
ARTICLE

STEM CELL BIOLOGY

The GPI-anchored protein CD109 protects hematopoietic
progenitor cells from undergoing erythroid differentiation
induced by TGF-β
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Although a glycosylphosphatidylinositol-anchored protein (GPI-AP) CD109 serves as a TGF-β co-receptor and inhibits TGF-β
signaling in keratinocytes, the role of CD109 on hematopoietic stem progenitor cells (HSPCs) remains unknown. We studied the
effect of CD109 knockout (KO) or knockdown (KD) on TF-1, a myeloid leukemia cell line that expresses CD109, and primary human
HSPCs. CD109-KO or KD TF-1 cells underwent erythroid differentiation in the presence of TGF-β. CD109 was more abundantly
expressed in hematopoietic stem cells (HSCs) than in multipotent progenitors and HSPCs of human bone marrow (BM) and cord
blood but was not detected in mouse HSCs. Erythroid differentiation was induced by TGF-β to a greater extent in CD109-KD cord
blood or iPS cell-derived megakaryocyte–erythrocyte progenitor cells (MEPs) than in wild-type MEPs. When we analyzed the
phenotype of peripheral blood MEPs of patients with paroxysmal nocturnal hemoglobinuria who had both GPI(+) and GPI(−)
CD34+ cells, the CD36 expression was more evident in CD109− MEPs than CD109+ MEPs. In summary, CD109 suppresses TGF-β
signaling in HSPCs, and the lack of CD109 may increase the sensitivity of PIGA-mutated HSPCs to TGF-β, thus leading to the
preferential commitment of erythroid progenitor cells to mature red blood cells in immune-mediated BM failure.

Leukemia; https://doi.org/10.1038/s41375-021-01463-3

INTRODUCTION
An increase in the number of glycosylphosphatidylinositol-
anchored protein (GPI-AP)-deficient (GPI[−]) leukocytes is thought
to represent the immune pathophysiology of bone marrow (BM)
failure, based on the high response rate to immunosuppressive
therapy in patients harboring these surface marker-lacking cells
[1–3]. However, what kind of immune mechanisms are involved in
the selection of PIGA-mutated GPI(−) hematopoietic stem
progenitor cells (HSPCs) remains unclear [4, 5]. HSPCs express
several GPI-APs that potentially affect the sensitivity to hemato-
inhibitory cytokines such as transforming growth factor-beta (TGF-
β) and interferon-gamma (IFN-γ) [6, 7]. It is plausible to suppose
that the lack of these GPI-APs in HSPCs may contribute to the
preferential commitment of GPI(−) cells in immune-mediated BM
failure where the inhibitory cytokines are abundant, although GPI-

APs on HSPCs have not been highlighted in this context by
previous studies.
TGF-β is the founding member of a large family of secreted

polypeptide growth factors, consisting of over 30 members in
humans, including activins, bone morphogenetic proteins, and
others [8]. The TGF-β family constitutes a multifunctional set of
cytokines that regulate a complex array of cellular processes.
While TGF-β members regulate tissue homeostasis and regenera-
tion in the adult organism, they play an important role in
regulating HSPC behavior, particularly quiescence and self-
renewal [9–12]. TGF-β ligands bind type I and type II receptors
at the cell surface, and the type I receptor becomes phosphory-
lated by the type II receptor. This leads to phosphorylation of
SMAD2 (pSMAD2) and SMAD3 (pSMAD3), which form a complex
with SMAD4. Activated complexes accumulate in the nucleus
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where they cooperate with DNA-binding co-factors to
regulate target gene transcription. SMAD2 and SMAD3 also
bind to TIF1-γ. TIF1-γ-SMAD2/3 promotes erythroid differentiation
of HSPCs, whereas SMAD4- SMAD2/SMAD3 complexes inhibit
proliferation [13].
CD109 is a GPI-AP expressed by keratinocytes and blood cells in

