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Hematopoietic stem cell (HSC) fate is tightly controlled by various regulators, whereas the underlying mechanism has not been fully
uncovered due to the high heterogeneity of these populations. In this study, we identify tetraspanin CD63 as a novel functional
marker of HSCs in mice. We show that CD63 is unevenly expressed on the cell surface in HSC populations. Importantly, HSCs with
high CD63 expression (CD63™) are more quiescent and have more robust self-renewal and myeloid differentiation abilities than
those with negative/low CD63 expression (CD637'°). On the other hand, using CD63 knockout mice, we find that loss of CD63 leads
to reduced HSC numbers in the bone marrow. In addition, CD63-deficient HSCs exhibit impaired quiescence and long-term
repopulating capacity, accompanied by increased sensitivity to irradiation and 5-fluorouracil treatment. Further investigations
demonstrate that CD63 is required to sustain TGF signaling activity through its interaction with TGF receptors | and Il, thereby
playing an important role in regulating the quiescence of HSCs. Collectively, our data not only reveal a previously unrecognized role
of CD63 but also provide us with new insights into HSC heterogeneity.
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INTRODUCTION

Hematopoietic stem cells (HSCs) play a central role in maintain-
ing the homeostasis of the hematopoietic system by balancing
their ability to self-renew and differentiate throughout an
organism’s lifetime [1, 2]. Adult HSCs mainly reside in a
specialized microenvironment (niche) located in the bone
marrow (BM) [3, 4]. Under normal conditions, only a small
percentage of HSCs are progressing through the cell cycle [5, 6].
Maintenance of quiescence is recognized as a fundamental
characteristic of HSCs, which is essential for preserving the stem
cell pool [3, 7]. Studies have shown that HSC biology is
coordinately regulated by cytokines/cytokine receptors, signal
transduction molecules, transcription factors, cell cycle regula-
tors, etc [1, 8]. However, the underlying molecular mechanism is
still not fully understood due to the high heterogeneity of HSC
populations [9, 10].

The evidence suggests that phenotypically homogeneous HSCs
exhibit diverse characteristics, including cell cycle status, meta-
bolic profile, location, lineage reconstitution potential, and
response to external stimuli [11, 12]. Currently, why HSC subtypes
exist, how they develop and how new subpopulations can be
identified remain hot topics in the stem cell field. Transforming
growth factor B (TGFp) signaling controls a wide spectrum of cell
biological processes [13]. Previous studies using various mouse

models have indicated that TGFf3 signaling plays a vital role in the
regulation of HSC behaviors, including quiescence, self-renewal
and differentiation [14-17]. Intriguingly, distinct HSC subpopula-
tions respond differently to TGFB in the BM [18]. However,
relatively little is known about how to coordinate TGF signaling
in HSC compartments.

A number of studies using surface markers or reporter genes
have defined several HSC subpopulations with different functions
[19-21]. However, recent single-cell transcriptional profiling data
indicate that our understanding of the biological features of HSCs
is still inadequate [9, 22]. Therefore, identifying new HSC markers
may provide new insights into the heterogeneity of HSCs. CD63 is
a member of the tetraspanin family that is distinguished by its four
transmembrane domains [23]. In addition to being an indicator of
the activation of several blood cells [24, 25], CD63 has many
pathological and physiological functions [21, 25, 26]. CD63 can
associate with its interaction partners, such as integrins, receptors,
kinases, and other tetraspanin proteins, on the cell surface,
thereby contributing to the regulation of multiple signaling
pathways [23, 24, 26, 27]. Of note, CD63 has also been shown to
be present in human and mouse HSCs [28, 29], whereas its exact
role in HSCs remains to be established.

In the present study, we first found that CD63 exhibits a
heterogeneous expression pattern in mouse HSCs and that
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CD63MIN (CD63M) HSCs are more quiescent and exhibit more
robust self-renewal ability than CD637'°% (CD637'°) HSCs. Further-
more, deletion of CD63 was found to decrease HSC numbers and
impair  their quiescence and function. Mechanistically,
CD63 supports TGFf signaling activity by interacting with TGF(3
receptors | and Il, which are involved in regulating the quiescence
of HSCs. Collectively, our findings identify CD63 as a functional
marker of HSCs and reveal a new mechanism for modulating TGF8
signaling.

RESULTS

CD63 is unevenly distributed on the cell surface in HSC
populations and its high expression identifies more quiescent
HSCs

Previous studies have identified multiple markers of HSCs, but
there are still many molecules that have not been studied. We
thus reanalyzed single-cell RNA-sequencing (scRNA-seq) data
from murine hematopoietic stem progenitor cells (HSPCs) that
were sorted by flow cytometry. After quality control and
principal component analysis (PCA), the first 13 PCs were
determined by ElbowPlot and used for subsequent analysis
(Supplementary Fig. S1A-C). We identified 11 distinct cell
clusters (Fig. 1A), similar to the findings of a previous study
[30]. Among the differentially expressed genes, we noticed that
both CD63 and CD81 were more abundant in the most primitive
HSC population (C1 clusters) compared with other unprimed
HSPCs (C2 and C3 clusters) (Fig. 1B). Since the potential role of
CD81 in HSCs has been disclosed [31], we then focused mainly
on CD63. Consistent with the above result, the expression of
CD63 was higher in purified long-term HSCs (LT-HSCs) than in all
multipotent progenitor (MPP) populations (Fig. 1C). A similar
result was obtained from another public single-cell RNA-seq
database (Supplementary Fig. S2A) [32]. Considering that CD63
is localized at the plasma membrane and lysosomal membrane,
we analyzed its subcellular distribution by flow cytometry with
surface and intracellular staining. Interestingly, CD63 predomi-
nantly displayed intracellular localization in mature BM cells,
while approximately half of the CD63 content was present on
the cell surface in HSPCs (Fig. 1D, E and Supplementary Fig. S2E).
These data also confirmed the higher cell surface expression of
CD63 in LT-HSCs than in other LSK (Lineage c-Kit" Sca1™)
subsets (Fig. 1D, E and Supplementary Fig. S2E). Alternatively,
LT-HSCs were more enriched in CD63" than in CD63" LSKs
(Fig. 1F). Similar results were obtained by using the signaling
lymphocytic activation molecule (SLAM) markers CD48 and
CD150 (Supplementary Fig. S2F). Moreover, the scRNA-seq data
showed that CD63 was expressed to a greater degree in
myeloid-primed clusters (Fig. 1B), which was in line with the
finding from flow cytometric analysis (Fig. 1D, E).

