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Summary1

Impaired switching from fetal haemoglobin (HbF) to adult globin gene expression leads to2

hereditary persistence of fetal haemoglobin (HPFH) in adult life. This is of prime interest3

because elevated HbF levels ameliorate b-thalassaemia and sickle cell anaemia. Fetal4

haemoglobin levels are regulated by complex mechanisms involving factors linked or not to5

the b-globin gene locus. To search for factors putatively involved in g-globin gene expression,6

we examined the reticulocyte transcriptome of three siblings who had different HbF levels7

and different degrees of b-thalassaemia severity although they had the same a- and b-globin8

gene cluster genotypes. By mRNA differential display we isolated the cDNA coding for the9

cold shock domain protein A (CSDA), also known as dbpA, previously reported to interact in10

vitro with the g-globin gene promoter. Expression studies performed in K562 and in primary11

erythroid cells showed an inverse relationship between g-globin and CSDA expression levels.12

Functional studies performed by Chromatin Immunoprecipitation and reporter gene assays in13

K562 cells demonstrated that CSDA is able to bind the promoter of the g-globin gene and to14

suppress its expression. Therefore, our study demonstrates that CSDA is a trans-acting15

repressor factor of g-globin gene expression and contributes to modulate the HPFH16

phenotype.17

18

19

Keywords: Cold Shock Domain, dbpA, HPFH, globin gene expression, b-thalassaemia20

intermedia. mRNA differential display.21
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Introduction1

The switch from fetal to adult globin gene expression occurs around birth when fetal globin2

genes are progressively silenced thereby leading to a gradual decline of fetal haemoglobin3

(HbF) (Stamatoyannopoulos & Gronsveld, 2001; Oneal et al, 2006). Impaired haemoglobin4

switching leads to the persistence of the expression of fetal globin genes throughout5

adulthood. This condition is without clinical relevance except when co-inherited with6

haemoglobinopathies. In fact, HPFH has great therapeutic potential because high levels of7

HbF reduce the a/non a globin chain imbalance and thus ameliorate the thalassaemic and8

sickle cell disease phenotypes (Garner et al, 2003; Thein, 2008). Consequently, there is a race9

to clarify the molecular basis of haemoglobin switching and persistence of high HbF levels in10

the hope of identifying new therapeutic tools for thalassaemia and sickle cell disease.11

Together with epigenetic factors such as age and gender (Chang et al, 1995), several12

genetic determinants in cis to the b-globin gene cluster as well as HPFH quantitative trait13

loci (QTL) unlinked to the b-globin gene cluster (6q23, 8p, Xp22.2-23) influence HbF14

levels (Dover et al, 1992; Craig et al, 1996; Garner et al, 2000; Garner et al, 2002;15

Garner et al, 2004). However, little is known about the trans-acting factors mapping on16

such external loci, although experimental evidences indicate that HBS1L and MYB,17

whose genes map on chromosome 6q23, and BCL11A, a zinc-finger protein encoded on18

chromosome 2p15, may modulate HbF production in adult life (Jiang et al, 2006; Menzel19

et al, 2007; Thein et al, 2007; Lettre et al, 2008; Uda et al, 2008, Wahlberg et al, 2009)20

However, the molecular mechanisms by which these factors affect HbF levels are still21

poorly understood, although recent studies in K562 cells suggest that BCL11A binds to22

the promoter region of the g-globin gene to form a repressor complex (Chen et al, 2009)23
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This study was aimed at identifying other factors putatively involved in modulation of g-1

globin gene expression. Our findings provide experimental evidence that CSDA expression2

levels modulate g-globin gene expression in adult life and could lead to innovative gene3

therapy approaches in haemoglobinopathies.4

5

Materials and Methods6

Patients and hematological data7

Thalassaemia intermedia was diagnosed in three adult siblings. The eldest brother (patient I-8

1) underwent splenectomy at the age of 33 years and was on chronic transfusion therapy since9

his thirties. His two sisters (patients I-2 and I-3) received blood transfusions only occasionally10

during their pregnancies. Three other thalassaemic patients were enrolled as control in this11

study (patients C1-C3). Table I lists the haematological and clinical data of all the examined12

patients.13

14

Genetic analysis of a- and b-globin gene clusters15

Screening for a- and b-globin gene mutations and polymorphisms was carried out on DNA16

obtained from peripheral leucocytes by reverse dot-blot, sequencing, Southern blot or MLPA17

(multiplex-ligation-dependent probe amplification, MRC-Holland, Amsterdam,18

Nederland, P140-B2 HBA probemix) analysis as reported elsewhere after local Ethics19

