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Abstract

SMIM1, the protein that harbours the Vel blood group system, can be phosphorylated on 4 serine 
residues in erythrocytes. Here we report that SMIM1 is also phosphorylated during erythropoiesis. 
However, the function of SMIM1 phosphorylation in erythrocytes and during erythropoiesis is un-
known. Here we studied the effect of phosphorylation dead (S4A) and mimicking (S4E) SMIM1 
mutants on erythropoiesis and Vel-antigen/SMIM1 expression dynamics using in vitro cultured 
SMIM1 negative human erythroblasts undergoing terminal differentiation to enucleated reticulocytes. 
Expression of the Vel antigen by phosphorylation dead (S4A) or mimicking (S4E) mutant expressing 
erythroblasts progressively increased during differentiation and did not affect the enucleation potential 
nor terminal differentiation. Although dynamics of Vel antigen membrane expression was different be-
tween SMIM1 S4A or SMIM1 S4E and SMIM1wt, all increased during differentiation. Interestingly, 
total SMIM1 S4A protein levels were stable during differentiation, which contrasted with SMIM1 
S4E showing progressively increasing protein levels starting from barely detectable levels. The lower 
total S4E SMIM1 levels suggest instability of SMIM1 S4E during erythropoiesis. SMIM1 S4E total 
protein expression reflect the increased Vel-antigen expression during differentiation. In contrast, we 
find that total wtSMIM1 nor SMIM1 S4A expression levels were predictive for the Vel-antigen expres-
sion during erythropoiesis. We propose that phosphorylation of SMIM1 regulates its stability during 
erythroblast differentiation, identifying a mechanism regulating excess SMIM1. This may imply that 
the observed total SMIM1 and Vel antigen expression levels of SMIM1 S4E reflect the membrane 
fraction. The increased Vel epitope recognition during terminal differentiation could be a result of 
SMIM1 conformation/oligomerisation within the membrane.
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Introduction

SMIM1 (small integral membrane protein 1) is a type II membrane protein with an extracellular C-
terminus that harbours the Vel blood group system.1 It is present in the RBC membrane as an oligomer/
dimer, in which multimerization is shown to be dependent on Cys77 and the Gly67xxxGly71 motif.2 In 
addition, several posttranslational modifications were previously identified by mass spectrometry, including 
phosphorylation of four serine residues (Ser6, Ser17, Ser22, and Ser27).1 Serines to alanine substitutions 
(Ser6Ala, Ser17Ala, Ser22Ala and Ser27Ala; S4A) showed no differences in membrane localization between 
S4A or wild type (wt)SMIM1 in E1A-transformed 293 cells.1 However, previously we have shown that 
SMIM1 expression of heterozygous missense mutations in human embryonic kidney (HEK) 293T cells did 
not correctly recapitulate the SMIM1 expression as seen in erythrocytes. Importantly, the loss of Vel expres-
sion induced by mutations in SMIM1 that lead to weak Vel expression on erythrocytes was mainly seen in 
the terminal stages of erythrocyte differentiation i.e. enucleation and reticulocyte maturation, which cannot 
be studied in HEK293T. Though SMIM1 localization did not seem to be affected by a dephosphorylated 
SMIM1 mutant in HEK293T cells,1 it cannot be excluded that constitutively phosphorylated SMIM1 
might play a role in membrane localization in erythrocytes and erythropoiesis. To investigate the role of 
SMIM1 phosphorylation in terminal differentiation, we overexpressed SMIM1 S4A and a phosphorylation 
mimicking SMIM1 in which the four serines were mutated into glutamic acid (S4E). SMIM1 and Vel 
expression in in vitro human erythroblast cultures was assessed. We confirmed that mutating the serines into 
alanines did not affect Vel expression neither did the conversion of serines into glutamic acids. However, 
significant differences in total protein levels between SMIM1 S4A and SMIM1 S4E were observed suggest-
ing a role for phosphorylation on SMIM1 degradation/stability.

Study design and Methods

Donor material

Human peripheral blood mononuclear cells (PBMCs) were obtained from donors through Ficoll-
Paque density separation (ρ=1.077 g/mL, GE Healthcare, Pittsburgh, PA). CD34+ cells were isolated 
from a buffycoat of a Vel-negative donor. Informed consent was in accordance with the Declaration of 
Helsinki and Dutch national and Sanquin internal ethic boards. 

