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General Discussion

The study of blood group systems and subsequent discoveries regarding antigen expression are im-
portant for blood transfusions and transplantation medicine. Compatible donor blood is crucial for 
safe blood transfusion of immunised patients. Most often donor and patient blood group status is 
determined by serological (antibody-based agglutination) screening. However, this does not always 
result in correct typing. When serological typing is done using patient-derived sera containing a 
specific blood group antibody, which are variable in quality, detection of very weak antigen expression 
can be missed. Moreover, availability of these human sera is limited. Genetic typing for blood group 
alleles can bypass the problems encountered with serological tests and aid optimal matched donations.1 
DNA-based typing, however, requires a technological change for routine RBC typing to eventually 
overcome the limitations of serologic testing. Importantly, phenotype-genotype differences may exist 
for instance due to epitope differences that are not recognized by the serological reagents or through 
unknown genetic variation.

Serological typing for the Vel blood group has for a long time been solely dependent on different 
donor-derived sera, and currently most blood banks are still using sera. In addition, level of Vel expres-
sion varies greatly among individuals, complicating Vel typing. The discovery of SMIM1 as the gene 
underlying the Vel blood group has made genotyping for Vel expression possible. The molecular basis 
of the Vel-negative phenotype was identified as a 17bp deletion in the coding region of the SMIM1 
gene, SMIM1 c.64_80del deletion.2-4 However, also a string of different (non)coding polymorphisms 
that result in variable Vel expression have been discovered and are continuously being discovered.5,6

The research presented in this thesis focuses on the role of SMIM1 during erythropoiesis in order 
to start to explain the regulation of SMIM1 and Vel antigen expression during erythropoiesis and in 
erythrocytes. We have generated a monoclonal antibody that discriminates Vel-positive, including very 
weak Vel from Vel-negative RBCs to benefit Vel-negative patient typing and donor screening. Using 
several anti-Vel reagents, single nucleotide polymorphisms in SMIM1 that result in very weak Vel 
expression as well as specific mutants affecting post-translational modifications were studied during 
erythropoiesis.

Vel blood group typing

The classical method for testing for the blood group status of donors and patients is by serological 
testing. These tests focus primarily on the main antigen systems ABO, Rh, and Kell due to their 
potential to cause acute haemolytic transfusion reactions. Therefore the National Screening Laboratory 
in the Netherlands tests full blood donation for ABO, the complete Rh blood group system, and for 
the K-antigen.7 Active full blood donors with phenotype A or O are also typed for more antigens 
such as Kpa, Fya/b, Jka/b, MNSs, Lea/b, Lua, Wra, Cob,8 by use of either commercially available or 
in-house-generated antibodies, encompassing antigens with clinical relevance. All patients are in the 
Netherlands, prior to their first transfusions, routinely typed (twice) for ABO and RhD by serology.9 
In addition to blood group typing of patients, in the Netherlands all patients are screened within 72 
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hours before each red cell transfusion for the presence of alloantibodies.10 In this screen, the patient’s 
serum is tested against a commercially available 3-cell RBC panel by antibody-based agglutination. If 
the screening test is positive, extended RBC panels of donor RBCs of known phenotype are subse-
quently used to determine the antibody specificity in the patient’ serum. Typing of donor or patient 
for other clinically significant antigens, such as the Kidd and Duffy system with known potential 
for delayed transfusion reactions, is only performed when clinically relevant. For example when 
phenotype-matched products are needed for special patient populations such as sickle cell disease or 
myelodysplasia patients, or antigen-negative products for patients positive for alloantibodies. However, 
when a patient’s alloantibody is directed to a high frequency antigen (HFA), the identification of the 
cognate HFA can be difficult. Patient RBCs can subsequently be tested for each HFA separately by 
serological screening with often limited available patient-derived sera or the reactivity of the patient’s 
serum can be tested on scarcely available HFA-negative RBCs. If clinically relevant anti-HFA, such 
as anti-Vel, are identified, phenotype-matched donor RBCs can subsequently be used for transfusion. 
When donor RBCs with the correct phenotype are not readily available, frozen products (worldwide) 
are addressed to find a match. However, when matched donor RBCs are not available, for alloimmun-
ised sickle cell patients with multiple antibodies for example, extra antigen typing needs to be done on 
donors to obtain the specific matching RBCs, which might be cumbersome for patients carrying Rh 
variant genes or rare antigens of the MNS systems. This can be time consuming and labour intensive. 
Correctly typing of both donor and patient is important for minimising immunisation in general 
and specifically of chronically transfused patients. Missing a null-allele in RBC screening might not 
be of importance for blood donor typing, but could be potentially life-threatening for the patient. In 
addition, mistyping a (very) weak antigen as negative in a donor, could also possibly lead to transfusion 
reactions in a patient. In addition, antibody-based agglutination performed with limited available 
patient-derived sera, which are inherently not of constant quality, can result in incorrect or incomplete 
typing. The use of monoclonal antibodies can, on the other hand, enhance the accuracy of blood group 
typing for donor and patient as well as the screening efficiency for other antigens by serology tests. In 
addition, serological high-throughput screening (HTS) for donors enhances the efficiency of antigen 
testing. Testing for high incidence antigens, such as the Vel antigen, in a serological HTS assay requires 
a sensitive and widely available antibody. The generation of recombinant anti-Vel monoclonal IgM 
antibody M3F5S, described in chapter 2, has significantly improved the screening for Vel-negative 
donors, which has led to the identification of three new Vel-negative donors within 3 months. These 
donors are crucial to ensure matched blood transfusion for patients with anti-Vel alloantibodies. The 
prevalence for Vel-negativity is low, only 1:4000.3,5 Thus, as a high frequency antigen, there is no 
priority for preventive screening for this antigen in patients. However, haemolytic reactivity has been a 
hallmark of anti-Vel, as severe haemolytic transfusion reactions have been described for Vel immunised 
patients.11-13 In addition, anti-Vel antibodies have the potential to bind and activate complement, 
causing intravascular red cell lysis by induction of membrane-attack complexes. In fact, the generated 
anti-Vel IgM showed in chapter 2 to be able to activate complement. The fact that the generated 
monoclonal anti-Vel antibody (chapter 2) is an IgM, enabled HTS in a fully automated blood group 
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analyser at the National Screening Laboratory in the Netherlands. In contrast, human anti-Vel sera, 
which contain mainly IgG antibodies, as well as the generated monoclonal antibody IgG SpG213Dc14 
need an additional secondary antibody step to induce agglutination, making IgGs less suitable for 
this HTS analyser. Importantly, M3F5S showed to better detect Vel weak expressing donors, such as 
VEL*01 W.01 and the newly described coding SNP c.161T>C, p.Leu54Pro (VEL*01 W.03) in chap-

ter 3, by agglutination then polyclonal MB46, as MB46 classified these donor RBCs as Vel-negative 
(chapter 2). Putative Vel-negative donors however, still need to be genotyped for SMIM1, since (non)
coding single nucleotide polymorphisms (SNPs) in SMIM1 influencing Vel expression may result in 
very weak Vel expression, for example VEL*01 W.02.2,5

Genotyping

Genotyping assays that can simultaneously type for all clinically relevant RBC antigens could en-
hance screening and overcome the problems encountered by (incorrect) phenotyping, as DNA-based 
genotyping is better suited for detection of variant antigens caused by (non)coding SNPs resulting in 
weak antigen expression. Genotyping could be used to simplify the provision of compatible blood 
for (sensitized) patients. Nonetheless, to fully incorporate a genotyping assay and replace serological 
phenotyping, the test needs to be combined with software for automated data interpretation and 
formatting to ensure immediate use by blood supply organizations. When interpreting the data, it 
needs to be taken into account that genomic typing results are a prediction of the phenotype of the 
blood group systems on the RBC. There is a (small) chance for false-positive predictions, which will 
probably decrease when genomic testing as well as the analysing algorithms becomes more advanced. 
However, genetic mutations that are (yet) unknown for a specific blood group can be missed when 
genotyping and if this mutation results in a null-allele, patients can be incorrectly typed as positive. In 
addition, unknown mutations that affect annealing of primers can also lead to false-negatives. Further-
more, genotype-based prediction of a phenotype for antigens that have an indirect relation between 
phenotype and genotype may not be easy, for example with genes encoding enzymes (transferases) 
involved in the modification of carbohydrate chains (ABO, H, I, GLOB or P).15,16 These modifications 
for the prediction of the phenotype need to be considered when attempting to completely replace 
serology by molecular methods.

Recently, an affordable genotyping assay, assessing thousands of blood donors, has been shown to 
demonstrated 99.91% concordance with phenotypically acquired results.7 When incorporating these 
kinds of genotyping arrays for all blood donors and patients, typing for all antigens, including the 
Vel blood group, becomes more feasible. With a comprehensively genotyped donor profile inven-
tory, a compatible match can be selected. However, universal donor typing platforms with appended 
algorithms for automated interpretation of results are not yet integrated into blood supply centres, for 
donor typing, or hospitals, for patient typing, keeping serological screening of patient and donor as the 
golden standard. At the moment, more than 95% of all alloimmunisations observed in patients after 
receiving a blood transfusion, were caused by 15 antigens, such as the high to moderate immunogenic 
antigens C, c, E, K, and Jka,17 stressing the need for genotyping of donors to ensure higher matching 
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donor blood for patients. Taking into consideration that genotyping will become the golden standard 
in the future, the generated anti-Vel IgM monoclonal antibody, will mainly be needed for typing of a 
patient with an alloantibody directed against a high frequency antigen. With the M3F5S IgM it can 
be quickly determined if the patient is Vel-negative and thus potentially immunised for the Vel blood 
group. While many high frequency antigen directed antibodies do not result in any complication 
with a blood transfusion, anti-Vel antibodies, as mentioned before, can become life-threatening for a 
patient. This emphasizes the need for excluding the possibility that a high frequency antigen antibody 
is directed towards Vel.

