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Abstract 

 

MEIS1 is a transcription factor expressed in hematopoietic stem and 

progenitor cells and in mature megakayocytes. This biphasic expression of 

MEIS1 suggests that the function of MEIS1 in stem cells is distinct from its 

function in lineage committed cells. Mouse models show that Meis1 is 

required for renewal of stem cells, but the function of MEIS1 in human 

hematopoietic progenitor cells has not been investigated. We show that two 

MEIS1 splice variants are expressed in hematopoietic progenitor cells. 

Constitutive expression of both directed human hematopoietic progenitors 

towards a megakaryocyte-erythrocyte progenitor fate. Ectopic expression of 

either MEIS1 splice variant in common myeloid progenitor cells, and even in 

granulocyte monocyte progenitors, resulted in increased erythroid 

differentiation at the expense of granulocyte and macrophage differentiation. 

Conversely, silencing MEIS1 expression in progenitor cells induced a block in 

erythroid expansion and decreased megakaryocytic colony formation 

capacity. Gene expression profiling revealed that both MEIS1 splice variants 

induce a transcriptional program enriched for erythroid and megakaryocytic 

genes. Our results indicate that MEIS1 expression induces lineage 

commitment towards a megakaryocyte-erythroid progenitor cell fate in 

common myeloid progenitor cells through activation of genes that define a 

megakaryocyte-erythroid specific gene expression program. 
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Introduction 

Production of appropriate numbers of distinct blood cell types is dependent on 

controlling lineage commitment in the hematopoietic tissue and terminal 

differentiation into circulating blood cells. Transcription factors regulate the 

renewal of hematopoietic stem cells (HSC) and specify distinct lineages 1-9. By 

also controlling each other’s expression, transcription factors induce lineage 

specific gene expression and repress other differentiation routes. The 

differentiation of common myeloid progenitors (CMP) towards either 

granulocyte monocyte progenitors (GMP) or megakaryocyte erythrocyte 

progenitors (MEP) for example is regulated by transcription factors, among 

which GATA1 plays a crucial role 10;11. However, depletion of Gata1 alone 

does not impair MEP differentiation or enhance myeloid output, indicating that 

additional factors regulate the megakaryocyte-erythroid fate 12. 

The Meis1 (myeloid ecotropoic viral insertion site 1) transcription factor gene 

was first described as a common viral integration site associated with tumor 

formation in BXH-2 mice 13. MEIS1 overexpression together with 

overexpression of HOXA9 sustains leukemic stem cell potential in human 

acute myeloid leukemia and childhood acute lymphoblastic leukemia 14;15.  

MEIS1 is a homeobox gene of the TALE (three amino acids loop extension) 

family, encoded on human chromosome 2p15. The MEIS1 amino terminus 

contains binding domains for its interaction partners, the transcription factors 

HOXA9 and PBX1, followed by a homeobox DNA binding domain and 

carboxy-terminal transcriptional activation domains 16. Previous studies have 

described alternative splicing of the MEIS1 pre-mRNA in a highly conserved 

manner resulting in four splice variants of which two, MEIS1B and MEIS1D, 

are expressed in hematopoietic cells 13;17. MEIS1B and MEIS1D proteins 

differ in their carboxy-termini, resulting in a transcriptionally more active splice 

variant MEIS1D 18. 

MEIS1 is expressed in hematopoietic stem and progenitor cells 9;19;20 and 

increases during human megakaryocytic differentiation 21. Meis1 null-mutant 

mice die at embryonic day 14.5 due to a poorly developed hematopoietic 

compartment, lack of megakaryocytes and platelets and defective 

vascularisation 6;7;22. Meis1-deficient zebrafish display a lack of 

megakaryocytes, decreased erythrocyte levels and vascularisation defects 23, 
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consistent with the data from the null-mutant mice. Meis1 depletion in murine 

HSC using lineage-specific Cre-recombinase results in cell cycle entry and 

loss of quiescence 9. 

The most prominent murine models used to study Meis1 function to 

date rely on homologous recombination resulting in Meis1 depletion during 

embryogenesis. Due to the construction of these knock outs, it is also not 

possible to compare the function of the different Meis1 splice variants or 

specifically study MEIS1 in hematopoietic cells in these murine models 6;7. 

Here, we investigated for the first time the role of MEIS1 in adult human 

hematopoietic progenitor cells. Expression of the two MEIS1 splice variants 

was modulated in sorted hematopoietic stem and progenitor cell subsets 

using lentiviral knockdown or overexpression of MEIS1 fused to GFP, an 

approach that had been described before 24 enabling us to delineate the 

effects of MEIS1 on specific stages of lineage commitment. Furthermore, 

using transcriptional profiling on MEIS1 over expressing CD34+ hematopoietic 

stem and progenitor cells, we generated an overview of the transcriptional 

changes following MEIS1 expression.  

 

Methods 

 

Please see supplemental methods for additional information. 