Constructs

Double stranded DNA constructs of SMIM1 mutants (Ser6, Ser17, Ser22 and Ser27 mutated to either 
alanines; S4A or glutamines; S4E) were ordered at IDT (Integrated DNA Technologies gBlocks Gene 
Fragments, Coralville, IA) and ligated into the pAD lentiviral vector with XbaI Fast Digest enzyme 
(Thermo Fisher Scientific, Carlsbad, CA) and Fast.AP treatment (Thermo Fisher Scientific, Carlsbad, 
CA) (manufacturers protocol). Correct construct orientation was confirmed by polymerase chain 
reaction on a Verity thermocycler (Applied Biosystems) as described before.6 Wild type (wt)SMIM1 
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was present in the lentiviral construct mLwpRRLsSMIM1itNGFR with the non-erythroid NGFR 
receptor.5 The vector containing only the NGFR receptor as well as the empty pAD vector served as 
controls for wtSMIM1 and mutated SMIM1, respectively.

Cell culture

CD34+ cells were purified from isolated PBMCs using magnetic MicroBeads (Miltenyi). The CD34+ 
cells were cultured towards erythroblasts in Cellquin medium based on Hema-Def,7 supplemented 
with 10ng/ml IL-6 (Miltenyi), 5ng/ml IL-3 (StemCell Technologies, Vancouver, Canada), 50 ng/ml 
thrombopoietin (Nplate; Amgen, Thousand Oaks, CA), and 100 ng/ml human recombinant stem cell 
factor (h.SCF, ITK Diagnostics BV, Uithoorn, The Netherlands) for the first four days. After four days 
the cells were cultured in Cellquin medium based on Hema-Def as described before,7 supplemented 
with 2U/mL erythropoietin, 300µg/ml holotransferrin, 100ng/mL human recombinant stem cell fac-
tor, 1µM dexamethasone, 0.1% human serum albumin. Erythroblasts were subsequently terminally 
differentiated towards enucleated reticulocytes as described previously .3,7 In short, samples were taken 
at time points t0, t2, t4, t8, and t10 for both flow cytometry (1*106 cells/condition) and western 
blot (5*106 cells/condition). The samples were obtained from a homogenized cell suspension, diluted 
one-in-one with phosphate-buffered saline (PBS), centrifugated at room temperature (RT, 18-25°C) 
at 600g for 5 minutes and subsequently washed in PBS (600g, 2 min, RT).7

Lentiviral transduction

Lentivirus was produced by transfecting Human Embryonic Kidney (HEK) 293T cells with different 
constructs; wtSMIM1-NGFR (mLwpRRLsSMIM1itNGFR), empty NGFR vector,5 SMIM1-S4A, 
SMIM1-S4E, and pAD empty vector using the Calcium Phosphate method as described before.3 
Subsequently, erythroblasts were lentivirally transduced with the concentrated virus particles of the 
SMIM1 constructs and cultured for an additional four days. After culture, cells were sorted on the 
FACS ARIA III CellSorter (BD Bioscience, Oxford, UK) for NGFR expression; wtSMIM1-NGFR 
and empty NGFR vector, or GFP expression; SMIM1-S4A, SMIM1-S4E, and empty pAD vector and 
expanded for 7 days before inducing terminal differentiation.7

Flow cytometry

Terminal differentiating erythroblasts were screened by flow cytometry at start of differentiation (day 
0 ;t0) and at different timepoints; t2, t4, t8, and t10, as described before.3 The cells were analysed for 
expression of transferrin receptor (CD71-VioBlue or VD71-Pacific Blue, Miltenyi Biotec, Bergisch 
Gladbach, Germany), glycophorin A (CD235-PE, Acris, Herford, Germany), integrin alpha 4 (CD49d-
BV421, BD Bioscience, San Jose, CA), anti-CD271 (nerve growth factor receptor (NGFR)), Miltenyi), 
Vel expression (supernatant of human IgG monoclonal anti-Vel SpG213Dc, gift from dr. Franck Vérité, 
EFS, Renne, France; supernatant human IgM M3F5S, Sanquin, Amsterdam, The Netherlands; immu-
nopurified human anti-Vel specific polyclonal antibodies from MB46 serum), and DNA staining (Draq5; 
Abcam, Cambridge, UK). Secondary antibodies used were anti-human IgG-APC (Life Technologies, 
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Thermo Fisher Scientific), anti-human IgG-PE (Southern biotech, Thermo Fisher Scientific), and anti-
human IgM-APC (Southern biotech). Transfected HEK293T cells were analysed for Vel expression as 
described before.3 For DTT treatment intact RBCs of three different donors (one k-heterozygote donor) 
were incubated for 30min at 37°C with 0.2M DTT (Sanquin). Subsequently cells were analysed for Vel 
expression (three different anti-Vel antibodies) and k expression (anti-k, Sanquin Reagents) as described 
before. Results were acquired on a BD LSRII/Fortessa (BD Bioscience, Breda, The Netherlands) flow 
cytometer and analyzed using FloJo software (Treestar, Ashland, OR,USA).

