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Genetic influences on F cells and other hematologic variables:

a twin heritability study

C. Garner, T. Tatu, J. E. Reittie, T. Littlewood, J. Darley, S. Cervino, M. Farrall, P. Kelly, T. D. Spector, and S. L. Thein

To assess the relative contribution of
genetic factors in the variation of F cells
(FC) and other hematologic variables, we
conducted a classical twin study in unse-
lected twins. The sample included 264
identical (monozygotic [MZ]) twin pairs
and 511 nonidentical (dizygotic [DZ])
same-sex twin pairs (aged 20 to 80 years)
from the St. Thomas’ UK Adult Twin
Register. The FC values were distributed
continuously and positively skewed, with
values ranging from 0.6% to 22%. FC
values were higher in women than in men
and decreased with age, with the vari-

Introduction

ables accounting for 2% of the total FC
variance. The intraclass correlations of
FC values were higher in MZ (rMZ = 0.89)
than in DZ (rDZ = 0.49) twins. The
Xmn|-Cy polymorphism in the B-globin
gene cluster had a significant effect on
FC levels, accounting for approximately
13% of the total FC variance. Variance
components analysis showed that the FC
values were accounted for predominantly
by additive genetic and nonshared envi-
ronmental influences, with an estimate of
heritability of 0.89. Hemoglobin levels
and red blood cell, white blood cell, and

platelet numbers were also substantially
heritable, with heritability estimates of
0.37, 0.42, 0.62, and 0.57, respectively.
Previously, studies of sib pairs with
sickle cell disease and isolated family
studies showed that high levels of Hb F
and FC tend to be inherited. Here, our
classical twin study demonstrated that
the variance of FC levels in healthy adults
is largely genetically determined. (Blood.
2000;95:342-346)
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The switch from fetal to adult hemoglobin (Hb) synthesis thand the other on Xp in families with sickle cell dised3&ecently,
occurs just before birth is not complete in that it does not lead tosaudies in a large English family indicated the presence of at least

total extinction of fetal hemoglobin (Hb F) in adult liteThe small

one othertrans-acting QTL associated with Hb F and FC vari-

amounts of Hb F are not homogeneously distributed but aggcel? It is clear from the isolated family studies that there are

restricted to a subset of erythrocytes termed F cells gFa)d

several such QTLs for Hb F and FC, but their frequency in the

generally there is good correlation between the proportions of Hofaneral population and their contribution to the FC variance are not

and FC? Hb F and FC values in healthy adults vary considerablynnarent.

with a continuous distribution that is substantially positively T4 address this issue, we undertook a classical twin study. The
_7 . e

skewed?” The high values of Hb F and FC at the upper limits of the; ) ¢ s study was to explore the role of genetic influences on the

population range are transmitted in the condition referred to B3riance of EC values in healthy adults
heterocellular hereditary persistence of fetal hemoglobin (HPF ’
or Swiss HPFH, which should be regarded as a multifactoria!
quantitative trait, quite distinct from the pancellular HPFHSs that ar%
caused by point mutations in the promoters ofykglobin genes or
deletions of theB-globin gene complekAlthough family studies

in parallel with other

Fmatologic variables, in a sample population of unselected twin
airs. Percentages of FC rather than Hb F were used as the variable
for study because measurement of FC by immunofluorescence
using an antiy-globin chain antibody is more sensitive and

have shown that high levels of Hb F and FC tend to be inherited, th%oroducible than currently available techniques for measuring the

number of genetic factors involved and the mode of inheritan

remain uncertain.

law-range Hb F levels in individuals with heterocellular HPFH.