 

Human CD34 + cells 

Mobilized peripheral blood (MPB) and cord blood (CB) cells were obtained 

after informed consent and with the approval of the ethical committee of local 

hospitals. Bone marrow was collected by sternal puncture from patients 

undergoing cardiac surgery. CD34+ cells were isolated from CB or MPB 

samples within 48 hours after arrival of the material using magnetic cell 

sorting (Miltenyi Biotech, Bergisch Gladbach, Germany) according to the 

manufacturer’s specifications. All samples contained more than 90 % CD34+ 

cells and less than 5% CD41 determined by flow cytometry (LSRII, Becton 

Dickinson). 
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Lentiviral transduction, colony formation assays an d human primary cell 

culture 

CD34+ cells were transduced with MEIS1 expression or shRNA constructs 

and incubated overnight in CellGro medium (CellGenix, Frankfurt, Germany) 

with 100 ng/ml each of stem cell factor (SCF, R&D Systems Abingdon, UK), 

thrombopoietin (TPO Sanquin PeliKines, Amsterdam, The Netherlands), Fms-

like tyrosine kinase3-ligand (Flt3, Miltenyi Biotech) and 20 ng/ml interleukin 6 

(IL6, Miltenyi Biotech). 48 Hours after transduction, cells were sorted for GFP-

expression using the FACSAria II Cell Sorter (BD Biosciences). GFP-positive 

cells were used in either Colony Gel colony formation assay (Cell Systems, 

Frankfurt, Germany) or Megacult colony formation assay (Stem Cell 

Technologies, Grenoble, France), according to the manufacturer’s 

specifications. Erythroid differentiation in liquid culture was achieved by 

seeding CD34+ cells into CellGro medium (CellGenix) with 100 ng/ml of SCF 

(R&D Systems), 3 U/ml erythropoietin (EPO, R&D Systems) and 10 ng/ml 

interleukin 3 (IL-3, R&D Systems). For transductions of committed erythroid 

progenitor cells, CD34+ cells were cultured towards the erythroid lineage in 

CellGro medium (CellGenix) as described above. After seven days in culture, 

expression of CD71 (transferrin receptor) and CD235a (glycophorin a) were 

measured using flow cytometry (LSRII, Becton Dickinson). Cells were 

transduced with MEIS1 expression or knockdown constructs and left to 

differentiate towards erythroid cells for five more days. At the end of the 

culture cells were counted, labeled with PeCy7-conjugated CD34 (BD 

Biosciences) and tricolor-conjugated CD235a (Caltag Laboratories, 

Buckingham, UK) and analyzed using flow cytometry (LSRII, Becton 

Dickinson).  

 

Hematopoietic stem and progenitor cell subfractions  

CD34+cells from MPB samples were stained with PE-Cy7-conjugated CD34, 

PerCP-conjugated CD38, FITC-conjugated CD45RA, V450 Horizon-

conjugated CD45, APC-conjugated BAH clone recognizing a MEP-specific 

epitope and PE-conjugated CD123 (all from BD Biosciences). Cells were 

sorted into HSC (CD34+/CD38-), CMP (CD34+/CD38+/CD123-/CD45RA-), 

GMP (CD34+/CD38+/CD123+/CD45RAdim) and MEP (CD34+/ CD38+/ CD123-/ 
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CD45RA-/BAH1+) 25;26 using a FACS Aria II cell sorter (BD Biosciences). After 

sorting, subfractions were transduced with virusparticles carrying MEIS1B or 

MEIS1D expression constructs or an empty vector control. 48 Hours after 

transduction, cells were sorted for GFP-expression and 1000 GFP-positive 

cells were seeded into Colony Gel colony formation assay (Cell Systems) 

according to the manufacturer’s specifications.  

 

Results 

 

Differential expression of MEIS1 splice variants in  human CD34 + 

hematopoietic stem and progenitor cells  

To investigate the expression of the MEIS1B and -D splice variants (Fig. 1A) 

in human primary hematopoietic stem and progenitor cells, we sorted CD34+ 

cells into subfractions to obtain HSC, CMP, GMP and MEP 25;26. MEIS1 

mRNA was present in all subfractions, with MEIS1D 4-fold higher expressed 

than MEIS1B (Fig. 1B). Expression of both MEIS1 splice variants decreased 

when HSC differentiated towards the more committed CMP, GMP, and MEP 

(Fig. 1B).  

When CD34+ cells from MPB or CB were allowed to differentiate into 

megakaryocytes, MEIS1D protein expression decreased while mRNA was still 

present. MEIS1B mRNA and protein expression increased throughout 

megakaryopoiesis, with the highest expression in terminally differentiated 

megakaryocytes (Fig. 1C and 1D). Taken together, our data show that 

MEIS1B and MEIS1D are present in hematopoietic stem cells and their 

expression decreases when the cells differentiate into more committed 

progenitors. Expression of MEIS1 is then reinforced during megakaryopoiesis 

with MEIS1B being the more abundant splice variant.  

