wang et al18

showed that the patient’s platelets had greatly reduced

GPIba and GPIX cell surface expression. Transient transfec-

tion studies by the same group confirmed that the

mutation prevents GP Ib/IX complex insertion in the

cytoplasmic membrane of platelets, and suppresses GPIba
and GPIX expression, but does not cause its intracellular

degradation. The Chinese patient was homozygous for the

mutation; however, heterozygous relatives did not show

the characteristic BSS symptoms, leading the authors to

conclude that the mutation acted under a recessive model

of inheritance. In the current study, one individual was

homozygous for the mutation in the Asian Indian kindred,

but the platelet counts in this individual were comparable

to those of the heterozygotes. The results of the two studies

suggest that other unknown genetic factors exist which

modify the penetrance of the GPIX transmembrane muta-

tion, either compensating for the loss of function or

causing the progression to BSS. Expression of normal GPIX

is an important event in the development and differentia-

tion of the megakaryocyte, culminating in the release of

functional platelets. The morphologically abnormal plate-

lets and MKs in BSS suggest that the normal expression of

GPIX, and the GPIb/IX complex, is necessary for normal

terminal differentiation of MKs.30 There is evidence that

expression of the GPIb/IX complex plays a role in

regulating megakaryopoiesis, first by inducing expression

of the cyclin-dependent kinase inhibitor p21, and by

inducing G1 cell cycle arrest.30 Nine other mutations in

the GPIX gene have previously been identified in BSS

patients; eight occur in the extracellular domain, with the

other in the signal peptide of the protein.

A SNP in the 30 UTR of the THPO gene was associated

with platelet counts in the Asian Indian kindred. The

TPHO glycoprotein hormone directly stimulates platelet

production. The rs6141 (þ 24) G/A polymorphism appears

to be rare, as it has not been previously reported despite

extensive sequence analysis of the gene owing to its

biological importance. It is possible that the 30 UTR

polymorphism is in near similar frequency and tightly

linked to another QTL between chromosome 3q25.1 and

3q27.2. However, it is unlikely that a different genetic

variant in TPHO is responsible for the linkage in the region.

There is increasing evidence that 30 UTRs of mRNAs
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contain regulatory elements that have important roles in

post-transcriptional control of gene expression,32 but

determining the role of the 30 UTR polymorphism in THPO

expression will require biological experiments.

The model-based approach used in the linkage analysis

was powerful for detecting the QTL in the large kindred.

The major QTL model parameters estimated from the data

suggested that a locus for low platelet count was segregat-

ing in the kindred. The estimated inheritance model

parameters were not used in the linkage analysis because

they provided little QTL genotype information; the three

possible QTL genotype probabilities for any one individual

will all be similar, given the phenotype and genetic model

parameters. This lack of strong locus genotype information

results in a loss of power. Platelet count is a complex trait,

influenced by multiple genetic and environmental factors,

even within the single large kindred. Therefore, the

expectation was that small groups of close relatives within

the kindred would show simple inheritance patterns, while

the overall pattern of inheritance would be complex. The

model used in the analysis was designed to achieve the

maximum lod score contribution from the small family

groups that showed Mendelian inheritance patterns.

Linkage analysis using the model-free, multipoint, variance

component-based approach implemented in the program

SOLAR28 also showed evidence for linkage to chromosome

3q. While the same two-peak pattern across chromosome

3q was observed using the model-free and model-based

approaches, the strong model-based approach showed

significantly higher lod scores.

A major advantage of large families in genetics studies is

that they are very powerful for detecting linkage, particu-

larly for rare mutations with strong effects on the

phenotype. The large family design reduces the hetero-

geneity that plagues designs that rely on large numbers of

small family units. The large number of meioses increases

inheritance and linkage information and allows for the

identification of marker mis-typings. On the other hand,

a pitfall of studying one or a few large families is

also demonstrated by this study. While one’s chances

of detecting significant linkage are increased with large

families, the ability to identify the underlying gene and

etiological mutation using the same resource is compro-

mised. Linkage will extend over longer regions when

detected in few families and lines between linkage and

association become blurred. Hence, proving that a candi-

date allele is causative by genetic analysis of a single

kindred is nearly impossible.

There were additional limitations to the study beyond

those that are inherent in large pedigree studies. This study

used an existing 20 cM resolution, genome-wide micro-

satellite marker data set that was generated in 1995. A

10 cM microsatellite marker map, as is the standard density

used today, would have provided additional linkage

information and more power to detect QTLs in the

kindred. Platelet counts are affected by circadian fluctua-

tions that were not taken into account in the collection of

the phenotype data or in the statistical analysis and added

an additional source of variation to the trait distribution.

The association analysis was carried out using related

individuals and will therefore give liberal P-values.

Two strong candidate genes for platelet count have been

presented here. The argument in favor of their involve-

ment in the trait comes from a combination of their

location with respect to the linkage results, their known

biological involvement in platelet count regulation, and

the evidence in favor of the genetic variants being

etiological. The evidence that the THPO 30 UTR G/A

polymorphism influences the protein’s function is circum-

stantial; however, the biological evidence in favor of the

gene itself is as strong as one can expect for a candidate

gene. The Ala 156 to Thr mutation in GPIX has been shown

to alter the protein’s function; however, the link between

mutated glycoprotein and lowered platelet counts is not

completely clear. The two candidate QTLs appear to be

rare, at least outside of the Asian Indian population. The

results suggest that there may be genetic heterogeneity

between Asian and European populations, which may

explain the lack of consensus between the genome-scans.

Genetic studies of individuals from additional populations,

as well as independent samples from the Asian Indian

population, will be needed to assess the role and frequency

of these QTLs.
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