Committee approval and written informed consent were obtained. The b-globin gene cluster20

haplotypes were determined as reported previously (Sutton et al, 1989).21

22
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Genetic analysis of polymorphisms in the BCL11A and MYB/HBS1L regions1

Genotyping of polymorphisms in the BCL11A (SNP rs11886868) (Uda et al, 2008) and2

MYB/HBS1L (SNP rs4895441) (Thein et al, 2007) regions was carried out on genomic3

DNA from peripheral leucocytes by sequence analysis of amplicons generated with the4

following primers: SNP rs11886868 forward 5’-GAACACGTCCACCAGTCTAGA-3’,5

reverse 5’-GTAGCACTGTTCATAGTGGTC-3’; SNP rs4895441 forward 5’-6

GTTGGGATATAGGCCATAGAC-3’, reverse 5’-CACGTTCTTATTGTGGTCTAC-3’.7

8

RNA isolation, differential mRNA display, quantitative real-time RT-PCR and Western blot9

Total RNA was isolated from peripheral reticulocytes according to a recently described10

procedure (Petruzzelli et al, 2009). Differential mRNA display analysis was performed using11

the Delta Differential Display kit (BD Biosciences-Clontech, Palo Alto, CA, USA) according12

to the manufacturer's instructions. Selected bands were cloned in a pGEM T-vector (Promega,13

Madison, WI, USA) and sequenced on a ABI-Prism 3730 automatic sequencer (Applied14

Biosystems, Foster City, CA, USA). Comparative sequence searches were performed using15

the BLAST algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi). cDNA was synthesized using16

an MMLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) from 1 mg of total RNA.17

Quantitative real-time RT-PCR for CSDA and g-globin gene mRNAs was carried out with an18

iCycler instrument (Bio-Rad Laboratories, Hercules, CA, USA) using the SyBR Green master19

mix (Bio-Rad Laboratories) and the manufacturer's protocol. Primers were designed using the20

Primer Express 2.0 program (sequences available on request). All data were normalized using21

endogenous b2-microglobulin mRNA as control (Livak & Schmittgen, 2001; Howe et al,22

2004).23
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CSDA protein levels were evaluated by Western blot with the 4D9 monoclonal antibody1

against CSDA (Sigma-Aldrich, Saint Louis, MO, USA) using a procedure previously2

described (Medugno et al, 2005).3

4

Cell cultures5

K562 cells were grown in RPMI 1640 medium supplemented with 10% fetal calf serum6

(FCS) plus 4 mM glutamine, 10 U/mL penicillin and 10 mg/mL streptomycin at 37°C in a7

humidified 5% CO2-containing atmosphere. Cell cultures were kept sub-confluent and8

transfected for CSDA RNA interference (RNAi) or over-expression analysis.9

10

Isolation and culture of primary erythroid cells11

CD34+ cells were isolated in high purity using MACS magnetic separation system (Miltenyi12

Biotec GmbH, Bergisch, Germany), according to manufacturer’s instructions, from buffy13

coats of healthy blood donors at our local Transfusion Centre, after informed consent had14

been obtained. To induce erythroid differentiation, cells were kept for one week in IMDM15

medium (Mascia Brunelli, Milan, Italy) supplemented with 20% FCS (HyClone, Thermo16

Scientific, Logan, UT, USA) plus 10 ng/ml Stem Cell Factor (Peprotech, Hamburg,17

Germany), 1u/ml erythropoietin (Sigma-Aldrich, St. Louis, MO, USA), 1ng/ml interleukin 318

(Peprotech), 10 U/mL penicillin (BioWhittaker, Basel, Switzerland) and 10 mg/mL19

streptomycin (BioWhittaker) at 37°C in a humidified 5% CO2-containing atmosphere,20

according to procedures previously described (Migliaccio et al, 2002; Ronzoni et al, 2008).  21

Cells were stained with anti CD34 phycoeritrin (PE)-conjugated (Pharmigen/Becton22

Dickinson, San Diego, CA) and anti CD71 fluorescein isothiocyanate (FITC)-conjugated23
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(Pharmigen/Becton Dickinson) for 20 min at room temperature. Then cells were washed and1

analyzed with a flow cytometer (FACScan Becton Dickinson) (Supporting Information,2

Figure 1S).3

4

CSDA RNA interference and over-expression in K562 cell line and in primary erythroid cells5

Transfection of K562 cells was performed with Lipofectamine 2000 (Invitrogen) as6

transfectant agent. The day before transfection, cells were plated into 12- or 6-well plates at a7

density of 2.5x105/ml in Optimem medium (Invitrogen) according to the manufacturer’s8

instructions. Primary erythroid cells were transfected at day 7 of culture with HiPerFect9