SDS-PAGE and Western blotting

Whole cell lysates were obtained by lysing the cell pellets of 5*106 cells in 200uL CARIN lysis buffer 
as described before.3 Cell lysates were subjected to Lowry protein assay (Thermo Scientific™ Pierce™ 
Modified Lowry Protein Assay Kit, Thermo Fisher Scientific; manufacturers protocol) and 20ug 
protein of cell lysate were incubated for 3 minutes at 95°C in Laemmli buffer (50mM Tric-HCl pH 
6.8, 2% SDS, 10% glycerol, 12.5mM EDTA, 0.02% Bromophenol Blue, 1% ß-mercapto-ethanol) 
before subjecting to SDS-polyacrylamide gel electrophorese. Cell lysates were loaded onto 4-20% or 
12% polyacrylamide gels (Biorad, Hercules, CA), transferred to nitrocellulose/filter paper (Invitrogen) 
using iBlot NC transfer stacks (Invitrogen) and stained as described before.3 Antibodies used were: 
anti-SMIM1 (rabbit serum anti-PEP#7, gift from dr. prof. Jill Storry, University of Lund, Lund, Swe-
den), anti-Band3 (Bric170, IBGRL Research products, Bristol, UK), anti-GAPDH (Merck Millipore, 
Burlington, MA), Goat-anti-mouse-HRP (Dako, kyoto, Japan), and Goat-anti-Rabbit-HRP (Dako).

Results

Progression of erythroblasts differentiation to enucleated reticulocytes is similar 
between SMIM1wt and SMIM1null individuals

We have previously shown that membrane expression of Vel is increasing during erythroblasts differentia-
tion to enucleated reticulocytes.3 Here we confirm this increase in Vel expression for several Vel positive 
donors (+/+) (figure 1a). As expected, the Vel negative donors (Δ/Δ) did not express the Vel epitopes and 
remain negative throughout in vitro erythropoiesis. Of note, the data confirmed the specificity of the 
antibody used for flow cytometry (figure 1a). The progression of terminal differentiation, characterized by 
a gain of CD235/glycophorin A expression and a progressive decrease of CD71/holo-transferrin receptor 
as well as the emergence of enucleated cells,7 was similar between Vel +/+ and Δ/Δ donors (figure 1b). This 
indicates that differentiation of erythroblasts to enucleated reticulocytes in absence of SMIM1 progresses 
unperturbed. The different +/+ donors did show some variation in Vel expression levels at the end of 
differentiation. However, variation in Vel expression on erythrocytes has been widely demonstrated,5,8,9 
which can be partly attributed to noncoding single nucleotide polymorphisms.4,5 Western blot analysis 
reveals the absence of SMIM1 in Vel negative (Δ/Δ) individuals (figure 1c) and the presence of three 
migratory bands of which the fastest migrating band (a) is most predominant.
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SMIM1 serine mutations to either alanine or glutamic acid do not aff ect terminal 
diff erentiation progression

Arnaud et al. showed that expression in HEK293T cells of SMIM1 with four mutated serine residues 
(Ser6, Ser17, Ser22, and Ser27) to alanines did not aff ect Vel expression.1 However it is unknown if 
SMIM1 serine phosphorylation plays a role during the regulation of Vel expression upon terminal 
erythroblast diff erentiation. Expression of the phosphorylation dead SMIM1 S4A (serines mutated to 
alanines; mimic dephosphorylation) or phosphorylation mimicking SMIM1 S4E (serines mutated to 
glutamic acid; mimic constitutive phosphorylation) in HEK293T cells showed a distinct SDS-PAGE 
migration, of which total expression levels were similar to wtSMIM1, suggesting that these mutants 
can be resolved on SDS-PAGE (supplemental fi gure 1a). In addition, the data suggests that the fast 
migrating wtSMIM1 band (a) is the unphosphorylated SMIM1 while the slower migrating band (c) 
represents the completely serine phosphorylated SMIM1. Note that SMIM1 S4E, SMIM1 S4A and 
SMIM1wt transduced HEK293T cells display similar Vel membrane expression (supplemental fi gure 
1b). Next, we expressed these mutants into SMIM1 negative (∆/∆) erythroblasts and assayed their 
expression dynamics during diff erentiation. To distinguish between double transduced SMIM1wt and 
mutant conditions, the vector containing the ORF of wtSMIM1 also contained non-erythroid nerve-
growth factor receptor (NGFR), while the vector containing the ORF of the serine mutants, SMIM1 
S4A and SMIM1 S4E, also contained the GFP ORF. GFP and/or NGFR expression was maintained 
during erythroid diff erentiation confi rming transduction of the SMIM1 constructs (supplemental 
fi gure 2). GFP+ and/or NGFR+ populations were gated to analyse CD235 and CD7 expression to 
follow diff erentiation. Both S4A and S4E SMIM1 mutants showed normal diff erentiation progression, 
comparable to the non-transduced ∆/∆ and the +/+ donor (fi gure 2). Transduction with wtSMIM1 did 
show a mild eff ect on CD71 expression, which was higher compared to Vel +/+, ∆/∆, and SMIM1 S4A 
and SMIM1 S4E at day 10 in terminal diff erentiation. In addition, co-transduction of wtSMIM1 with 
SMIM1 S4A or SMIM1 S4E also lead to a delay in erythroid diff erentiation similarly to wtSMIM1 
alone. Th is suggests that SMIM1 S4A nor SMIM1 S4E rescue this phenotype (fi gure 2, supplemental 
fi gure 3). GFP expression, co-expressed together with SMIM1 S4A and SMIM1 S4E, was detected 
from the start of diff erentiation (shown for SMIM1 S4E in supplemental fi gure 2a), with the NGFR 
containing conditions expressing NGFR from the start of diff erentiation (supplemental fi gure 2b). Of 
note, the NGFR empty vector showed a decrease in NGFR expression during diff erentiation, probably 