Next, we asked whether HSCs with different levels of CD63 have
distinct properties. Given that HSCs exist on a continuous CD63
expression, we therefore gated the top 30% and bottom 30% of
CD63 expression in order to obtain pure and distinct populations
of HSCs (hereafter referred to as CD63”'° and CD63"™ HSCs)
(Fig. 1G). Interestingly, cell cycle analysis revealed that CD63" LT-
HSCs were more frequently in the GO phase than CD63™° LT-HSCs,
suggesting that CD63" subpopulations are more quiescent
(Fig. TH). The same trend was observed for short-term HSCs (ST-
HSCs) and MPPs, albeit to a lesser extent (Supplementary Fig. S2G).
Consistently, 5-bromodeoxyuridine (BrdU) incorporation was
significantly higher in CD637'° HSCs than in CD63™ HSCs in vivo
(Fig. 11 and Supplementary Fig. S2H). However, the apoptosis rates
of CD63™° and CD63" HSCs were comparable (Fig. 1J and
Supplementary Fig. S2I). These results suggest that although
mouse HSCs are typically enriched in the CD34  Flk2™ LSK
compartment, coexpression of a high level of CD63 may further
discriminate more quiescent HSCs.
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CD63" LT-HSCs display more robust self-renewal and myeloid
differentiation ability

The differences in the cell cycle status of CD637'° and CD63" HSCs
prompted us to assess whether CD63 expression may be related
to the functional properties of HSCs. We then purified CD63”'° and
CD63M LT-HSCs by flow cytometry and evaluated their function
in vitro. Unlike CD63" HSCs, CD63”° HSCs could not be
maintained in a liquid medium after 10 days of culture (Fig. 2A,
B), accompanied by increased apoptosis rate (Supplementary
Fig. S3A). Additionally, CD63" LT-HSCs displayed stronger colony-
forming ability in methylcellulose medium (Fig. 2C). Next, we
performed a transplantation assay using purified CD637° and
CD63" LT-HSCs to determine their functional differences in vivo
(Fig. 2D). Specifically, CD63" LT-HSCs exhibited greater long-term
repopulation potential and higher myeloid output than CD637"°
LT-HSCs (Fig. 2E-H). Increased CD63 expression was actually
observed in aged HSCs (Supplementary Fig. S3B, C), which are
definitely biased toward myeloid differentiation [33, 34]. Further-
more, using RNA-sequencing (RNA-seq) analysis, we found a
distinct difference in the CD637'° and CD63M LT-HSC transcript
profiles, in which 650 genes were downregulated and 361 genes
were upregulated in CD63" vs CD637'° LT-HSCs (Fig. 2). It is not
surprising that the transcription levels of myeloid-associated
genes (such as Vwf, Hdc, Csf1r, Elane and Hp [19, 35-37]) were
significantly increased in CD63" LT-HSCs (Fig. 2I). More impor-
tantly, gene set enrichment analysis (GSEA) showed that HSC
signature, quiescence and long-term gene sets were enriched in
CD63M LT-HSCs, whereas HSC proliferation, cell cycle and DNA
duplication gene sets were enriched in CD637"° LT-HSCs (Fig. 2)J).
Consistent with the above data, compared with CD63" LT-HSCs,
CD63™° LT-HSCs revealed significant enrichment of genes
associated with metabolic and biosynthetic processes (Supple-
mentary Fig. S3D), which were further confirmed by detection of
mitochondrial activity and protein synthesis rate, respectively
(Fig. 2K-M). On the other hand, neither the in vitro nor in vivo
functions of HSCs were significantly affected after anti-CD63
antibody (clone NVG-2) treatment (Supplementary Fig. S3E-L).
Taken together, these findings show that CD63, in combination
with surrogate HSC markers, may distinguish HSCs with more
robust self-renewal ability.

Knockout of CD63 results in a reduced number of HSCs in mice
To clarify whether CD63 is functional or only a passive marker for
HSCs, we used a CD63 knockout (CD63 /") mouse model. Deletion
of CD63 in HSCs from CD63 '~ mice was verified by flow cytometry
(Fig. 3A). In line with previous studies [24, 38], CD63 ablation did not
significantly affect the total cell number in the BM and peripheral
blood (PB) of mice (Supplementary Fig. S4A, B). Further flow
cytometric analysis showed that CD63 deficiency did not signifi-
cantly affect the percentage and absolute number of BM LSKs and
myeloid progenitors (MPs) (Fig. 3B-D). Interestingly, the percentages
and absolute numbers of LT-HSCs and ST-HSCs, rather than MPPs,
were modest but statistically significantly reduced when CD63 was
deleted (Fig. 3E, F). Loss of HSCs in CD63 ™/~ mice was further
verified using CD150 and CD48 staining (Fig. 3G and Supplementary
Fig. S4C). However, the percentages and numbers of hematopoietic
progenitors, including GMPs, CMPs, MEPs, and CLPs, were similar
between wild-type (WT) and CD63~’~ mice (Fig. 3H and Supple-
mentary Fig. S4D). These findings illustrate that CD63 deficiency
leads to a loss of HSC number in mice.