 

MEIS1 expression skews CD34 + cells towards a MEP-fate  

To investigate the functional role of MEIS1 during lineage commitment of 

hematopoietic stem and progenitor cells, we ectopically expressed MEIS1 in 

CD34+ cells using lentiviral expression vectors with MEIS1B or MEIS1D full 

length cDNA fused to GFP at the amino-terminus. The functionality of the 

fusion protein has been reported before 24.  MEIS1B expression increased 60-
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fold in sorted GFP-positive cells 48 hours after transduction, whereas MEIS1D 

increased 15-fold compared to empty vector controls (Fig. 2A), expression 

levels well within the range of physiological MEIS1 fluctuation. Seeding  

 

 
Figure 1. MEIS1 splice variants are differentially expressed in he matopoietic stem and 
progenitor cells.  (A) Schematic view of MEIS1B and MEIS1D mRNA sequences (upper two) 
and functional protein domains (lower two). Numbered boxes indicate exons. ORF: open 
reading frame, M1, M2: binding domains for trimerization with PBX1/HOXA9 proteins, 
homeobox: DNA binding domain. (B) MEIS1B and MEIS1D expression in bone marrow 
CD34+ cells sorted into hematopoietic stem and progenitor cell subsets. Bone marrow-derived 
CD34+ cells were enriched for hematopoietic stem cells (HSC), common myeloid progenitors 
(CMP), granulocyte-monocyte protenitors (GMP) and megakaryocyte-erythroid progenitors 
(MEP) using flow cytometry followed by RNA isolation. cDNA was synthesized and qRT-PCR 
was performed with specific primers for MEIS1B or MEIS1D. Gene expression was calculated 
relative to the �-glucoronidase (GUS) reference gene using the deltaCT method. 
Experiments were performed in triplicate with CD34+ cells from three independent donors, 
statistical analysis was performed using an unpaired two-tailed Student t-test. (C) Western 
Blot analysis of MEIS1 expression in CB- and MPB-derived CD34+ cells directly after isolation 
(day 0) and after 7 days in culture promoting megakaryopoiesis with TPO and IL-1�. RhoGDI 
was used to show equal protein loading. A representative image is shown from three 
biologically independent experiments. (D) MEIS1B and MEIS1D mRNA during 
megakaryopoiesis. RNA samples were taken from MPB-derived CD34+ cells, which were then 
cultured towards megakaryocytes. Additional RNA samples were taken at day seven of 
megakaryocyte culture from sorted CD41+ and CD41- fractions. CD41+ cells were cultured 
further until day 14 and a last RNA sample was taken. cDNA was generated and MEIS1 
expression was determined using qRT-PCR. Data from three biologically independent 
experiments is shown. * indicates p  < 0.05, ** indicates p  < 0.01 
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transduced CD34+ cells one cell per well in semisolid media promoting 

erythroid or granulocyte-macrophage differentiation did not alter total colony 

numbers (empty vector 16 ± 6.5, MEIS1B 24 ± 13.5, MEIS1D 16 ± 13.8)while 

the phenotypic distribution significantly changed. The number of burst forming 

unit erythroid (BFU-E) and colony forming unit erythroid (CFU-E) increased by 

3-fold with MEIS1B overexpression and 1.9 fold with MEIS1D compared to 

empty vector. Colony forming unit granulocyte macrophage (CFU-GM) 

decreased by 3-fold with MEIS1B and 6-fold upon MEIS1D expression 

compared to empty vector (Fig. 2C). Next, expression of both MEIS1 variants 

was silenced in CD34+ cells with short hairpins targeting either exon 7 (sh72) 

or the 3’ UTR (sh68), sequences present in both MEIS1 variants (Fig. 2B) 

reducing MEIS1B expression by 60% with sh68 and about 70% with sh72. 

When transduced CD34+ cells were plated out in semisolid media, MEIS1 

knockdown resulted in significantly less total colony formation with sh72 (4 ± 

1.8, p<0.01) compared to short hairpin control shc002 (25 ± 2.5) or sh68 (19 ± 

2.6). Furthermore, knockdown almost completely abrogated erythroid colony 

formation with sh68 or sh72 compared to shc002 (Fig. 2D). CFU-GM numbers 

were not affected by MEIS1 knockdown (Fig. 2D) suggesting that MEIS1 

expression controls erythroid versus granulocytic differentiation. In parallel, 

transduced CD34+ were plated in semisolid media promoting megakaryocytic 

differentiation. MEIS1B overexpression increased the number of 

megakaryocytic colonies by 1.6-fold (174 ± 81) and MEIS1D by 2-fold (237 ± 

57), respectively, compared to the vector control (111 ± 16) (Fig. 2E). In 

addition to increased colony numbers, the colony size was larger (Fig. 2F) 

upon overexpression with either one of the two MEIS1 splice variants. MEIS1 

knockdown in CD34+ cells reduced megakaryocytic colony formation by 18% 

with sh68 (152 ± 38) and by 30% with sh72 (145 ± 39) (Fig 2G) and colony 

size compared to shc002 (174 ± 32) (Fig 2H). These results suggest that 

MEIS1 expression in hematopoietic progenitors, especially MEIS1D, , induces 

a MEP-fate in hematopoietic stem and progenitor cells.  