Several factors have been shown to influence Hb F and FC
levels in healthy adults, including a§sex35 and genetic variants Subjects and methods
linked’® and unlinked to theB-globin locus on chromosome

11p810 Two transacting quantitative trait loci (QTLs) for FC

Subjects

variance have been mapped, one on chromosome 6q in S¥ven hundred seventy-five pairs of twins aged 20-80 years were recruited

from the St Thomas’ UK Adult Twin Registéf,which is a large cohort of

extensive kindred with heterocellular HPFH afdhalassemi&
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volunteer twins unselected for any particular disease or trait. The studyalysis Softwaré? The distributions of the variables were tested for
population consisted of 264 (27 male and 237 female) monozygotic (M@gviations from normal by using the Shapiro-Wilk statistic; values for
twin pairs and 511 (40 male and 471 female) dizygotic (DZ) same-sex tWiiCV, MCH, and MCHC were squared and the natural logarithm of the FC
pairs. All subjects were of European descent, and both members of a paiels was used to improve the fit to the normal distribution.
attended the clinic on the same day. Informed consent was obtained in all A classical twin variance components anal§&fappendix) was carried
cases before the collection of blood samples. Zygosity was determined bywa by using structural equation modeling with the Mx pack&dgEach
standard questionnaifeand confirmed by multiplex DNA analysis of model (ACE, ADE, AE, and CE in Appendix) was tested for how well it fit
highly polymorphic short tandem repeats (microsatellites). Genotyping atitke twin data by &2 goodness-of-fit statistic, with a smallg? indicating a
phenotyping were carried out by evaluators blinded to the zygosity of tiyetter fit. The number of degrees of freedom for each model was the
subjects from whom the samples were obtained. difference between the number of parameters estimated by the model and
Hematologic studies. Blood samples were collected in EDTA asthe number of statistics in the model. In cases in which more than one model
anticoagulant. Hb level, red blood cell (RBC) counts, mean red blood cebuld not be rejected by the goodness-of-fit tgdtlikelihood ratio tests
volume (MCV), white blood cell (WBC) counts, and platelet counts wergere done to determine which model fit the data better; generally, a full
determined with an automated blood cell analyzer (Bayer H3 RTXnodel (ACE or ADE) was compared with a simpler model (AE or CE). The
Newbury, UK). From these measurements, the instrument then derived {i#gikelihood ratio test takes the difference between yAgoodness-of-fit
values for hematocrit (packed-cell volume [PCV]), mean red blood cedtatistics of the simpler model and the full model, with the number of
hemoglobin (mean corpuscular hemoglobin [MCH]), and mean red bloeiégrees of freedom equal to the difference in the number of parameters
cell hemoglobin (mean corpuscular hemoglobin concentration [MCHC]). between the 2 models. The full model is rejected in favor of the simpler
FC assays were performed in peripheral blood by using a monoclomabdel if thex? yields a significance lever 0.05. The simplest model that
mouse antiy-globin chain antibody and fluorescence-activated cell sortingannot be rejected by the goodness-of-fit or the likelihood ratio test is the
(10¢ cells counted per assay) in all cadédn a proportion of the samples, most parsimonious model, and maximum likelihood estimates of the
FC measurements were counterchecked by using the sameg-glotyin  parameters are calculated.
chain antibody and microscopy ¢ 10° RBCs were countedy. Hb F
levels were also estimated in all samples with use of an automated
high-performance liquid chromatography system (Bio-Rad Vari@nt, Results
Thalassemia Short Program, Hercules, CA).

DNA analysis. DNA was extracted from peripheral blood IeukocytesA total of 775 twin pairs aged 20-80 years were recruited. Table 1

by using standard procedures. The polymerase chain reaction (PCR) was . .
used to specifically amplify the Segion of they-globin gene and the T-C sﬁows the values for FC and the other hematologic variables

polymorphism at positior- 158 of theSy-globin gene, determined tymr ~ Measured by the cell analyzer. There were no significant differ-
restriction analysis of the PCR proddétSimilarly, PCR was used to €nces between the MZ and DZ twins within each sex in the mean
specifically amplify theAy-globin promoter region, and the sequencdevels or variances of the variables.

variant due to a 4-bp deletion at positior®21 to —224 relative to the
messenger RNA cap site was detectedrhy4HlI restriction analysis of the
PCR product?

