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Essential thrombocythemia (ET) is a myeloproliferative dis- for these polymorphisms and analysis of the HUMARA gene
methylation pattern permitted us to study clonality in allorder characterized by a sustained elevation of the platelet

count in the absence of other causes of thrombocytosis. ET nucleated cell fractions of the other patients. Using both
types of assay and T lymphocytes as a control tissue foris difficult to diagnose, and the demonstration of clonal he-

matopoiesis may be of value. However, clonality analysis of lyonization, clonal hematopoiesis was demonstrated in 28
patients. In 14 patients, the granulocytes were polyclonal;hematopoietic cells based on the study of the X-chromo-

some inactivation pattern is complicated by the observation among these patients, platelets were monoclonal in 3 cases,
polyclonal in 7 cases, and in the remaining 4 cases this frac-that some normal females present skewed lyonization.

Moreover, DNA methylation of X-linked genes in hematopoi- tion could not be studied because the patients were homo-
zygotes for all RNA markers. No conclusion about clonalityetic cells may differ from that in other tissues. Appropriate

controls for skewed lyonization are therefore critical for the could be drawn in 6 cases. Polyclonal hematopoiesis was
found in all the cases of reactive thrombocytosis. Thesestudy of clonality. We developed two techniques based on

X-chromosome inactivation and polymerase chain reaction findings confirm the high frequency of monoclonal hemato-
poiesis in ET, the utility of studying platelets, and the possi-(PCR) analysis of polymorphisms, to study clonality in ET

patients. Reverse transcriptase-PCR analysis of IDS, P55, and bility of using T lymphocytes as a control tissue for X-chro-
mosome inactivation patterns.G6PD mRNAs was used to examine the different hematopoi-

etic cell lineages including platelets in patients heterozygous q 1997 by The American Society of Hematology.

A population of cells all containing the same active X-chromo-
some, whereas one of the X-chromosomes is randomly inac-

N INCREASE in the platelet count is common in pa-
tients with myeloproliferative diseases (MPD); it may

also occur as a reactive phenomenon in patients with acute tivated in each cell in nonclonal tissue. Methods for de-
termining X-chromosome inactivation have been devised ator chronic inflammatory conditions, and in iron deficiency.

Patients with thrombocytosis who lack all these criteria are the protein, DNA and RNA levels. Evidence for the underly-
ing clonality of hematopoiesis in ET was originally obtaineddiagnosed as having essential thrombocythemia (ET), fol-

lowing the criteria of the Polycythemia Vera Study Group by studying the glucose-6-phosphate dehydrogenase (G6PD)
isoenzyme pattern.6-8 However, this method has limited ap-(PVSG).1 A large number of studies have attempted to iden-

tify positive diagnostic critera for ET. Platelet size heteroge- plications as G6PD polymorphism is informative in only a
small minority of females. A more widely applicable tech-neity, platelet aggregation and platelet nucleotide ratio (ATP/

ADP) are higher in ET than in reactive thrombocytosis, but nique makes use of the differences in DNA methylation
pattern between active and inactive copies of X-chromosomethese abnormalities cannot be used for positive diagnosis of

ET as they are neither very sensitive nor highly specific.2 genes.9 The two alleles from a polymorphic gene can be
distinguished either by specific restriction endonucleaseCulture of peripheral blood (PB) or bone marrow may then

be helpful.3 Spontaneous growth of erythroid burst-forming sites, eg, phosphoglycerate kinase10 and hypoxanthine phos-
phoribosyl transferase,9 or by the variable number of tandemunits or megakaryocyte colony-forming units supports the

diagnosis of ET. Unfortunately these changes are not found repeat sequences, eg, the 26-bp repeat sequence in the
DXS255 locus recognized by the probe M27 b,11,12 or thein all patients and culture conditions are difficult to standard-