 

MEIS1 induces erythroid commitment in myeloid progenitor  cells 

To determine at which level of hematopoietic commitment the MEIS1 variants 

exert their effects, MPB-derived CD34+ cells were sorted into HSC, CMP and  
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Figure 2. MEIS1 expression skews CMPs towards a MEP-fate.  (A &B) Lentiviral 
transduction of MPB-derived CD34+ cells with MEIS1 overexpression constructs encoding 
MEIS1B or MEIS1D cDNA N-terminally fused to GFP, or with shRNA (sh68, sh72) targeting 
both MEIS1 variants. 48 hours after transduction, cells were sorted using GFP expression, 
and lysed for RNA isolation. MEIS1 expression was calculated relative to �-glucoronidase. 
(C&D) Colony formation assay from MPB-derived CD34+ cells transduced with MEIS1 
overexpression constructs and colony formation assay after MEIS1 knockdown in CB CD34+ 
cells. Transduced cells were plated single cell/single well into 48 wells of a 96 wells plate. (E-
H) Megacult colony formation assay using transduced MPB-derived CD34+ cells. 2,500 
transduced, GFP-positive cells were seeded into semisolid medium. After two weeks, 
colonies were fixed, stained for CD41 expression (red) and Evans Blue as counterstain (blue) 
and CD41+ colonies were counted. Representative images were taken with a brightfield 
microscope using a 10x magnification. All experiments were performed in triplicate using cells 
from three independent donors, statistical analysis was carried out using an unpaired two-
tailed Student t-test. * indicates p  < 0.05, ** indicates p  < 0.01. 
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GMP (Fig. 3A), transduced with MEIS1B or MEIS1D overexpression vectors, 

sorted for GFP expression and seeded into semisolid medium. Neither 

MEIS1B nor MEIS1D overexpression significantly changed the differentiation 

potential of the HSC-enriched fraction (Fig. 3B). Expression of either splice 

variant in the CMP caused a 2-fold increase in erythroid colonies, 

accompanied by a significant decrease in CFU-GM (Fig. 3C) reflectig the 

phenotype of total CD34+ cells after MEIS1 overexpression (Fig. 2C). 

Strikingly, expression of the MEIS1 splice variants enabled the formation of 

erythroid colonies in the GMP fraction, a progenitor subset committed to 

differentiate into granulocytic-monocytic cells. The increase in erythroid 

colonies was accompanied by a significant reduction in CFU-GM (Fig. 3D), 

suggesting that MEIS1 is able to reprogram GMP towards erythroid 

commitment. Our findings show that expression of MEIS1B and MEIS1D 

skews CMP towards a MEP fate and that MEIS1 expression reprograms GMP 

into the erythroid lineage. 

 
Figure 3.  MEIS1 induces erythroid commitment in myeloid progenitor  cells (A) Sorting of 
MPB-derived CD34+ cells for HSPC. CD34+/CD38- indicates HSC, CMP are characterized by 
CD34+/CD38+/CD123-/CD45RA- and GMP are defined as CD34+/CD38+/CD123+/CD45RA 
dim. Colony formation assay of sorted (B) HSC, (C) CMP and (D) GMP after MEIS1 
overexpression. CD34+ cells were sorted into stem and progenitor subsets, transduced with 
MEIS1 overexpression constructs, and 48 hours after transduction sorted again for GFP 
expression. 1,000 GFP-positive cells per condition were seeded into semisolid medium, and 
colonies were counted after two weeks of incubation. Experiments were performed in 
triplicate with CD34+ cells from three independent donors, statistical analysis was carried out 
using an unpaired two-tailed Student t-test. * indicates p < 0.05, ** indicates p  < 0.01. 
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MEIS1 positively regulates erythroid determination 

To further examine the role of MEIS1 in erythroid commitment and 

differentiation, transduced CD34+ cells were grown in liquid culture supporting 

erythroid proliferation and differentiation.  

A 2.3-fold increase in cellular yield was observed upon overexpression of 

MEIS1B and a 2.2-fold increase was found with MEIS1D overexpression 

compared to empty vector controls (Fig. 4A). While cell numbers increased 

with MEIS1 expression, glycophorin A (CD235a) expression was the same for 

MEIS1B or MEIS1D expressing cells as well as for empty vector cells (Fig. 

4A) suggesting that MEIS1 induces skewing of CD34+ cells towards an 

erythroid fate, but not erythoid differentiation. Vice versa, MEIS1 knockdown 

caused a 47% reduction in cell numbers with sh68 and a 60% reduction with 

sh72 compared to control cells (Fig. 4B). The decline in erythroid cells was 

accompanied by a 25% decrease in CD235a expression with sh68 and a 57% 

decrease with sh72 Fig. 4B) further underlining that MEIS1 expression is 

needed to direct CD34+ progenitor cells to an erythroid fate. 

To determine whether MEIS1 also affects committed erythroblasts, CD34+ 

cells were first cultured for seven days to establish an erythroid fate, and 

subsequently transduced with MEIS1 overexpression and knockdown 

constructs. After an additional 4 days of culture, overexpression of MEIS1B or 

MEIS1D resulted in 2-fold more cells compared to empty vector (Fig. 4C). 

Also, a trend towards increased CD235a expression was detected (Fig. 4C), 

but differences did not reach significance. Silencing MEIS1 did not affect the 

amount of cells (Fig. 4D), consistent with a physiological downregulation of 

MEIS1B and MEIS1D during physiological erythropoiesis (Fig. 4E). Together 

these findings indicate that MEIS1 expression is crucial to establish an 

erythroid fate in hematopoietic progenitor cells but is not needed for erythoid 

differentiation. 