Transfection Reagent (Qiagen) according to the manufacturer’s instructions. The day before10

transfection, cells were diluted at a density of 3x105/ml in the culture medium containing11

serum and antibiotics and incubated under normal growth conditions. On the day of12

transfection cells were plated into 24-well plates at a density of 2x105/ml in the culture13

medium. CSDA RNAi was achieved by transiently transfecting cells with double-stranded14

small interfering RNAs (stealth™ siRNAs) from Invitrogen. Two different siRNA oligos15

were used as follows (sense strand shown): siRNA 116

GCCUUACCACGUGGGACAGACCUUU; siRNA 217

ACCUUUGACCGUCGCUCACGGGUCU; an RNAi negative control (High GC,18

Invitrogen), certified by the manufacturer to have no matches with mRNAs sequences in19

GenBank, was used as mock control. Cells were collected 48 h after transfection for total20

protein or RNA isolation procedures, as previously described, in order to perform Western21

blot or real-time RT-PCR analysis (Medugno et al, 2005; Petruzzelli et al, 2009). CSDA22

silencing was verified at the protein level by Western blot with the 4D9 anti-CSDA antibody,23

Page 7 of 39 British Journal of Haematology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

- 8 -

whereas quantitative real-time RT-PCR analyses were carried out to evaluate variations of1

CSDA and g-globin gene mRNA levels, using the procedure described above.2

For over-expression experiments, the full-length cDNA of CSDA spanning exons 1-93

(CSDA isoform a, Genbank accession number: NM_003651.4), was cloned in a p3xFLAG-4

CMV 7.1 plasmid vector (Sigma-Aldrich). K562 cells were transiently transfected with 2 mg5

of expression vector p3xFLAG-CSDA. Cells were collected 48 h after transfection for total6

protein or RNA purification in order to perform Western blot or real-time RT-PCR analysis.7

Western blot analysis was carried out with the anti-FLAG or with the 4D9 anti-CSDA8

antibodies (Sigma-Aldrich) to check exogenous CSDA over-expression, whereas quantitative9

real-time RT-PCR analysis for g-globin gene mRNAs was performed as above described in10

order to evaluate effects on fetal globin gene expression.11

12

Plasmid constructs and reporter gene assays13

The recombinant plasmid -268g-luc containing the firefly luciferase reporter gene was14

obtained by cloning the -268/-1 bp fragment of the proximal Gg-globin gene promoter in a15

pGL4 vector (Promega). The HPFH point mutation Gg-202 C’G as well as a deletion16

mutant of the homopyrimidine tract (del-204/-194) reported as the putative recognition17

site for CSDA were generated by mutagenesis of the wild-type recombinant plasmid -18

268g-luc using the QuikChange Site-Directed Mutagenesis kit (Stratagene, Cedar Creek,19

TX, USA), according to manufacturer’s recommendations. To normalize the luciferase20

assay, 0.1 mg of the pRL-CMV vector (Promega) coding for the Renilla luciferase was21

transiently co-transfected with 0.9 mg of the -268g-luc constructs in K562 cells at the density22

of 1.5x105 cells per well in 24-well dishes. The pGL4 and p3XFlag empty vectors (0.9 mg)23
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were used as negative controls whereas the pCMV-luc (0.9 mg) was the positive control for1

the assay. To evaluate the transcriptional role of CSDA, cells were co-transfected with 0.5, 12

or 2 mg of the expression vector p3xFLAG-CSDA described above. Luciferase activity was3

measured 48 h after transfection with the Dual-Luciferase Reporter Assay System (Promega)4

on a 20/20n luminometer (Turner Biosystems, Sunnyvale, CA, USA), according to the5

protocols of the manufacturers.6

7

Chromatin ImmunoPrecipitation (ChIP) analysis8

Chromatin from K562 cells (12.5x106) was purified and immunoprecipitated with anti-CSDA9

and immunoglobulin G (IgG) antibodies (Sigma) as described previously (Medugno et al,10

2005). Antigen-DNA complexes cross-links were reversed over-night at 65°C after addition11

of RNase (10 ng/ml) in a 100 ml final volume. SDS (0,5% final concentration) and proteinase12

K (0,6 mg/ml final concentration) were then added and the mix was incubated at 50°C for 3h13

followed by phenol-chloroform extraction and EtOH precipitation. DNA pellets were14

resuspended in 30 ml of distilled water. Real-time PCR detection of the proximal Gg-globin15

gene promoter region was performed in a 20 ml reaction mix containing 1X SYBR Green I16

PCR Master mix (Bio-Rad Laboratories), 20 mM of each primer mix (gamma For: 5’-17

