
Myelodysplastic syndrome can propagate from the
multipotent progenitor compartment

Evidence of the presence of abnormalities in the prim-
itive hematopoietic stem cells, as well as functional
analysis, has demonstrated that Myelodysplastic syn-
drome (MDS) is propagated by rare and distinct human
MDS propagating cells (MDS-PCs) in 5q- and in refracto-
ry anemia with ring sideroblastic (RARS) MDS patients.1,2

Bone marrow from these patients harbour Long-Term
and Short-Term Hematopoietic Stem Cell (LT- and 
ST-HSCs) phenotype (Lin– CD34+ CD38– CD90+ CD49f+

CD45RA–). Therefore, low-risk MDS has been proposed
as a stem cell disorder with mutations in the mature pro-
genitors, originating from the more immature
hematopoietic compartment.3 Here, we are reporting on
another class of MDS; more precisely, an overlap
MDS/MPN syndrome with a significantly elevated blast
count. The study was part of a larger patient cohort that
has been used to decipher clonal evolution. 

It concerns a case report from a 46-year old male who,

after presenting with bruising, was diagnosed as
MDS/MPN-U (Myelodysplastic/Myeloproliferative
Neoplasm, Unclassifiable). This patient had 8% bone
marrow blasts with trisomy 8 in all metaphases, later
transforming to acute myeloid leukemia (AML) (Online
Supplementary Table S1). We performed whole-exome
sequencing (WES) in order to identify the somatic muta-
tions present in the CD34+ population (Online
Supplementary Table S1&S2, See Online Supplementary
Methods). We then isolated HSCs, MPPs, myeloid-lym-
phoid progenitors (MLPs), common myeloid progenitors
(CMPs), and granulocyte macrophage progenitors
(GMPs) (Online Supplementary Figure S1A), and performed
targeted sequencing for gene mutations (EZH2, PHAC-
TR3, WDR64, ASXL1, RUNX1 and ANGPTLP5) detected
by the WES in the total CD34+ population (Figure 1A).
For all targeted sequencing experiments, ≥500x depth (Q-
score > q25) was achieved and, for many, it was much
higher (average across all amplicons ≥1500x) (sensitivity
between 2-5%) revealing that ASXL1 and ANGPTL5 gene
mutations were not present at the stage of HSC and had
arisen from the MPP compartment. However, all the
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Figure 1. (A) Pie chart representing the percentage of mutant allele burden (MAB) of each mutation in the different hematopoietic compartments. Sequencing
experiments were repeated twice for both HSC (total: 448 cells) and MPP (total: 1,608 cells) on independent reactions of the total HSC/MPP fractionated pools
divided into two, one with a WGA step and one where we performed PCR directly on cells split 3 ways for EZH2, ASXL1 and RUNX1 mutations. For the other pro-
genitors (>5,000 cells), targeted sequencing experiments were also repeated at least twice in the same fashion, once via WGA and once directly on remaining
cells (non-WGA) split into relevant amplicon reactions (all 6). Mutant allele burdens were highly similar between experiments and averages are shown here. (B)
Table showing the different mutations present in single colonies grown at day 0 from CD34+ cells. (*data not available). For all 42 colonies, targeted sequencing
was performed directly on all the cells (without whole genome amplification); no repeat could thus be performed. (C) Bar chart representing the percentage of
human CD45+ cells within the bone marrow retrieved from the different mouse models. (D) Table generated from sequencing analysis of the different mutations
present in the patient, and whether these mutations were present in the human engrafted cells after transplantation in NSG or NSG-S model. Black square indi-
cates that the specific mutation was detected; white square is for mutation not detected.
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other mutations, including EZH2, originated from
HSCs. Similar scenarios where mutations were acquired
in the mature compartments have also been reported in
a recent study by Woll et al.1 One of the limitations of
our sequencing analysis is that any mutation present at
<2% mutant allele burden (MAB) will not have been
detected. Thus, we could not exclude the possibility

that ASXL1 and ANGPTL5 gene mutations were
acquired in the HSC fraction, but remained at low level
(below our detection level) until the cells reached the
MPP stage and expanded.