Hematologic variables and the effects of the covariates

Table 2 shows thé statistics and the Pearson correlation coeffi-
cients () between the hematologic variables and age and sex that
Because MZ twins share all their genes, any intrapair variation is due\&gre significant at th® < 0.05 level, as well as the percentage of
environmental factors (both shared and unique). However, for DZ twingariance attributed to the covariates calculated as the total coeffi-
who share on average half of their genes, any intrapair variation is duedient of determinationR?). A positivet statistic indicates a higher
both environmental and genetic factors. Thus, a comparison between ghean in men, and a positiveindicates an increase with age. FC
similarity of values in MZ and DZ twins allows estimation of the extent tqayg|g were, on average, higher in women than in men ¢ 2.57,

which genetic factors determine variation in a quantitative trait. P =.01) and had a negative correlation with age=(—.12
One member of each twin pair was chosen at random for testing tBe< 001), with the variables accounting for only 2% of the total
effects of age, sex, and thénr-Gy and”y 4-bp genotypes. A test was ’ '

used to test for differences between men and women in the means of lt:h((\é variance. Men had significantly higher Hb, PCV, and RBC

variables. The equality of variances between the sexes was tested with dRels than women, with age and sex ac_counting for 24%, 18%, and
statistic. The effects of age and thenrl-Gy andAy 4-bp genotypes on the 18%, respectively, of the total variance in the variables. Hb, MCH,

variables were tested with Pearson correlation coefficients and linedd MCHC levels increased with age; however, age accounted for
regression. All the above statistical analyses were done with Statisticaily 1% of the variance in each instance. Women had a signifi-

Statistical analysis

Table 1. Hematologic variables before statistical transformation, according to sex and zygosity

Men Women

Variable MZ (n = 54) DZ (n = 80) MZ (n = 474) DZ (n = 942)
Hb (g/L) 154 (99), 129-178 151 (116), 112-175 134 (102), 98-164 134 (103), 95-165
PCV (ratio) .47 (.03), .38-.54 .46 (.04), 35-.54 .41 (.03), 30-.49 .41 (.03), .27-.53
RBC (x102/L) 5.15 (.29), 4.41-5.88 5.01 (.40), 4.04-6.00 4.49 (.35), 3.20-5.56 4.52 (.37), 3.04-6.70
MCV (fl) 90.4 (4.01), 83.8-99.4 91.9 (5.22), 77.7-108.0 91.0 (4.40), 73.4-109.0 91.6 (5.27), 72.5-108.0
MCH (pg/RBC) 29.9 (1.11), 27.0-32.8 30.1 (1.64), 24.9-33.8 29.9 (1.51), 24.7-35.4 29.9 (1.73), 24.2-35.3
MCHC (g/L RBC) 331 (104), 312-362 328 (134), 290-361 328 (129), 272-376 325 (140), 268-362
WBCs (X 10%2/L) 6.01 (2.28), 3.13-14.03 5.91 (1.87), 2.86-13.7 6.22 (1.81), 2.44-13.6 6.23 (1.99), 1.04-15.8
Platelets (X 10%2/L) 224.0 (55.6), 133.0-398.0 203.0 (49.5), 93.0-356.0 235.0 (54.8), 106.0-436.0 239.0 (65.5), 84.0-496.0
FCs (% of RBC) 3.33 (3.06), .65-15.7 3.19 (2.58), 53-14.4 4.19 (3.04), .60-19.2 4.07 (2.78), .57-21.8