Deletion of CD63 leads to impairment of HSC quiescence

In view of the above findings that CD63 expression is associated
with HSC quiescence, we next sought to evaluate whether CD63
deletion affects cell cycle progression in HSCs. Indeed, after CD63
knockout, the percentage of HSCs in the GO phase was reduced,
whereas the percentages of HSCs in the G1 and S/G2/M phases
were increased (Fig. 4A). Significantly increased proliferation of
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CD63~/~ HSCs was also observed by an in vivo BrdU incorporation
assay (Fig. 4B). It has been well established that proliferative cells
are extremely sensitive to ionizing radiation injury [39, 40]. As
expected, CD63 '~ mice were more susceptible to death than WT
mice after 6.5 Gy total body irradiation (TBI) (Fig. 4C). Meanwhile,
irradiated CD63~/~ mice displayed a more significant increase in
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apoptosis and DNA damage in HSCs, as well as reduced HSPC
numbers (Fig. 4D-G). Consistent with these results, CD63~'~ mice
were also more sensitive to treatment with 5-fluorouracil (5-FU)
(Supplementary Fig. S5A-C), a chemotherapeutic drug that
preferentially eliminates cycling cells [41]. These data indicate
that CD63 deficiency impairs the quiescence of HSCs.
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Fig. 1 CD63 is unevenly distributed on the cell surface in HSC populations and its high expression identifies more quiescent HSCs.
A Identification of 11 different cell clusters in HSPCs based on t-distributed stochastic neighbor embedding (t-SNE) analysis from published
scRNA-seq data (GEO accession number: GSE90742). C1-C3, unprimed HSPC populations; Mk, megakaryocyte-primed progenitors; Er,
erythrocyte-primed progenitors; Neu, neutrophile-primed progenitors; Mo1, type | macrophage-primed progenitors; Mo2, type Il
macrophage-primed progenitors; Ba, basophilia-primed progenitors; B, B cell-primed progenitors; T, T cell-primed progenitors. B Dot maps
showing the differentially expressed genes in 11 identified clusters from Fig. 1A. C Violin plots showing the expression level of CD63 mRNA in
purified LT-HSC, MPP1, MPP2, MPP3, and MPP4 (all these populations were combined within (A). D, E Flow cytometric analysis of surface and
total (surface + intracellular) expression of CD63 in long-term HSCs (LT-HSCs; Lin™ c-Kit" Scal™ CD34" FIk2), short-term HSCs (ST-HSCs; Lin
cKit*t Sca1™ CD34" FIk2) and multipotent progenitors (MPPs; Lin™ c-Kit™ Sca1® CD34" FIk2™), myeloid progenitors (MPs; Lin™ c-Kit"™ Sca1), Lin’
cells (Lineage’), myeloid cells (CD11 b™ Gr-17), B cells (8220™) and T cells (CD3e™) from the BM of normal mice (n = 6). The positive percentage
and MFI of CD63 are shown in (D) and (E), respectively. Data are shown as the mean + SD. **P < 0.01, ***P < 0.001. MFI, mean fluorescence
intensity. F Flow cytometric analysis of the percentages of LT-HSCs, ST-HSCs, and MPPs in total, CD63" and CD63" LSKs from the BM of normal
mice by surface staining (n = 6). Representative flow cytometric plots are shown in the top panel. Data are shown as the mean + SD. ***P <
0.001. ISO, isotype control. G Gating strategies used for subsequent flow cytometric analysis and sorting of CD63”"°" (CD637'°) and CD63M9"
(CD63™) LT-HSCs. H Flow cytometric analysis of the cell cycle status of CD637'° and CD63" LT-HSCs from the BM of normal mice (n = 6).
Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001. | Flow cytometric analysis of the
in vivo BrdU incorporation of CD63”'° and CD63" LT-HSCs from the BM of normal mice (n = 6). Representative flow cytometric plots are
shown in the left. Data are shown as the mean + SD. ***P < 0.001. J Flow cytometric analysis of the apoptosis of CD63”'° and CD63" LT-HSCs

from the BM of normal mice (n = 6). Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD.

Loss of CD63 compromises the long-term repopulating ability
of HSCs

Cell cycle quiescence is hypothesized to underlie HSC self-renewal
and engraftment potential [42, 43]. In consideration of this, we
carried out a competitive BM transplantation (BMT) assay (Fig. 5A).
BM cells obtained from WT or CD63~/~ mice were mixed with
CD45.1 mice BM cells at a ratio of 1:1 and were then transplanted
into lethally irradiated CD45.1 mice. As anticipated, CD63
deficiency resulted in a significant decrease in the long-term
repopulation ability of HSCs (Fig. 5B, C and Supplementary
Fig. S6B). More obvious changes were observed with secondary
BMT, accompanied by lymphoid-biased differentiation (Fig. 5D, E
and Supplementary Fig. S6B). Furthermore, we performed another
transplantation assay using purified LT-HSCs, as shown in Fig. 5F.
The greatly impaired long-term repopulation ability of HSCs and
biased lineage distribution was also observed in recipients
reconstituted with CD63 '~ LT-HSCs (Fig. 5G-J and Supplemen-
tary Fig. S6C). Specifically, the compromised function of HSCs
induced by CD63 deletion was not due to homing defects
(Supplementary Fig. S6D, E). In addition, reciprocal BMT assays
showed that the role of CD63 in HSCs was cell intrinsic rather than
microenvironment dependent (Fig. 5K-M). Altogether, these data
emphasize an important role of CD63 in intrinsically preserving
HSC function.

CD63 deficiency impairs TGFf signaling in HSCs

As we know, TGFB signaling is essential for maintaining the
quiescence of HSCs [15, 44]. Interestingly, further analysis of the
RNA-seq data showed that CD63 expression was correlated with
TGFB signaling activity in HSCs (Fig. 6A). Consistently, the
phosphorylation level of Samd2/3, a specific indicator of TGFf
signaling [45], was higher in CD63" HSCs than in CD63"° HSCs,
although the expression of TGFB receptors | and Il was
comparable (Fig. 6B and Supplementary Fig. S7A, B). Alternatively,
CD63 expression was higher in p-Smad2/3" HSCs than in p-
Smad2/3”"° HSCs (Fig. 6C). These findings led us to examine
whether CD63 regulates TGFf3 signaling in HSCs. Indeed, Smad2/3
phosphorylation was significantly decreased in HSCs when CD63
was deleted (Fig. 6D), which was not caused by the reduced
expression of TGFP receptors | and Il in HSCs, as well as a
decreased level of TGFB1 in the BM (Fig. 6E-G). Furthermore,
impaired TGFB signaling in CD63-null HSCs was confirmed by
Western blot and immunofluorescence analyses (Fig. 6H, I). In
accordance with these data, the level of p57, a direct target gene
of TGFB signaling [44, 46], was markedly decreased (Fig. 6J).
Additionally, p21 and c-myc, which are respectively activated and
inhibited by TGFB signaling [45], were correspondingly
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downregulated and upregulated in HSCs in the absence of CD63
(Fig. 6J). Previous studies indicated that tetraspanins function as
interacting webs [47]. However, it was found that loss of CD63 did
not significantly affect the expression of other common tetra-
spanins, including CD9, CD37, CD53, CD81, CD82, and CD151, in
HSCs (Supplementary Fig. S7C-H). Hence, these data elucidate
that CD63 may be required to sustain TGFf signaling in HSCs.