ize.2,4 CAG short tandem repeat (STR) in the androgen receptor
gene (AR, HUMARA).13-15 Using such approaches, we andThe most promising developments for diagnosis of ET are
others have shown that clonal hematopoiesis is a frequentattempts to show the presence of clonal hematopoiesis by
but not a constant feature of ET.14,16-20 Prchal et al21,22 havestudying the X-chromosome inactivation pattern in female
developed another clonality assay using the ligase detectionpatients. Either the maternal or the paternal X-chromosome
reaction, to identify the transcribed alleles of X-chromosomeis randomly inactivated in each cell at an early stage of
genes by studying mRNA polymorphisms from G6PD (C/Tembryogenesis.5 Therefore, clonal tissue will consist of a
at cDNA 1311) and P55 (palmitoylated erythrocyte mem-
brane protein, G/T at cDNA 358) genes.21,22 They recently
showed clonality of hematopoiesis in one patient with ET,From INSERM U409 and Association Claude Bernard, Faculté
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Clonality study by mRNA transcript analysis. RNA was ex-To extend our initial study and to further evaluate the
tracted from cell fractions, including platelets, according to Chom-clonality of platelets in ET, we developed reverse tran-
zinski et al.24 After reverse-transcription from 1 mg of RNA usingscriptase-polymerase chain reaction (RT-PCR) assays to de-
random priming,25 cDNAs were amplified and the resulting frag-termine the X-chromosome inactivation pattern from the
ments were digested and analyzed on agarose gel as described above.allelic expression of three polymorphic genes: iduronate-2-
Fragment lengths, polymerase chain reaction (PCR) conditions,

sulfatase (IDS),23 P55 and G6PD. Clonality results based on primer sequences, and enzymes are shown in Table 2. After migra-
the detection of these mRNA transcripts were compared to tion, two bands were seen in polyclonal patients: 158 and 133; 79
those deduced from the methylation pattern of the and 58; 138 and 122; for IDS, G6PD, and P55, respectively, whereas
HUMARA gene in nucleated cells. We used the T-lympho- one single band was present in monoclonal patients.

Clonality analysis using HUMARA trinucleotide repeat polymor-cyte fraction as a control tissue for the X-chromosome inacti-
phism. This method has previously been described in detail.14vation patterns, as most previous studies have shown that
Briefly, DNA was amplified using two primers flanking the STR inthey are not involved in this disease.7,20

the HUMARA gene. One primer was labeled at the 5* end with
fluorescein. The PCR products were analyzed and quantified using

MATERIALS AND METHODS an automated DNA sequencer (ALF; Pharmacia).
Subjects. Blood samples were obtained from 48 females with

ET, 51 normal controls, and 8 patients with reactive thrombocytosis RESULTS
with their informed consent.

Patterns of X-chromosome inactivation from total bloodET patients aged from 13 to 80 years (mean, 53 years) at the time
of diagnosis were selected according to PVSG criteria1 and had no using DNA and RNA-based clonality assays. The overall
known cause for reactive thrombocytosis for at least 6 months after heterozygosity of the markers was 81%, 51%, 37%, and
the diagnosis. Clinical symptoms and platelet counts at diagnosis, 17%, for HUMARA, IDS, P55, and G6PD, respectively. At
treatment, and the follow-up period at the time of clonality analysis least one mRNA marker was informative in 72% of the
are shown (see Tables 4 and 5). cases. Thirty-four controls, 28 ET patients and 4 patients

Normal controls were aged from 22 to 87 years (mean, 36.5 years) with reactive thrombocytosis were informative for both DNA
and patients with reactive thrombocytosis were aged from 33 to 75

and RNA markers. In normal controls, nonrandom lyoniza-years (mean age: 53 years). The mean platelet count in this latter
tion was found in 9% of cases by DNA analysis (4 out ofgroup was 810 1 109/L (600 to 1,047). One patient had lung cancer,
44 informative patients) and in 2.4% of cases by mRNA3 had iron deficiency, and 4 had infectious diseases.
analysis (1 out of 41 informative patients) (see Table 4). TheCell fractionation. PB (50 mL) was collected on citrate or

