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Hematopoietic stem cells (HSCs) and leukemia stem cells (LSCs) have robust self-renewal potential, which is responsible for
sustaining normal and malignant hematopoiesis, respectively. Although considerable efforts have been made to explore the
regulation of HSC and LSC maintenance, the underlying molecular mechanism remains obscure. Here, we observe that the
expression of thymocyte-expressed, positive selection-associated 1 (Tespa1) is markedly increased in HSCs after stresses exposure.
Of note, deletion of Tespa1 results in short-term expansion but long-term exhaustion of HSCs in mice under stress conditions due
to impaired quiescence. Mechanistically, Tespa1 can interact with CSN subunit 6 (CSN6), a subunit of COP9 signalosome, to prevent
ubiquitination-mediated degradation of c-Myc protein in HSCs. As a consequence, forcing c-Myc expression improves the
functional defect of Tespa1-null HSCs. On the other hand, Tespa1 is identified to be highly enriched in human acute myeloid
leukemia (AML) cells and is essential for AML cell growth. Furthermore, using MLL-AF9-induced AML model, we find that Tespa1
deficiency suppresses leukemogenesis and LSC maintenance. In summary, our findings reveal the important role of Tespa1 in
promoting HSC and LSC maintenance and therefore provide new insights on the feasibility of hematopoietic regeneration and AML
treatment.
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INTRODUCTION
Hematopoietic stem cells (HSCs) have great self-renewal and
multi-lineage differentiation potential, ensuring the continuous
generation of blood cells throughout lifetime [1, 2]. Under steady-
state conditions, HSCs are largely dormant and usually used as a
hematopoietic reservoir [3, 4]. When suffering various stresses,
including irradiation, chemotherapy drug, transplantation, etc,
they are able to rapidly proliferate and differentiate to produce
various progeny cells [5, 6]. However, excessive activation of cell
cycle may compromise HSC self-renewal and then bring about the
exhaustion of HSC pool [7, 8]. Thus, a deep understanding of
the mechanism of HSC maintenance may be conducive to the
development of stem cell-related treatment strategy.
Acute myeloid leukemia (AML) is acknowledged as an

aggressive disorder of hematologic system, with high recurrence
and mortality even after receiving various treatments [9, 10]. While
some therapies have been reported to delay AML progression, it is
failed to effectively reduce relapse due to the low response of
leukemia stem cells (LSCs) [10, 11]. LSCs are defined by
immortalization and block in myeloid differentiation, which
contribute to the initiation, propagation and recurrence of

leukemia [12, 13]. Current research suggests that, after accumulat-
ing some genetic and epigenetic mutations, HSCs can acquire
unrestrained self-renewal ability and transform into HSC counter-
parts in leukemia, namely LSCs [12, 14]. As a result, HSCs generally
share many common properties with LSCs. So far, several
regulators, such as c-Myc, STAT5B, GABPβ and Hoxa9, which have
been found to play a vital role in HSC maintenance, are also
involved in the regulation of LSC self-renewal [15–18]. Although
considerable efforts have been made, the intrinsic molecular
mechanism remains confused.
Thymocyte-expressed, positive selection-associated 1 (Tespa1),

is one of the critical molecular components that regulate
thymocyte development [19]. Tespa1 deficiency blocks T cell
positive selection and inhibits T cell function owing to dampened
TCR signaling [19, 20]. In addition, Tespa1 is reported to be
involved in the regulation of the proliferation and function of B
cells probably via the CD40/TRAF6 axis [21]. Recent researches
show that Tespa1 also participates in the activation of mast cells,
thereby modulating allergic response and airway hyperreactivity
[22, 23]. These findings indicate that Tespa1 is a crucial regulator
of the immune system.
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In this study, we found that Tespa1 is also present in HSCs and
its expression is significantly upregulated after stresses. Loss of
Tespa1 resulted in short-term expansion but long-term exhaustion
of HSCs during hematopoietic stresses. Mechanism studies
revealed that Tespa1 regulates CSN subunit 6 (CSN6)-mediated
c-Myc pathway which is required to maintain HSC quiescence and
function. Additionally, we identified that Tespa1 can serve as a
pro-oncogenic factor both in human and murine AML by
maintaining LSC stemness. Collectively, our study uncovers a
previously unrecognized function of Tespa1 in HSC and LSC
biology and offers new avenues for long-term hematopoietic
maintenance and clinical treatment of AML.

MATERIALS AND METHODS
Mice
B6.129S-Tespa1tm1Smoc (Tespa1-/-) mice were purchased from the Model
Organisms Center (Shanghai, China) and backcrossed to C57BL/6 back-
ground for more than 6 generations. Normal C57BL/6 mice were obtained
from the Institute of Zoology (Chinese Academy of Sciences, Beijing,
China). B6. SJL (CD45.1) mice were generously given by Prof. Jinyong Wang
(Guangzhou Institutes of Biomedicine and Health, Chinese Academy of
Science, Guangzhou, China). Mice were male and analyzed at 8–10 weeks
old except for investigating middle aged mice (12 months old). Mice were
randomly allocated and sample number was estimated based on extensive
experience. No blinding was conducted and no samples were excluded in
our study. All mice were housed in our lab and all experimental procedures
were approved by the Animal Care Committee of Third Military Medical
University (Chongqing, China).