 

MEIS1 expression induces a megakaryocyte-erythroid proge nitor fate 

Elevated MEIS1B or MEIS1D expression increased erythroid colony formation 

from CMP and GMP, suggesting that MEIS1 induces a MEP gene expression  
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Figure 4. MEIS1 positively regulates erythroid determination.  (A, B) Lentiviral 
transduction of MPB-derived CD34+ cells with MEIS1 overexpression constructs, and 
subsequent erythroid differentiation. Transduced cells were allowed to differentiate for 11 
days in the presence of EPO, SCF, and IL-3. After 11 days in culture, cell counts and 
glycophorin a (CD235a) expression were determined with flow cytometry using counting 
beads. Cell count and CD235a expression after (A) MEIS1 overexpression or (B) MEIS1 
knockdown. (C, D) Lentiviral transduction of committed erythoid cells. CD34+ cells were 
allowed to differentiate for 7 days in the presence of EPO, SCF, and IL-3. After 7 days in 
culture, cells were transduced with MEIS1B or MEIS1D and left to differentiate for an 
additional 5 days. At the end of the culture, cell counts and glycophorin a (CD235a) 
expression were determined. (C) Transduction of erythoid cells with MEIS1 overexpression 
constructs (D) Lentiviral transduction of erythroid cells with MEIS1 shRNA constructs. Cell 
count was determined as described in C. (E) Real-time PCR of MEIS1B and MEIS1D 
expression during erythroid differentiation. At the beginning of the culture as well as after 4, 6 
and 11 days, RNA samples were taken for expression profiling. MEIS1 expression was 
calculated relative to GUS. Experiments were performed in triplicate from three independent 
donors, statistical analysis was carried out using an unpaired two-tailed Student t-test. * 
indicates p < 0.05, ** indicates p  < 0.01. 
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profile in these progenitors. To characterize the transcriptional changes 

caused by MEIS1, the gene expression profile of CD34+ cells from mobilized 

peripheral blood was determined 48 hours after transduction with GFP-fused 

MEIS1B or MEIS1D expression vectors, or the empty vector control. Total 

RNA from three biologically independent experiments was hybridized to an 

Illumina Human HT-12 v4 expression beadarray. After VSN normalization, 

comparison of gene expression between the three different groups (empty 

vector, MEIS1B, or MEIS1D) was performed using Benjamini Hochberg FDR 

values smaller than 0.05 as a cutoff. A total of 66 genes were differentially 

regulated upon MEIS1B overexpression, 125 genes with MEIS1D 

overexpression and 69 genes were differentially regulated in both 

overexpression conditions compared to empty vector controls. 

Overexpression of either MEIS1B or MEIS1D resulted in similar expression 

patterns, indicating that both splice variants regulate common targets (Fig. 5A, 

Table 1, Supplemental Table S1). Among MEIS1-regulated genes in CD34+ 

cells were transcripts whose expression was described earlier as being 

regulated by MEIS1, such as cyclin D1 (CCND1) 9;24 and cyclinD3 (CCND3) 
9;27 (Table 1, Table S1). 

Next to these previously described targets, MEIS1 increased expression of 

genes associated with megakaryopoiesis and erythropoiesis such as KLF1, 

HBD, HBG, SLC40A1, THBS1, GPIb, VWA5A and GATA2 (Table 1, Table 

S1). Notably, transcripts known to be specific for hematopoietic stem cells 

were down regulated upon MEIS1 expression, including PROM1 (CD133), 

AK2 and CD34. CD48, a gene marking granulocytic cell commitment, was 

down regulated as well.  

To further examine the lineage specification induced upon MEIS1 expression, 

our expression profiling data was compared with the Haematlas 21. In this 

study, genes specific for CD4+ Th lymphocytes, CD8+ Tc lymphocytes, CD14+ 

monocytes, CD19+ B lymphocytes, CD56+ natural killer cells and CD66+ 

granulocytes were identified based on expression profiling. The percentage of 

common genes was most pronounced between MEIS1-overexpressing CD34+ 

cells and myelo-erythroid lineage cells, resulting in 30% (erythroblasts) and 

38% (megakaryocytes) common transcripts (Fig. 5B, Table 2 and Table. S2). 

Vice versa, little common gene expression patterns were determined between 
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MEIS1-overexpressing CD34+ cells and cells of the lymphoid lineage with 

10.8 % in CD56+ natural killer cells and a maximum of 14.6 % genes 

expressed in CD19+ B lymphocytes. The increase in the amount of 

overlapping expression profiles underlines that MEIS1 overexpression in 

CD34+ cells induces an expression profile characteristic for megakaryocytes 

and erythroid cells.  

To characterize the role of MEIS1 on lineage determination, gene set 

enrichment analysis (GSEA) was performed. In a previous study, Jaatinen et 

al. compared the expression profiles of CB-derived CD133+ HSCs and 

CD133- progenitor cells 28. When the expression profile of CD34+ cells 

overexpressing MEIS1 was compared with CD133 cells, we found an overall 

negative correlation for HSC-associated genes. The correlation was 

significant for MEIS1D (Table S3, Fig. S4). Vice versa, a positive correlation 

could be detected between transcripts downregulated in CD133+ cells and 

transcripts upregulated upon MEIS1 overexpression (Fig. S4 B, -D), and this 

correlation was significant for MEIS1B (Fig. S4). Among the positively 

correlated genes, the erythroid markers KLF1, HBB and RHAG were detected 

(Table S3). Taken together, these findings further confirm that MEIS1 

expression induces a progenitor fate in HSCs with a bias towards the 

megakaryocyte-erythroid lineage. 