CD63 regulates TGFP signaling by interacting with TGF
receptors | and Il

After binding to TGFB1, TGFB receptor Il recruits and phosphor-
ylates TGFf receptor |, which then activates downstream signaling
molecules [15, 48]. Notably, we noticed that the interaction
between TGFf receptor Il and TGFp receptor | was decreased after
CD63 knockout (Fig. 7A, B). Consistently, CD63 deficiency resulted
in a significant decrease in the colocalization of TGFf receptor | to
TGFB receptor Il in HSCs by immunofluorescence analysis
(Supplementary Fig. S8A). Combining these findings with previous
reports that CD63 can interact with several receptors on the cell
surface, we speculated that CD63 may be involved in regulating
TGFB signaling activity by associating with TGFP receptors. As
expected, co-immunoprecipitation (Co-IP) assay confirmed that
CD63 can interact with TGFf receptors | and Il under physiological
conditions (Fig. 7C, D). Immunofluorescence analysis revealed that
a large portion of CD63 was colocalized to TGFf receptors |
(Pearson’s correlation coefficient: 0.839 + 0.081) and Il (Pearson’s
correlation coefficient: 0.821 + 0.076) in HSCs (Fig. 7E, F), further
consolidating this finding. To further determine whether CD63 is
needed for the activation of TGFp signaling, we purified WT and
CD63 ™/~ HSCs and treated them with recombinant TGFR1 in vitro.
In agreement with the results of previous studies [44, 49], Smad2/3
was rapidly dephosphorylated in HSCs from WT mice by in vitro
cytokine stimulation, whereas its remained phosphorylated when
pretreated with TGFB1 (Fig. 7G). In contrast, CD63~/~ HSCs were
insensitive to TGFP1 stimulation in vitro (Fig. 7G). Finally, we found
that overexpression of CD63 restored TGFf signaling activity and
rescued the defective quiescence and engraftment potential of
CD63-null HSCs (Fig. 7H-J and Supplementary Fig. S8B). Collec-
tively, these findings demonstrate that CD63-mediated regulation
of TGFf signaling plays a crucial role in the maintenance of HSC
quiescence (Fig. 7K).

DISCUSSION

Life-long hematopoiesis is supported by HSCs with great self-
renewal ability to allow continuous production of hematopoietic
progenitors and various mature blood cells [50, 51]. Although the
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factors involved in hematopoietic modulation have been widely
studied, how to precisely regulate the behavior of HSCs is still
unknown. In addition, HSC populations have been recognized to
be highly heterogeneous [9, 11]. Therefore, further examination of
reliable markers may help us to obtain a deep understanding of
the biological characteristics of HSCs. In this report, we
demonstrate for the first time that CD63 is a functional marker

SPRINGER NATURE

of HSCs and maintains the quiescence of HSCs by supporting
TGFB signaling through interaction with TGF( receptors | and Il.

In most cell types, the majority of CD63 is present at lysosome-
associated membranes rather than the plasma membrane [23].
Hence, CD63 is also called lysosome-associated membrane protein
3 (LAMP-3) [29]. In the present study, by comparing surface
staining with intracellular staining, we observed that CD63 is
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Fig. 2 CD63" LT-HSCs display more robust self-renewal and myeloid differentiation ability. A, B 1x 10> CD637'° and CD63" LT-HSCs
sorted from the BM of normal mice were cultured in liquid medium for 10 days. A The total cell numbers in culture were counted (n = 4). Data
are shown as the mean * SD. ***P < 0.001. B The percentage of LSKs in culture was detected by flow cytometry (n = 4). Representative flow
cytometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001. C Single CD63”"° and CD63"' LT-HSC sorted from the BM
of normal mice were cultured in methylcellulose medium for 14 days. The size distribution of 240 single-cell is shown (n = 4). Data are shown
as the mean + SD. ***P < 0.001. D-H 3 x 102 CD63”'° and CD63" LT-HSCs, along with 5 x 10° CD45.1 BM helper cells, were transplanted into
lethally irradiated CD45.1 mice. Sixteen weeks later, 1 x 10° BM cells from the primary recipient mice were transplanted into secondary CD45.1
recipient mice. D The strategy for HSC transplantation (HSCT). E, G The percentage of donor-derived cells in the peripheral blood (PB) of (E)
primary and (G) secondary recipients was measured at the indicated time by flow cytometry (n = 6). Representative flow cytometric plots of
16 weeks after primary and secondary transplantation are shown in the left. Data are shown as the mean + SD. ***P < 0.001. F, H The lineage
distribution of donor-derived cells in the PB of (F) primary and (H) secondary recipients at 16 weeks after transplantation was determined by
flow cytometry (n = 6). Data are shown as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. 1, J CD63”"° and CD63" LT-HSCs sorted from the
BM of normal mice were subjected to RNA-seq analysis (n = 3). | Volcano plot showing the differentially expressed genes (DEGs) between
CD63™"° and CD63" LT-HSCs. DEGs were identified using the combined criteria |log2 fold change| > 1 and g-value < 0.05. Representative
myeloid- and lymphoid-specific DEGs are indicated. J Gene set enrichment analysis (GSEA) of the RNA-seq data. GSEA plots of HSC signature,
quiescence, long-term, proliferation, cell cycle, and DNA duplication are shown. NES, normalized enrichment scores; FDR, false discovery rates.
K Flow cytometric analysis of mitochondrial mass in CD637'° and CD63" LT-HSCs from the BM of normal mice by MitoTracker Green (MTG)
staining (n = 5). Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001. L Flow cytometric
analysis of mitochondrial membrane potential in CD63”"° and CD63" LT-HSCs from the BM of normal mice by DilC,(5) staining (n = 5).
Representative flow cytometric plots are shown in the left. Data are shown as the mean £ SD. ***P < 0.001. M Flow cytometric analysis of O-
propargyl-puromycin (OP-Puro) incorporation in CD637'° and CD63" LT-HSCs from the BM of normal mice (n = 5). Representative flow

gtometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001.