EDTA. DNA was extracted from 5 mL with the Genome Kit (Bio patients with reactive thrombocytosis showed a polyclonal
101, Ozyme, France). Forty-five milliliters of blood was used to pattern of X-chromosome inactivation as determined by
isolate platelets, granulocytes, and lymphocytes. After centrifugation DNA analysis (in 2 patients), RNA analysis (in 2 patients),
at 150g, platelets were collected from the upper half of the plasma or both (in 4 patients). Among ET patients, 74% and 68%
layer. The remaining blood was mixed with a Dextran solution (Phar- showed a nonrandom inactivation pattern by DNA and
macia Biotech, Uppsala, Sweden) and left for 45 minutes. The upper mRNA analysis, respectively. Results were usually concor-
layer was centrifuged through an Isopaque gradient (GIBCO-BRL,

dant between both types of markers. However, some discrep-Gaithersburg, MD)1 at 300g for 20 minutes, then, mononuclear cells
ancies were observed: in normal controls, a nonrandomand granulocytes (95% by light microscopy after May-Grünwald-
methylation pattern at the HUMARA locus was observed inGiemsa staining) were obtained from the interphase and pellet, re-
3 cases, whereas the expression of X-linked genes was bal-spectively. T lymphocytes were collected from interphase cells using

immunomagnetic beads (Dynabeads, Dynal, France), coated with anced (Table 3); in the patient group, the opposite was ob-
monoclonal antibodies (MoAbs) CD2 and CD4 MoAbs. DNA was served in 2 cases (Table 3).
extracted from granulocyte and mononuclear cell fractions by using Clonality analysis on cell fractions. In the ET group,
the Isoquick kit (ORCA Research, Bothell, WA). cell fractions containing T lymphocytes, granulocytes, and

Genotyping of G6PD, IDS, and P55 polymorphisms. The IDS platelets were studied using RNA markers when at least one
gene contains a silent polymorphism at nucleotide 438 (C/T).23 We of these markers was informative. When no marker was
found that this gene is transcribed in different blood fractions, includ-

informative, the same fractions but platelets were studieding platelets. The G6PD gene shows a C/T polymorphism at position
using the HUMARA DNA polymorphism.1311,21 and the P55 gene shows a G/T polymorphism at position

In 2 out of 48 patients studied by DNA and RNA analysis,35822 (Table 1).
discordant results obtained from unfractionated blood (TableGenomic DNA extracted from whole blood was used for genotyp-

ing. DNA fragments containing the polymorphic bases were ampli- 3) were confirmed on cell fractions, running out conclusions
fied by PCR. Primers and PCR conditions are shown in Table 1. In about clonality. A nonrandom X-chromosome inactivation
each case, the sequence of one primer introduced a mismatch to pattern was observed in all fractions using both techniques
create a restriction site specifically in PCR products from one of the in 2 patients (patients 1 and 2; Tables 4 and 5), and using
two alleles (Table 1). Restriction fragments were separated by gel DNA analysis only in 2 other patients (patients 32 and 33;
electrophoresis and visualized by UV illumination after ethidium Table 5). In 28 patients, clonality of the granulocyte fraction
bromide staining. In heterozygous females, 2 bands were observed:

(patients 34 through 42; Table 4 and patients 33 through 41;151 and 126 for IDS; 183 and 162 pb for G6PD; whereas only one
Table 5) was observed in the presence of polyclonality of Tband was found in homozygous females. For P55, bands of 80, 78,
lymphocytes. Among these patients, the clonality of plateletsand 34 bp were found in cases with homozygous G; 80, 57, 34, and
was shown in all cases informative for RNA markers (pa-21 in cases with homozygous T and 80, 78, 57, 34, and 21 in

heterozygotes. tients 3 through 21; Table 4) (Fig 1). Interestingly, in 3
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Table 1. DNA Genotyping: Primer Sequences, PCR Conditions, and Sizes of PCR Products

Cycles [MgCl2] Size of PCR
Gene Primers Sequence 5*r3* Exon Hybridization T7 No. mmol/L Product Enzymes