humans, including activated T cells and platelets, and a subset of
CD34+ BM cells containing megakaryocyte progenitors [14, 15].
Recent studies have revealed that CD109 is expressed in many
malignant tumors, including various squamous cell carcinomas
and adenocarcinomas, and plays a role as a multifunctional co-
receptor [16–19]. CD109 attenuates TGF-β induced SMAD2/3
phosphorylation in keratinocytes [14, 20, 21]. However, little is
known about the role of CD109 in the regulation of hematopoi-
esis, despite the fact that TGF-β plays essential roles in the
regulation of hematopoiesis.
Given the above, we hypothesized that CD109 on HSPCs might

decrease the sensitivity to TGF-β, and the deficiency of CD109 may
lead to augmented erythroid differentiation of PIGA-mutated
HSPCs in response to TGF-β. To gain insight into the role of CD109
on HSPCs, we used TF-1 cells, a pluripotent erythroleukemia cell
line that expresses CD109 and lacks glycophorin A (GPA)
expression [22]. TF-1 cells were reported to undergo erythroid
differentiation in response to hemin and delta-aminolevulinic acid
(δ-Ala), suggesting that the cell line is ideal for assessing the
erythroid differentiation associated with the loss of CD109 [22, 23].
In the present study, we established a PIGA-mutated TF-1 cell

line, and a CD109-knockout (CD109 KO) TF-1 cell line using the
CRISPR-Cas9 system and assessed their changes in differentiation.
We also assessed the role of CD109 on human HSPCs and iPS cell-
derived HSPCs in the differentiation induced by TGF-β using
knockdown (KD) of the CD109 expression with siRNA, as well as
the difference in the erythroid differentiation between CD109+

and CD109− HSPCs of patients with paroxysmal nocturnal
hemoglobinuria (PNH).

METHODS
Detailed Materials and methods are provided in Supplementary Data.

BM and umbilical cord blood (UCB) samples
Clinical samples from a total of seven PNH patients seen at Kanazawa
University Hospital between April 2018 and January 2021 were used in this
study. Supplementary Table 1 shows the PNH patients’ characteristics. All
PNH patients and healthy volunteers provided their informed consent on
the peripheral blood (PB) and BM donation and normal pregnant women
provided their informed consent for the UCB donation in accordance with
Declaration of Helsinki.
This study protocol was approved by the medical ethics committee of

Kanazawa University (nos. 2016-284, 2018-017).

Cell culture
TF-1 cells were provided by Prof. T Kitamura (Institute of Medial Sciences,
The University of Tokyo, Japan) [22]. Leukemia cell lines (K562, MV4-11,
KHYG-1, and Jurkat) were purchased from ATCC (Manassas, USA). TF-1 Cells
were maintained in RPMI1640 medium (Wako, Japan) supplemented with
10% inactivated fetal bovine serum (FBS) (Biological Industries, Israel) and
5 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF)
(R&D Systems, USA). To assess the erythroid differentiation, transient
CD109-KD CD34+ cells and scramble controls were cultured for 4 days on
12-well plates with serum-free medium (StemPro-34 SFM; Thermo Fisher
Scientific, USA) supplemented with 20 ng/mL human recombinant stem
cell factor (SCF), 20 ng/mL GM-CSF, 4 U/mL EPO, and 20 ng/mL thrombo-
poietin, according to a previous report [24].

Flow cytometry (FCM)
Hematopoietic stem cells (HSCs) and HSPC subpopulations, including
common myeloid progenitor cells (CMPs), megakaryocyte–erythrocyte
progenitor cells (MEPs), and granulocyte-macrophage progenitor cells