abundantly expressed on the cell surface in HSPCs. Although CD63
expression was higher in LT-HSCs than in other progenitor cells, its
distribution in this population was still inhomogeneous. We
therefore subfractionated phenotypic HSCs into two fractions
based on the level of CD63 and found that the fractions had
different characteristics. CD63" HSCs were more quiescent and
displayed a more robust ability in self-renewal. Meantime, CD63"
HSCs were biased toward myeloid differentiation, which is
consistent with the observation that myeloid-biased HSCs exhibit
more quiescent property and stronger reconstitution potential
than lymphoid-biased HSCs [18, 21, 52]. As a consequence, our
data show that CD63, in combination with conventional markers,
may be used to identify more primitive HSCs in mice. In contrast, a
previous study reported that CD63 expression is lower in more
primitive human CD34" CD133™ cells than the relatively mature
CD34" CD133""" cells [28], which suggests that discrepancies
with respect to HSPC markers may exist between distinct species.
In fact, many surface markers, such as CD9, CD34, CD48, and
CD150, display different expression patterns between mouse and
human HSCs [47, 53, 54].

At the cell surface, tetraspanins form membrane microdo-
mains called tetraspanin-enriched microdomains (TEMs) with a
variety of proteins, such as integrins, receptors, and other
membrane-bound proteins [55]. These structures are defined as
novel signaling platforms functionally different from lipid rafts
and are usually cell-type specific [25]. A growing body of
research shows that cell surface CD63 expression is crucial for its
function within TEMs [56, 57]. Although CD63 has been
extensively explored in multiple hematopoietic and immune
cells, including macrophages, neutrophils, dendritic cells, mast
cells, and platelets [23, 24, 27], little is known about its potential
role in HSCs. Here, we found that CD63 deficiency decreased the
number and quiescence of HSCs in mice. In steady-state BM,
most HSCs, especially LT-HSCs, are retained in a highly quiescent
or dormant state, which is a critical property responsible for
protecting them from injuries caused by irradiation and
cytotoxic substances and keeping their long-term repopulating
ability [7, 58]. Expectedly, we found that CD63~/~ mice were
highly sensitive to TBI and 5-FU treatment. On the other hand, to
functionally characterize the role of CD63 in HSCs, we then
performed a series of transplantation assays. It was observed
that deletion of CD63 dramatically impaired the long-term
repopulating ability of HSCs in a cell-intrinsic manner. Collec-
tively, these data indicate that CD63 is required to guard the
quiescence and engraftment potential of HSCs.
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It is well accepted that the TGFB signaling pathway is
indispensable for the maintenance of HSC quiescence [3].
Although TGF( signaling in HSCs can be independently regulated
by several factors, including Tif1, Msi2, ESL-1, SHP-1, and miR-143/
145 [46, 48, 49, 59, 60], the underlying regulatory mechanism has
not been completely uncovered. In this work, we found that TGFf
signaling is significantly decreased in HSCs in the absence of
CD63, in accordance with data showing that HSCs with high
expression of CD63 display higher TGFf signaling activity. After
TGFB receptor Il binds to its ligand, its recruitment to TGFf
receptor | is a key step in initiating this signaling pathway [15].
Importantly, we found that there was evident attenuation of the
binding of TGFB receptor Il to TGF( receptor | after CD63
knockout, accompanied by a decreased level of p-Smad2/3.
Subsequent Co-IP and immunofluorescence assays showed that
CD63 can directly or indirectly interact with TGF(3 receptors | and
Il In this context, we speculated that CD63 may interact with TGF3
receptors | and Il and then promote their binding, thereby
maintaining the quiescence of HSCs. Furthermore, we noted that
the percentage of donor-derived myeloid cells was significantly
reduced in secondary recipients transplanted with CD63-null
HSCs, which is consistent with the finding that TGFf signaling
facilitates myeloid-biased differentiation of HSCs [59]. In addition,
our findings may explain why myeloid-biased and lymphoid-
biased HSCs respond differently to TGF1 stimulation [18].

On the other hand, CD63 can function as a mediator of its
interaction protein adaptor protein complex-2 (AP-2) to promote
clathrin-mediated endocytosis of the protein complex [27]. As a
previous study reported, CD63 modulates intracellular transport of
its interaction partners in some specific cell types, such as antigen-
presenting cells and gastric parietal cells [23]. However, we did not
find any difference in the expression of TGFP receptors | and I
between WT and CD63~/~ HSCs, suggesting that the impaired
TGFB signaling in HSCs after CD63 knockout is not due to
abnormal transport of TGFP receptors. Additionally, we cannot
exclude the possibility that CD63 may be involved in regulating
other signaling pathways, such as the tissue inhibitor of
metalloproteinase-1 (TIMP-1)-mediated pathway [61], in mouse
HSCs. Therefore, further research is still needed.

In conclusion, these data identify CD63 as a previously unknown
marker that distinguishes distinct HSC subpopulations in mice.
Moreover, we demonstrate that CD63 supports TGFf signaling
through association with TGF( receptors | and Il, an event that is
required to maintain HSC quiescence, thus deepening our
understanding of the physiological function of CD63.
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Fig. 3 Knockout of CD63 results in a reduced number of HSCs in mice. A Flow cytometric analysis of cell surface expression of CD63 in
LSKs from the BM of WT and CD63~/~ mice. Representative flow cytometric plots of four biological replicates are shown. B Representative
flow cytometric plots showing the percentage of HSPCs in the BM of WT and CD63 '~ mice. €, D The (C) percentages and (D) absolute
numbers (one leg) of LSKs and MPs in the BM of WT and CD63~/~ mice (n = 6). Data are shown as the mean =+ SD. E, F The (E) percentages
and (F) absolute numbers (one leg) of LT-HSCs, ST-HSCs, and MPPs in the BM of WT and CD63~/~ mice (n = 6). Data are shown as the
mean = SD. **P < 0.01, ***P < 0.001. G The absolute number (one leg) of CD150" CD48™ LSKs in the BM of WT and CD63 '~ mice (n = 6).
Representative flow cytometric plots are shown in the left. Data are shown as the mean * SD. ***P < 0.001. H The absolute numbers
(one leg) of granulocyte monocyte progenitors (GMPs; Lin™ c-Kit* Sca1” CD127 CD16/32% CD34%), common myeloid progenitors (CMPs;
Lin® c-Kit™ Scal” CD127° CD16/32° CD34"), megakaryocyte erythroid progenitors (MEPs; Lin~ c-Kit™ Scal” CD127  CD16/32° CD34)
and common lymphoid progenitors (CLPs; Lin” CD127 " ¢c-Kit'®" Sca1'®") in the BM of WT and CD63 '~ mice (n = 6). Data are shown as the
mean * SD.