Figure 1. Terminal diff erentiation of erythroblast progresses similar for Vel negative (∆/∆) and Vel positive (+/+) 
donors.
a) Vel expression analysis by fl ow cytometry (n=3). b) Bar graph for diff erentiating erythroid cells per quadrant 
based on detection of transferrin receptor (CD71) and glycophorin A (CD235a) expression. Representative Vel ∆/∆ 
and +/+ shown included discriminating reticulocytes, nucleated cells, and nuclei based on cell size and the DNA 
marker Draq5. Student t test (paired) was used to calculate statistical signifi cance between Vel-negative and Vel-
positive samples (*P < .05). Primary erythroblast cultures were not completely synchronized (with respect to eryth-
roblast stage) at start of diff erentiation, caused by overall donor variation.7 c) Analysis of diff erentiating erythroid 
cells on western blot, using antibodies against band 3, GAPDH and SMIM1 (rabbit-derived anti-PEP#7). Th ree 
diff erent SMIM1 migratory bands could be identifi ed: a band around 13 kDa (a), 14 kDa (b), and 15 kDa (c) band.
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refl ecting the shutdown of transcription during erythroblast diff erentiation. To exclude that the delay 
in CD71 marker progression in wtSMIM1 transduced cells was caused by a direct eff ect on membrane 
expression of transferrin receptor (CD71), the expression of α4-integrin (CD49d), which displays a 
similar expression dynamic during diff erentiation as CD71,10 was assessed. CD49d expression showed 
similar expression dynamics as CD71 during diff erentiation for wtSMIM1, suggesting that wtSMIM1 
overexpression in proerythroblasts might lead to a slight delay in diff erentiation (supplementary fi gure 
3). However, as the observed eff ect of wtSMIM1 on delayed CD71/CD49d expression, was not paral-
leled with an eff ect on enucleation (fi gure 1b and supplemental fi gure 4), the experiments suggest a 
phenotype in membrane protein recycling rather than a real diff erentiation delay.
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Figure 2. Phosphorylation SMIM1 mutants S4A and S4E did not aff ect diff erentiation progression.
Analysis of cultured Vel negative (∆/∆) erythroblasts transduced with wild type SMIM1 (wtSMIM1), empty 
NGFR vector (wtSMIM1 control vector), S4A SMIM1 mutant (S4A), S4E SMIM1 mutant (S4E), co-transduc-
tion wtSMIM1 and S4A (wtSMIM1+S4A), co-transduction wtSMIM1 and S4E (wtSMIM1+S4E), empty pAD 
vector (SMIM1 mutant control vector) for diff erent time points during erythroblast diff erentiation; t0, t2, t4, t8, 
and t10. Erythroblast diff erentiation based on CD71/holo-transferrin receptor and CD235/glycophorin A expres-
sion with percentages depicted in each quadrant.
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Both SMIM1 serine mutants show the same increase in Vel epitope expression levels 
during erythroblast diff erentiation and reticulocyte maturation