(GMPs), in the BM and UCB were studied for the CD109 expression using
FCM, as previously described [25]. HSCs and multipotent progenitors
(MPPs) were defined as Lineage (Lin)−CD34+CD38− CD90+ CD45RA− and
Lin−CD34+CD38− CD90− CD45RA− cells, respectively, according to a
previous report [26]. The expression of CD109 on HSCs and HSPCs was
determined using monoclonal antibodies specific to anti-human lineages
cocktail-APC (cat no. 348803; Biolegend, USA), anti-CD34-APC/Cy7 (cat no.
343514; Biolegend), anti-CD38-PE/Cy7 (cat no. 560677; Biolegend), anti-
CD45RA-Pacific Blue (cat no. 562885; Biolegend), anti-CD90-FITC (cat no.
328108; Biolegend), anti-CD123-PerCP-Cy5.5 (cat no. 45-1239-42; Thermo
Fisher Scientific), anti-CD49f-BV510 (cat no. 563271; BD Biosciences, USA),
and anti-CD109-PE antibodies (cat no. 2-1099-42; Thermo Fisher Scientific).
To determine the GPI(−) cell percentage in the BM HSPCs, we used FLAER
(cat no. FL2-R; Cedarlane, Canada) in combination with other antibodies. To
examine the GPA or CD36 expression in the HSPCs, we used anti-GPA-FITC
(cat no. F0870; Wako) or anti-CD36-FITC (cat no. 561820; BD Biosciences) in
combination with other antibodies. Dead cells were excluded using the
Zombie Aqua™ Fixable Viability Kit (cat no. 423101; BioLegend). The
expression of all surface proteins was analyzed using a FACSCanto II®

instrument (BD Biosciences) with the Flowjo 10.0 software program (Tree
Star, Inc., USA).

Statistical analyses
The t test was used for the comparison of continuous variables. All
statistical analyses were performed using the EZR software package
(Saitama Medical Center/Jichi Medical University, Japan) [27]. Graphs were
generated using the GraphPad PRISM 7.0 software program (GraphPad
Software Inc., USA). P values <0.05 were considered statistically significant
(two sided).

RESULTS
TGF-β induces GPA expression in TF-1 cells in a dose-
dependent manner
In accordance with previous reports [22], incubation in the
presence of 0.5 mM δ-Ala for 72 h induced erythroid differentia-
tion of TF-1 cells that was demonstrated by the GPA expression
(Fig. 1A). Likewise, incubation in the presence of TGF-β with
various concentrations (1–5 ng/mL) for 72 h induced the GPA
expression of TF-1 cells in a dose-dependent manner (Fig. 1B). The
minimum concentration of TGF-β capable of inducing erythroid
differentiation of TF-1 cells was 1 ng/mL.

Effect of GPI-AP depletion on erythroid differentiation of TF-1
cells
We next examined whether or not GPI-APs on TF-1 cells are
involved in their erythroid differentiation. The PIPL-C treatment of
TF-1 cells for 1 h reduced the expression of CD55 and CD59, as
expected (Fig. 1C, left). The transient depletion of GPI-APs after
PIPL-C treatment resulted in the increased GPA expression on TF-1
cells from 1.27 to 42.3% (Fig. 1C, right).
To ascertain the effect of GPI-AP deficiency on the erythroid

differentiation of TF-1 cells, we established GPI(−) TF-1 cells by
culturing wild-type (WT) TF-1 cells in the presence of α-toxin for
several months (Fig. 1D, upper). GPI(−) TF-1 cells expressed more
GPA than WT TF-1 cells (Fig. 1D, lower), exhibited erythroid
morphology (Fig. 1E, upper), and were positive for iron granules
(Fig. 1E, lower). These results suggest that some GPI-APs inhibit TF-
1 cells from undergoing erythroid differentiation during culture in
FBS-containing medium.