 

Discussion 

 

While the critical role of Meis1 in keeping quiescence and self-renewal 

capacity in hematopoietic stem cells has been demonstrated earlier 9;29-31, 

little is known about the role of this transcription factor in more committed 

progenitor cells. MEIS1 expression decreases when HSC differentiate to 

multipotent progenitors, but increases again during megakaryopoiesis. Here, 

we show that MEIS1 is important for the lineage commitment towards the 

MEP fate. Erythroid and megakaryocytic colony formation correlated with 

MEIS1 expression, both in total CD34+ cells and in common myeloid 

progenitors enriched from CD34+ cells. To understand the transcriptional 

changes inducing the observed bias towards a MEP fate, we performed gene 
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Figure 5. MEIS1 expression 
maintains a progenitor cell 
fate thus enabling multilineage 
differentiation. (A) Heatmap 
showing gene expression 
profiles in CD34+ cells 48 hours 
after transduction with MEIS1B 
or MEIS1D overexpression 
vectors from three independent 
experiments. (B) Comparison of 
gene expression between 
Haematlas lineage specific 
genes and microarray on CD34+ 
cells after MEIS1 
overexpression, percentual gene 
overlap with Haematlas lineage-
specific genes set at 100% and 
number of overlapping genes 
from microarray calculated 
relative to Haematlas. 
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expression profiling which indicated that MEIS1 expression elevated 

expression of multiple megakaryocyte-erythroid specific genes combined with 

down regulation of genes controlling myeloid differentiation and stem cell 

expansion.  

 

 

 

While we show that in adult human hematopoiesis, MEIS1 exerts its effects at 

the level of the CMP and GMP, other studies also proposed a role for Meis1 

downstream of the CMP in the skewing of MEPs towards the megakaryocytic 

lineage at the expense of erythroid commitment 30. These differences can be 

explained in several ways. First, this study was performed in a model system 

resembling primitive hematopoiesis while we have investigated adult 

hematopoiesis. The transcription factor composition and transcription factor 
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complexes that MEIS1 contributes to in these different cell types may 

therefore differ leading to divergent results. Second, in the study from Cai, ES 

cell derived hematopoietic colonies were cultured in semisolid media using a 

mix of cytokines (TPO, SCF, IL-3, IL-6, VEGF, Flt3 but lacking erythropoietin) 

which impairs the ability of ES cells to differentiate into the erythroid lineage 

and promotes  

 

 

differentiation into the megakaryocytic lineage. This explains the impairment 

in erythroid progenitor cells that they observe as compared to the enhanced 

megakaryocyte differentiation. Third, only in CD41+ cells, MEIS1 

overexpression substantially decreased erythrocyte specific genes and 

enhanced megakaryocyte specific genes. This indicates that only in already 

committed megakaryocyte progenitor cells MEIS1 suppresses erythroid 

differentiation.  

On the other hand, even though results between our study and the findings 

from Cai et al differ, in both cases a clear effect of MEIS1 on cell proliferation 

was detected. The effect of MEIS1 on proliferation has also been reported 

earlier in the context of retina development 24 indicating a robust and 

conserved role for MEIS1 in proliferation that seems to be tissue-independent. 

We further investigated the dynamics of the observed bias towards the MEP 

fate using expression profiling of MEIS1 over expressing CD34+ cells. It has 

been postulated that HSC can directly differentiate towards megakaryocytes 
32. Therefore, MEIS1 could first reestablish a HSC fate from which the cells 

differentiate into the megakaryocyte erythroid lineage. However, when CD34+ 
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cells were sorted into stem and progenitor cells, overexpression of MEIS1 in 

the HSC subset did not result in a lineage bias towards a MEP fate. 

Furthermore, expression profiling showed down regulation of genes 

associated with a HSC fate, including PROM1 (CD133) 28, AK2, and even 

CD34 indicating that the observed bias towards a MEP fate upon MEIS1 

overexpression is not caused by inducing a HSC fate first.  

MEIS1 could also inhibit GMP differentiation, which by itself may cause a bias 

towards MEP. Indeed we showed that ectopic MEIS1 blocked the 

differentiation into the GM lineage and decreased the expression of specific 

granulocytic genes such as CD48 and elastase (ELANE) in CD34+ cells. This 

hypothesis is supported by the study of Calvo et al. who reported that MEIS1 

expression is able to inhibit G-CSF dependent granulocytic differentiation of 

immortalized progenitor cells, although this effect was only observed upon co-

expresssion with HOXA933. However, we also found genes that were slightly 

increased in expression upon MEIS1 overexpression in GMPs, such as the 

monocyte-specific gene CD68. Instead, the clear induction of erythroid-

megakaryocyte specific genes strongly suggests that MEIS1 overexpression 

directly promotes a MEP fate.  

Two MEIS1 splice variants, MEIS1B and MEIS1D, are expressed in 

hematopoietic stem and progenitor cells and their expression decreases from 

the most immature stem cells to more committed progenitors 13;17. 