Values are mean (SE), range. MZ indicates monozygotic; DZ, dizygotic; Hb, hemoglobin; PCV, packed-cell volume; RBC, red blood cells; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cells; and FCs, F cells.
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Table 2. Effects of age and sex on hematologic traits Table 4. Results of the variance components analysis
Sex Age X2 Goodness-of-fit of Model, x2/r ~ Parameters of Best-Fitting Modelt
Trait (S:/aatlll.sjz;:' v;rI’uI:) T;l?' . ACE ADE AE CE
Trait df=3 df=3 df=4 df=4 h? c? e?
FC —257,.01 —12,<.001 02 e 4825  6.409  6.409* 166.9 89 [0] 11
Hb 14.31, <.001 .10, .007 .24 (.185) (.093) (.171) (<.001)
PCv 12.25, <.001 NS 18 Hb .098* 14.72 14.72 15.94 .37 .30 .33
RBC 12.41, <.001 NS .18 (992) (002) (.005) (.003)
Mcv NS NS —  pcv 265 3017 3017  13.16 30 40 30
MCH NS 08, .05 01 (966) (<.001) (<.001) (.011)
MCHC NS 08,.05 01 RBC .707* 17.70 17.70 24.75 A2 .30 .28
WBC NS NS - (872)  (001)  (.001) (<.001)
Platelets ~2.96,.003 NS 01 mcv 1317 4025 4025 5556 20 46 34
NS indicates not significant. t statistics are shown if significant (P < 0.5) for sex (-725) (<.001) (<.001)  (.161)
differences. Pearson correlation coefficients (r) are shown if significant (P < 0.5) for ~ MCH .996* 11.13 11.13 16.19 .39 .26 .35
age effects with coefficients of determination (R?). A positive t statistic indicates a (.802) (.011) (.025) (.003)
higher mean in men; a positive correlation coefficient indicates an increase with age. MCHC 258 175.6 175.6 1.288* [0] 79 21
(968) (<.001) (<.001)  (.863)
cantly higher mean value for platelets; however, the effect a¢BC 885 2303 2.303* 21.97 62 [0] .38
counted for only 1% of the variance in the variable. (829)  (512)  (608) (<.001)

Platelets 1.372*  6.560 6.560 44.02 .57 17 .26

The effects of theXmr-Gy and Ay 4-bp genotypes on the
v M P9 yp (712)  (.087)  (.161) (<.001)

variables were estimated by linear regression analysis. FC level
was the only variable that had a significant relation with the Values in parentheses are the corresponding P value for each model tested on
B-globin complex sites. ThXmri-Gy polymorphism had a much eac’k‘g‘éia:& AE and O sels desaribed inth u

_ . o _ . y ) ,an are models described in the appendix.
larger effec_t than_ thety A_fbp site R?2=0.13 comp_ared Wlth *Most parsimonious model,
R? = 0.03), indicating that it was more strongly associated with the tmaximum likelihood estimates of the parameters.
high-FC trait.

Variance components analysis Table 4.x2 goodness-of-fit statistics and the corresponding signifi-
ance levels are given for each model tested. The model with a

The number of twin pairs used in the variance components analy: ! - .
minance genetic variance component and the model of no

of each standardized variable and the Pearson correlation co i bl E acted f I iabl Th
cientscalculated for MZ and DZ twin pairs are shown in Table amily resemblance, L, were rejected for all varaples. N
Although there was a difference between men and women in tﬁbOSt parsimonious model (ie, the simplest model that cannot be

means for 5 of the variables, an F test for the equality of tﬁected) for each yariable Is shpwn. Al th? varia_b les except
variances showed that there was not a significant differen CHC had best-fitting models with an additive variance com-

between men and women in the variance for any of the variablgggegt (f|e, AE Or: ACE).b':'he m;XIT# mtl)lkell?.(t)t(.)d estln;atle% @ |
(results not shown). Therefore, the male and female twins wedh ) for each variable under the best-fitting model are also

treated as a single group for each zygosity class. The intracl% fwn in Table 4. Heritability @) estimates between 0.20 and

correlation for MZ twins greatly exceeded that for DZ twins for al 2 were found f_or Hb, PCV, RBCs, MCV, and MCH The_se
ariables had estimates of the common and specific environ-

the measured variables (FC, Hb, RBCs, MCV, WBCs, and plat}é tal effects i imil d all fit the full ACE del
lets), with the range of intraclass correlations for MZ twins beingfs': aTileerZ Sv:/r;: ilylsairg::iif?g:r‘]tag d;tivle g?anitic effen;to fir
0.61 to 0.89 and that for DZ twins being 0.36 to 0.53. : I :