IDS IDS 3b CCAAAGAAGG Intron 3 48 35 1.5 151 HpaII
GAGGGTCCAC

(sense)
IDS 4 AGACCAGCTAT 4

ACGGAGAATCA
(antisense) C*C

P55 P55 DNAs ATCTCAAATTC Intron 2 44 35 2.0 192 Dde I
CTCCTCAAA

(sense)
P55 DNAas TGTTTTTCATTC 3

AGCTTCT*G
(antisense)

G6PD G6PD-E10 GCTGGACCTGA 10 59 35 3.0 183 Pvu I
CCTACGGCAAC

(sense) A
G6PVPDPVU1 GAAGACGTCCA 11

GGATGAGGCG
(antisense) A*TC

* Indicate the mismatched nucleotides introduced by the primer to create restriction sites.

additional patients, platelets were clonal despite polyclon- tients with monoclonal and polyclonal hematopoiesis. We
observed no correlation between the severity of the disease,ality of all other hematopoietic cell fractions (patients 22

through 24; Table 4). Therefore, 31 patients had evidence as assessed by the prevalence of ischemic and hemorrhagic
signs (Fisher’s test, P Å .33), the number of treated patientsof clonality in at least one hematopoietic lineage. In contrast,

11 patients had polyclonality of all studied lineages (patients (P Å .28), or the duration of the disease (P Å .09) on the
one hand, and the pattern of clonality on the other hand. The25 through 31; Table 4 and 43 through 46; Table 5), includ-

ing platelets in 7 cases where RNA markers could be studied mean platelet count at diagnosis was higher in the group of
patients with monoclonal hematopoiesis (mean Å 1,070 1(patients 25 through 31; Table 5). An example of each clon-

ality pattern is presented in Fig 2. 109/L; range 631 to 2, 160 1 109/L) than in the group of
patients with polyclonal hematopoiesis (mean Å 845 1 109/Normal controls with a nonrandom pattern of X-chromo-

some inactivation in total blood displayed the same pattern L, range 600 to 1,098 1 109 /L) (P Å .04). We also found
a significant difference in mean age between the patientsin all fractions (data not shown).

Comparison of clinical and biological features of ET pa- with monoclonal hematopoiesis (56 years; range 16 to 80),

Table 2. RT-PCR Analysis of RNA Transcripts: Primer Sequences, PCR Conditions, and Sizes of PCR Products

Cycles [MgCl2] Size of PCR
Gene Primers Sequence 5*r3* Exon Hybridization T7 No. mmol/L Product Enzymes

IDS IDS 3a TGTACGACTTCAACT 3 47 35 2.5 158 HpaII
CCTACTGGA

(sense)
IDS AGACCAGCTATACG 4

GAGAATCAC*C
(antisense)

P55 P55 H AGAGCCCATGGGAA 3-4 51 35 1.5 138 Hha I
TCG*C

(sense)
P55 I ACATTTGTGCCATTG 4

ATTTCTAGG
(antisense)

G6PD G6PD-E10 GCTGGACCTGACCTA 10 59 35 3.0 79 Pvu I
CGGCAACA

(sense)
G6PVPDPVU1 GAAGACGTCCAGGA 11

TGAGGCGA*TC
(antisense)

* Indicate the mismatched nucleotides introduced by the primer to create restriction sites.
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Table 3. Comparison of the Results of X-Chromosome Inactivation and the patients with polyclonal hematopoiesis (37 years;
Pattern Between RNA and DNA Markers in Total Blood range 24 to 76) (P Å .01).

Interestingly, 3 ET patients with polyclonal hematopoiesisRNA

had clinical signs of MPD: splenomegaly had been present
Random Nonrandom in patient 25 since disease onset. Severe peripheral vascular

Normal Controls
ischemia was present in patients 29 and 31 (aged 30 and 76(n Å 34)
years, respectively). The other 4 patients in this group hadDNA Random 30 0
no clinical signs of MPD. To search for familial thrombo-Nonrandom 3 1
cytosis, the platelet counts of the parents, the 2 children of

RNA patients 29 and the 3 children of patient 30 were determined
and were found to be normal.Random Nonrandom