Structurally, the two splice variants both contain the N-terminal PBX/HOX-

interacting domain, a central DNA-binding homeodomain, and 2 C-terminal 

transactivation (TA) domains, but MEIS1B has an additional TA domain which 

regulates the transcriptional activity of MEIS116;18. Upon trimerization with 

PBX1 and HOXA9, MEIS1 maintains the transcriptional activity of the complex 

by inhibiting nuclear export and promoting nuclear import 34;35. By separate 

overexpression of the splice variants, we showed that both induce the same 

phenotype, a skewing of CMP and GMP towards a MEP fate. Expression 

profiling further revealed that both splice variants control expression of many 

common transcripts, strongly indicating overlapping functions. However, in 

most experiments we observed a stronger phenotype upon overexpression of 

MEIS1D, suggesting more efficient regulation of gene expression by MEIS1D. 

Earlier studies also investigated the role of Meis1 splice variants, using a 
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model of primitive hematopoiesis. In this setting, it was found that expressing 

Meis1b, which is equivalent to MEIS1D in our study, showed a significant 

skewing of MEPs towards the megakaryocytic lineage 30. This further 

underlines the stronger transcriptional activity of MEIS1D. 

While it has been shown that Meis1 depletion in murine HSCs results in loss 

of quiescence and increased cell cycle entry 9, it is less clear if MEIS1 also 

affects the cell cycle of more committed progenitor cells. We found that 

silencing MEIS1 resulted in almost no erythroid colonies, while granulocytic 

colony numbers were unaltered. This implies an important role for MEIS1 in 

the expansion of erythroid progenitor cells. These results were confirmed in 

liquid cultures where MEIS1 also affected erythroid expansion although at 

later stages of erythropoiesis, MEIS1 expression declined. Comparative 

transcriptional profiling showed that MEIS1 induces expression of CCND1 and 

CCND3 in CD34+ cells which are linked to HSC and MEP expansion 36;37. In 

addition, CCND3 was also found to be essential for megakaryopoiesis 

promoting progression through the G1-phase of the cell cycle38. These results 

strongly suggest MEIS1 reinforces MEP expansion and megakaryocytic 

differentiation via induction of CCND1 and CCND3. Of note, meis1 has also 

been found to regulate ccnd1 expression during eye development in zebrafish 

indicating a strong, tissue-independent, regulation of Ccnd1 by Meis1. 

 

In conclusion, we show that in hematopoietic progenitor cells, MEIS1 is critical 

for the commitment towards the megakaryocytic and erythroid lineage by 

inducing expression of lineage-specific genes. Expression profiling of CD34+ 

cells after MEIS1 overexpression revealed transcriptional changes in genes 

with currently unknown functions in lineage commitment or differentiation. 

Given the biphasic expression of MEIS1 in both hematopoietic stem and 

progenitor cells and adult megakaryocytes but not erythrocytes, further 

studies should focus on the effects of MEIS1 and its target genes on early and 

late megakaryocytic differentiation.   
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Supplemental material and methods 

 

DNA constructs 

MEIS1 over expression vectors for both splice variants expressed in 

hematopoietic cells were generated by amplifying human MEIS1 cDNA from 

splice variant1 (MEIS1B; NCBI NM_002398.2, 390 amino acid protein) or 

variant2 (MEIS1D; NCBI XM_005264322.1, 465 amino acid protein) devoid of 

the startcodon from a pcDNA3 vector by polymerase chain reaction (PCR) 

using the following primers for 30 cycles: MEIS1-Fwd: 5’-
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GAGATCAGATCTGCGCAAAGGTACGACGATC-3’, MEIS1-Rev: 5’-

GAGATCGTCGACTTACATGTAGTGCCACTGCC-3’. 

The PCR-product and a GFP-carrying C1-vector (Agilent, Santa Clara, CA) 

were digested with SalI and BglII and ligated. The GFP-MEIS1 fusion was 

removed by NheI digestion. GFP was removed from the 

pRRL.PPT.SFFV.GFP.SIN lentiviral vector by ClaI digestion, blunting and SalI 

digestion. The GFP-MEIS1 insert and the lentiviral vector were ligated, 

resulting in lentiviral pRRL.PPT.SFFV.GFP-MEIS1.SIN vectors. 

The lentiviral knock down vector SIN.PPT.CMV.GFP.U3Nhe1 was a kind gift 

from N.A Kootstra (Academic Medical Center, Amsterdam, The Netherlands). 

We cloned in a cassette containing a U6 promoter with the appropriate short 

hairpin RNA (shRNA) sequence. The shRNA sequence used against MEIS1 

exon 7 (sh72) was 5’-CCCTC TTGGAACAGAGATCAT-3’, against the 3’UTR 

of MEIS1 (sh68) was 5’-GCCGTGTGTTTAGAAGCCTAA-3’ and as a non-

targeting shRNA control (shc002) 5’-CAACAAGATGAAGAGCACCAA-3’ was 

used. All vectors were verified by sequencing. 

 

Lentivirus production 

Lentiviral particles were produced in 293T cells using the third generation 

system39. In brief, constructs encoding MEIS1 over expression or shRNA 

constructs were transfected together with a packaging (pMDLgp), reverse 

transcriptase (pRSV-REV) and envelope (pCMV-VSV-G) encoding plasmids 

using calcium chloride precipitation. Virus containing supernatant was 

harvested after transfection and concentrated by ultracentrifugation. 

Viruspellets were resuspended in CellGro medium (CellGenix, Frankfurt, 
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Germany) and kept frozen until further use. The MOI (multiplicity of infection) 

was determined as virus particles per cell needed for efficient transduction of 

CD34+ hematopoietic stem and progenitor cells (HSPCs). The amount of 

particles needed for 30% transduction or more (Poisson distribution) was 

taken as MOI =1.  