Genetic mutations in SMIM1

It is known that variable Vel expression can be caused by SMIM1 regulation through rs1175550, where 
the minor G allele is associated with higher SMIM1 transcript levels compared to the major A allele,18 
which was shown in a large cohort genotyped for rs1175550 and c.64_80del.5 Over 60% of SMIM1 
transcript level variation can be explained by rs1175550.2 In addition, SNP rs143702418, located only 
96 bp upstream of rs1175550, is also correlated with SMIM1 transcript and Vel antigen expression, 
with a trinucleotide insertion C > CGCA.6 With the two SNPs showing near perfect linkage disequi-
librium in Caucasians, rs1175550G/rs143702418CGCA and rs1175550A/rs143702418C genotypes 
linked, this linkage was not observed in African Americans.6 In this African American population it 
could be shown that SNP rs143702418 has a small but independent effect on SMIM1 and Vel expres-
sion.6 The region around SNP rs1175550 and rs143702418 is a regulatory region in erythroblasts, as 
shown by formaldehyde-assisted investigation of regulatory elements and sequencing (FAIRE-seq). 
Indeed it has been shown that several transcription factors that are expressed in erythroblasts are 
capable of binding to this region,2,6 such as GATA-1 or TAL1. SNP rs1175550A represents the A 
in the GATT-motif in SMIM1. Gfi-1B, a transcription repressor, has a binding motif of AATC, the 
reverse-complement of GATT. It could be postulated that SMIM1 transcription is repressed when Gfi-
1B is bound to complement-reverse of rs1175550A, as GATA-1 was shown to not directly bind GATT 
in SMIM1 in K562 cell line,6 leading to lower SMIM1 transcription in the rs1175550A genotype. The 
rs1175550 A>G change possibly disrupts the Gfi-1B binding site and inhibits its repressor function for 
transcription of SMIM1. TAL1, an erythroid differentiation factor, is suggested as a potential mediator 
as the change of rs1175550 A>G favours TAL1 binding,6 increasing SMIM1 transcription and thus 
Vel expression for the rs1175550G genotype. However, electrophoretic mobility shift assays in nuclear 
protein extracts from K562 cells showed increased binding of nuclear proteins to the A allele compared 
to the G allele. This would suggest that repressive factors reduce the level of SMIM1 transcription.2 In 
addition, the TAL1-like binding site CAGCCT, 3 bp upstream of rs1175550, is shown to be a preferred 
motif (degenerate from the canonical CAGNTG motif ) for TAL1 in erythroid cells,19 instead of the 
GATA-1/TAL1 (CTG(n8)GATT) motif. It could be postulated that binding of Gfi-1B to rs1175550A 
represses SMIM1 expression, while for the G allele increased SMIM1 expression is acquired as the 
repressor function of Gfi-1B is decreased and the potential binding of TAL1 is increased.
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Evidently, there is an effect of these SNPs in the regulatory regions of SMIM1 affecting Vel expres-
sion. However, not all variations in Vel expression levels can be explained by these two noncoding 
SNPs in SMIM1. Two known SNPs in the coding region of SMIM1 have led to missense mutations 
in SMIM1 resulting in very low Vel expression; VEL*01 W.01 (c.152T>A, p.Met51Lys) and VEL*01 
W.02 (c.152T>G, p.Met51Arg).5 In addition, genotyping of phenotypically Vel-weak donors has 
led to the discovery of yet another novel missense mutation in SMIM1, VEL*01 W.03 (c.161T>C, 
p.Leu54Pro), resulting in very weak Vel expression as is described in chapter 3. Nonetheless, the 
known SNPs, in coding or noncoding regions of SMIM1, or the 17 bp c.64_80del deletion do not 
always elucidate the very weak Vel expression. The prevalence of heterozygous c.64_80del is 1:60.5 In 
the serologic HTS of chapter 2 the prevalence of heterozygous c.64_80del would lead to an estimate 
of 200 heterozygote donors among the 13,000 blood donations screened. This heterozygous deletion 
in combination with rs1175550AA (major A allele frequency of 77% in UK10K cohort20) would result 
in an estimation of 150 donors with heterozygous c.64_80 in combination with rs1175550AA. These 
donors would show weak Vel expression5 and would be identified as such by their Vel expression values 
in the HTS screening. Even so, in chapter 2, serological HTS screening using the newly developed 
monoclonal antibody, detected only 7 donors as Vel very weak, having Vel expression values between 
the Vel-positive and Vel-negative threshold. Of which one donor expressed Vel very weak with values 
in the blood group analyser that were close to the Vel-negative threshold, that could not be explained. 
Agglutination tests done with anti-Vel serum on this divergent HTS donor, suggested this donor to be 
even Vel-negative. Genotyping of this particular donor revealed no c.64_80del deletion nor were mis-
sense mutations detected. This indicates that all heterozygote c.64_80del donors with rs1175550AA 
show Vel expression levels that can still be detected, albeit in some cases very weak and that the donors 
detected by the serological HTS in chapter 2 apparently show lower Vel expression than the other 
donors with this genotype. Current typing of donors with the M3F5S-IgM monoclonal antibody 
by the National Screening Laboratory in the Netherlands has resulted in less putative Vel-negative 
donors then typing with polyclonal sera. This shows that the monoclonal anti-Vel IgM can better 
discriminate between Vel-negative and very weak Vel expressing donors than most polyclonal sera 
(unpublished data). However, similar divergent donors (n=6) have been previously described whom 
displayed weak Vel expression.5 However, Vel expression levels of these (genotypically normal) donors, 
as measured by anti-Vel serum by both agglutination and flow cytometry, were comparable to donors 
heterozygous for the c.64_80del deletion and presence of the major allele of SNP rs1175550 (AA). 
Thus, there seem to be donors with much lower Vel expression than is observed on RBCs of donors 
with the same genotype.5 This indicates that besides having heterozygous c.64_80del deletion and/or 
specific SNPs known to influence SMIM1 expression, other unknown, non-genetic, factors may also 
modulate Vel expression levels.5 However, this does not necessarily mean that the same variants or 
detrimental mutations in either transcription factors or genes are at the basis of the unexplainable very 
weak Vel expressing donors. The discovered mutations were in healthy individuals, arguing that there 
would be no detrimental mutation(s) in common genes or transcription factors, however, without 
whole genome sequencing it cannot be ruled out completely. Therefore, it could be postulated that 
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the unexplained very weak Vel expression may be caused by different (heterozygous) mutations in 
(several) transcription factors or in (combination with) mutations in other confounding erythroid 
genes. As SMIM1 has been found to attach to the cytoskeleton (chapter 4), it could be postulated 
that mutations in proteins that interact with cytoskeletal adaptor proteins or associate with other 
membrane proteins influence expression of SMIM1. Such protein-protein dependencies have been 
demonstrated before, e.g. CD47 is dependent on RhAG and RhCE, Xk is dependent on KEL, and 
RhD/CE are dependent on RhAG.21 In addition, the importance of cytoskeletal connectivity for 
retention in reticulocytes during enucleation has been demonstrated before.22 Mutations in cytoskel-
etal adapter proteins can thus influence retention of proteins in the membrane, as is shown in mice 
for protein 4.1 deficient erythroblast in which GPC is misdirected to the pyrenocyte.23 However, 
mutations in band 3, ankyrin or protein 4.1 have shown to cause serious erythrocyte diseases such as 
hereditary spherocytosis and elliptocytosis. No significant phenotype has been observed for Vel-weak 
expressing individuals, suggesting no direct effect on cytoskeletal connectivity. Nonetheless, it can 
be hypothesized that expression of the Vel antigen may also be (indirectly) dependent on binding to 
specific cytoskeletal adaptor proteins. Mutations in these adaptor proteins would probably not affect 
a membrane complex but could influence SMIM1 membrane incorporation. Therefore, investigat-
ing whether Vel very weak expressing individuals harbour specific mutations in cytoskeletal adaptor 
proteins might demonstrate what possibly underlies this Vel expression. Furthermore, two Lutheran 
phenotypes with modified expression of Lutheran antigens, known as In(Lu) and X-linked form of 
Lu(a-b-), have been shown to have different genetic backgrounds.24,25 The null phenotype is due to 
homozygosity for recessive alleles at the Lutheran locus.26,27 It has been shown that several heterozygous 
mutations in KLF1, a transcription factor that regulates most aspects of erythroid differentiation and 
is involved in chromatin remodelling and erythroid lineage determination, underlie the genetic basis 
for the In(Lu) phenotype.24 In contrast, the X-linked Lu(a-b-) phenotype is shown to be caused by a 
mutation in GATA1, where sequencing revealed a hemizygous mutation in the termination codon.25 
GATA1 is a transcription factor required for the development of several haematopoietic lineages and 
is critical for normal erythropoiesis.28 The mutations in KLF1 and GATA1 that are linked to affect 
RBC phenotype are examples of the influence of (heterozygote) mutations in transcription factors for 
the expression of antigens. Possibly, the (very) weak Vel donors display mutations in erythroid tran-
scription factors, for which SMIM1 is an important target gene, deregulating SMIM1 transcription. 
Because it has been shown that the expression of other membrane proteins is similar in Vel-positive 
and Vel-negative RBCs,5 investigating the possible difference in membrane protein expression between 
Vel-positive and Vel (very) weak expressing RBCs might give an insight in potential pathways involved 
in the expression of Vel.
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SMIM1 phosphorylation