As neither the phosphorylated dead S4A nor the phosphorylation mimicking S4E SMIM1 mutant af-
fect diff erentiation progression, it was possible to investigate if these mutants infl uenced Vel membrane 
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small increase of signal in fl ow cytometry in the Vel negative erythroblasts transduced with empty vectors is caused 
by a slight increase in autofl uorescence during terminal erythroblast diff erentiation (note the logarithmic scale).
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or SMIM1 total protein expression during differentiation. Vel negative (Δ/Δ) erythroblasts transduced 
with wtSMIM1 (single or co-transduced with S4A or S4E SMIM1 mutants) showed to start with 
high Vel expression levels, which increased during differentiation, while conditions transduced with 
single SMIM1 S4A or SMIM1 S4E started with lower Vel membrane expression levels which also 
increased further during terminal differentiation (figure 3a). This increased expression of wtSMIM1 
at the start of the culture is probably due to the 3x higher level of total protein expression induced by 
the wtSMIM1 containing vector compared to the expression induced by the mutant containing vec-
tors. But importantly, both serine SMIM1 mutants S4A and S4E showed comparable Vel membrane 
expression dynamics throughout differentiation (figure 3a), similar to the increase in Vel expression 
observed in +/+ donors in figure 1a. Note that at the end of differentiation wtSMIM1 and the mutants 
SMIM1 S4A and SMIM1 S4E reached similar membrane expression levels. Co-transduction of 
wtSMIM1 together with either SMIM1 S4A or SMIM1 S4E resulted in a slight increase compared to 
wtSMIM1 alone, suggesting that these serine mutants contribute to the total Vel membrane expres-
sion upon co-transduction. Next we investigated, whether the phosphorylation mutants exerted an 
effect on SMIM1 sorting during enucleation, as previously observed for SMIM1 missense mutations.3 
Vel expression during the last phase of terminal differentiation showed that both SMIM1 S4A and 
SMIM1 S4E conditions maintained similar Vel expression on reticulocytes, which was significantly 
higher compared to a +/+ donor possibly due to the overexpression (figure 4), suggesting that these 
mutants are not differentially sorted to pyrenocytes but are retained on reticulocytes.

SMIM1 mutant S4E influences Vel epitope recognition by specific antibodies

SMIM1 has been suggested to form monomers and dimers,9 which co-dictates Vel epitope presen-
tation.2,3 Possibly the phosphorylation status of SMIM1 could influence SMIM1 dimerization and 
subsequently Vel epitope presentation and thereby recognition by specific antibodies. This epitope for-
mation, possibly driven by SMIM1 dimerization,1 may be regulated during erythroid differentiation. 
We therefore examined the effect of the SMIM1 S4E mutant on Vel epitope presentation detected by 
three available Vel antibodies directed at the extracellular C-terminus of SMIM; polyclonal MB46, 
monoclonal IgM M3F5S, and monoclonal IgG SpG213Dc.11,12 DTT treatment leads to loss of cyste-
ine bridges that control dimerization of SMIM1. Supplemental figure 5 shows that Vel epitope recog-
nition by SpG213Dc is almost completely abrogated upon DTT treatment. In contrast, the polyclonal 
MB46 and monoclonal M3F5S antibodies were still able to detect Vel epitopes after DTT treatment. 
Of note, the kell epitope k, which is known to be sensitive to DTT, was completely lost upon DTT 
treatment. This confirms that SpG213Dc is dependent on dimerization .2 All three antibodies detected 
a steady increase in Vel epitope expression in Vel +/+ differentiating erythroblasts (figure 5). Vel Δ/Δ 
erythroid cells remained negative, as well as the Vel Δ/Δ cells transduced with NGFR empty vector 
or pAD empty vector. Vel epitopes in SMIM1wt or SMIM1 S4E transduced Δ/Δ erythroblasts were 
detected throughout differentiation by all antibodies. As shown in figure 5, at the end of differentiation 
the expression of the different Vel-epitopes was similar for the S4E and wtSMIM1 transduced cells, 
indicating that the phosphorylation status of SMIM1 does not interfere with Vel-epitope expression 
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nor with dimerization. Th is is in agreement with fi gure 3a in which an identical reactivity with the 
dimerization dependent SpG213Dc was observed with S4A and S4E expressing erythroblasts during 
diff erentiation. Interestingly, the expression of the Vel epitopes recognized by SpG213Dc seemed to be 
slightly delayed compared to the expression of the less dimerization-dependent epitopes recognized by 
polyclonal MB46 and M3F5S. Th is suggests that DTT sensitive epitope formation occurs with slower 
dynamics later during diff erentiation.

SMIM1 phosphorylation dead or constitutive mutants display diff erent total 
expression kinetics throughout erythroblast diff erentiation.