Effect of CD109 knockout (KO) on erythroid differentiation of
TF-1 cells
Given that FBS contains low amount of TGF-β [28], the depletion
of CD109, a GPI-AP that works as a co-receptor for TGF-β, may
have been responsible for the erythroid differentiation of GPI(−)
TF-1 cells. FCM revealed the CD109 expression on WT TF-1 cells
but not on other leukemia cell lines, such as K562, MV4-11,
KHYG-1, and Jurkat cell lines (Fig. S1A). We then generated CD109-
KO TF-1 cells using the CRISPR-Cas9 system (Fig. 1F, upper). Similar
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Fig. 1 Erythroid differentiation of TF-1 cells induced by TGF-β and GPI-AP depletion. A FCM histograms showing the GPA expression in TF-1
cells incubated in the presence or absence of δ-Ala (0.5mM) for 72 h. B FCM histograms showing the GPA expression in TF-1 cells incubated in the
presence (1, 2, and 5 ng/mL) or absence of TGF-β for 72 h. C The CD55 and CD59 expression by PI-PLC-treated or untreated TF-1 cells for 1 h (upper)
and the GPA expression by PI-PLC-treated or untreated TF-1 cells (lower) that were cultured for 7 days in the FBS-containing culture medium are
shown. D Histograms showing the GPI-AP expression (CD55 and CD59, upper) and GPA expression (lower) on wild-type (WT) and PNH-type TF-1 cells.
E Giemsa (upper) and iron staining (lower) of WT and PNH-type TF-1 cells. F The CD109 (upper) and GPA (lower) expression by wild-type (WT) and
CD109-KO TF-1 cells. G Giemsa (upper) and iron staining (lower) of WT TF-1 cells and CD109-KO TF-1 cells. δ-Ala delta-aminolevulinic acid, GPA
glycophorin A. Black lines in (C), (D), and (F) indicate negative controls.
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to PNH-type TF-1 cells, CD109-KO TF-1 cells expressed more GPA
than WT TF-1 cells (Fig. 1F, lower), exhibited erythroid morphology
(Fig. 1G, upper), and were positive for iron granules (Fig. 1G,
lower), suggesting that the GPI-AP responsible for the inhibition of
erythroid differentiation was CD109.

The sensitivity of CD109-KD TF-1 cells to TGF-β
To determine the role of CD109 on TF-1 cells, we attempted to
examine the sensitivity of CD109-KO TF-1 cells to TGF-β. However,
the attempt was unsuccessful because the established CD109-KO
TF-1 cells had undergone differentiation into erythroid cells
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(Fig. 1F, G). We then designed siRNA that transiently down-
regulated the CD109 expression by TF-1 cells. Treatment of TF-1
cells with CD109 siRNA for 72 h significantly reduced the CD109
expression to 67.6% of that in the mock-transfected cells (P < 0.05,
Figs. 2A, and S2A). When the transfected TF-1 cells were cultured
for 4 days in RPMI1640 medium with 10% FBS with or without
TGF-β (5 ng/mL), significantly higher levels of GPA were observed
in TGF-β-treated CD109-KD cells than in mock-transfected TF-
1 cells (Fig. 2B). The results were similar when TF-1 cells were
cultured in serum-free medium (data not shown).
We next analyzed the expression of pSMAD2/3, which is a key

downstream molecule associated with erythroid differentiation, in
TF-1 cells after treatment with TGF-β (20 ng/mL) for 20 min. The
expression of pSMAD2/3 induced by TGF-β in CD109-KD TF-1 cells
was greater than that observed in mock-transfected TF-1 cells (P <
0.05, Fig. 2C, D). These results suggested that the transient
downregulation of CD109 increases the sensitivity of TF-1 cells to
TGF-β in TF-1 cells, thus inducing erythroid differentiation.

The CD109 expression in human HSCs and HSPCs from BM
and UCB
Next, CD34+ cell subsets were extensively analyzed to determine
the difference in the CD109 expression according to their
maturational stage in BM from healthy individuals and UCB. The
representative gating strategy for HSCs, MPPs, and HSPCs from a
UCB sample is shown in Fig. S3A. In both the BM of healthy
individuals and UCB, CD109 was more abundantly expressed in
Lin−CD34+CD38−CD90+CD45RA− HSCs than in Lin−CD34+

CD38−CD90−CD45RA− MPPs and Lin−CD34+CD38+ HSPCs
(Figs. 2E, and S3B). Furthermore, the CD109 expression was only
detected in activated T cells among mature leukocytes from
healthy controls (data not shown).
We attempted to examine the CD109 expression of murine LSK

cells and LSK cells using FCM, but antibodies specific to murine
CD109 were unavailable. Therefore, LSK, LSK, Lin+, and other cell
populations were sorted using FACS, and the CD109 mRNA
expression was evaluated by quantitative polymerase chain
reaction. CD109 mRNA was detected in mature blood cells
(Lin+) and Lin−c-kit− cells but not in LSK or LSK cells of C57BL/6
mice (Fig. 2F).