Mass spectrometry analysis on SMIM1 precipitated from erythrocytes identified four phosphorylated 
serine residues (Ser6, Ser17, Ser22 and Ser27: S4) on the intracellular N-terminal region.29 SMIM1 
was shown to be readily phosphorylated in E1A-transformed 293 cells, indicating that kinases able 
to phosphorylate SMIM1 are present in 293 cells (chapter 4 and 5).29 Nonetheless, there was no 
difference observed in membrane localization between wtSMIM1 and SMIM1 with the four serine 
sites mutated to alanines (mimicking non phosphorylated SMIM1: S4A; chapter 5).29 In addition, 
in chapter 5 the effect of mimicking constitutive phosphorylation of SMIM1 (the four serine sites 
mutated to glutamic acid; S4E) in HEK293T cells was examined and showed to be able to express 
the Vel antigen similar to SMIM1 S4A and wtSMIM1, suggesting Vel antigen expression to be in-
dependent of this phosphorylation. The band pattern of SMIM1 on immunoblot showed a clear 
migratory difference between SMIM1 S4A, SMIM1 S4E and wtSMIM1, enabling discrimination 
of the wtSMIM1 band pattern. Transfection of wtSMIM1 in chapter 5 showed non phosphorylated 
SMIM1 as the predominant band, both in HEK293T and erythroid cells as this band showed the 
same migratory properties as the SMIM1 S4A condition. In addition, differentiating Vel-positive and 
SMIM1 missense mutants erythroblasts (chapter 4 and 5) showed non phosphorylated SMIM1 as 
the predominant band, although phosphorylated SMIM1 did seem to increase during differentiation, 
particularly for Vel-positive erythroblasts.

This contrasted somewhat to RBCs which showed the presumed phosphorylated band of SMIM1 
as the predominant band (chapter 4). In addition, Arnaud et al. showed phosphorylated SMIM1 as 
the predominant band in 293 cells after wtSMIM1 transfection.29 These differences may result from 
the absence or presence of specific serine/threonine phosphatase inhibitors added to the lysis buffers. 
Indeed, Arnaud et al. used a known potent inhibitor of serine/threonine phosphatases Na4P2O7, 
which was absent in the lysis buffers used in chapters 4 and 5. The data suggest that specific phospha-
tases expressed in erythrocytes, 293 cells and erythroblasts can potentially dephosphorylate SMIM1 
introducing a novel regulatory process with unknown function and dynamics. Of note, treatment 
of Vel-positive RBC with kinase inhibitors specifically directed to calcium dependent PKCs, PKA, 
or SRC-kinases did not affect SMIM1 band patterns, indicating that these kinases are probably not 
involved in phosphorylation of SMIM1 (unpublished data).

When the three different SMIM1 missense mutants M51K, M51R, and L54P were transiently 
co-expressed with wtSMIM1 in HEK293T cells, total SMIM1 levels remained similar to wtSMIM1. 
However, the supposed phosphorylation status between M51R+wtSMIM1 and L54P+wtSMIM1 
was not similar, where M51R migrated slower compared to the wtSMIM1 and L54P migrated faster 
(chapter 4), possibly suggesting differences in protein folding caused by the mutations. However, 
the phosphorylation difference of HEK293T cells in comparison to RBCs indicates that SMIM1 
overexpression in HEK293T cells does not correctly recapitulate the situation observed in RBCs. 
As stated in chapter 4, heterologous overexpression of membrane proteins in non-erythroid cells 
could overload quality control mechanisms and result in low levels of functional protein and large 
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quantities of misfolded protein. Potentially this might have influenced the outcome of the assay on 
the dominant effect of the missense mutations of SMIM1 on wtSMIM1 in HEK293T cells (chapter 

4), in which the putative dominant effect observed in RBCs is not mimicked. In addition, SMIM1 
routing might be suboptimal in non-erythroid cells, which also could have affected the results of the 
human erythroid K562 cell line or the HEK293T cell line experiments.4,29 Nonetheless, the role and 
expression of SMIM1 is best studied in human adult erythropoiesis from primary erythroid cells, as 
this recapitulates the in vivo process most accurately.

SMIM1 is present in monomeric and dimeric state on immunoblot in RBCs, K562, E1A-transformed 
293 cells, and HEK293T cells.3,4,29-31 Ballif et used a Vel eluate to detect SMIM1 on immunoblot under 
nonreducing conditions, 32kDa, and under reducing conditions,18kDa  (predicted to be 8.7kDa).4 In 
contrast, using another antibody (anti-SMIM1 (N-terminal)) Storry et al. detected SMIM1 at ~20 and 
~10kDa, while we detected SMIM1 at 22kDa and 12kDa (chapter 4).3 The band detected at 32kDa 
in the native condition possibly reflects multimeric SMIM1, whereas the ~20 kDa band most likely 
is dimeric SMIM1 and the ~12kDa band monomeric SMIM1. Differences in apparent SDS-PAGE 
migration, albeit relatively small, may be caused by the use of different concentrations of the reducing 
agent ß-mercapto-ethanol in the lysis buffers (Storry et al. used 5x higher concentration) or result 
from other experimental differences. Immunoblots performed in chapter 4 during differentiation were 
under reducing conditions and only showed monomeric SMIM1. Whereas using the same immunob-
lot conditions on HEK293T cells lysates resulted in monomeric and dimeric SMIM1 detection. It 
remains to be investigated if under nonreducing conditions dimeric or multimeric SMIM1 would be 
detected during erythroblast differentiation. Indeed, Vel-positive differentiating erythroblasts under 
incomplete reducing conditions showed increasing dimeric SMIM1 during differentiation (~22kDa), 
with a concomitant reduction in monomeric SMIM1 (~12kDa). The unphosphorylated SMIM1 was 
the predominant band in both monomeric and dimeric state (figure 1). However, as both phosphoryla-
tion dead SMIM1 S4A and phosphorylation mimicking SMIM1 S4E showed similar levels of dimers 
and monomers on immunoblots this indicates that phosphorylation does not interfere with dimeriza-
tion/oligomerization (chapter 5). This is also in agreement with the reactivity of the DTT-dependent 
monoclonal antibody SpG213Dc with both phosphorylation mutants.

In Chapter 5 we further examined the effect of the four possible phosphorylated serines of SMIM1 
in differentiating erythroblast. Differentiation progression did not seem to be affected by expressing 
SMIM1 S4A or SMIM1 S4E. Vel expression did not seem to be dependent on either constitutive 
or not-phosphorylated SMIM1 as both mutants reached the same Vel expression levels. While Vel 
expression increased for SMIM1 S4A during differentiation, total protein levels were stable, indicat-
ing that some of SMIM1 S4A remained intracellular. However, SMIM1 S4E total levels showed to 
increase during differentiation comparable to SMIM1 S4E Vel antigen membrane expression. The 
origin of this difference is unclear. Phosphorylation is known to play an important role in routing 
of proteins to the membrane,32 but also to target proteins for clearance by degradation.33 The data 
suggests that intracellular constitutively phosphorylated SMIM1 is targeted to be degraded in the early 
erythroblast differentiation phase. The dynamics and mechanism of this process remains completely 
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unclear. We could speculate that a portion of the de novo translated SMIM1 may be immediately 
phosphorylated upon processing by the ER and/or routing to the plasma membrane and targeted for 
destruction. Phosphorylation through such a process may possibly be regulated through interactions 
with specific chaperones, providing a mechanism to control SMIM1 protein levels. Alternatively, de 
novo generated SMIM1 may be routed to the membrane upon which a part is phosphorylated via un-
known mechanisms or conditions that upon constitutive internalization are targeted for degradation. 
However, these explanations fall short to explain the similar membrane expression levels of SMIM1 
S4A and SMIM1 S4E. In addition, it is unknown how total SMIM1 protein levels relate to the actual 
membrane expression, in either HEK293T or erythroid cells. It would be interesting to examine, in 
isolated membrane fractions, how (phosphorylated) SMIM1 membrane expression levels relate to the 
total SMIM1 protein levels. In conclusion, the experiments in this thesis provide some first indication 
on the role of SMIM1 in erythropoiesis but regrettably do not shed light on the role of SMIM1 
phosphorylation in mature erythrocytes. The identification of the kinase(s) responsible for SMIM1 
phosphorylation may shed more light on their functionality.

kDat0  │  t1   │  t2  │ t3   │  t4  │ t5  │ t6  │  t7   │   t8  │   t9
35

25

15

10

35

25

15

10

kDa

anti-SMIM1

anti-GAPDH

Figure 1. Differentiating erythroid cells of Vel-positive donor under incomplete reducing conditions showed in-
creasing dimeric SMIM1 late in differentiation. Stained for SMIM1 and GAPDH (loading control). The sample for 
timepoint t3 was under complete reducing condition, showing only one band for SMIM1.

