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To the editor:

Heterozygous disruption of human SOX6 is insufficient to impair erythropoiesis or silencing of
fetal hemoglobin

Human genetic studies have been instrumental in understanding the
trans-acting regulation of the human globin genes and particularly
the fetal-to-adult hemoglobin switch.1 Important insight has come

from studies of common genetic variation underlying fetal hemoglo-
bin (HbF) expression in adults, resulting in the identification of
BCL11A as a critical regulator of HbF silencing.2 In addition, rare
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Figure 1. Heterozygous disruption of SOX6 does not result in elevations of HbF levels. (A) Conventional G-banding of chromosomes analyzed from the patients
lymphocytes showing a balanced translocation with a karyotype of 46,XY,t(9;11)(q33.1;p15.1) that could be confirmed with fine mapping. (B) A schematic showing the resulting
breakpoint (brkpt.) on chromosome 11 at position 16195,423 (from hg18) that disrupts the SOX6 gene. Domains are shown from SOX6, including the coiled-coil (c-c),
CtBP2 binding, and HMG domains. (C) HbF content was measured using capillary electrophoresis (Capillarys 2; Sebia). No HbF was detected, which should be detectable in
zone 7 (Z7). (D) The number of F cells were quantitated by flow cytometry (BD FACSCanto II; Becton Dickinson). A total of 50 000 erythrocytes were analyzed. The patient
had 0.7% F cells (normal range: 0.4%-4%).
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human mutations that disrupt transcription factors including KLF13,4

and GATA15 highlight the importance of these factors in HbF
expression and human erythropoiesis more generally. Hence,
human genetic studies of globin gene regulation are critical to
better understand the in vivo requirement for many putative
regulators of this process.

Recent studies suggest that the transcription factor SOX6 has a
critical role in silencing of the �-globin (HbF) and related mouse
embryonic globin genes.6-8 This activity appears to occur in
collaboration with BCL11A. We studied a 10-year-old male patient
with a disruption of the SOX6 gene from a balanced translocation
(karyotype of 46,XY, t(9;11)(q33.1;p15.1)) found in the course of a
genetic workup for craniosynostosis (Figure 1A-B).9 The craniosyn-
ostosis appeared to be attributable to this heterozygous disruption
that likely results in haploinsufficiency, which is supported by the
finding of a SOX6 missense mutation in another patient with
craniosynostosis and evidence for a role of this gene in joint and
cartilage development.9 The patient had release surgery of the
lambdoid and posterior sagittal sutures as an infant and has since
been clinically asymptomatic. Approval for this study was obtained
from the Ethics Review Board of the Medical Faculty at the
University of Cologne. Informed consent was provided according
to the Declaration of Helsinki. We were able to obtain a blood
sample from this patient for hematologic analysis.

A complete blood count was within normal limits and showed
no evidence of anemia or other abnormalities (white blood cells:
5900 cells/mL; red blood cells: 4.53 � 106 cells/mL; Hb: 12.8 g/dL;
Hct: 38.5%; and platelets: 212 000/�L). Loss of SOX6 activity
derepresses human fetal or mouse embryonic globin gene expres-
sion in several experimental systems.6-8 However, capillary electro-
phoresis of the patient’s blood showed no detectable HbF expres-
sion present (0% HbF, 97.8% HbA, 2.2% HbA2) (Figure 1C). We
additionally analyzed the percentage of red blood cells containing a
significant fraction of HbF, using the F-cell assay (Figure 1D). This
revealed that the patient had F cells within the normal range (0.7%
for this patient, with a normal range of 0.4%-4%).