N CHC (x? likelihood ratio= 1.288-0.258= 1.03, 1 df); the

Results of the variance components analysis are shown'\{h . . -
family resemblance was explained entirely by common and

specific environment (CE model). The highest heritability esti-

Table 3. Pearson correlation coefficients between monozygotic (MZ) and
ygotic (M) mates were found for FC values, WBC counts, and platelet counts

dizygotic (DZ) twin pairs for standardized hematologic traits, calculated with

variance components analysis (0.89, 0.62, and 0.57, respectively). A common environmental
Intraclass effect could be rejected for FCxZ likelihood ratio= 6.409-
vz b7 Correlation, 4.825= 1.584, 1df) and WBCs £? likelihood ratio= 2.303-
(No. of (No. of SE 0.885= 1.48, 1df) so that, for FC and WBCs, the best models
Trait Twin Pairs) Twin Pairs) ™Mz 0z included additive genetic and specific environmental effects only
FC 257 497 89 49  (ie, the AE model). It should be noted that the power to exclude the
Hb 235 480 66 48 C or D components of variance is weak in this structural equation
PCV 234 477 70 56 modeling method? The variance of platelet numbers fit the ACE
RBC 234 477 72 53 model best. Of all the hematologic variables, FC had the highest
Mcv 235 481 65 56 heritability estimate (0.89).
MCH 231 466 65 46
MCHC 234 476 .80 78
WBC 234 480 61 36 Discussion
Platelets 234 478 .76 46

The numbers in each assay vary slightly because outliers were removed from It has Iong been SPSpeCt.ed thatthe values Of Hb Fand FCin healthy
the analysis. adults are genetically influenced. The evidence, however, was
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circumstantial and based on population and family studies showiogunt, and MCV) can be attributed in equal proportions to addi-
that individuals with Hb F and FC levels at the upper limits of théve genetic effects (A), shared environment (C), and nonshared
population range, who are considered to have heterocellular HPFgdyironment (E).
tend to have at least one parent with similarly increased Hb F (or A general conclusion that can be drawn from this study is that
FC levels)t?326 Hence, there has been a tendency to regat@riation in the proportions of FC, WBC numbers, and platelet
heterocellular HPFHs as discrete variables controlled by singi@mbers and, to some extent, RBC numbers, is largely genetically
genes. We would like to make the case for considering Hb F or Rfetermined. The aim now must be to determine the combination of
levels a quantitative trait, with heterocellular HPFH representirtg)mmon genes that p|ei0tr0pica”y influence the variance of these
the upper tail of the trait distribution. The number of QTLsraits. Previous sib-pair analyses of patients with sickle cell anemia
contributing to the trait remains to be determined. demonstrated the presence of genetic factors controlling the
To explore the role and extent of genetic factors in Contm”inﬂroduction of FC, both linked and unlinked to tieglobin
FC levels, we analyzed FC variance in a sample of unselected Mg;ster36.57 A more recent study of Jamaican sickle cell sib pairs
and DZ twin pairs of European descent. Our findings providgstimated that the locus on Xp, tBeglobin cluster, thex-globin
overwhelming evidence for_a strong genetic component in t nes, and age accounted for about 50% of the Hb F variation
control of Hb F and FC in healthy adults. FC levels wergp o aq in these subjects, with the Xp locus being the major
Con.S'Ster,]tly more similar in identical winsMZ = 0.89) thap N contributor (35% to 41% of the variation). Nonetheless, about 50%
nonldentlcal_twms 0z = 0.'49)‘ and 89% of the FC Vanance ¢ the variance in Hb F levels in the subjects remained unex-
cou,\I/? be attrlbu_ted tq genertllc factt)ors. iated with el d Bléxined?’8 We propose using data from the DZ twins in a genome
any genetic variants have been associated with elevate scan to map for the principal QTLs influencing these traits and to

levels in healthy adults, including several in tBeglobin gene test thetrans-acting factors that have been reported on chromo-

complex-Xmn-Cy site/2” the 4-bp deletion at positions224 to .
—221 of the*y-globin gene?®29sequence variations in the DNase 0Mes 625 ar}d Xp2.2.2-22_.3..2 DZ twins ha\{e several advan- .
1 hypersensitive site 2 of thg-locus control regiof3! and tages over ordinary sib pairs: the confounding effect of age is

several variants unlinked to thgzcomplex, such as the QTLs on removed, common environment is likely to be more similar, and
Xp!2 and 64t In this study, the effects of thémr-Cy site andy nonpaternity is less of a problem. In this study, the confounding