MATERIALS AND METHODS anti-mouse antibodies obtained from eBioscience (San Diego, CA, USA),

Animals

CD63™/~ mice (C57BL/6J background) were purchased from
Model Organisms Center (Shanghai, China), and their WT littermates
were used as controls. Congenic CD45.1 mice were a gift from Prof.
Jinyong Wang (Guangzhou Institutes of Biomedicine and Health,
Chinese Academy of Science, Guangzhou, China). Normal WT C57BL/6J
mice were obtained from the Institute of Zoology (Chinese Academy of
Sciences, Beijing, China). All mice were housed in a specific pathogen-
free facility (The Third Military Medical University, Chongqing, China).
Unless otherwise stated, the mice used were male and 6-8 weeks old.
When treatment was used, mice were randomly assigned to each group.
No blinding was performed in this study. The sample size was
determined by extensive experience, and no mice or samples were
excluded. Animal experiments were performed according to the
guidelines approved by the Animal Care Committee of The Third
Military Medical University.

Flow cytometry
BM cells were flushed from the femora and tibiae of mice, and single-cell
suspensions were then prepared as we previously reported. The following

SPRINGER NATURE

Biolegend (San Diego, CA, USA), BD Biosciences (San Jose, CA, USA) or R&D
Systems (Minneapolis, MN, USA) were used for flow cytometric analysis or
sorting: anti-Lineage antibody cocktail (containing CD3e, Mac-1, Gr-1, B220
and Ter-119), anti-c-Kit, anti-Sca-1, anti-FIk2 (CD135), anti-CD34, anti-CD48,
anti-CD150, anti-CD16/32, anti-CD127, anti-CD3e, anti-B220, anti-Mac-1
(CD11b), anti-Gr-1, anti-CD45.1, anti-CD45.2, anti-CD63, anti-CD9, anti-
CD37, anti-CD53, anti-CD81, anti-CD82, anti-CD151, anti-Annexin V, anti-
Ki67, anti-p-Smad2/3, anti-TBRI, anti-TRRII, anti-y-H2AX>"*® and anti-p-
Smad2°%>/547/Smad3°423/542> The details of the antibodies are provided
in Supplementary Table S1.

Cell cycle analysis, apoptosis analysis, y-H2AX staining, intracellular protein
staining, in vivo BrdU incorporation assay and mitochondrial activity
detection were carried out as we previously described [62, 63]. Cells were
detected using a FACSVerse or FACSCanto flow cytometer (BD Biosciences)
and sorted using a FACSAria Il cell sorter (BD Biosciences). All data were
analyzed with FlowJo 10.0 software (TreeStar, San Carlos, CA, USA).

Protein synthesis assay
The in vivo protein synthesis rate was measured as previously reported [64].
Briefly, mice were intraperitoneally injected with O-propargyl-puromycin

Cell Death & Differentiation (2022) 29:178 - 191
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Fig. 4 Deletion of CD63 leads to im})airment of HSC quiescence. A Flow cytometric analysis of the cell cycle status of LT-HSCs, ST-HSCs and
MPPs from the BM of WT and CD63 ™/~ mice (n = 6). Representative flow cytometric plots for LT-HSCs are shown in the left. Data are shown as
the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. (B) Flow cytometric analysis of the in vivo BrdU incorporation of LT-HSCs, ST-HSCs, and MPPs
from the BM of WT and CD63~/~ mice (n = 6). Representative flow cytometric plots for LT-HSCs are shown in the left. Data are shown as the
mean + SD. **P < 0.01, ***P < 0.001. C The survival rates of WT and CD63 '~ mice after a single dose of 6.5 Gy TBI (n = 10). Kaplan-Meier
survival curves and log-rank test were used to analyze the survival rates of mice. **P < 0.01. D Flow cytometric analysis of the apoptosis of LSKs
from the BM of WT and CD63 '~ mice during steady-state or 12 h after a single dose of 6.0 Gy TBI (n = 5). Representative flow cytometric plots
are shown in the left. Data are shown as the mean + SD. ***P < 0.001. Ctl, control; IR, irradiation. E Flow cytometric analysis of \(—HZAX5139
expression in LSKs from the BM of WT and CD63 ™'~ mice during steady-state or 2 h after a single dose of 2.0 Gy TBI (n = 5). Data are shown as
the mean + SD. ***P < 0.001. F Immunofluorescence analysis of y-H2AX>">® expression in LSKs freshly sorted from the BM of WT and CD63 '~
mice 2 h after a single dose of 2.0 Gy TBI. Representative immunofluorescence images of three biological replicates are shown. The scale bar
indicates 10 pm. G The absolute numbers (one leg) of LSKs and MPs in the BM of WT and CD63™'~ mice 15 days after 5.0 Gy TBI (n = 6).
Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001.

(OP-Puro) (50 mg/kg). One hour later, BM cells were collected and stained
with HSPC surface markers. Finally, the incorporation of OP-Puro was
detected using a Click-iT Plus OPP Protein Synthesis Assay Kit (Molecular
Probes, Carlsbad, CA, USA).

HSC culture and single LT-HSC colony-formation assay

Freshly sorted HSCs were cultured in StemSpan SFEM (Stem Cell Technologies,
Grenoble, France) containing SCF (10 ng/ml; PeproTech, Rocky Hill, NJ, USA),
TPO (20 ng/ml; PeproTech), heparin (10 ug/ml; MedChemExpress, Princeton,
NJ, USA) and penicillin/streptomycin (1%; Sigma, St. Louis, MO, USA). After
10 days of culture, cells were counted and analyzed by flow cytometry. A
single LT-HSC colony-formation assay was performed using methylcellulose
medium (M3434; Stem Cell Technologies) as we described previously [62].