ACTACAGGCCTCACTGGAG-3’ and gamma Rev: 5’-TGGAACTGCTGAAGGGTGC-3’),18

1/10 volume of purified DNA and nuclease-free water on an iCycler instrument (Bio-Rad19

Laboratories). The thermal profile consisted of 1 cycle at 95°C for 3 minutes followed by 4020

cycles at 95°C for 15 seconds, 58°C for 30 seconds, 72°C for 20 seconds. As a negative21

control, PCR was done using GAPDH-specific primers (GAPDH For: 5’-22

GGTCGTATTGGGCGCCTGGTCACCA-3’ and GAPDH Rev: 5’-23
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CACACCCATGACGAACATGGGGGC-3’) to show that the anti-CSDA 4D9 antibody did1

not immunoprecipitate nonspecific genomic DNA. Real time PCR data analysis followed the2

methodology previously described (Chakrabarti et al, 2002).3

4

Results5

Genetic analysis of a- and b-globin gene clusters6

We identified three siblings affected by different severity degrees of b-thalassaemia7

intermedia. Characterization of b-thalassaemic defects revealed b+IVSI-6 (T’C) in8

homozygosis in all of them. For both alleles, the mutation was associated to Orkin's haplotype9

VI (Orkin et al, 1982). To search for genetic determinants of different levels of g-globin gene10

expression we first carried out an extensive sequence analysis of putative regulatory regions11

within the b-globin gene cluster potentially involved in these mechanisms. We examined12

sequence variations in binding sites for transcriptional factors or in polymorphic sequences13

within the hypersensitive site-2 (HS-2) of the locus control region (LCR) (Öner et al, 1992)14

and the promoter region of the Gg- and b-globin genes (Berg et al, 1991; Chang et al, 1995;15

Pissard & Beuzard, 1994; Lu & Steinberg 1996; Chan et al, 2007), all of which had been16

reported to be involved in modulation of globin gene expression (Table II). We found the17

same b-globin gene cluster genotype in the three patients and were able to exclude known18

HPFH mutations and hypothetical parental germ line rearrangements within this locus.19

In all the three siblings Southern blot and MLPA analysis excluded deletional forms of20

a-thalassemia as well as triplication o quadruplication within the a-globin gene cluster21

(Supporting information, Table 1S). Non-deletional a-thalassemic mutations were22

excluded by sequence analysis of the genomic regions encompassing the entire a1-and a2-23
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globin genes (data not shown). Therefore, the variability of the clinical phenotype could1

not be associated with a-globin gene imbalance for any of these patients.2

3

Genetic analysis of polymorphisms in the BCL11A and MYB/HBS1L regions4

Analysis of the polymorphisms in the BCL11A and MYB/HBS1L associated with high5

HbF levels revealed the same heterozygous genotype (C/T for SNP rs11886868 and A/G6

for SNP rs4895441) for all the three siblings, thus excluding involvement of these two7

loci in the clinical variability of their b-thalassemic conditions (Supporting information,8

Figure 2S) .9

10

Identification of CSDA as a putative modulator for g-globin gene expression11

Based on the foregoing data, it was conceivable that HbF level variations were mostly12

associated to genetic determinants not linked to the b-globin gene cluster. To explore this13

hypothesis, we analyzed the reticulocyte transcriptome from the three patients using a14

differential mRNA display approach. We found several bands that were differentially15

expressed in the sample from patient I-1, the more severely affected sibling, compared with16

his two sisters (Fig. 1). Selected bands were cloned in a pGEM T-vector and sequenced. A17

complete homology was found between clones originated from two different up-regulated18

bands of patient I-1 and the cDNA sequence corresponding to the Cold Shock Domain Protein19

A (CSDA) also known as DNA-binding protein A (dbpA), reported to act as a repressor factor20

for several genes (Coles et al, 1996; Coles et al, 2002). To confirm the differential display21

results CSDA expression levels were evaluated by real time PCR analysis in the three siblings22

and three other unrelated homozygotes for the IVSI-6 mutation affected by varying degrees of23
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clinical conditions, as controls (Table I, patients C1-C3) (Fig. 2A). Also, protein levels of1

CSDA were found consistent with these findings (Fig. 2B). Interestingly, evaluation of g-2

globin gene mRNA levels revealed an inverse relationship with the CSDA expression levels3

(Fig. 2C) comparable to that found for peripheral blood values of HbF (Fig. 2D).4