Vel epitope presentation on the membrane may be a result of dynamic regulation of total SMIM1 
protein level during diff erentiation depending on the phosphorylation status of SMIM1. SMIM1wt 
transduced into Vel ∆/∆ erythroblasts showed the three distinct migratory bands of which the faster 
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Figure 4. SMIM1 phosphorylated mutants SMIM1 S4A and SMIM1 S4E showed similar SMIM1 sorting dynam-
ics as the Vel +/+ donor.
Vel expression of enucleating cultured reticulocytes at t10 analyzed with DNA-marker Draq5. Top: Histogram of 
Vel expression of reticulocytes (fi lled), nucleated cells (dashed), nuclei (solid), and isotype (dotted) for a Vel +/+ 
and ∆/∆ donor and Vel ∆/∆ erythroblasts transduced with S4A or S4E and empty pAD vector control. Bottom: 
Bar graph of MFI of Vel expression for the nucleated cells (black), nuclei (dark grey), and reticulocytes (light grey) 
for the diff erent conditions.
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migrating band was the most predominant (fi gure 3b; a). Two slower migrating bands were detected 
for wtSMIM1, denoted as b and c, fi gure 3b. Overexpressed wtSMIM1 showed a similar pattern as 
observed previously for SMIM1 in +/+ erythroblasts (fi gure 1c).3 Th e slower migrating bands suggest 
the presence of phosphorylated SMIM1.1,13 Indeed, lysates of S4A transduced Vel ∆/∆ erythroblasts 
only showed the faster migrating band (a), while the slower migratory bands (b and c) were undetect-
able. In addition, the phosphorylation mimicking S4E SMIM1 mutant migrated as one band similar 
to the slow migrating SMIM1wt band, c. Th is strengthens the concept that these specifi c bands (b and 
c) refl ect phosphorylated SMIM1 and confi rm the results as observed in 293T (supplemental fi gure 
1). A signifi cant diff erence in total protein expression was observed during diff erentiation between 
S4A and S4E. While expression of SMIM1 S4A was unchanged during diff erentiation, SMIM1 S4E 
showed low levels at the start of diff erentiation, which increased during diff erentiation. Th is suggests 
instability of the overexpressed SMIM1 S4E at the start of diff erentiation as the co-expressed GFP 
levels were similar to the levels seen in the SMIM1 S4A transduced cells. A similar migratory pattern 
was observed upon co-transduction of wtSMIM1 with S4E, where migrating bands a and b, and, to 
a higher extent than wtSMIM1 only, c were detected. Whereas wtSMIM1 co-transduced with S4A 
showed mainly a. Th e data suggests that phosphorylation of SMIM1 is involved in protein stability.
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Figure 5. Vel epitope recognition of SMIM1 S4E using diff erent anti-Vel antibodies shows formation of DTT 
sensitive epitopes.
Analysis of Vel expression during terminal diff erentiation detected by three diff erent anti-Vel antibodies; MB46 
polyclonal antibodies, M3F5S IgM, SpG213Dc IgG for Vel +/+, Vel ∆/∆ , Vel ∆/∆ erythroid cells transduced with 
wild type SMIM1 (wtSMIM1), empty NGFR vector (wtSMIM1 control vector), empty pAD vector (SMIM1 
mutant control vector), S4E SMIM1 mutant (S4E),and co-transduction wtSMIM1 and S4E (wtSMIM1+S4E) for 
time points; t2, t4, t8, and t10. Isotype depicted in each histogram as solid line (unfi lled). Of note, at t10 the signal 
for MB46 and M3F5S was slightly increased for the empty vector conditions and Vel ∆/∆, indicating a slight in-
crease in autofl uorescence. Th is eff ect of autofl uorescence was less pronounced for the SpG213Dc signal for which 
a diff erent secondary antibody was used.
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Discussion

SMIM1 is partly serine phosphorylated in erythrocytes. Phosphorylation has been shown for many 
membrane proteins to regulate specifi c localization to cellular compartments. However, in 293 cells 
and K562, SMIM1 serine to alanine mutation (S4A) do not present with abnormal localization,1 
which we have confi rmed in this study in primary erythroblasts of a Vel-negative donor. Th e eff ect of 
constitutive phosphorylation of SMIM1 (S4E) has not been previously reported. We now demonstrate 
that transfection of primary erythroblasts and HEK293T cells with SMIM1 S4E phosphorylation 
mimicking mutant also showed Vel membrane expression comparable to wtSMIM1. Th is suggests that 
serine phosphorylation does not interfere with expression of Vel on the membrane of erythroid cells. 
We next investigated the consequence of SMIM1 serine phosphorylation on total SMIM1 protein and 
Vel membrane expression, using primary Vel ∆/∆ human erythroblasts expressing phosphorylation-
dead or phosphorylation-mimicking SMIM1.