Patients
DISCUSSION(n Å 28)

DNA Random 5 2 Like other MPD, ET is thought to be a clonal disorder.
Nonrandom 0 21 In a previous study, we described a technique based on

HUMARA CAG polymorphism. This technique permittedThirty-four normal controls and 28 patients were informative for
the HUMARA polymorphism and at least one of the three RNA mark- clonality analysis in 81% of females, but did not allow us
ers. The X-chromosome inactivation pattern was scored as random to study the clonality of hematopoiesis in platelets. This was
or nonrandom and the results obtained using RNA and DNA markers overcome by making use of techniques based on the detec-
are compared. tion of RNA transcripts. In addition to G6PD and P55 tran-

script analysis described by Prchal,21,22 the study of IDS

Table 4. Clinical and Laboratory Findings in ET Patients and Results of Clonality Analysis Using mRNA Genes

T-
Age at Follow- Unfractionated Lymphocyte Granulocyte Platelet Counts at

No. Diagnosis up Time Treatment C.S Blood Fraction Fraction Platelets Diagnosis 1109/L

1* 36 53 Hydrea / MO MO MO MO 1,100
2* 34 148 Hydrea / MO MO MO MO 889
3* 37 77 Interferon 0 MO PO MO MO 2,160
4* 80 18 Hydrea / MO PO MO MO 812
5 21 1 0 0 MO PO MO MO 1,886
6 50 57 Hydrea / MO PO MO MO 1,700
7* 33 34 Hydrea 0 MO PO MO MO 1,750
8* 65 49 Hydrea 0 MO PO MO MO 803
9* 55 100 Hydrea / MO PO MO MO 800

10 75 52 Hydrea 0 MO PO MO MO 710
11 57 98 Hydrea 0 MO PO MO MO 800
12 71 1 0 0 MO PO MO MO 1,150
13 69 2 0 0 MO PO MO MO 900
14 69 12 Hydrea / MO PO MO MO 2,000
15 39 1 0 0 MO PO MO MO 1,400
16 77 1 0 / MO PO MO MO 650
17 69 48 0 0 MO PO MO MO 787
18* 65 38 Hydrea 0 MO PO MO MO 745
19* 48 24 Hydrea 0 MO PO MO MO 1,069
20 63 123 Hydrea 0 MO PO MO MO 950
21* 59 120 Hydrea 0 MO PO MO MO 768
22 38 1 0 0 PO PO PO MO 674
23 63 1 0 / PO PO PO MO 1,200
24* 71 1 0 0 PO PO PO MO 751
25 24 124 0 0 PO PO PO PO 950
26* 25 59 0 0 PO PO PO PO 751
27 25 336 0 0 PO PO PO PO 780
28 43 132 0 0 PO PO PO PO 600
29 30 85 Hydrea / PO PO PO PO 648
30 37 108 Interferon 0 PO PO PO PO 1,098
31 76 50 Hydrea / PO PO PO PO 660

Follow-up (months) at the time of clonality analysis.
Abbreviations: C.S, ischemic or hemorrhagic symptoms; MO, monoclonal; PO, polyclonal; RNA genes, G6PD or IDS or P55.
* Patients reported in our previous study.14
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Table 5. Clinical and Laboratory Findings in ET Patients and Results of Clonality Analysis Using the AR Gene

Age at Follow- Unfractionated T-Lymphocyte Granulocyte Platelet Counts at
No. Diagnosis up Time Treatment C.S Blood Fraction Fraction Diagnosis 1109/L

1* 36 53 Hydrea / MO MO MO 1,100
2* 34 148 Hydrea / MO MO MO 889

32 57 7 Hydrea 0 MO MO MO 1,300
33* 68 56 Hydrea 0 MO MO MO 962
34 70 48 0 / MO PO MO 693
35* 46 12 Hydrea / MO PO MO 1,060
36 16 70 Hydrea 0 MO PO MO 907
37* 43 19 0 / MO PO MO 1,500
38* 68 1 0 0 MO PO MO 843
39 42 2 0 / MO PO MO 990
40* 63 36 Hydrea 0 MO PO MO 1,025
41* 47 42 Hydrea / MO PO MO 1,067
42* 61 84 Hydrea 0 MO PO MO 631
43 37 1 0 0 PO PO PO 880
44 16 2 0 0 PO PO PO 900
45 13 14 Interferon 0 PO PO PO 1,400
46* 65 94 Hydrea 0 PO PO PO 624