Effect of CD109 KD on the sensitivity to TGF-β in UCB HSPCs
We used UCB for further analyses because of the better availability
and higher CD109 expression in UCB HSPCs than in BM HSPCs
(Fig. 2E). The treatment of UCB CD34+ cells with CD109 siRNA
significantly reduced the CD109 expression in Lin−CD34+CD38+

cells to 66.9–69.8% of that in mock-transfected cells (P < 0.05,
Fig. 2G, H). CD109 or mock siRNA-transfected CD34+ cells were
cultured in serum-free medium containing SCF, TPO, and EPO with
or without TGF-β (12 ng/mL) for 4 days. The TGF-β treatment

induced the GPA expression in CD109 siRNA-transfected MEPs
(Lin−CD34+CD38+CD123−CD45RA−) to a greater degree than in
mock-transfected MEPs (P < 0.05, Fig. 2I, J), suggesting that CD109
may also inhibit human CD34+ cells from undergoing erythroid
differentiation in response to TGF-β.

Effect of CD109 KD on the sensitivity of iPSC-derived HSPCs to
TGF-β
To confirm the increased sensitivity of CD109-KD CD34+ cells to
TGF-β, we used the HSPCs induced from iPS cells that we had
previously established [29]. CD34+ cells were isolated from cultured
iPSCs using microbeads and treated in the same way as UCB CD34+

cells. The siRNA treatment reduced the CD109 expression on iPSC-
HSPCs by up to 88.6% (67.8–88.6%) (Figs. 3A, S4A). Similar to UCB
CD34+ cells, the CD109-KD by itself slightly increased the GPA
expression of iPSC-HSPCs, and further increased GPA levels were
observed following TGF-β treatment in CD109-KD iPSC-HSPCs,
especially in MEPs (Fig. 3B).
The sufficient number of iPSC-derived CD34+ cells available

enabled us to assess the change in the level of pSMAD2/3 induced
by TGF-β. After 24 h of siRNA treatment, transfected iPSC-derived
CD34+ cells were incubated in the presence of TGF-β (12 ng/mL)
for 30min. A significantly greater number of pSMAD2/3(+) cells
was revealed among CD109-KD CD34+ cells than among mock-
transfected CD34+ cells by phospho-FCM (P < 0.05, Figs. 3C, S5A).
The more abundant pSMAD2/3 proteins in CD109-KD CD34+ cells
than in mock-transfected cells was confirmed by Western blotting
(Fig. 3D). The results clearly showed the increased expression of
pSMAD2, but not pSMAD3, in response to TGF-β. This is consistent
with the findings of previous studies, as the phosphorylation of
SMAD2 was robust and more sensitive in relaying TGF-β than that
of SMAD3 [30, 31]. These results confirmed the increased
sensitivity of CD109-deficient HSPCs to TGF-β.

Erythroid differentiation tendency unique to CD109(−) MEPs
in vivo
The lack of CD109 may affect erythroid differentiation of HSPCs in
patients with PNH, where the low concentration of TGF-β is
involved in the regulation of inductive hematopoiesis under
immunological stress. When analyzing CD34+ cell subsets in the
BM of three PNH patients (Fig. S6A), the percentages of BM
CD34+CD38+ cells and CD34+CD38− cells of total Lin− cells in
PNH patients were shown to be significantly lower than that of
healthy controls, although their absolute reticulocyte count (ARC)
was significantly higher than that in healthy controls (P < 0.05,
Fig. 4A). The CD109 expression was also detected in FLAER(+)
CD34+ subpopulations of the three PNH patients, with no
expression of CD109 noted in FLAER(−) subpopulations, as
expected (Fig. 4B). In accordance with the results of BM from
healthy individuals, CD109 was more abundantly expressed in