SMIM1 orientation in the membrane

SMIM1 is proposed to be a type II membrane protein, based on Vel epitope expression levels of a chi-
mera of Kell and SMIM1 through fusing the ORF of SMIM1 C-terminal domain to the cytoplasmic 
N-terminal domain of Kell (a known type II protein)29 In addition, SMIM1 C-terminally tagged with 
OPG2 could not be recognized by anti-Vel antibody on the membrane.31 With SMIM1 indicated 
as a type II membrane protein, its extracellular C-terminus is rather short, making it relatively easy 
to mask when present in a macrocomplex such as the junctional or ankyrin complex. Nevertheless, 
SMIM1 has previously been suggested as a type I RBC membrane protein.3 This was based on rabbit-
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derived polyclonal antibodies raised against N-terminal SMIM1 peptides which showed to recognize 
SMIM1 specifically, albeit a linear epitope and not necessarily the Vel antigen epitope.3 In addition, 
protease treatment of intact RBCs showed SMIM1 α-chymotrypsin sensitivity, which was visualized 
by western blot and detected by the rabbit derived antibody to the N-terminal of SMIM1.3 This sug-
gests that SMIM1 has an N-terminus extracellular, thus type I, orientation.3 However, the C-terminus 
of SMIM1 also contains α-chymotrypsin and trypsin cleavage sites, for example the two tyrosine 
sites. It could be hypothesized that by cleaving these sites extracellular, a change occurs in the SMIM1 
conformation in the membrane leading to inadequate anchoring by which SMIM1 is removed from 
the membrane and not detectable anymore in the RBC membrane fractions. Subsequently, Vel epitope 
detection by an anti-SMIM1 antibody directed at the intracellular N-terminus of SMIM1, would 
lead to the suggestion of N-terminal α-chymotrypsin sensitivity in the RBC membranes. In addition, 
enzyme sensitivity detected on the N-terminus of SMIM1 might also be caused by penetration of the 
lipid bilayer and subsequent cleavage of the intracellular terminus. RBCs treated with papain before 
lysis led to a reduction of 4kDa of the protein recognized with IgG SpG213Dc14 and decreased band 
intensity with the rabbit-derived antibody.3 This does demonstrate that both the C- and N-terminus 
of SMIM1 are (partly) sensitive to protease degradation. The Kell-Vel chimera, however, demonstrated 
the short C-terminus to be extracellular with the three final amino acids (KCK) important for antigen 
presentation.29 In addition, a cell-free expression system as well as plasma membranes of HEK293T/17 
cells showed SMIM1 to be a type II membrane protein.31 SMIM1 was proven to not have dual-
topology, even though a modest indication of dual-topology was seen in a cell-free system.31 Moreover, 
subsequent experiments in HEK293T/17 cells supported the in vitro data indicating SMIM1 to be a 
tail-anchored protein with its short C-terminus exposed outside the plasma membrane.31 The topology 
of most eukaryotic (polytopic) membrane proteins involves biogenesis in the endoplasmic reticulum 
through a series of coordinated translocation and membrane integration events, such as coordinated 
folding of cytosolic and lumenal peptide domains and proper positioning of transmembrane domains. 
Partially incorrect inserted topology of membrane proteins have shown to be able to re-orient after 
synthesis. For example aquaporin-1 has been shown to re-orient its transmembrane 3 helix converting 
it from a type I to a type II topology.34 The modest indications of dual-topology of SMIM1, which 
was only detected in the cell-free expression system and not in the HEK293T/17 cells, was postulated 
to either reflect a small reduction in fidelity of membrane insertion, an effect of the tag used, or a 
consequence of a small portion of SMIM1 assuming the alternate topology when expressed in cells. 
However endoplasmic reticulum quality control systems will mark it as erroneous, leading to its selec-
tive degradation. In addition, antibodies directed at the N-terminus of SMIM1 are not able to detect 
the Vel epitope on intact RBCs.3 Current polyclonal and monoclonal anti-Vel antibodies are derived 
from immunised patients. The conformation of SMIM1 in the membrane(complex) might influence 
the Vel detection on donor blood by different anti-Vel sera. 
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Vel epitope presentation

The Vel-negative phenotype is caused by the absence of the SMIM1 protein, resulting in no antigen 
presentation.2-4 Vel-negative individuals often develop polyclonal responses to the Vel antigen.35 The 
recognition of the Vel antigen by these anti-Vel sera can vary from individual to individual. These 
studies suggest that there are several Vel epitopes, despite having a short extracellular terminus. Such 
epitopes may not all be conformational as in some human sera, anti-Vel antibodies are present that 
recognize a linear Vel epitope within the extracellular part of SMIM1. Indeed, Storry et al. showed 
three different anti-Vel sera recognizing SMIM1 by western blotting after SDS-PAGE under reducing 
conditions.3 But many sera, as is the case for the polyclonal MB46 and monoclonal M3F5S antibody 
(unpublished data), are not detecting SMIM1 on western blot. In addition, in a study using 15 sera 
from Vel-immunised individuals 10 of 15 anti-Vel sera failed to recognize a Vel epitope on intact RBCs 
treated with a reducing agent (DTT), while 2/15 were insensitive.30 For all (sera-derived) Vel antibod-
ies currently used and analysed, it remains undefined which Vel-epitopes are recognized. Indeed, the 
different anti-Vel sera may detect various SMIM1 conformations, and recognition could depend on 
oligomerizations. These are important considerations as SMIM1 mutants or conditions that affect 
specific antibody epitope recognition may influence the Vel typing results. Possible underlying reasons 
for differential Vel antibody reactivity are discussed below.

SMIM1 dimerization

The penultimate amino acid of SMIM1, a cystine at position 77, is shown to be involved in disulphide 
linkage and subsequent intermolecular dimerization of SMIM1 together with an intact GxxxG dimer-
ization domain.30,31 SMIM1 Cys77 mutants did not display dimers on immunoblot when expressed 
in K562 cells.31 The Cys77Ser mutation showed to significantly impair intramolecular binding, based 
on N-terminal SMIM1 flag-tag pulldown,30 while the dimer is completely absent from the Cys77Ala 
SMIM1 mutant. This is mirrored by mutating Gly67 or Gly71 of the GxxxG domain to leucines.31 
DTT treatment of RBCs, a reducing agent that disrupts disulphide bonds, showed to modify some 
blood group system antigens such as Kell. Interestingly, although Kelley et al. has shown that most 
anti-Vel antibody reactivity’s are sensitive to DTT (16 tested), three polyclonal anti-Vel sera demon-
strated only reduced reactivity with two sera showing complete insensitivity to DTT.30 This indicates 
that, even if the implicated Cys77-dependent disulfide bond of SMIM1 dimers is disrupted, not all 
native SMIM1 epitopes are destroyed by DTT. In chapter 5 we showed that this dimerization was 
independent of the phosphorylation status of SMIM1. The monoclonal anti-Vel SpG213Dc antibody 
was DTT sensitive as DTT treated Vel-positive RBCs showed severely reduced to no reactivity to 
SpG213Dc (chapter 5). Moreover, the higher SDS-PAGE migrating SMIM1 bands (dimers) decrease 
with increasing DTT concentrations.30 In chapter 5 monoclonal IgM M3F5S and polyclonal MB46 
demonstrated reduced sensitivity with Vel-positive RBCs treated with DTT, indicating that these 
antibodies are less dependent on cysteine bridges and possible SMIM1 dimerization for Vel epitope 
recognition. Mutating the GxxxG motif in SMIM1 results in primarily monomeric SMIM1 on west-
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ern blot.31 They postulated that these bands may represent SMIM1 proteins without the non-native 
intrachain disulphide bond, formed as a consequence of the inability to form SMIM1 dimers. The 
inability to form dimers will affect Vel recognition and influence e.g. serology results. As such flow 
cytometry analysis using specific Vel antibodies should always be supplemented with western blotting 
of total SMIM1 under optimal reducing conditions to understand the relationship between epitope 
recognition and reduction of SMIM1 expression.

SMIM1 membrane localization and association with cytoskeleton tethered protein 
complexes

Oligomerization and epitope exposure of SMIM1 could be dependent on the interaction of SMIM1 
with possible binding partners in the membrane. In addition, the epitope recognition by three different 
anti-Vel antibodies (chapter 5), indicates that constitutive phosphorylation of SMIM1 does not have 
an effect on SMIM1 dimerization during differentiation. However, the data suggests that dimerization 
of SMIM1 and subsequent epitope recognition occurs late in differentiation, this is directed by a 
yet to be defined process which could involve incorporation of SMIM1 into the large erythrocyte 
membrane complexes (e.g. ankyrin or junctional complexes 21). However, no inter-dependency of 
specific membrane protein expression was found for SMIM1 in Vel-negative RBCs or Vel-positive 
RBCs with either rs1175550AA or rs1175550GG genotype.5 Indicating that SMIM1 expression is 
not crucial for expression of other RBC membrane proteins extracellular. Indeed, proteomics results on 
Vel-negative and Vel-positive ghosts (n=4) showed SMIM1 to be the most deregulated protein, while 
only a handful of other proteins are affected. This suggests that the absence of SMIM1 does not lead to 
a knock-on or knock-out of other proteins (figure 2). In addition, proteomic analysis of in-gel tryptic 
digest of the Vel-specific (dimeric) 18-kDa band, did not detect other proteins.4 Nevertheless, this does 
not mean that dimeric SMIM1 does not interact with other membrane proteins, for it remains unclear 
if and with what kind of proteins SMIM1 interacts, in monomeric, dimeric, or multimeric state. The 
proteins interacting with SMIM1 could possibly change during differentiation, perhaps under the 
influence of the multimeric state of SMIM1. Preliminary immunoprecipitation experiments suggest 
associations with RhAG and thus possible interactions in the ankyrin complex.