To delineate the clonal architecture of the patients’
bone marrow, we performed targeted sequencing of sin-
gle colonies generated from the CD34+ population (Figure
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Figure 2. (A) Table recapitulating the different populations injected, the mouse model used, the number of cells injected, and the percentage of human CD45+

cells as well as the ratio lymphoid/myeloid at sacrifice. (B) Kinetics of engraftment of the MPP fraction in NSG and NSG-S mice. (C) FACS plots showing the per-
centage of human cells at sacrifice (32 weeks post-transplant) in NSG and NSG-S. (D) Bar chart representing the percentage of MAB of the different mutations
present in HEC after passage into the mice. (E) Table showing the different mutations present in single colonies grown outside of transplanted mice F) Schematic
of secondary mice engraftment. (G) FACS plot showing the percentage of human cells and myeloid cells at sacrifice (17 weeks post-transplant) in NSG. 
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1B). Our analysis revealed that the EZH2 gene mutation
was the first aberration to occur in HSCs (42/42
colonies). The other mutations were present in fewer
colonies, therefore indicating that these mutations were
most likely to follow EZH2. A major clone harbouring all
six mutations emerged from the colonies (29/42).
Furthermore, we also found a clonal population, namely
“minor” (13/42) clones (Figure 1B). These results are
clearly suggestive of a founding genomic instability in the
clonal MDS cell population, perhaps underpinned
through mutations in epigenetic modifiers such as EZH2,
leading to subsequent acquisition of additional com-
pounding mutations that drive the progression of the dis-
ease. Notably, some of the EZH2 clones seem to have
acquired mutations in a sequential order; others have
done so in a random manner. It is possible, however, that
some of these mutations were acquired and then lost, or
that mutation drop-out occurred due to technical arte-
facts, making it difficult to predict the evolutionary histo-
ry of the mutations in this patient. Nevertheless, we con-
firmed the presence of the malignant clone(s) in cells iso-
lated from long-term culture via FISH (Online
Supplementary Figure S2). 

Acknowledging the fact that bone marrow cells from
MDS patients often fail to reconstitute in immunodefi-
cient mice,4 we systematically injected, via intra-bone,
primary patient CD34+ bone marrow cells into NOD-
SCID/IL2Rgnull (NSG) mice, with or without autologous
MSC. In addition, we also used the NSG-SGM3 (NSG-S)
mouse model as these mice have previously been sug-
gested5 to improve human engraftment (Figure 1C, See
Online Supplementary Methods). The engraftment kinetics
was assessed by bone marrow aspiration at different time
points. As predicted in a previous work by A. Trump’s
team, the NSG-S model showed a better engraftment
than that observed in the other models5 (Online
Supplementary Figure S3A). Although we confirmed the
presence and maintenance of the malignant clone from
cells retrieved from NSG mice (4/5 injected with CD34+

alone, and 2/2 when CD34+/MSC were co-injected), the
data obtained from NSG-S mice was different. Three out
of four NSG-S transplanted with MDS patient cells were
engrafted.  Interestingly, two out of the three engrafted
NSG-S mice were reconstituted with wild-type patient
(WT) cells (Figure 1D) (Online Supplementary Figure
S3B&C) with a high percentage of human B-lymphoid
cells (CD45+CD19+ 42% and 46%) in both cases. Only
one NSG-S mouse displayed a high myeloid reconstitu-
tion from the MDS malignant clone (Figure 1D) (Online
Supplementary Figure S3D). In agreement with previously
published work,6 we observed an exhaustion of the nor-
mal HSPC compartment in NSG-S, which could explain
why cells seen in these mice at week-6 and -8 failed to
maintain after 12 weeks (Online Supplementary Figure
S3C). For instance, engraftment assessed by bone mar-
row aspiration in NSG-S (mouse 1) showed 76% of
human cells present at week-6, and 83.5% at week-8.
From this last time point (from bone marrow aspiration)
and at sacrifice (12 weeks), we sorted cells by FACS
based on myeloid and lymphoid markers. Interestingly,
none of the initial gene mutations were detected in these
cells (Online Supplementary Figure S3C). Together, our
results demonstrate that NSG mice, with or without
MSC co-injection, engrafted consistently with MDS
malignant clones. On the other hand, higher engraftment
of human cells was observed in NSG-S mice, but none of
the MDS patient related mutations were seen in 2 out of
the 3 engrafted mice; reinforcing, therefore, the impor-
tance of genetic screening following xenotransplantation. 