5
Effects of CSDA knock-down and over-expression on g-globin gene expression in K562 and6

primary erythroid cells7

In order to examine the role played by CSDA in the regulation of g-globin gene expression we8

first performed transient RNAi in the K562 cell line with two siRNAs specific for CSDA9

mRNA sequences. Cells were collected 48 h after transfection and subjected to total protein10

and RNA extraction procedures. Knock-down of CSDA was verified at protein and mRNA11

levels by Western blot and real-time PCR procedures, respectively (Fig. 3). The effects of12

CSDA silencing on g-globin gene expression were evaluated by quantitative real-time PCR in13

cells treated with specific or mock siRNAs. The expression level of the g-globin gene was on14

average two-fold higher when CSDA mRNA levels were reduced to about 40-50% (Fig. 3A15

and 3B).16

To verify the quantitative effects of CSDA levels on the regulation of g-globin gene17

expression, we over-expressed a recombinant FLAG-tagged full-length CSDA protein (4018

kDa) in K562 cells. CSDA over-expression was evaluated in total protein extracts by Western19

blot with anti-FLAG and anti-CSDA (4M9) antibodies, whereas the effects on g-globin gene20

expression were evaluated by real-time PCR analysis. As shown in Figure 4A and 4B,21

increased CSDA levels resulted in a substantial reduction (around 50%) of g-globin gene22

mRNA levels versus untreated cells.23

Effects of CSDA knock-down and over-expression on g-globin gene expression were also24
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evaluated in primary erythroid cells in which similar results were found (Fig. 3C, 3D, 4C and1

4D).2

3

CSDA interacts with the region at –200 bp of the Gg-globin gene promoter4

To verify that CSDA plays a transcriptional role on the g-globin gene promoter, we performed5

reporter gene assays by transiently transfecting into K562 cells a plasmid construct containing6

the firefly luciferase gene driven by the 268-bp fragment of the Gg-globin gene promoter (nt7

–268/-1) where a putative binding site for CSDA had already been described (Horwitz et al,8

1994). When K562 cells were co-transfected with increasing amounts of a CSDA expression9

vector (p3XFLAG-CSDA), the luciferase activities were decreased in a dose-dependent10

manner (Fig. 5), thus providing further evidence that CSDA acts as a repressor factor of g-11

globin gene expression. We also examined the effects of CSDA expression levels on Gg-12

globin gene promoter constructs bearing the -202 C’G HPFH point mutation as well as13

on a deletion mutant of the homopyrimidine tract (del-204/-194), previously identified as14

a putative binding site of CSDA (Ulrich et al, 1992; Horwitz et al, 1994; Bacolla et al,15

1995). Luciferase activities of these constructs were significantly higher compared to16

those found for the wild-type construct, thus confirming that this region is involved in17

the CSDA repression activity on the g-globin gene promoter (Fig. 5).18

To verify that CSDA is capable of binding to the proximal promoter of the Gg-globin gene we19

performed ChIP analysis on chromatin from K562 cells immunoprecipitated with anti-CSDA20

antibody. Primers specific for the Gg-promoter revealed a strong enrichment compared with21

IgG controls (Fig. 6). These data provide experimental evidence that CSDA interacts in vivo22

with the –200 bp region of the Gg-globin gene.23
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Taken as a whole, our results demonstrate that CSDA suppresses g-globin gene expression at1

least in part at the transcriptional level.2

3

Discussion4

We examined the reticulocyte transcriptome of three siblings who differed in HbF levels and5

in b-thalassaemia severity although they had the same a- and b-globin gene cluster6

genotypes. The aim of the study was to identify factors that modulate the level of g-globin7

gene expression. The two sisters of the family were affected by a milder form of thalassaemia8

intermedia and had higher levels of HbF than their elder brother who was affected by a more9

severe form of the disorder and was transfusion-dependent. Nevertheless, all the three siblings10

were homozygous for the b+IVS I-6 (T’C) mutation and all had a normal set of a-globin11

genes. Therefore, the different severity of thalassaemia intermedia was clearly related to the12

different HbF levels.13

Variability in the severity of the disease has been extensively reported in b+ IVS I-6 (T’C)14

homozygotes, mainly relied on variations in g-globin chain production. Molecular studies also15

indicate that such variations cannot be attributed to regulatory elements within the b-globin16

gene cluster, suggesting a major role for transacting factors able to modulate g-globin gene17

expression (Efremov et al, 1994; Ho et al, 1998). Therefore, this type of b-thalassemia18

condition provides an interesting experimental model to evaluate the effects of genetic19

molecular modifiers of disease severity in b-thalassaemia syndromes.20

In our study, analysis of genetic loci linked to the b-globin gene cluster and putatively21

involved in regulation of globin gene expression showed the same genetic background for all22

the three siblings, and this drew our attention to factors not linked to the b-globin gene cluster.23
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Firstly, we genotyped two polymorphisms mapping in the BCL11A gene region or in the1

region between MYB and HBS1L, respectively, and reported to be associated with2

elevated HbF levels in adulthood. Results showed the same allelic sequence variations in3

the three siblings, thus excluding involvement of these two loci in the clinical variability4

of their b-thalassemic conditions.5

Therefore, in order to search for other potential genetic modifiers, we examined the6

reticulocyte transcriptome of the three patients using a mRNA differential display approach.7