Figure 2. Proteomics results of the comparison of 
Vel-negative and Vel-positive ghosts (n=4), indicat-
ing SMIM1 as the most deregulated protein.
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Vel epitope recognition by the three Vel antibodies (M3F5S, MB46, SpG213Dc) on Vel-positive, 
Vel heterozygous 64_80del, or carrying heterozygous SMIM1 missense mutations (c.152T>A, 
p.M51K, c.161T>C, p.L54P) diff erentiating erythroblasts showed low Vel expression levels at the start 
of diff erentiation for the DTT sensitive antibody (SpG213Dc), while the other antibodies detected 
higher Vel expression levels (fi gure 3). Th is suggests that dimerization is not aff ected by the missense 
mutation, but SMIM1 dimerization occurs late during diff erentiation. Th e large membrane complexes 
are formed during diff erentiation.36 Possibly, incorporation of SMIM1 in these complexes is required 
for specifi c Vel epitope expression, thereby explaining the steady increase of Vel epitope recognition. 
In addition, phosphorylated SMIM1 seems to increase during diff erentiation (chapter 5). Of note, 
total SMIM1 expression is already at maximum level after 3-4 days of erythroblast diff erentiation, thus 
the increase of Vel expression as observed after those days is either explained by epitope maturation or 

+/+

Δ/+

Δ /Δ

M51K/+

L54P/+

Iso IgG

SpG
MB46

M3F5S

Iso IgM

IgG

SpG
MB46

M3F5S

IgM

t0 t3 t5 t7 t10

Vel expression

Iso IgG

SpG
MB46

M3F5S

Iso IgM

Iso IgG

SpG
MB46

M3F5S

Iso IgM

Iso IgG

SpG
MB46

M3F5S

Iso IgM

Iso IgG

SpG
MB46

M3F5S

Iso IgM

Figure 3. Vel epitope recognition by three diff erent Vel antibodies (SpG213Dc, MB46, M3F5S) during diff erentia-
tion shows low Vel expression for DTT sensitive antibody early in diff erentiation, but high Vel expression late in 
diff erentiation compared to antibodies that show reduced sensitivity for DTT treatment.
Analysis of cultured erythroblasts of a Vel-positive (+/+), Vel heterozygous 64-80del (∆/+), two heterozygous 
SMIM1 missense mutations VEL*01W.01 (M51K/+) and VEL*01W.03 (L54P/+), and a Vel-negative (∆/∆) donor 
(as shown in chapter 4 fi gure 2) for diff erent time points during erythroblast diff erentiation; t0, t3, t5, t7, and t10. 
Vel expression depicted in histogram (logarithmic scale) for the three Vel antibodies and corresponding isotype 
control (IgG for SpG213Dc and MB46 and IgM for M3F5S).
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release of intracellular pools. The bicarbonate/chloride exchanger SLC4A1 or band 3 forms the core of 
the multiprotein complexes in the RBC membrane, which can be divided into a junctional complex 
and an ankyrin complex,21 figure 4. In addition, there are freely floating proteins in the membrane.37,38 
Band 3 forms oligomers (60% dimers and 40% trimers) in the RBC membrane. 25% of band 3 is 
present in the membrane as freely diffusing dimeric band 3 complexes, while the rest is tethered to 
the spectrin cytoskeleton.37,39 Spectrin tetramer junctions form the centre of the junctional complex, 
where dimeric band 3 provides a direct vertical link between the RBC membrane and cytoskeleton. 
The ankyrin complex consists of a band 3 tetrameric complex (band 3, GPA, protein 4,2 among 
others) and the Rh complex (RhCe, RhD, Rh-associated glycoprotein (RhAG), CD47, GPB, among 
others). Within this complex band 3, protein 4.2 and RhAG associate with ankyrins which serve as 
sites of vertical association between the membrane protein components and the underlying spectrin-
based cytoskeleton. We have previously found in chapter 4 that SMIM1 is detected in the C12E8 
(a non-ionic detergent) insoluble cytoskeleton fraction, as phosphorylated and non-phosphorylated 
SMIM1. In addition, C12E8 experiments detected phosphorylated dimers in the cytoskeleton fraction 
(unpublished data). This suggests the presence of SMIM1 in the large membrane complexes. However, 
SMIM1 was also detected in the soluble non-spectrin bound fraction, suggesting that SMIM1 can 
also freely move through the membrane. Interestingly the presence of phosphorylated SMIM1 was 
slightly decreased compared to cytoskeletal fractions. This slightly reduced SMIM1 phosphorylation 
in the freely moving fraction demands more research into the regulation of SMIM1 membrane lo-
calization and may suggest that SMIM1 phosphorylation confounds macro-complex incorporation. 
Incubation of cells with different concentrations of the non-ionic detergent C12E8 leads to membrane 
fragments of variable size.40 Lysis using low concentrations of C12E8 (0.1%,) followed by enrichment 
of Vel containing membranes using IgG SpG213Dc prebound to intact erythrocytes, co-precipitated 
band 3 and RhAG. However, immunoprecipitations of SMIM1 with 5x or 25x times higher C12E8 
concentrations showed no co-precipitation of RhAG or band 3. The reverse, immunoprecipitation 
of RhAG, co-precipitated SMIM1 with all C12E8 concentrations, indicating an interaction between 
SMIM1 and RhAG (preliminary data). This pinpoints the presence of SMIM1 to at least one of the 
macro-complexes, the ankyrin complex. The inability of the DTT sensitive SpG213Dc Vel monoclo-
nal antibody to precipitate RhAG suggests that SpG213Dc is not capable of recognizing Vel epitopes 
when SMIM1 is in complex with RhAG. We suggest that Vel immunoprecipitation by SpG213Dc 
precipitates only soluble dimeric SMIM1 and that associations with RhAG are missed due to epitope 
masking of Vel in the ankyrin complex, a topic for future research. It would be interesting to know 
whether SMIM1 only has associations with and/or binding partners in the ankyrin complex or if it also 
associates with proteins of the junctional complex. By performing immunoprecipitations on proteins 
known to be located in the junctional complex, possible associations of SMIM1 may be determined. 
Importantly, taken the differential epitope recognition of SMIM1/Vel antibodies indicated here, the 
choice of antibody to perform the immunoprecipitation may bias the co-immunoprecipitated proteins 
towards a specific result. Nonetheless, understanding how SMIM1 is situated in the membrane, what 
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its possible binding partners are, and if it is bound to the cytoskeleton, would help elucidate part of the 
enigma surrounding SMIM1 expression and Vel epitope recognition by antibodies.
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Figure 4. Multiprotein membrane networks (Ankyrin and Junctional complex) and additional free fl oating proteins 
such as band 3 (adapted from Salomao et al.23) with hypothesized SMIM1 incorporation in the membrane.

SMIM1 expression regulation during reticulocyte formation

In chapter 4 it is shown that the Vel expression on primary erythroblast of the heterozygous SMIM1 
missense mutation donors VEL*01 W.01 and VEL*01 W.03 is regulated upon sorting between py-
renocytes and reticulocytes after enucleation and importantly further decreases during reticulocyte 
maturation. We speculate that the dominant eff ect of the mutant SMIM1 on wtSMIM1 occurs in the 
last steps of diff erentiation and reticulocyte maturation. During these last steps the erythroblast under-
goes specifi c processes, such as enucleation, membrane remodelling, and cytoskeleton reorganization, 
that result in biconcave RBCs. Essential during this process is the sorting of (membrane) proteins to 
pyrenocytes and reticulocytes during enucleation. Th is protein sorting, either active or non-active, 
determines the membrane protein content in reticulocytes. As a result this sorting/rearrangement 
facilitates the composition of the junctional and ankyrin complexes and its interactions with the 
cytoskeleton by which the RBCs maintains its structural integrity and enables regulation of RBC 
morphology in the blood circulation. Incorporation of proteins within the membrane macrocomplexes 
and joined cytoskeleton network is suggested to facilitate reticulocyte retention during enucleation and 
subsequently nuclei retention upon non-inclusion.41 For example, in ankyrin defi cient erythroblasts 
isolated from mice, GPA and Rh-associated antigens are erroneously located to the pyrenocyte due to 
their inability to associate with the spectrin cytoskeleton (fi gure 4).23,42 In addition, mutations within 
membrane or cytoskeleton proteins that lead to weakened association between specific membrane 
proteins in the macro complexes that anchor to the cytoskeleton result in aberrant distribution to 
pyrenocytes.23,41 As SMIM1 is present in these cytoskeleton tethered complexes (chapter 4) it may 
be subjected to similar regulation. Indeed, we found evidence for this as individuals heterozygous 
for specifi c SMIM1 mutations leads to missorting of SMIM1 to the pyrenocyte. Of note, this also 
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indicates that oligomers/dimers composed of SMIM1mutants and SMIM1wt are also missorted, sug-
gesting a dominant negative effect. Whether this missorting is caused by erroneous incorporation into 
the large membrane complexes remains to be investigated. Importantly, as the data in chapter 4 and 
chapter 5 suggests that in determining Vel expression not only lower SMIM1 expression plays a role 
but also epitope recognition, the lower reactivity of specific antibodies used in chapter 4 to determine 
the dominant negative effect of SMIM1 mutants may also be a result of epitope remodelling/exposure. 
Membrane remodelling during enucleation and reticulocyte maturation could also affect Vel epitope 
presentation of the mutant SMIM1 dimers/multimers as protein complex reorganization masks spe-
cific epitopes, such as the Duffy binding protein.43