Cell Death & Differentiation (2022) 29:178 - 191

In vitro treatment with TGFB1

In vitro TGFB1 treatment was conducted as reported [44]. Briefly, LT-HSCs
were sorted in StemSpan SFEM with or without TGFB1 (5ng/ml;
PeproTech) and incubated at 37 °C for 30 min. Then, cells were stimulated
with SCF (50 ng/ml) and TPO (50 ng/ml) and incubated at 37 °C for another
30 min, followed by immunofluorescence analysis.

Transplantation assays

For competitive BM transplantation assay, 5 x 10> BM cells from WT and
CD63 ™/~ mice were mixed with CD45.1 mice BM cells at a ratio of 1:1 and
were then transplanted into lethally irradiated (10.0 Gy) CD45.1 mice via
tail intravenous injection. Sixteen weeks later, 1 x 10° BM cells from the
primary recipient mice were transplanted into secondary CD45.1 recipient
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Fig. 5 Loss of CD63 compromises the long-term repopulating ability of HSCs. A-E 5 x 10° BM cells from WT or CD63~/~ mice (CD45.2) were
mixed with CD45.1 competitive BM cells (at the ratio of 1:1) and then were transplanted into lethally irradiated CD45.1 mice. Sixteen weeks
later, 1 x 10° BM cells from the primary recipient mice were transplanted into secondary CD45.1 recipient mice. A The strategy for competitive
BM transplantation (BMT). B, D The percentage of donor-derived cells in the PB of (B) primary and (D) secondary recipients was measured at
the indicated time by flow cytometry (n = 6). Data are shown as the mean + SD. ***P < 0.001. C, E The lineage distribution of donor-derived
cells in the PB of (C) primary and (E) secondary recipients at 16 weeks after transplantation was determined by flow cytometry (n = 6). Data are
shown as the mean + SD. **P < 0.01. F-J 3x 10> WT or CD63/~ LT-HSCs (CD45.2), along with 5x 10° CD45.1 BM helper cells, were
transplanted into lethally irradiated CD45.1 mice. Sixteen weeks later, 1 x 10° BM cells from the primary recipient mice were transplanted into
secondary CD45.1 recipient mice. F The strategy for HSC transplantation (HSCT). G, | The percentage of donor-derived cells in the PB of (G)
primary and (I) secondary recipients was measured at the indicated time by flow cytometry (n = 6). Data are shown as the mean + SD. ***P <
0.001. H, J The lineage distribution of donor-derived cells in the PB of (H) primary and (J) secondary recipients at 16 weeks after
transplantation was determined by flow cytometry (n = 6). Data are shown as the mean + SD. **P < 0.01, ***P < 0.001. K-M 1 x 10° BM cells
from WT or CD63~/~ mice (CD45.2) were transplanted into lethally irradiated WT mice (CD45.1). Meanwhile, 1x 10° BM cells from WT mice
(CD45.1) were transplanted into lethally irradiated WT or CD63~/~ mice (CD45.2). Sixteen weeks later, recipient mice were used for subsequent
analysis. K The strategy for reciprocal BMT. L The absolute numbers of LT-HSCs, ST-HSCs, and MPPs in the BM (one leg) of recipient mice (n =

6). Data are shown as the mean + SD. **P < 0.01, ***P < 0.001. M The cell cycle status of LT-HSCs in the BM of recipient mice (n = 6). Data are

shown as the mean + SD. ***P < 0.001.

mice. For HSC transplantation assays, 3 x 102 CD637'° and CD63" LT-HSCs
from normal WT mice or 3 x 10? LT-HSCs from WT and CD63 /" mice were
transplanted intravenously along with 5x 10°> CD45.1 BM helper cells into
lethally irradiated CD45.1 recipient mice. Sixteen weeks later, 1 x 10° BM
cells from the primary recipient mice were transplanted into secondary
CD45.1 recipient mice. For the rescue experiment, 5x 10> WT or CD63~/~
LSKs transduced with lentivirus carrying CD63 or control vectors, together
with 5x10° CD45.1 BM helper cells, were transplanted into lethally
irradiated CD45.1 recipient mice. Reciprocal transplantation and homing
assays were conducted as we previously described [62]. Donor
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engraftment and lineage distribution were measured at the indicated
times after transplantation.

Lentiviral transduction

The lentivirus carrying CD63 gene or control vectors were constructed at
Hanbio Co. Ltd. (Shanghai, China). Mouse LSKs were transduced with the
recombinant lentivirus as we previously reported [62]. Transduced cells
(GFP") were sorted by flow cytometry and were then used for
immunofluorescence analysis or transplantation assays.

Cell Death & Differentiation (2022) 29:178 - 191
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Fig. 6 CD63 deficiency impairs TGFp signaling in HSCs. A GSEA of the RNA-seq data from CD63”'° and CD63" LT-HSCs. GSEA plot of TGFp
signaling pathway is shown. B Flow cytometric analysis of p-Smad2549%/54¢7/Smad3%423/5425 expression in CD637'° and CD63" LT-HSCs from
the BM of normal mice (n = 5). Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD. ***P < 0.001.
C Flow cytometric analysis of CD63 expression in p-Smad2/3”°" (p-Smad2/37'°) and p-Smad2/3"9" (p-Smad2/3") LT-HSCs from the BM of
normal mice (n = 5). LT-HSCs were divided into p-Smad2/3™° (down 30%) and p-Smad2/3" (up 30%) fractions based on the expression of p-
Smad2/3. Data are shown as the mean + SD. ***P < 0.001. D Flow cytometric analysis of p-Smad2°*¢*/>*¢”/Smad3>*?*/5*?> expression in LT-HSCs
from the BM of WT and CD63~/~ mice (n = 5). Representative flow cytometric plots are shown in the left. Data are shown as the mean + SD.
**%p < 0.001. E, F Flow cytometric analysis of (E) TBRI and (F) TPRII expression in LT-HSCs from the BM of WT and CD63 /"~ mice (n = 5). Data are
shown as the mean £ SD. TPRI, TGFf receptor |; TBRII, TGFp receptor Il. G Enzyme linked immunosorbent assay (ELISA) analégsis of TGFB1 level in
the BM of WT and CD63 /" mice (n = 5). Data are shown as the mean = SD. H Western blot analysis of p-Smad2°¢>>¢” expression in LSKs
freshly sorted from the BM of WT and CD63~’~ mice. Representative Western blot plots of three biological replicates are shown.
I Immunofluorescence analysis of p-Smad2°*6*/>¢” expression in LT-HSCs freshly sorted from the BM of WT and CD63 /" mice. Representative