Among bands differentially expressed our attention was focused on those corresponding to8

factors potentially involved in gene expression or in signal transduction mechanisms.9

Particularly, in clones originated from two different up-regulated bands of the more severely10

affected patient (subject I-1) we found homology with the cDNA of CSDA, a cold shock11

domain (CSD) protein.12

CSD proteins have been reported to be involved in transcriptional activation and13

repression, as well as in post-transcriptional mechanisms of gene expression regulation,14

including mRNA packaging, transport, localization and stability (Landsman, 1992; Coles et15

al, 1996; Kudo et al, 1995; Diamond et al, 2001; Kloks et al, 2002; Coles et al, 2002, Coles et16

al, 2004).17

Although a general consensus binding site has not been established for CSD proteins, they18

are generally considered to bind to CT-rich sequences that can generate H-DNA structures.19

(Kloks et al, 2002). HPFH point mutations (Gg-202 C’G or C’T) occurring in a region with20

homopyrimidine tracts reported to be critical for g-globin gene repression are thought to21

abolish the high-affinity binding sites for CSDA by disrupting the formation of the intra-22

molecular triplex and thus the H-DNA structure (Ulrich et al, 1992; Horwitz et al, 1994;23
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Bacolla et al, 1995). It was thus proposed that reduced binding of CSDA in the –200 Gg-1

promoter region could lead to persistent expression of g-globin genes in adult life (Horwitz et2

al, 1994).3

Our differential display results were in agreement with this model but also indicated that4

modulation of CSDA expression levels could contribute to regulate fetal globin gene5

expression. The role of CSDA on g-globin gene regulation was therefore investigated by6

expression studies in human erythroleukemia K562 cells and in primary CD71+ erythroid cells7

and confirmed that CSDA plays a repression role in the transcriptional regulation of g-globin8

gene expression. In fact, in both these cell systems, down- and up-modulation of CSDA levels9

consistently corresponded to variations of g-globin gene expression levels: CSDA knock-10

down induced by RNAi resulted in significantly increased expression of g-globin genes,11

whereas its over-expression was associated with reduced g-globin gene mRNA levels.12

The putative mechanism by which CSDA modulates g-globin gene expression was13

investigated in K562 cells by gene reporter assays on wild-type and mutant constructs of14

the g-globin gene promoter region suspected to bind CSDA, providing experimental15

evidence that CSDA acts as repressor of g-globin gene expression. Furthermore,16

chromatin immunoprecipitation analysis on K562 cells showed that CSDA interacts in17

vivo with this promoter region. In this way we were able to demonstrate that CSDA18

modulates g-globin gene expression at least in part at the transcriptional level.19

The results of CSDA knockdown both in K562 and in primary erythroid cells drive20

attention on CSDA as a potential molecular target for treatment of haemoglobinopathies21

because it is conceivable that this treatment could induce persistence expression of HbF in22

adult life. However, experiments of stable interference of CSDA expression are required to23
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explore the feasibility of such approach and to evaluate the long-term effects of this treatment1

in an erythroid environment.2

Taken altogether our results indicate that CSDA contributes to regulation of fetal globin3

gene expression and sheds further light on the complex molecular mechanisms involved in4

globin gene switching. In fact, CSDA dose-dependent effects on g-globin gene expression5

suggest that other factors associated with HPFH could indirectly affect HbF production6

through modulation of CSDA expression levels.7

Our data from the differential mRNA display analysis also shed light on other factors8

potentially involved in modulation of HbF levels. In fact, among bands differentially9

displayed, we identified the cDNA for a GDP-dissociation inhibitor (GDI) for Rho GTP-10

binding proteins, a class of proteins that play a primary role in modulating the activity of11

GTPases (Etienne-Manneville & Hall, 2002; DerMardirossian & Bokoch, 2005; Heasman &12

Ridley 2008). Expression levels for this factor resulted to be increased in the more severely13

affected patient (subject I-1) respect to his two sisters (data not shown). Although preliminary,14

these data appear quite intriguing, particularly at the light of recent reports indicating that15

HBS1L, a putative member of the GTPases superfamily, could contribute to modulate HbF16

levels in adults (Thein et al, 2007; Lettre et al, 2008; Wahlberg et al, 2009).17