Here we show diff erent expression dynamics for wtSMIM1, SMIM1 S4A and SMIM1 S4E, with 
wtSMIM1 decreasing, SMIM1 S4E increasing and SMIM1 S4A expression remaining stable during 
diff erentiation. Western blot analysis showed a clear diff erence in migratory bands of S4A and S4E in 
both erythroblasts as well as 293T cells, which allowed to discriminate the phosphorylation patterns 
of wtSMIM1. We show that the unphosphorylated form of SMIM1 is also the most predominant 
form during erythropoiesis. Th e SMIM1 S4E phosphorylation mimicking mutant represents the 
top slow migrating band of SMIM1wt suggesting that additional phosphorylation sites are less likely 
both in 293T and during primary erythroblast diff erentiation. Total levels of wtSMIM1 showed a 
predominant migratory band similar to S4A, with few SMIM1 showing slower migrating bands, 
indicating phosphorylated SMIM1 bands. Moreover, the predominant migratory band of wtSMIM1 
overlapped with the S4A band in the co-transduction condition. In contrast, Arnaud et al. showed the 
predominant SMIM1 band to be phosphorylated in HEK293T cells. Interestingly, S4A SMIM1 total 
protein levels were abundantly present at the start of diff erentiation and remained stable throughout 
diff erentiation. In contrast, S4E total protein levels, both with or without SMIM1wt, showed very 
low SMIM1 S4E protein levels at the start of diff erentiation, which steadily increased during dif-
ferentiation. It has been shown for numerous proteins that phosphorylation triggers degradation.19 Th e 
observation that +/+ erythroblasts, SMIM1wt-overexpressed erythroblasts and S4A SMIM1 express-
ing erythroblasts display expression, but SMIM1 S4E does not, suggest an active degradation. Th is 
suggests that phosphorylation of SMIM1 leads to degradation via currently unknown mechanisms.1 
Possibly in erythroblasts the substitution of the serine by glutamate acid, mimicking phosphoryla-
tion, marks intracellular SMIM1 to be degraded at the start of diff erentiation, whereas substitution to 
alanines mimicking the non-phosphorylated state do not. Th e majority of the SMIM1 protein during 
diff erentiation seems to be in the non-phosphorylated form, which may be a consequence of increased 
SMIM1 turnover due to phosphorylation as observed for S4E. Th e accumulation of S4E at the end 
of diff erentiation may represent the membrane pool of SMIM1, suggesting stability of S4E in the 
membrane, but this has to be further researched.
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We demonstrate that SMIM1 expression does not seem to have an effect on erythroid differentia-
tion, as Vel negative (Δ/Δ) and Vel positive (+/+) erythroid cells did not show a difference in terminal 
differentiation progression, based on transferrin (CD71) and glycophorin A (CD235) expression. 
Unexpectedly, transduction of Δ/Δ proerythroblast with wtSMIM1 showed delayed reduction of 
transferrin (CD71) and α4-integrin (CD49d) expression during differentiation, both proteins known 
to be downregulated during erythroblast differentiation.15 However, the enucleation potential was not 
delayed and similar, indicating that the delayed downregulation of CD71 and CD49d is not a result 
of delayed differentiation progression. The results indicate that SMIM1 overexpression may interfere 
via unknown mechanisms with specific membrane marker expression during differentiation. Possibly 
the data signify an overload of the endoplasmic reticulum/translocation machinery, which has been 
observed in massive overexpression systems,16,17 thereby affecting the expression levels of CD71 and 
CD49d, and potentially other membrane markers. Phosphorylation SMIM1 dead or mimicking mu-
tants did not show an effect on differentiation progression, indicating that there is no effect of SMIM1 
phosphorylation status on terminal erythroid differentiation. Albeit, single transduction of S4A or 
S4E induced an increased membrane expression of Vel, it did not result in a similar overexpression of 
total SMIM1 as wtSMIM1. Indeed at the end of differentiation Vel Δ/Δ erythroid transduced with 
wtSMIM1, S4A or S4E reached a similar plateau for Vel expression detected on the membrane. This 
suggests that Vel membrane expression at terminal differentiation is not dependent on phosphoryla-
tion state of SMIM1. The increased expression at the start of differentiation induced by transduction 
of wtSMIM1 is possibly due to the higher transduction efficiency of the lentiviral vector used for the 
wtSMIM1-construct. Unfortunately, we did not perform experiments with the wtSMIM1-construct 
in the same vector as the phosphorylation mutants. Interestingly, for lentiviral expressed SMIM1wt 
as well as in +/+ erythroid cells, SMIM1wt total protein levels decrease during differentiation while 
the membrane expression increases. This difference may indicate that not all produced SMIM1 is 
incorporated into the membrane. It would be interesting to isolate plasma membrane fractions to 