immunofluorescence images of three biological replicates are shown. The scale bar indicates 10 um. J gRT-PCR analysis of the expression of
p21, p27, p57, and c-myc in LT-HSCs freshly sorted from the BM of WT and CD63 '~ mice (n = 3). Data are shown as the mean * SD. **P < 0.01.

Quantitative RT-PCR (qRT-PCR)
This assay was performed as we previously described [63, 65]. The primer
sequences are listed in Supplementary Table S2.

RNA-seq

Total RNA from freshly sorted CD637'° and CD63™ LT-HSCs was extracted
using an RNAqueous kit (Ambion, Darmstadt, Germany). RNA-seq was
carried out at Sinotech Genomics Inc. (Shanghai, China). Differentially
expressed genes were identified using the combined criteria |log2 fold
change| > 1 and g-value < 0.05. GSEA was performed using GSEA version
4.0.3 (http://www.broadinstitute.org/gsea), and gene sets were obtained
from MSigDB (http://www.broadinstitute.org/gsea/msigdb) or a previous
study [66]. All raw data were deposited in the NCBI Sequence Read Archive
(SRA) database (no. PRINA698278).

scRNA-seq

The scRNA-seq data were obtained from the Gene Expression Omnibus (GEO
accession number: GSE90742) database and analyzed using Seurat v3.1.1
(https://satijalab.org/seurat/archive/v3.1/pbmc3k_tutorial.html). Data from
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low-quality cells were excluded based on the following criteria: (1) genes
detected in < 3 cells; (2) cells with < 200 total detected genes; and (3) cells
with > 10% mitochondrially encoded genes. The remaining 4785 cells in all
fractions of LT-HSCs, MPP1, MPP2, MPP3, and MPP4 were normalized to
reproduce the previously reported results as faithfully as possible [30], while
genes associated with the cell cycle were not included. PCA was performed
to identify significantly available dimensions via elbow plots. Then, the
t-distributed stochastic neighbor embedding (t-SNE) algorithm was applied
for dimensionality reduction with 13 initial principal components. All cells
were grouped into 11 clusters by the unsupervised clustering method and
sorted using surface markers described previously [30].

Western blot
This analysis was performed as we previously described [62]. The details of
the antibodies are provided in Supplementary Table S1.

Co-IP
Lin" cells freshly sorted from mouse BM were lysed in IP cell lysis buffer.
Immunoprecipitation was carried out using a Dynabeads™ Protein G
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Immunoprecipitation Kit (Invitrogen, Carlsbad, CA, USA) as we described
previously [67]. Then, immunoprecipitated proteins were subjected to
Western blot analysis. To avoid interference from IgG heavy chain or light
chain, the antibodies used for immunoprecipitation and Western blot
analysis were raised in different host species. Quantification of bands was
performed using Fiji software (National Institutes of Health, Bethesda, MD,
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USA). The details of the antibodies are provided in Supplementary
Table S1.

Immunofluorescence
Sorted HSCs were placed on poly-L-lysine coating slides. Then, cells were
fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton
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Fig. 7 CD63 regulates TGFp signaling by interacting with TGFf receptors | and Il. A, B Co-immunoprecipitation (Co-IP) analysis of the
interaction of TBRI and TPRIl in Lin cells freshly sorted from the BM of WT and CD63 ™~ mice. The whole-cell lysates (WCL) were used as input
and loading control. Representative immunoblotting (IB) plots of three biological replicates are shown in the left. Quantitation analysis of (A)
relative TBRI/TPRII or (B) TPRII/TPRI ratio is shown in the right. Data are shown as the mean + SD. **P < 0.01. C, D Co-IP analysis of the
interaction between CD63 and (C) TARI or (D) TPRIl in Lin™ cells freshly sorted from the BM of normal mice. The whole-cell lysates (WCL) were
used as input and loading control. Representative IB plots of three biological replicates are shown. E, F Inmunofluorescence analysis of the
colocalization of CD63 with (E) TPRI or (F) TRRII in LT-HSCs freshly sorted from the BM of normal mice. Representative immunofluorescence
images of three biological replicates are shown. The scale bar indicates 10 pm. Statistics of Pearson’s correlation coefficient from 30 cells are (E)
0.839 + 0.081 and (F) 0.821 * 0.076, respectively. Data represent as the mean + SD. G LT-HSCs from the BM of WT and CD63 '~ mice were
sorted in StemSpan SFEM with or without containing TGFB1 and were incubated at 37 °C for 30 min. Then, cells were stimulated with SCF and
TPO and incubated at 37 °C for another 30 min. After that, the expression of p-Smad2°6>/5%7 was detected by immunofluorescence. Freshly
sorted WT LT-HSCs were served as positive controls. Representative immunofluorescence images of three biological replicates are shown. The
scale bar indicates 10 um. H-J LSKs from the BM of WT and CD63 '~ mice were transducted with lentivirus carrying control (Ctl) or CD63 gene.
Then, 5x 10% transducted LSKs (GFP™), together with 5x 10° CD45.1 BM helper cells, were transplanted into lethally irradiated CD45.1
recipient mice. Sixteen weeks later, (H) p-Smad2546>/5467/Smad3423/542> expression and (I) cell cycle status in donor-derived LT-HSCs, as well as
(J) the percentage of donor-derived cells in the PB, in recipient mice were measured by flow cytometry (n = 5). Data are shown as the mean +
SD. ***P < 0,001, compared with WT+Ctl group; **#P < 0.001, compared with CD63~/~+Ctl group. K Schematic diagram revealing how CD63
regulates the quiescence of HSCs.
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