Fig. 2 Effect of transient CD109 KD by siRNA on the erythroid differentiation of TF-1 cells and UCB HSPCs. A CD109 expression in CD109
siRNA-treated (red line) and mock-transfected (black line) TF-1 cells cultured in serum-containing medium (RPMI1640 medium+ 10% FBS) for
72 h. A representative histogram is shown. B The GPA expression by mock-transfected (left) and CD109 siRNA-transfected (right) TF-1 cells that
were cultured in the presence (5 ng/mL) or absence of TGF-β. Representative histograms are shown. GPA glycophorin A. C Representative dot
plots showing the pSMAD2/3 expression in mock-transfected (upper) and CD109 siRNA-treated (lower) TF-1 cells that were cultured in the
presence (20 ng/mL) or absence of TGF-β. D The percentages of pSMAD2/3-positive cells in mock-transfected and CD109 siRNA-transfected
TF-1 cells. Data were obtained from four independent experiments. *P < 0.05. E The box plots showing the CD109 expression in each CD34+

cell subset. Data were obtained from four independent experiments (means ± SEM). *P < 0.05. F The CD109 gene expression by different
hematopoietic cells from C57BL/6 mice. Amplified products of CD109 and GAPDH cDNA from sorted Lin−Sca-1+c-kit+ (LSK), Lin−Sca−1−c-kit+

(LSK), all lineage (+) cells, and Lin−c-kit− (others) BM cells. G The CD109 expression by CD109 siRNA-treated (red line) and mock-transfected
(black line) UCB CD34+ cells. Transfected CD34+ UCB cells were cultured in serum-free medium for 72 h. Representative histograms are shown.
H The expression of CD109 in siRNA-transfected CD34+ cells relative to that of CD109 in mock-transfected CD34+ cells. Data were obtained
from three independent experiments (means ± SEM). *P < 0.05. I The GPA expression in mock-transfected (left) and CD109 siRNA-treated
(right) MEPs cultured in the presence (12 ng/mL) or absence of TGF-β for 4 days. Representative histograms are shown. J Percentages of GPA-
positive cells in mock-transfected and CD109 siRNA-transfected MEPs. Data were obtained from three independent experiments (means ±
SEM). *P < 0.05. GPA glycophorin A.
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Lin−CD34+CD38−CD90+CD45RA− HSCs than in Lin−CD34+CD38+

HSPCs (CMPs, MEPs, and GMPs) (Fig. 4B, lower). Because of the
difficulty in obtaining BM samples from patients with PNH, we
focused on PB HSPCs for further analyses. To determine whether
or not the lack of CD109 affects the erythroid differentiation of
MEPs in vivo, we compared the expression of CD36, which is a
marker of erythroid differentiation and highly expressed on MEPs
[24], between CD109+ and CD109− MEPs in two patients with
PNH (Fig. 4C). As shown in representative zebra plots, the

individual percentages of CD36+ cells were higher in CD109−

MEPs than in CD109+ MEPs (UPN 3 and UPN 5, Fig. 4C, right).
Furthermore, when the CD36 expression by MEPs was compared
between PNH patients and healthy individuals, the percentages
of CD36+ cells were significantly higher in PNH patients
than in healthy controls (mean 27.6% [11.8–40.1%] vs. 10.1%
[1.67–24.4%], P < 0.05, Fig. 4D), suggesting that the CD109
deficiency may favor erythroid differentiation of PIGA-mutated
HSPCs over PIGA-normal HSPCs in PNH patients.