 

Human CD34 + cells 

Adult bone marrow CD34+ cells were isolated from bone marrow aspirates 

obtained after informed consent from patients undergoing cardiac surgery. 

Material was collected following the protocol for collecting bone marrow for 

research purposes approved by the medical ethical review board. Peripheral 

blood stem cells were provided by the Sanquin Laboratory for Cell Therapy 

and obtained from leukapheresis material of healthy donors treated with G-

CSF (2x5 µg/kg/day subcutaneously, Filgastrim, Amgen, Thousand Oaks, CA) 

or from Hodgkin lymphoma, multiple myeloma or breast cancer patients in 

disease remission that had been treated with chemotherapy and G-CSF (5-10 

µg/kg/day). All donors and patients signed informed consent for the use of 

leftover material for research purposes.  

  

RNA isolation, cDNA synthesis and real-time PCR 

RNA was isolated from transduced CD34+ cells 48 hours after transduction 

using the Qiagen RNeasy Micro Kit according to the manufacturer’s 

specifications (Qiagen, Venlo, The Netherlands). For MEIS1 expression, 

cDNA was synthesized using the Superscript III First-Strand Synthesis Kit 

(Invitrogen, Bleiswijk, The Netherlands) according to the manufacturer’s 
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protocol followed by real-time PCR. Real-time PCR was conducted using 

specific primers for MEIS1B or MEIS1D and SYBR Green reagent (Applied 

Biosystems, Abingdon, UK). Gene expression was calculated relative to the 

expression of a housekeeping gene (beta-glucoronidase) using the deltaCT 

method. 

MEIS1-specific primer forward: 5’-AGGAACACCTTATAATCATGATGGAC-3’ 

MEIS1B reverse: 5’-ATATTCATGCCCATTCCACTCATAG-3’  

MEIS1D reverse: CTTTGCAGCCCTGGTGCT.  

GUS (β-glucoronidase): 

GUS primer forward: 5’-GAAAATATGT GGTTGGAGAGCTCATT-3’  

GUS primer reverse: 5’-CCGAGTGAAGATCCCCTTTTTA-3’ 

 

Microarray  

For microarray analysis on RNA samples from three independent experiments 

was conducted at ServiceXS (Leiden, The Netherlands). RNA was isolated 

using the Qiagen RNeasy Micro kit according to the manufacturers 

specifications. Samples were subjected to NuGen labeling and hybridised to 

the Illumina Human HT-12 v4 expression beadarray (Illumina, San Diego, 

CA). The data discussed in this manuscript have been deposited in NCBI’s 

Gene Expression Omnibus and are accessible through GEO Series accession 

number GSE 53263 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53263). A reviewer 

link was created to access the dataset before publi cation: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token =crkxmqyidncpxov

&acc=GSE53263 . R version 2.15.3 (www.r-project.org) and Bioconductor 
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version 2.11 (www.bioconductor.org) were used for quality control and VSN 

normalisation of the Illumina arrays. All calculations are run on an OpenSuSE 

12.3 linux installation. The Bioconductor library “lumi” is used for loading the 

Illumina data into R. VSN normalization is applied on the data using the 

'lumiN' function. All genes were included in further analysis. Limma library was 

used for the statistical analysis, with eBayes options used for estimating the 

’average’ variability over all genes and adjusting high variability genes down 

and simultanuously adjusts low variability genes up. Benjamini Hochberg FDR 

values are calculated using the 'multtest' library (function: 'mt.rawp2adjp'), q-

values are calculated utilizing the 'qvalue' library. Bioconductor 

'lumiHumanAll.db' and the 'GO.db' libraries are used to obtain the most recent 

annotations. 

Gene Set Enrichment Analysis (GSEA) is a Java application provided by the 

Broad Institute. The t-values are used for the ‘GSEAPreranked’ test to 

determine which biological pathways are significant in the underlying 

microarray experiment. The biological pathways are obtained from the 

MSigDB database (http://www.broadinstitute.org/gsea/msigdb/index.jsp). 

Heatmaps are created using the function 'heatmap.2' in the 'gplots' library. 

Figure legends supplementary data 

 

Supplemental Table S1. Complete gene expression pro file of MPB CD34 + 

cells after MEIS1 overexpression. 

Gene expression is shown relative to empty vector after overexpression of 

either MEIS1B or MEIS1D. 
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Supplemental Table S2. Differential expression of g enes overlapping 

between  MEIS1 overexpression in CD34 + cells and the Haematlas.  

 

Supplemental Table S3. GSEA overview of genes found  in microarray 

after MEIS1 overexpression in CD34 + cells and in CD133 + cells 

 

Figure S4. GSEA gene enrichment plots comparing exp ression profiling 

after MEIS1 overexpression in CD34 + cells with a transcriptional profile 

of CB-derived CD133 + cells.  (A) Transcriptional profile of MEIS1B 

overexpression compared to transcripts upregulated in CD133+ cells and (B) 

downregulated in CD133+ cells. (C) MEIS1D-related gene expression profile 

of CD34+ cells compared to transcripts upregulated in CD133+ cells and (D) 

downregulated in CD133+ cells. 