In conclusion, our study helps to elucidate the complex network of factors regulating18

globin gene expression and could eventually pave the way to promising novel RNA-19

interference-based therapeutics for haemoglobinopathies.20

21

22

23
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Figure Titles and Legends1

2

Figure 1: Identification of transcripts differently expressed in peripheral3

reticulocytes isolated from the examined patients. Silver stained differential mRNA4

display electropherogram and family tree. The arrows indicate bands differently5

expressed among the three patients. The asterisk indicates the two bands from which6

clones corresponding to the cDNA of CSDA were originated.7

8

Figure 2: Correlation between CSDA mRNA levels and fetal globin gene expression.9

(A) Quantitative real-time PCR of CSDA mRNA levels isolated from peripheral10

reticulocytes; (B) Western blot analysis with anti-CSDA or anti-a-actin antibodies on11

protein extracts isolated from peripheral reticulocytes; (C) Quantitative real-time PCR of12

g-globin gene mRNA levels isolated from peripheral reticulocytes; (D) HbF values13

detected in the peripheral blood. Quantitative real-time PCR data are represented as mean14

m standard error of the mean (SEM).15

16

Figure 3: Knock-down of CSDA in K562 and in primary erythroid cells and17

evaluation of the corresponding variations of g-globin mRNA levels. (A) Quantitative18

real-time PCR analysis of CSDA and g-globin gene mRNA levels in K562 cells19

transfected with CSDA siRNA 1, CSDA siRNA 2 or a siRNA negative control (mock);20

(B) Western blot analysis with anti-CSDA or anti-tubulin antibodies on protein extracts21

from transfected K562 cells; (C) Quantitative real-time PCR analysis of CSDA and g-22

globin gene mRNA levels in primary erythroid cells transfected with CSDA siRNA 1 or a23
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siRNA negative control (mock); (D) Western blot analysis with anti-CSDA or anti-a-1

actin antibodies on protein extracts from transfected primary erythroid cell. Data are2

expressed as mean m SEM.3

4

Figure 4: CSDA over-expression in K562 and in primary erythroid cells and5

evaluation of the corresponding variations of g-globin mRNA levels. (A) Quantitative6

real-time PCR analysis of g-globin gene mRNA levels in K562 cells transfected with a7

3xFLAG-CSDA expression plasmid vector (p3xFLAG-CSDA) or with a 3xFLAG empty8

plasmid vector (p3xFLAG) used as negative control; (B) Western blot analysis with anti-9

FLAG, anti-CSDA or anti-a-actin antibodies on protein extracts from transfected K56210

cells; (C) Quantitative real-time PCR analysis of g-globin gene mRNA levels in primary11

erythroid cells transfected with a 3xFLAG-CSDA expression plasmid vector (p3xFLAG-12

CSDA) or with a 3xFLAG empty plasmid vector (p3xFLAG) used as negative control;13

(D) Western blot analysis with anti-FLAG, anti-CSDA or anti-a-actin antibodies on14

protein extracts from transfected primary erythroid cells. Data are represented as mean m15

SEM.16

17

Figure 5: CSDA suppresses transcriptional activity of the g-globin gene in K562 cells.18

(A) Schematic representation of the reporter plasmid constructs in which position of19

the homopyrimidine tract (pyr) is indicated with a white rectangle: –268g-luc  (wild-20

type g-globin gene promoter), -202 C’G g-luc (asterisk indicates position of the -20221

C’G HPFH mutation), del-204/194 g-luc (which lacks the entire homopyrimidine22

tract); (B) Relative luciferase activities measured 48 h after cotransfection in K56223
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cells of reporter plasmid constructs with a p3XFlag-empty vector (lane 1) and with1

increasing amounts (0.5, 1 or 2 mg) of the expression vector p3XFlag-CSDA (lanes 2-2

4). pCMV-Luc and pGL4 were used as positive and negative controls, respectively;3

pRL-CMV plasmid was used to normalize the results. All luciferase results are4

reported as relative light units (RLU). Data are represented as mean m SEM.5

6

Figure 6: CSDA interacts with the proximal promoter region of g-globin gene in7

K562 cells. (A) Schematic representation of the b-globin gene locus and of the g-globin8

gene promoter fragment examined in this study; (B) 1.5% ethidium bromide-stained9

agarose gel-elecrophoresis of g-globin gene promoter and GAPDH amplicons,10

respectively, from K562 DNA immunoprecipitated with anti-CSDA or IgG antibodies;11