Fig. 3 Effect of transient CD109 KD on the erythroid differentiation of iPSC-derived HSPCs. A The CD109 expression by CD109 siRNA-
transfected (red line) and mock-transfected (black line) iPSC-derived HSPCs. Representative histograms are shown. B The GPA expression by
mock-transfected (left) and CD109 siRNA-transfected (right) MEPs cultured in the presence (12 ng/mL) or absence of TGF-β for 4 days.
Representative histograms are shown. C Representative dot plots showing the pSMAD2/3 expression in mock-transfected (upper) and CD109
siRNA-transfected (lower) iPSC-HSPCs cultured in the presence (12 ng/mL) or absence of TGF-β for 30min. D The same cultured cell
populations as (C) were subjected to immunoblotting using antibodies specific to pSMAD2, pSMAD3, and GAPDH. The results are
representative of three independent experiments. GPA glycophorin A.
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DISCUSSION
In this study, we investigated the role of CD109, a GPI-linked co-
receptor of TGF-β, in the differentiation of HSPCs triggered by
TGF-β and its relevance to pathophysiology of PNH. Both TF-1 and

human primary HSPCs underwent erythroid differentiation follow-
ing complete or partial depletion of CD109 from the cell surface
during the culture in the presence of TGF-β. The increased
sensitivity to TGF-β in CD109-deficient HSPCs was confirmed by a

Fig. 4 Erythroid differentiation of CD109+ and CD109− HSPCs from patients with PNH. A The percentages of CD34+CD38+ and
CD34+CD38− cells of BM, and absolute reticulocyte count (ARC) in the peripheral blood from three PNH patients and four healthy volunteers.
*P < 0.05. B Percentages of GPI(−) cells (upper) and CD109+ (lower) cells in different CD34+ cell subsets of a patient with PNH. The CD109
expression by GPI(−) (in red) and GPI(+) cell (in blue) populations was differentially analyzed. C The expression of CD36 by CD109+ and
CD109− MEPs from healthy controls (left) and PNH patients (UPN 3 and UPN 5, right). Representative zebra plots are shown. D The
percentages of CD36+ cells in CD109− MEPs of PNH patients (n= 5) and in CD109+ MEPs of healthy individuals (n= 6). *P < 0.05.

M. Tanabe et al.

7

Leukemia



greater increase in the level of pSMAD2 in CD109-KD iPSC-HSPCs
than in WT iPSC-HSPCs. The tendency toward erythroid differ-
entiation of CD109− HSPCs was supported by the in vivo finding
that the proportion of CD36+ cells in CD109− MEPs was higher
than that in CD109+ MEPs. Taken together, these findings suggest
that CD109 inhibits differentiation of HSPCs from undergoing
erythroid differentiation induced by TGF-β. Inhibitory roles of
CD109 in the signaling of TGF-β have been demonstrated in
keratinocytes and melanoma [14, 32]. On the cell surface, CD109
negatively regulates the TGF-β1 signaling pathway via the
formation of a receptor complex with TGF-βR1 and TGF-βR2 in
human keratinocytes [14]. Bizet et al. demonstrated that CD109
associates with caveolin-1 and promotes TGF-β receptor endocy-
tosis [33]. In addition, CD109 promotes localization of the TGF-β
receptors into the caveolar compartment in the presence of ligand
and facilitates TGF-β receptor degradation. CD109 may thus
dampen TGF-β responses in order to avoid a deleterious effect of
excess TGF-β that often leads to many human diseases, such as
tissue fibrosis [34] and cancer metastasis [35]. In inductive human
hematopoiesis, CD109 may also blunt the response of HSPCs to
TGF-β to inhibit their erythroid differentiation. The present study is
the first to clarify a similar role of CD109 in the HSPC
differentiation triggered by TGF-β.
Our study revealed that among different subsets of human