Nevertheless, even if the SMIM1 missense mutations possibly influence the partitioning of SMIM1 
towards the pyrenocyte, it is unclear if this would also suggest inter-dependency of membrane proteins 
for the SMIM1 missense mutations. It also remains unknown whether RBCs with known cytoskeletal/
membrane protein mutations might misdirect wtSMIM1 to the pyrenocyte, for example in hereditary 
spherocytosis or elliptocytosis. Proteins not stably anchored to the cytoskeleton are more likely to be 
expelled by vesiculation/pyrenocytes during membrane remodelling throughout reticulocyte matura-
tion.41 However, the association of SMIM1 to the cytoskeleton in chapter 4 was not significantly dif-
ferent upon comparing SMIM1 levels of wt, missense mutations or heterozygous c.64_80del donors. 
The Vel-positive donor seemed to contain somewhat more soluble SMIM1 relative to the cytoskeleton 
fraction compared to heterozygous 64_80del and missense mutation SMIM1 donors. Nonetheless, 
differences in SMIM1 expression are not reflected in the distribution between cytoskeleton bound or 
non bound fractions. This suggests that the requirement for other proteins to tether SMIM1 into the 
erythrocyte macrocomplexes is either not present or not explicitly directing SMIM1 to the cytoskel-
eton fraction. If there was a directive mechanism the distribution of SMIM1 upon lower expression 
levels would be different between cytoskeleton bound and soluble fractions.  More research needs to 
be performed to understand the molecular mechanisms underlying the presence of SMIM1 in both 
cytoskeleton and soluble fractions and the function within those localizations and the consequences 
for specific epitope exposure.

Function of SMIM1

The functional role of SMIM1 in the RBC membrane is not yet resolved. There are some hypotheses 
for the role of SMIM1. SMIM1 is postulated to function as an invasion receptor for P. falciparum,3,44,45 
although the low prevalence of the SMIM1*64_80del allele in African black population suggests that 
the malaria parasite does not have a selectable force on the SMIM1 gene.5 A possible regulatory role 
for SMIM1 in erythropoiesis was based on Morpholino smim1 knock-out zebrafish that showed a 
mild reduction in the total number of mature primitive erythrocytes compared to control zebrafish 
thus supporting an evolutionary importance of smim1.2 To investigate if the presence of SMIM1 has 
an effect on the dynamics of erythropoiesis, human erythroblasts of Vel-positive (+/+) donors and Vel-
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negative donors were cultured in vitro and terminally differentiated (chapter 4 and 5). Differentiation 
was characterized by a gain of glycophorin A expression and a progressive decrease of holotransferrin 
receptor expression (CD71), culminating in enucleation quantified using the DNA-marker Draq5.46 
In vitro erythropoiesis showed to be unaltered by the absence of SMIM1 (chapter 5). In addition, 
mutants of SMIM1, either natural occurring (VEL*01 W.01 or VEL*01 W.03 donor erythroblasts 
(chapter 4) or serine-sites-changed (SMIM1 S4A or SMIM1 S4E; chapter 5) did not affect in vitro 
erythropoiesis, even though the primary erythroblast cultures were not completely synchronized with 
respect to erythroblasts stages and showed some variation in stage progression. Nonetheless, this dif-
ference did not interfere in the overall dynamics of or proliferation during differentiation as assayed 
in chapter 4 and 5. In fact, previously reported reproducible synchronous differentiation kinetics 
to enucleated reticulocytes/erythrocytes using the same culture system on erythroid differentiation 
parameters including marker progression, globin regulation and global RNA-expression dynamics, 
was comparable to endogenously bone marrow sorted erythroid cells.46 However, massive SMIM1wt 
overexpression in Vel-negative erythroblasts showed to affect downregulation of CD71 and CD49d 
expression, but similar enucleation potential as Vel-negative and Vel-positive terminally differentiat-
ing erythroblasts was observed (chapter 5). The data shows that the absence or altered expression of 
SMIM1 does not affect overall erythroid progression, suggesting that a possible role for SMIM1 during 
erythropoiesis is not reflected in in vitro erythropoiesis using our culture system.

Besides the studies in zebrafish, also genome-wide association studies (GWAS) has suggested a role 
for SMIM1 in erythropoiesis. Major allele A of rs1175550, a gene expression-quantitative trait locus 
(eQTL) for SMIM1, which is associated with lower transcript levels of SMIM1, was identified in 
meta-analysis of GWAS to associate with a decrease in both mature and immature RBC parameters 
such as RBC count, haemoglobin concentration, mean RBC volume, reticulocyte count and percent-
age, and immature reticulocyte fraction.2,47-49 However, when comparing Vel-negative and Vel-positive 
blood donors, 25 and 100 individuals respectively, no significant differences were detected in haemo-
globin concentration, haematocrit, mean cell volume, or mean cell haemoglobin blood parameters 
(unpublished data from collaborators from Cambridge University prof. dr. Ouwehand). Nevertheless, 
a significant difference was detected in RBC count, reticulocyte count, and reticulocyte fraction, with 
Vel-negative donors showing slightly lower levels. The immature reticulocyte fraction also showed to 
be lowered in Vel-negative donors compared to Vel-positive donors. To exclude that in blood donor 
studies a selection have occurred for individuals that are able to withstand several blood donations or 
have an alteration in iron metabolism, also the results of an association study on 400.000 volunteers 
of European ancestry in the UK Biobank study is of relevance.48 This study revealed again a negative 
association of SMIM1 absence with immature reticulocyte fraction, reticulocyte count, mean corpus-
cular haemoglobin count, and haemoglobin (unpublished data from collaborators from Cambridge 
University prof. dr. Ouwehand), suggesting that SMIM1 might have a role in erythropoiesis. However, 
albeit significant, the differences were only minimal. In addition, Smim1 homozygous knockdown 
mice, generated by specifically disrupting two critical exons present in all Smim1 transcripts via 
CRISPR/Cas9 technology, showed normal erythroid development (unpublished data from collabora-
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tors from Cambridge University prof. dr. Ouwehand), as is expected since Vel-negative individuals do 
not display a significant aberrant RBC phenotype. 

All together these data clearly demonstrate that Smim1/SMIM1 is not crucial for erythropoiesis, 
and that if it plays a role its effect is only minimal or redundant. Possibly, the effect on erythropoiesis 
can only be revealed under certain circumstances, for example when iron stores are limited. Circum-
stances which are not tested yet in the KD mice experiments neither in our in vitro culture system. 
Also, it should be emphasized that our in vitro culture system, in which corticosteroids are present, is 
mimicking stress erythropoiesis rather than steady state erythropoiesis. So, although the indications 
that the evolutionarily highly conserved SMIM1 protein might play a role in erythropoiesis are still 
valid, the studies performed in this thesis have not contributed to confirmation or unravelling this role.



133

General Discussion

References

	 1.	 Paris S, Rigal D, Barlet V, Verdier M, Coudurier N, Bailly P, Bres JC. Flexible automated platform for blood group 

genotyping on DNA microarrays. J Mol Diagn 2014;16: 335-42.

	 2.	 Cvejic A, Haer-Wigman L, Stephens JC, Kostadima M, Smethurst PA, Frontini M, van den Akker E, Bertone P, 

Bielczyk-Maczynska E, Farrow S, Fehrmann RS, Gray A, de Haas M, Haver VG, Jordan G, Karjalainen J, Kerstens 

HH, Kiddle G, Lloyd-Jones H, Needs M, Poole J, Soussan AA, Rendon A, Rieneck K, Sambrook JG, Schepers H, 

Sillje HHW, Sipos B, Swinkels D, Tamuri AU, Verweij N, Watkins NA, Westra HJ, Stemple D, Franke L, Soranzo 

N, Stunnenberg HG, Goldman N, van der Harst P, van der Schoot CE, Ouwehand WH, Albers CA. SMIM1 

underlies the Vel blood group and influences red blood cell traits. Nat Genet 2013;45: 542-5.

	 3.	 Storry JR, Joud M, Christophersen MK, Thuresson B, Akerstrom B, Sojka BN, Nilsson B, Olsson ML. Homozy-

gosity for a null allele of SMIM1 defines the Vel-negative blood group phenotype. Nat Genet 2013;45: 537-41.

	 4.	 Ballif BA, Helias V, Peyrard T, Menanteau C, Saison C, Lucien N, Bourgouin S, Le Gall M, Cartron JP, Arnaud 

L. Disruption of SMIM1 causes the Vel- blood type. EMBO Mol Med 2013;5: 751-61.

	 5.	 Haer-Wigman L, Stegmann TC, Solati S, Ait Soussan A, Beckers E, van der Harst P, van Hulst-Sundermeijer M, 

Ligthart P, van Rhenen D, Schepers H, de Haas M, van der Schoot CE. Impact of genetic variation in the SMIM1 

gene on Vel expression levels. Transfusion 2015;55: 1457-66.