(C) Quantitative real-time PCR of the immunoprecipitated samples compared to12

normalized IgG control values. Data are represented as mean m SEM.13
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Figure 2
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Table I: Clinical, hematological data at diagnosis and β-globin gene genotypes of the patients examined in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Patient Gender Age 

(yr) 
ββββ-

thalassemia 

genotype 

Transfusion 

therapy 

Chelation 

therapy 

Hb 

(g/dL) 

HbF 

(%) 

Hb A2 

(%) 

Splenectomy/ 

Cholecystectomy 
ββββ-thalassemia 

phenotype 

I-1 M 58 IVSI-6/IVSI-6 Occasionally 

transfused until 

his thirties, 

transfusion 

dependent for the 

last 20 years 

Yes 6.5 6.0 5.9 yes/yes severe intermedia 

I-2 F 40 IVSI-6/IVSI-6 Occasionally No 8.9 27.6 6.0 no/no intermedia 

I-3 F 38 IVSI-6/IVSI-6 Occasionally No 8.6 14.5 6.8 no/yes intermedia 

 

 

          

C1 M 40 IVSI-6/IVSI-6 Transfusion-

dependent since 

his childhood 

Yes 6.2 2.9 7.2 yes/yes severe intermedia 

C2 M 42 IVSI-6/IVSI-6 Occasionally No 8.1 13.2 6.2 no/no intermedia 

C3 M 37 IVSI-6/IVSI-6 Occasionally No 8.5 12.8 6.3 no/no intermedia 
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Table II: αααα- and ββββ-globin gene cluster genotypes in the three siblings affected by thalassemia intermedia. For each examined 

putative regulatory transcription site within the β-globin gene cluster, the nucleotide position, the consensus sequences or the 

polymorphic variants and the corresponding patient genotypes are reported (the described polymorphic nucleotides are underlined). The 

N or N’ sequences at position –10623/-10570 of HS2 are as reported elsewhere (Lu &Steinberg, 1996).  

 

 

 

 

 

 

 HS2 5’-Gγγγγ 5’-ββββ 

Patient αααα-globin 
gene 

genotype 

ββββ-globin gene 
genotype 

-10924 
CCTGT   

E 

-1090 
CCACC  

Sp1 

-10623/-10570 
(AT) xN(AT) y 

Hox2H 

-1280           
TGATAG  
GATA1  

-1225 
TGACGTC A 

CRE 

-202 
C/T/G 

-158 C/T 
(Xmn) 

-551 
C/T 

-530    
(AT) x(T)y     

BP1 

-521 
C/T 

I-1 αα/αα IVS16/IVS6 T/T A/G (AT)8N(AT)13/ 
(AT)8N’(AT) 1

3 

G/G G/G C/C C/C 
(-/-) 

T/T (AT)6(T)8/ 
(AT)6(T)8 

C/C 

I-2 αα/αα IVS16/IVS6 T/T A/G (AT)8N(AT)13/ 
(AT)8N’(AT) 1

3 

G/G G/G C/C C/C 
(-/-) 

TT (AT)6(T)8/ 
(AT)6(T)8 

C/C 

I-3 αα/αα IVS16/IVS6 T/T A/G (AT)8N(AT)13/ 
(AT)8N’(AT) 1

3 

G/G G/G C/C C/C 
(-/-) 

T/T (AT)6(T)8/ 
(AT)6(T)8 

C/C 
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Figure 1S: Flow cytometric histograms of CD34 and CD71 staining. (A)
Staining with control IgG. (B) Staining with anti CD34 after cell purification
with magnetic beads  (CD34= 92%). (C) Double-staining with anti CD34 and
CD71 for control of erythroblastic differentiation at day 7 of culture (CD
71+/CD34+ =17%; CD 71+/CD34- =55%; total CD71 = 72%). Details on
isolation, culture and flow cytometric analysis of erythroid cells are reported in
the Materials and Methods Section.
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A I-1 I-2 I-3

SNP
rs11886868 (C’T)

B I-1 I-2 I-3

SNP
rs4895441(A’G)

Figure 2S: Sequencing analysis of rs11886868 (C’T) and rs4895441(A’G) SNPs reported to be associated
with HPFH. Results show that the three siblings (patients I-1, I-2 and I-3) share the same heterozygous
genotypes at both these polymorphic loci.

C/T C/T C/T

A/G A/G A/G
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Table 1S: Results of Multiplex Ligation-dependent Probe Amplification (MLPA) analysis of the a-
globin gene cluster which excluded in the three siblings ( patients I-1, I-2 and I-3) the presence of large
deletions and duplications or other rearrangments within the cluster.

I-1                       I-2                       I-3

Page 39 of 39 British Journal of Haematology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