examine if protein amount reflects the total protein amount dynamics or if epitope remodelling 
explains Vel membrane expression during differentiation. The latter explanation suggests that a still 
unknown process is directing Vel epitope expression at the end of differentiation. DTT disrupts the 
cystine bridges that are important for SMIM1 dimerization/oligomerization and affecting Vel epitope 
recognition by specific antibodies.2 Indeed, we have repeatedly observed that an antibody detecting 
Vel in a DTT sensitive manner (SpG213DC) shows a somewhat delayed increase of Vel-expression 
in erythroblast cultures compared to antibodies that are less sensitive to DTT (MB46, M3F5S). This 
suggests that most SMIM1 dimerization/oligomerization occurs later (between day 4 and day 8) dur-
ing differentiation. This may involve incorporation of SMIM1 into the large erythrocyte membrane 
complexes (e.g. ankyrin or junctional complexes18). Indeed, we have previously found that SMIM1 is 
present in the C12E8 insoluble cytoskeleton fraction suggesting that SMIM1 is present in these large 
membrane complexes.3 However, mimicked constitutive phosphorylated SMIM1 did not seem to 
significantly affect SMIM1 dimerization/oligomerization as Vel epitope recognition of SMIM1 S4E 
by DTT sensitive antibody SpG213Dc showed a similar pattern as wtSMIM1
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In conclusion, SMIM1 is shown to translocate to the plasma membrane and presents it epitope dur-
ing in vitro terminally differentiating erythroblasts, irrespective of its phosphorylation status. However, 
cytosol constitutively phosphorylated SMIM1, mimicked by serine to glutamic acid substitution, leads 
to SMIM1 degradation. Upon incorporation into the membrane phosphorylated as well as dephos-
phorylated SMIM1 is capable of epitope presentation. We propose that residual SMIM1 that is not 
incorporated into the membrane or membrane complexes during erythroid differentiation is degraded 
by a phosphorylation dependent mechanisms.
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Appendices I: Supplemental fi gures
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Supplemental fi gure 1. Similar total expression and membrane localization of SMIM1wt and SMIM1S 4A/S4E 
in HEK293T cells.
HEK293T cells transfected with wild type SMIM1 (wtSMIM1), empty NGFR vector (wtSMIM1 control vector), 
S4A SMIM1 mutant (S4A), S4E SMIM1 mutant (S4E), and empty pAD vector (SMIM1 mutant control vector) 
showing western blot (a) and fl ow cytometry (b). Th ree diff erent SMIM1 migratory bands could be identifi ed: a 
band around 13 kDa (a), 14 kDa (b), and 15 kDa (c) band. Western blot analysed using antibodies against actin 
and SMIM1 (rabbit-derived anti-PEP#7).
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Supplemental fi gure 2. Non-erythroid ORF GFP and/or NGFR expression during terminal diff erentiation be-
longing to the experiment in fi gure 3.
Flow cytometry analysis of Vel (∆/∆) erythroblasts non transduced and transduced with wild type SMIM1 
(wtSMIM1), empty NGFR vector (wtSMIM1 control vector), empty pAD vector (SMIM1 mutant control vector), 
S4E SMIM1 mutant (S4E), and co-transduction wtSMIM1 with S4Eshowing GFP (a) and NGFR (b) expression 
for time points t0, t2, t4, t8, and t10
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Supplemental fi gure 3. Expression of α4-integrin is comparable to transferrin receptor (CD71) expression at end 
of diff erentiation.
Flow cytometry analysis of terminally diff erentiated erythroid cells of α4-integrin (CD49d) and glycophorin A 
(CD235a) expression of Vel positive (+/+), Vel negative (∆/∆), and Vel ∆/∆ transduced with wild type SMIM1 
(wtSMIM1), empty NGFR vector (wtSMIM1 control vector), empty pAD vector (SMIM1 mutant control vector), 
S4E SMIM1 mutant (S4E), and co-transduction wtSMIM1 with S4E for time point t10.
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Supplemental fi gure 4. Enucleation potential was not aff ected by SMIM1wt or mutants overexpression.
Analysis of enucleation of Vel +/+, Vel ∆/∆ , Vel ∆/∆ erythroid cells transduced with wild type SMIM1 (wtSMIM1), 
empty NGFR vector (wtSMIM1 control vector), empty pAD vector (SMIM1 mutant control vector), S4E SMIM1 
mutant (S4E), S4A SMIM1 mutant (S4A), co-transduction wtSMIM1 and S4E (wtSMIM1+S4E), and co-trans-
duction wtSMIM1 and S4A (wtSMIM1+S4A) for time point t10. Enucleation determined by nuclear staining 
(Draq5) and cell size.

Supplemental fi gure 5. Monoclonal M3F5S-IgM and polyclonal MB46 anti-Vel antibodies showed reduced sen-
sitivity after DTT treatment of intact RBCs belonging to the experiment in fi gure 5.
Vel expression levels detected by three diff erent anti-Vel antibodies M3F5S, MB46, and SpG213Dc of three dif-
ferent donors before (untreated) and after (DTT) DTT treatment. Anti-k as a control for DTT treatment, with 
donor 2 heterozygote for k.