Follow-up (months) at the time of clonality analysis.
Abbreviations: C.S, ischemic or hemorrhagic symptoms; MO, monoclonal; PO, polyclonal; AR, androgen receptor gene.
* Patients reported in our previous study.14

polymorphic mRNAs permitted clonality analysis of plate- in myeloid malignancies like acute myeloid leukemia,27 and
we tested for their absence of involvement in ET. Our presentlets in 72% of females.

Because the X-chromosome inactivation phenomenon oc- results confirm that T lymphocytes derive from polyclonal
hematopoiesis in most ET patients.7,20 Although 88% of pa-curs in different tissues at different times during the embry-

onic period,26 the clonality of hematopoiesis cannot be con- tients with a nonrandom X-chromosome inactivation pattern
in granulocytes and/or platelets showed a random pattern infirmed without finding polyclonality in one or more

hematopoietic lineage, thus ruling out a skewed lyoniza- T lymphocytes, only 12% of them probably had skewed
tion.27 T cells appear to be the best choice as a control tissue lyonization, as the same nonrandom pattern was observed

in all hematopoietic lineages. However, as T cells and my-
eloid cells are derived from a common stem cell, we cannot
formally exclude the involvement of pluripotent stem cells
in these patients.

This study shows that the majority of patients with ET
have monoclonal hematopoiesis (74%) detectable at least
in platelets. The present data confirm and extend previous
observations indicating a variable contribution of mono-
clonal hematopoiesis to different lineages.14,18-20,22 Interest-
ingly, in some patients, monoclonality of hematopoiesis is
restricted to platelets, despite polyclonality in the other lin-
eages. Surprisingly, a minority of patients with clinical and
biological features of ET (nÅ 7) had polyclonal hematopoie-
sis in all cell lineages. Reactive thrombocytosis in these
patients was formally excluded by the long clinical history
of the disease (see Results). Although we cannnot formally
exclude the possibility of a monoclonal cellular fraction
mixed with cells from persistent normal hematopoiesis in
these patients, visual inspection of two bands corresponding
to amplified fragments derived from both alleles shows
whether or not the allelic ratio differs between lineages (FigFig 1. RT-PCR analysis expression of P55, IDS, and G6PD genes
1). The absence of an allelic ratio variation between T lym-in patients with monoclonal hematopoiesis. RNA of heterozygous

patients was submitted to RT-PCR. Amplified products were digested phocytes and other lineages excludes the possibility that a
with Hha I, HpaII and Pvu I, respectively, and analyzed by gel electro- significant proportion of clonal cells exists in the granulocyte
phoresis and ethidium bromide staining. Three to 24 correspond to or platelet fractions in these patients.the patient numbers in Table 4. U, undigested PCR products; P, plate-

The variable involvement of different lineages in patientslets; T, T lymphocytes. Arrows indicate the size of the fragments in
base pairs. with monoclonal hematopoiesis could result from two possi-
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Fig 2. RT-PCR analysis of allelic expression of the
P55 gene. RNA of heterozygous patients was submit-
ted to RT-PCR. Amplified products were digested
with Hha I and analyzed by gel electrophoresis and
ethidium bromide staining. (A) Illustrates the results
obtained from a patient with monoclonal hemato-
poiesis in platelets and granulocytes; (B) patient with
monoclonal hematopoiesis only in platelets; (C) pa-
tient with polyclonal hematopoiesis; (D) patient with
a nonrandom X-chromosome inactivation pattern.
U, undigested PCR products; 1, platelets; 2, T lym-
phocytes; 3, granulocytes. Arrows indicate the size
of the fragments in base pairs.
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