	 6.	 Christophersen MK, Joud M, Ajore R, Vege S, Ljungdahl KW, Westhoff CM, Olsson ML, Storry JR, Nilsson B. 

SMIM1 variants rs1175550 and rs143702418 independently modulate Vel blood group antigen expression. Sci 

Rep 2017;7: 40451.

	 7.	 Gleadall NS, Veldhuisen B, Gollub J, Butterworth AS, Ord J, Penkett CJ, Timmer TC, Sauer CM, van der Bolt N, 

Brown C, Brugger K, Dilthey AT, Duarte D, Grimsley S, van den Hurk K, Jongerius JM, Luken J, Megy K, Miflin 

G, Nelson CS, Prinsze FJ, Sambrook J, Simeoni I, Sweeting M, Thornton N, Trompeter S, Tuna S, Varma R, 

Walker MR, BioResource N, Danesh J, Roberts DJ, Ouwehand WH, Stirrups KE, Rendon A, Westhoff CM, Di 

Angelantonio E, van der Schoot CE, Astle WJ, Watkins NA, Lane WJ. Development and validation of a universal 

blood donor genotyping platform: a multinational prospective study. Blood Adv 2020;4: 3495-506.

	 8.	 Vreeswijk NJ, J.; van Weert, A.; Bos, H. Vijftien miljoen typeringen van het donorbestand biedt tijdwinst en 

ondersteunt adequate preventie van immunisatie rondom bloedtransfusies. Ned Tijdschr Klin Chem Lab geneesk 

2015;40: 64-7.

	 9.	 Sanquin TG. CBO Blood Transfusion Guideline 2011 [monograph on the internet]. 2020. Available from: www.

sanquin.nl/en/products-services/blood-products/transfusion-guideline

	 10.	 Cantu I, van de Werken HJG, Gillemans N, Stadhouders R, Heshusius S, Maas A, Esteghamat F, Ozgur Z, van 

IWFJ, Grosveld F, von Lindern M, Philipsen S, van Dijk TB. The mouse KLF1 Nan variant impairs nuclear 

condensation and erythroid maturation. PLoS One 2019;14: e0208659.

	 11.	 Levine P, White JA, Stroup M. Seven Ve-a (Vel) negative members in three generations of a family. Transfusion 

1961;1: 111-5.

	 12.	 Becton DL, Kinney TR. An infant girl with severe autoimmune hemolytic anemia: apparent anti-Vel specificity. 

Vox Sang 1986;51: 108-11.

	 13.	 Battaglini PF, Rnque J, Bridonneau C, Nicoli RM. [a Case of Anti-Vel Immunization]. Transfusion (Paris) 1965;8: 

23-9.

	 14.	 Danger Y, Danard S, Gringoire V, Peyrard T, Riou P, Semana G, Verite F. Characterization of a new human 

monoclonal antibody directed against the Vel antigen. Vox Sang 2016;110: 172-8.

	 15.	 Veldhuisen B, van der Schoot CE, de Haas M. Blood group genotyping: from patient to high-throughput donor 

screening. Vox Sang 2009;97: 198-206.

	 16.	 Anstee DJ. Red cell genotyping and the future of pretransfusion testing. Blood 2009;114: 248-56.



Chapter 6

134

	 17.	 Evers D, Middelburg RA, de Haas M, Zalpuri S, de Vooght KM, van de Kerkhof D, Visser O, Pequeriaux NC, 

Hudig F, Schonewille H, Zwaginga JJ, van der Bom JG. Red-blood-cell alloimmunisation in relation to antigens’ 

exposure and their immunogenicity: a cohort study. Lancet Haematol 2016;3: e284-92.

	 18.	 Fehrmann RS, Jansen RC, Veldink JH, Westra HJ, Arends D, Bonder MJ, Fu J, Deelen P, Groen HJ, Smolonska 

A, Weersma RK, Hofstra RM, Buurman WA, Rensen S, Wolfs MG, Platteel M, Zhernakova A, Elbers CC, Festen 

EM, Trynka G, Hofker MH, Saris CG, Ophoff RA, van den Berg LH, van Heel DA, Wijmenga C, Te Meer-

man GJ, Franke L. Trans-eQTLs reveal that independent genetic variants associated with a complex phenotype 

converge on intermediate genes, with a major role for the HLA. PLoS Genet 2011;7: e1002197.

	 19.	 Kassouf MT, Hughes JR, Taylor S, McGowan SJ, Soneji S, Green AL, Vyas P, Porcher C. Genome-wide identifica-

tion of TAL1’s functional targets: insights into its mechanisms of action in primary erythroid cells. Genome Res 

2010;20: 1064-83.

	 20.	 UK10Project. https://www.sanger.ac.uk/collaboration/uk10k/ [monograph on the internet]. 2014.

	 21.	 van den Akker E, Satchwell TJ, Williamson RC, Toye AM. Band 3 multiprotein complexes in the red cell mem-

brane; of mice and men. Blood Cells Mol Dis 2010;45: 1-8.

	 22.	 Satchwell TJ, Bell AJ, Hawley BR, Pellegrin S, Mordue KE, van Deursen CT, Braak NH, Huls G, Leers MP, 

Overwater E, Tamminga RY, van der Zwaag B, Fermo E, Bianchi P, van Wijk R, Toye AM. Severe Ankyrin-R 

deficiency results in impaired surface retention and lysosomal degradation of RhAG in human erythroblasts. 

Haematologica 2016;101: 1018-27.

	 23.	 Salomao M, Chen K, Villalobos J, Mohandas N, An X, Chasis JA. Hereditary spherocytosis and hereditary el-

liptocytosis: aberrant protein sorting during erythroblast enucleation. Blood 2010;116: 267-9.

	 24.	 Singleton BK, Burton NM, Green C, Brady RL, Anstee DJ. Mutations in EKLF/KLF1 form the molecular basis 

of the rare blood group In(Lu) phenotype. Blood 2008;112: 2081-8.

	 25.	 Singleton BK, Roxby DJ, Stirling JW, Spring FA, Wilson C, Poole J, Anstee DJ. A novel GATA1 mutation 

(Stop414Arg) in a family with the rare X-linked blood group Lu(a-b-) phenotype and mild macrothrombocytic 

thrombocytopenia. Br J Haematol 2013;161: 139-42.

	 26.	 Brown F, Simpson S, Cornwall S, Moore BP, Oyen R, Marsh WL. The recessive Lu(a-b-) phenotype. A family 

study. Vox Sang 1974;26: 259-64.

	 27.	 Karamatic Crew V, Mallinson G, Green C, Poole J, Uchikawa M, Tani Y, Geisen C, Oldenburg J, Daniels G. Dif-

ferent inactivating mutations in the LU genes of three individuals with the Lutheran-null phenotype. Transfusion 

2007;47: 492-8.

	 28.	 Welch JJ, Watts JA, Vakoc CR, Yao Y, Wang H, Hardison RC, Blobel GA, Chodosh LA, Weiss MJ. Global 

regulation of erythroid gene expression by transcription factor GATA-1. Blood 2004;104: 3136-47.

	 29.	 Arnaud L, Kelley LP, Helias V, Cartron JP, Ballif BA. SMIM1 is a type II transmembrane phosphoprotein and 

displays the Vel blood group antigen at its carboxyl-terminus. FEBS Lett 2015;589: 3624-30.

	 30.	 Kelley LP, Nylander A, Arnaud L, Schmoker AM, St Clair RM, Gleason LA, Souza JM, Storry JR, Olsson ML, 

Ballif BA. Dimerization of small integral membrane protein 1 promotes cell surface presentation of the Vel blood 

group epitope. FEBS Lett 2019.

	 31.	 Nylander A, Leznicki P, Vidovic K, High S, Olsson ML. SMIM1, carrier of the Vel blood group, is a tail-anchored 

transmembrane protein and readily forms homodimers in a cell-free system. Biosci Rep 2020;40.

	 32.	 Toye AM, Williamson RC, Khanfar M, Bader-Meunier B, Cynober T, Thibault M, Tchernia G, Dechaux M, 

Delaunay J, Bruce LJ. Band 3 Courcouronnes (Ser667Phe): a trafficking mutant differentially rescued by wild-

type band 3 and glycophorin A. Blood 2008;111: 5380-9.

	 33.	 Varedi KS, Ventura AC, Merajver SD, Lin XN. Multisite phosphorylation provides an effective and flexible 

mechanism for switch-like protein degradation. PLoS One 2010;5: e14029.

	 34.	 Lu Y, Turnbull IR, Bragin A, Carveth K, Verkman AS, Skach WR. Reorientation of aquaporin-1 topology during 

maturation in the endoplasmic reticulum. Mol Biol Cell 2000;11: 2973-85.



135

General Discussion

	 35.	 Mechanic SA, Maurer JL, Igoe MJ, Kavitsky DM, Nance ST. Anti-Vel reactivity diminished by adsorption with 

rabbit RBC stroma. Transfusion 2002;42: 1180-3.

	 36.	 Satchwell TJ, Bell AJ, Pellegrin S, Kupzig S, Ridgwell K, Daniels G, Anstee DJ, van den Akker E, Toye AM. 

Critical band 3 multiprotein complex interactions establish early during human erythropoiesis. Blood 2011;118: 

182-91.

	 37.	 Hanspal M, Golan DE, Smockova Y, Yi SJ, Cho MR, Liu SC, Palek J. Temporal synthesis of band 3 oligomers 

during terminal maturation of mouse erythroblasts. Dimers and tetramers exist in the membrane as preformed 

stable species. Blood 1998;92: 329-38.