Next we evaluated the nature of the MDS-PCs. For this
propose, HSCs (Lin–CD34+CD38–CD90+CD45RA–), MPPs
(Lin–CD34+CD38-CD90–CD45RA–), and GMPs (Lin-
CD34+CD38–CD123+CD45RA+) were sorted by FACS
and injected via intra-bone into NSG and NSG-S mice
(100 HSCs, 13000 MPPs, and 75000 GMPs cells were
injected per mice). Engraftment was assessed at week 7,
12, 24 and 32 (Figure 2A). Interestingly, only the MPP
fraction engrafted consistently in both the NSG and NSG-
S mice. We did not detect any engraftment in mice inject-
ed with the HSC fraction. Although it is possible that a
higher number of HSCs might be necessary to reveal the
presence of MDS-PC in this cell fraction, the acquisition
of the ASXL1 gene mutation within the MPP fraction,
and not in HSCs (Figure 1A), could confer an advantage
to the MPPs and their progenitors. Indeed, ASXL1 gene
mutations have previously been reported to be associated
with poor overall survival in MDS and CMML.7-9 Another
potential interpretation is that the ASXL1 mutation might
have initially been acquired in some HSCs but, because of
the mutation, these HSCs down-regulated CD90 expres-
sion and, thus, these cells appear as MPPs.

Mice injected with MPPs displayed an elevated per-
centage of lymphoid cells within the human compart-
ment at week 12 (47.7% in NSG and 66.9% in the NSG-
S), suggesting the presence of WT MPPs cells, which
were exhausted by week 24 and found only at low levels
at week 32 (data not shown). Over the 32-week period, the
human cell engraftment level in NSG increased to 63%,
whilst it decreased in NSG-S to 1.3% (Figure 2A, B and
C). Furthermore, the NSG-S model failed to maintain the
MDS malignant clones, as determined by the lack of
mutations in engrafted human CD45+ cells. Only cells
recovered from the NSG mice displayed the same muta-
tional landscape and mutant allele burden (MAB) as the
original injected sample (day 0) (Figure 2D).

In order to decipher the type of clonal expansion
observed in the mice, cells retrieved following the NSG
xenotransplantation (after 32 weeks) were used for 
in vitro single cell colony assay. Our data showed that
75% of the human cells engrafted in NSG mice contained
all the mutations as compared to 69% of the colonies
from the day 0 sample (Figure 2E). Next, we injected cells
from the primary NSG mice into NSG and NSG-S mice to
confirm the presence of MDS-PCs in secondary animals
(Figure 2F). Interestingly, human cell engraftment was
observed only in the secondary NSG mice, but not in the
NSG-S mice (Figure 2G). In conclusion, using two cur-
rently available mouse models, this report reveals, for the
first time, the presence of MDS-PCs in the MPP compart-
ment of MDS. This data also demonstrates that, despite
the acquisition of mutation(s) in HSCs, even at the MDS
stage, the propagating cells might not always be restrict-
ed to the HSC compartment. Similarly, we recently
reported, as have others, that additional mutations could
also be acquired outside the HSC compartment, compat-
ible with MDS-PC activity outside the HSC compartment
upon disease progression.1,2

We demonstrate here that combining the genetic muta-
tion(s) analysis in sorted HSPCs with functional trans-
plantation assays is an effective strategy in deciphering
the nature and dynamics of the MDS-propagating cells.
The linear or branching evolution of the disease progres-
sion remains a major challenge of MDS therapeutic strat-
egy, evidenced in a recent study showing a complex and
highly dynamic clonality upon lenalidomide treatment.10

Therefore, our study highlights the importance of dis-
criminating between disease-initiating cells and disease–
propagating cells, which is likely to be clinically relevant
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in devising a therapy regimen to target multiple clonal
compartments and to monitor disease remission and/or
relapse.
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