These results suggest that heterozygous SOX6 disruption is
insufficient to impair normal erythropoiesis or silencing of the HbF
genes in vivo. In contrast, lowering the level of SOX6 by �80%
increases HbF expression in cultured human erythroblasts.7 Thus,
repression of �-globin expression may require reduction of
SOX6 expression below a critical threshold that is not attained by
haploinsufficiency. However, of note, the effect of SOX6 on
erythropoiesis appears to be sensitive to the level of expression
present.10 It is also possible that dosage compensation of SOX6 gene
expression occurs from the intact allele in erythroid cells, in
contrast to bone/cartilage cells where heterozygous gene disruption
gives rise to the craniosynostosis phenotype. We could not
differentiate between these possibilities, because we were unable to
get consent to obtain appropriate tissue or cells for expression
studies. Regardless, analysis of this patient shows that in contrast to

other transcription factors, such as KLF1, heterozygous disruption
of SOX6 does not alter erythropoiesis or �-globin gene expression
in vivo. Thus, distinct gene dosage requirements exist for 2 differ-
ent erythroid transcription factors that function in a common
pathway to repress �-globin expression. Our findings have impor-
tant implications for developing therapeutic strategies to target the
KLF1-BCL11A-SOX6 HbF silencing pathway2,4,7 and emphasize
the utility of using rare human mutations to better understand
aspects of globin gene regulation and erythropoiesis.

Vijay G. Sankaran
Children’s Hospital of Boston and Harvard Medical School,

Boston, MA

Jan Menne
Medical School Hannover,

Hannover, Germany

Raoul Heller
Institute of Human Genetics, University of Cologne,

Cologne, Germany

Contribution: All authors performed the research, analyzed the data, and
wrote the final version of the letter.

Conflict-of-interest disclosure: The authors declare no competing financial
interests.

Correspondence: Vijay G. Sankaran, Children’s Hospital of Boston, 300
Longwood Ave, Boston, MA 02115; e-mail: vijay.sankaran@childrens.
harvard.edu.

References
1. Thein SL, Menzel S, Lathrop M, Garner C. Control of fetal hemoglobin: new

insights emerging from genomics and clinical implications. Hum Mol Genet.
2009;18(R2):R216-223.

2. Sankaran VG, Menne TF, Xu J, et al. Human fetal hemoglobin expression is
regulated by the developmental stage-specific repressor BCL11A. Science.
2008;322(5909):1839-1842.

3. Arnaud L, Saison C, Helias V, et al. A dominant mutation in the gene encoding
the erythroid transcription factor KLF1 causes a congenital dyserythropoietic
anemia. Am J Hum Genet. 2010;87(5):721-727.

4. Borg J, Papadopoulos P, Georgitsi M, et al. Haploinsufficiency for the erythroid
transcription factor KLF1 causes hereditary persistence of fetal hemoglobin.
Nat Genet. 2010;42(9):801-805.

5. Phillips JD, Steensma DP, Pulsipher MA, Spangrude GJ, Kushner JP. Congeni-
tal erythropoietic porphyria due to a mutation in GATA1: the first trans-acting
mutation causative for a human porphyria. Blood. 2007;109(6):2618-2621.

6. Dumitriu B, Bhattaram P, Dy P, et al. Sox6 is necessary for efficient erythropoi-
esis in adult mice under physiological and anemia-induced stress conditions.
PLoS ONE. 2010;5(8):e12088.

7. Xu J, Sankaran VG, Ni M, et al. Transcriptional silencing of {gamma}-globin by
BCL11A involves long-range interactions and cooperation with SOX6. Genes
Dev. 2010;24(8):783-798.

8. Yi Z, Cohen-Barak O, Hagiwara N, et al. Sox6 directly silences epsilon globin
expression in definitive erythropoiesis. PLoS Genet. 2006;2(2):e14.

9. Tagariello A, Heller R, Greven A, et al. Balanced translocation in a patient with
craniosynostosis disrupts the SOX6 gene and an evolutionarily conserved non-
transcribed region. J Med Genet. 2006;43(6):534-540.

10. Cantu C, Ierardi R, Alborelli I, et al. Sox6 enhances erythroid differentiation in
human erythroid progenitors. Blood. 2011;117(13):3669-3679.

To the editor:
Investigation of the ABC transporter MRP1 in selected patients with presumed defects in
vitamin B12 absorption

Recently, Beedholm-Ebsen and colleagues reported that the ABCC1
gene is involved in the efflux of cobalamin (Cbl; vitamin B12) from
the enterocytes and other cells to the plasma.1 ABCC1 encodes the

multidrug resistance protein 1 (MRP1), a member of the ATP-
binding cassette (ABC) transporters. MRP1 was shown to export
unbound Cbl across the membrane.2
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