	 38.	 Hassoun H, Hanada T, Lutchman M, Sahr KE, Palek J, Hanspal M, Chishti AH. Complete deficiency of gly-

cophorin A in red blood cells from mice with targeted inactivation of the band 3 (AE1) gene. Blood 1998;91: 

2146-51.

	 39.	 Hanspal M, Smockova Y, Uong Q. Molecular identification and functional characterization of a novel protein that 

mediates the attachment of erythroblasts to macrophages. Blood 1998;92: 2940-50.

	 40.	 Kunimoto M, Shibata K, Miura T. Comparison of the cytoskeleton fractions of rat red blood cells prepared with 

non-ionic detergents. J Biochem 1989;105: 190-5.

	 41.	 Satchwell TJ, Bell AJ, Toye AM. The sorting of blood group active proteins during enucleation. ISBT Sci Ser 

2015;10: 163-8.

	 42.	 Chasis JA, Coulombel L, Conboy J, McGee S, Andrews K, Kan YW, Mohandas N. Differentiation-associated 

switches in protein 4.1 expression. Synthesis of multiple structural isoforms during normal human erythropoiesis. 

J Clin Invest 1993;91: 329-38.

	 43.	 Ovchynnikova E, Aglialoro F, Bentlage AEH, Vidarsson G, Salinas ND, von Lindern M, Tolia NH, van den Akker 

E. DARC extracellular domain remodeling in maturating reticulocytes explains Plasmodium vivax tropism. Blood 

2017;130: 1441-4.

	 44.	 Gilberger TW, Thompson JK, Triglia T, Good RT, Duraisingh MT, Cowman AF. A novel erythrocyte binding an-

tigen-175 paralogue from Plasmodium falciparum defines a new trypsin-resistant receptor on human erythrocytes. 

J Biol Chem 2003;278: 14480-6.

	 45.	 Aniweh Y, Nyarko PB, Quansah E, Thiam LG, Awandare GA. SMIM1 at a glance; discovery, genetic basis, recent 

progress and perspectives. Parasite Epidemiol Control 2019;5: e00101.

	 46.	 Heshusius S, Heideveld E, Burger P, Thiel-Valkhof M, Sellink E, Varga E, Ovchynnikova E, Visser A, Martens 

JHA, von Lindern M, van den Akker E. Large-scale in vitro production of red blood cells from human peripheral 

blood mononuclear cells. Blood Adv 2019;3: 3337-50.

	 47.	 van der Harst P, Zhang W, Mateo Leach I, Rendon A, Verweij N, Sehmi J, Paul DS, Elling U, Allayee H, Li 

X, Radhakrishnan A, Tan ST, Voss K, Weichenberger CX, Albers CA, Al-Hussani A, Asselbergs FW, Ciullo M, 

Danjou F, Dina C, Esko T, Evans DM, Franke L, Gogele M, Hartiala J, Hersch M, Holm H, Hottenga JJ, Kanoni 

S, Kleber ME, Lagou V, Langenberg C, Lopez LM, Lyytikainen LP, Melander O, Murgia F, Nolte IM, O’Reilly 

PF, Padmanabhan S, Parsa A, Pirastu N, Porcu E, Portas L, Prokopenko I, Ried JS, Shin SY, Tang CS, Teumer 

A, Traglia M, Ulivi S, Westra HJ, Yang J, Zhao JH, Anni F, Abdellaoui A, Attwood A, Balkau B, Bandinelli S, 

Bastardot F, Benyamin B, Boehm BO, Cookson WO, Das D, de Bakker PI, de Boer RA, de Geus EJ, de Moor 

MH, Dimitriou M, Domingues FS, Doring A, Engstrom G, Eyjolfsson GI, Ferrucci L, Fischer K, Galanello R, 

Garner SF, Genser B, Gibson QD, Girotto G, Gudbjartsson DF, Harris SE, Hartikainen AL, Hastie CE, Hedblad 

B, Illig T, Jolley J, Kahonen M, Kema IP, Kemp JP, Liang L, Lloyd-Jones H, Loos RJ, Meacham S, Medland SE, 

Meisinger C, Memari Y, Mihailov E, Miller K, Moffatt MF, Nauck M, Novatchkova M, Nutile T, Olafsson I, 

Onundarson PT, Parracciani D, Penninx BW, Perseu L, Piga A, Pistis G, Pouta A, Puc U, Raitakari O, Ring SM, 

Robino A, Ruggiero D, Ruokonen A, Saint-Pierre A, Sala C, Salumets A, Sambrook J, Schepers H, Schmidt CO, 

Sillje HH, Sladek R, Smit JH, Starr JM, Stephens J, Sulem P, Tanaka T, Thorsteinsdottir U, Tragante V, van Gilst 

WH, van Pelt LJ, van Veldhuisen DJ, Volker U, Whitfield JB, Willemsen G, Winkelmann BR, Wirnsberger G, 



Chapter 6

136

Algra A, Cucca F, d’Adamo AP, Danesh J, Deary IJ, Dominiczak AF, Elliott P, Fortina P, Froguel P, Gasparini P, 

Greinacher A, Hazen SL, Jarvelin MR, Khaw KT, Lehtimaki T, Maerz W, Martin NG, Metspalu A, Mitchell BD, 

Montgomery GW, Moore C, Navis G, Pirastu M, Pramstaller PP, Ramirez-Solis R, Schadt E, Scott J, Shuldiner 

AR, Smith GD, Smith JG, Snieder H, Sorice R, Spector TD, Stefansson K, Stumvoll M, Tang WH, Toniolo D, 

Tonjes A, Visscher PM, Vollenweider P, Wareham NJ, Wolffenbuttel BH, Boomsma DI, Beckmann JS, Dedoussis 

GV, Deloukas P, Ferreira MA, Sanna S, Uda M, Hicks AA, Penninger JM, Gieger C, Kooner JS, Ouwehand WH, 

Soranzo N, Chambers JC. Seventy-five genetic loci influencing the human red blood cell. Nature 2012;492: 

369-75.

	 48.	 Astle WJ, Elding H, Jiang T, Allen D, Ruklisa D, Mann AL, Mead D, Bouman H, Riveros-Mckay F, Kostadima 

MA, Lambourne JJ, Sivapalaratnam S, Downes K, Kundu K, Bomba L, Berentsen K, Bradley JR, Daugherty LC, 

Delaneau O, Freson K, Garner SF, Grassi L, Guerrero J, Haimel M, Janssen-Megens EM, Kaan A, Kamat M, Kim 

B, Mandoli A, Marchini J, Martens JHA, Meacham S, Megy K, O’Connell J, Petersen R, Sharifi N, Sheard SM, 

Staley JR, Tuna S, van der Ent M, Walter K, Wang SY, Wheeler E, Wilder SP, Iotchkova V, Moore C, Sambrook 

J, Stunnenberg HG, Di Angelantonio E, Kaptoge S, Kuijpers TW, Carrillo-de-Santa-Pau E, Juan D, Rico D, 

Valencia A, Chen L, Ge B, Vasquez L, Kwan T, Garrido-Martin D, Watt S, Yang Y, Guigo R, Beck S, Paul DS, 

Pastinen T, Bujold D, Bourque G, Frontini M, Danesh J, Roberts DJ, Ouwehand WH, Butterworth AS, Soranzo 

N. The Allelic Landscape of Human Blood Cell Trait Variation and Links to Common Complex Disease. Cell 

2016;167: 1415-29 e19.

	 49.	 van Rooij FJA, Qayyum R, Smith AV, Zhou Y, Trompet S, Tanaka T, Keller MF, Chang LC, Schmidt H, Yang 

ML, Chen MH, Hayes J, Johnson AD, Yanek LR, Mueller C, Lange L, Floyd JS, Ghanbari M, Zonderman AB, 

Jukema JW, Hofman A, van Duijn CM, Desch KC, Saba Y, Ozel AB, Snively BM, Wu JY, Schmidt R, Fornage M, 

Klein RJ, Fox CS, Matsuda K, Kamatani N, Wild PS, Stott DJ, Ford I, Slagboom PE, Yang J, Chu AY, Lambert 

AJ, Uitterlinden AG, Franco OH, Hofer E, Ginsburg D, Hu B, Keating B, Schick UM, Brody JA, Li JZ, Chen 

Z, Zeller T, Guralnik JM, Chasman DI, Peters LL, Kubo M, Becker DM, Li J, Eiriksdottir G, Rotter JI, Levy 

D, Grossmann V, Patel KV, Chen CH, BioBank Japan P, Ridker PM, Tang H, Launer LJ, Rice KM, Li-Gao R, 

Ferrucci L, Evans MK, Choudhuri A, Trompouki E, Abraham BJ, Yang S, Takahashi A, Kamatani Y, Kooperberg 

C, Harris TB, Jee SH, Coresh J, Tsai FJ, Longo DL, Chen YT, Felix JF, Yang Q, Psaty BM, Boerwinkle E, Becker 

LC, Mook-Kanamori DO, Wilson JG, Gudnason V, O’Donnell CJ, Dehghan A, Cupples LA, Nalls MA, Morris 

AP, Okada Y, Reiner AP, Zon LI, Ganesh SK. Genome-wide Trans-ethnic Meta-analysis Identifies Seven Genetic 

Loci Influencing Erythrocyte Traits and a Role for RBPMS in Erythropoiesis. Am J Hum Genet 2017;100: 51-63.