4-bp deletion were estimated for all the hematologic variables. FEHECt of sex was removed because only same-sex DZ twins were
level was the only variable that had a significant relation with tHgcruited and, with respect to FC, the presence of hemoglobinopa-
B-globin complex sites. Our data confirm previous reports of tHgi€s was not a confounder. _ _ _
effects of age and sex on FC: levels were higher in women and QTLs that are candidates for influencing the hematologic
decreased with age, and age and sex combined accounted for 29%@fables we studied include a combination of the numerous
the total FC variance. Regression analysis indicated that only 13%mopoietic growth factors and lineage-specific cytokines, such as
of the total FC variation could be attributed to tenri-Sy site, thrombopoietin, thrombopoietin receptor, erythropoietin, various
thereby implicating the presence of one or more other QTIGolony-stimulating factors (CSF) (granulocyte-macrophage CSF
controlling FC levels in adults. These data should be relevant to thgd granulocyte CSF), interleukins (IL-3 and IL-6), and negative
variation in Hb F levels observed in patients witthalassemia and regulators such as transforming growth fa@®°“°The results of
sickle cell disease who have different racial or genetic backnalyses of these influences will have immense practical implica-
grounds. Inheritance of certain QTLs controlling FC productiotions in medicine. For example, an understanding of the role and
could also explain the different Hb F response in situations of aciggtent of the genetic factors responsible for increased Hb F and FC
erythroid expansion, such as in bone marrow regeneration aftevels would not only provide further insights into the normal
bone marrow transplantatidf,in healthy individuals after acute developmental control of Hb F production in general, but could
blood loss®® and in patients with severe iron deficiency anemialso pave the way to innovative approaches for therapeutic
after treatment with irof? manipulations of Hb F in the treatment of sickle cell diseasefand
We also found evidence of a genetic effect on several hemathalassemia.
logic variables other than FC levels. Additive genetic effects
accounted for 37%, 42%, 62%, and 57%, respectively, of the
phenotypic variance in Hb levels, RBC counts, WBC counts, achnowledgments
platelet counts. These results support the data from a previous
heritability study that showed that WBC and platelet numbers weWée thank Milly Graver and Liz Rose for preparation of the
accounted for by genetic and nonshared environmental influenegegnuscript and Professor Sir David Weatherall for his continuing
only3>Unlike the previous study, however, our study found that thencouragement and support. We thank Professor Peter Beverley for
phenotypic variance related to the RBC mass (Hb levels, RBfllowing us to use the antj-globin antibody.
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Appendix

Classical variance component twin analysis using the Mx package

Under the models tested, the phenotypic variance can be partitioned int-
(A) the additive genetic effects or heritability, (D) dominance genetic

1.0MZ
0.5DZ

effects, (C) the common or shared environment, and (E) the specifi

environment with the expected relations indicated in the Appendix Figure
The following 5 models were tested: (1) family resemblance due to additive

genetic and common environmental effects (the ACE model); (2) family
resemblance due to additive and dominance genetic effects (the ADI

model); (3) family resemblance due to additive genetic effects alone (the

AE model); (4) family resemblance due to common environmental effects
alone (the CE model); and (5) no family resemblance (the E model).

The parameters D and C are confounded in that the dominance effec
cause twins to be less similar and common environmental effects caus
twins to be more similar; therefore, a model with both these parameters i>

PT1

10 1.0 MZ
0.25DZ
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P,

not possiblex? goodness-of-fit statistics were calculated for each modef/assic path model for analyzing a sample of monozygotic (Mz) and dizygotic

and the most parsimonious model was determined g¥/léelihood ratio g
test with degrees of freedom equal to the difference in the number ﬁ:

(DZ) twins. The single-headed arrows (h, c, d, e) reflect the additive genetic (A),
inance genetic (D), common environmental (C), and specific environmental (E)
cts on the phenotypes of twins (P, and Pt,). The double-headed arrows across

parameters estimated by the 2 models. Th? ma)'(imum likelihood estimaggsiop show the expected relations among the additive genetic, dominance genetic,
of the parameters under the most parsimonious model are reportgei common environmental effects for MZ and DZ twins.