CD34+ cells, CD109 was the most abundantly expressed on HSCs,
and its expression decreased as HSCs differentiated, a finding
suggestive of the important role of CD109 in the regulation of
primitive HSCs. TGF-β inhibits cell-cycling of HSCs, causing them
to remain in a dormant state [36]. Although we were unable to
assess the effect of CD109 depletion on the quiescence of HSCs
induced by TGF-β due to the paucity of human HSCs, CD109
might also inhibit TGF-β signaling in HSCs. If this hypothesis is
correct, CD109-deficient HSCs are more likely to remain in the
dormant state than WT HSCs during inductive hematopoiesis,
which conflicts with the preferential commitment of PIGA-mutated
HSCs that occurs in patients with PNH. TGF-β is reported to exert
bimodal effects on target cells depending on its concentration
[37]. In immune-mediated BM failure, TGF-β may actually induce
cell cycle in HSCs, and the lack of CD109 may lead to the
enhanced commitment of HSCs.
We originally planned to study the effect of CD109-KD on HSCs

using murine models. Unexpectedly, however, CD109 was not
expressed by LSK cells of C57BL/6 mice although its expression
was detected in mature blood cells. There were no marked
differences in the complete blood counts and proportion of LSK
cells between WT mice and CD109-KO mice (data not shown).
These findings suggest that CD109 has little involvement in
murine hematopoiesis. Similar to CD109, some proteins, such as
Robo1, are known to be expressed by human HSCs but not by
murine HSCs [38–40]. Given that the lack of CD109 on human
HSPCs appears to be responsible for the preferential erythroid
commitment of GPI(−) HSPCs in patients with PNH, the absence of
CD109 on murine HSCs may account for the lack of PNH in mice.
By evaluating PNH patients whose HSPCs comprised GPI(+) and

GPI(−) cells, we confirmed that CD109 was expressed on FLAER+

CD34+ cell subsets. Similar to CD34+ cells of healthy individuals,
CD109 was more abundantly expressed on FLAER+ HSCs than on
FLAER+ HSPCs of PNH patients. The absence of CD109 on FLAER−

HSPCs in these patients may make the PIGA-mutated HSPCs more
sensitive to TGF-β, leading to their preferential erythroid
differentiation over WT HSPCs. Indeed, the proportion of CD36+

cells in CD109− MEPs was greater than that in CD109+ MEPs
among PNH patients (Fig. 4C). The higher sensitivity to TGF-β in
GPI(−) HSPCs than in GPI(+) HSPCs may partly explain the
predominance of GPI(−) erythrocytes in immune-mediated BM
failure, including PNH. Although escape from inflammatory
cytokine due to the lack of GPI-APs on HSPCs has been speculated

to be a mechanism underlying the survival advantages of PIGA-
mutated HSPCs over wild-type HSPCs, no studies have implicated
the lack of specific GPI-APs in the preferential commitment of GPI
(−) HSPCs. This study is the first to demonstrate that the lack of a
GPI-AP CD109 augments the response to the inflammatory
cytokine TGF-β, thereby causing enhanced erythroid differentia-
tion of HSPCs. Some other GPI-APs, such as semaphorin7A
(CD108) and glypican-3, may also be involved in the preferential
commitment of HSPCs in patients with PNH (Fig. S7A) [41, 42].
These GPI-APs might work as receptors of cytokines, such as TGF-β
or IFN-γ, which eventually affect the differentiation of HSCs.
Although we were unable to assess the effects of TGF-β inhibitors
on the commitment of WT and GPI(−) HSPCs due to the limited
clinical material available, TGF-β inhibition may help not only
restore hematopoiesis by WT HSPCs but also suppress the
preferential commitment of GPI(−) HSPCs in patients with
immune-mediated BM failure and prevent them from developing
florid PNH.
In conclusion, our study clarified the role of CD109 in the HSPC

differentiation induced by TGF-β. The lack of CD109 may be one of
the mechanisms underlying the preferential commitment of PIGA-
mutated HSPCs in immune-mediated BM failure, wherein HSPCs in
the BM are exposed to excessive inflammatory cytokines,
including TGF-β. We previously showed that iPSC-derived HSPCs
can reconstitute human hematopoiesis in immunodeficient mice
[29]. Comparing the engraftment ability between WT and CD109-
KD iPSC-HSPCs may help further clarify the role of CD109 on
HSPCs in inductive hematopoiesis.
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