AML patient and healthy donor samples
All BM specimens from AML patient and healthy donor were obtained
from Southwest Hospital and Daping Hospital (The first and third affiliated
hospitals of Third Military Medical University) with informed consent. All
studies involving human samples were approved by the Ethics Committee
of Third Military Medical University.

Flow cytometry analysis and cell sorting
Mouse BM and PB samples were prepared as we described [8, 24]. To analyze
the phenotype of normal hematopoietic cells, samples were stained with
anti-lineage cocktail (anti-CD3e, anti-CD11b, anti-Gr-1, anti-B220 and anti-
Ter-119), anti-Sca-1, anti-c-Kit, anti-CD34, anti-Flk2, anti-CD150, anti-CD48,
anti-CD127, anti-CD16/32, anti-Gr-1, anti-CD11b, anti-B220, anti-CD3e, anti-
CD45.1 and anti-CD45.2. To analyze the phenotype of LSCs, anti-lineage
cocktail, anti-Sca-1, anti-c-Kit, anti-CD34 and anti-CD16/32 were used. The
apoptosis, cell cycle, in vivo BrdU incorporation and intracellular staining
assays were performed following our previous protocols [24]. Flow cytometry
analysis was conducted using a FACSVerse (BD Biosciences, San Jose, CA,
USA) or ID7000 (Sony Biotechnology, Tokyo, Japan). For cell sorting, a Direct
Lineage Cell Depletion Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) was
used to delete the mature cells and then samples were stained with above
antibodies, followed by sorting using a FACSAria III (BD Biosciences). Gating
strategies are referred to our previous studies [8, 24]. The details of
antibodies are provided in Supplementary Table S1.

Lentivirus infection
All lentivirus were produced by Tsingke Biotechnology (Beijing, China). For
TESPA1 knockdown, the target sequences for shRNA were provided in
Supplementary Table S2. HEL, MOLM-13 cells and primary human AML
cells were infected by the concentrated virus in the presence of 4 μg/ml
polybrene (Tsingke) for 48 h, and then positive infected cells were sorted
for subsequent experiments. For overexpression of CSN6 and c-Myc, sorted
LSKs were transfected as we described [25]. Forty-eight hours later, GFP-
positive cells were sorted for subsequent experiments.

Murine MLL-AF9 leukemia model
This assay was performed as previously described [26]. MSCV-MLL-AF9-
IRES-GFP vectors were transfected into HEK293T cells with packaging
plasmids pKat and VSVG (Tsingke) using DNA transfection reagent (Neofect
Biotech, Beijing, China). At 48 and 72 hours after transfection, viral
supernatants were collected and filtered. For generation of leukemia cells,

Lin- cells isolated from Tespa1+/+ and Tespa1-/- mice were spin-infected
with supernatants containing MLL-AF9 retroviruses twice supplemented
with 50 ng/ml SCF (PeproTech, Rocky Hill, NJ, USA), 10 ng/ml IL-3
(PeproTech), 10 ng/ml IL-6 (PeproTech) and 8 μg/ml polybrene (Tsingke).
GFP-positive cells (pre-leukemic cells) were sorted and intravenously
transplanted into 7.5 Gy irradiated normal recipient mice.

Statistical analysis
The experimental data were analyzed using GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA) and presented as mean±SD. Variance was
similar among the groups. Significance testing between two groups were
performed by two-tailed Student’s t-test and that among multiple groups
were analyzed using one-way analysis of variance (ANOVA). Kaplan-Meier
survival curves were compared with the log-rank test. All experiments were
independently performed at least three times. *P < 0.05, **P < 0.01 were
considered statistically significant.

RESULTS
Tespa1 is dispensable for normal hematopoiesis but its
deficiency facilitates HSC expansion upon short-term stress
Tespa1 was initially defined as a thymus specifically expressed gene
[19]. Indeed, in addition to thymus, we found that Tespa1 also
expressed in HSCs by analyzing the BioGPS database, which was
further confirmed by qPCR analysis (Supplementary Fig. S1A, B). Then,
we generated Tespa1 knockout (Tespa1-/-) mice but found that loss of
Tespa1 caused no overt alteration in total BM cellularity and PB counts
(Supplementary Fig. S1C, D). Flow cytometric analysis also revealed that
the frequencies and numbers of HSCs, committed-progenitor cells, and
mature cells (except for T cells) were comparable between Tespa1+/+

and Tespa1-/- BM (Supplementary Fig. S1E, F). Thus, Tespa1 may be not
essential for homeostatic hematopoiesis in mice.
Interestingly, we discovered that Tespa1 was significantly

upregulated in LSKs (Lin− Sca-1+ c-Kit+) following 5-fluorouracil
(5-FU) and irradiation (IR) treatment (Fig. 1A), hinting that Tespa1
may regulate hematopoiesis under stress conditions. As antici-
pated, compared with controls, the frequencies and numbers of
LSKs, long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), and
SLAM-HSCs (identified by signaling lymphocytic activation mole-
cules) were increased in Tespa1-/- BM at day 9 post 5-FU treatment
(Fig. 1B, C; Supplementary Fig. S2A). On the other hand, overall
similar trend of HSPC changes were observed in Tespa1-/- mice
when subjected to 5.0 Gy total body irradiation (Supplementary
Fig. S2B, C). Consistent with these results, significantly faster
recovery of white blood cell (WBC) and platelet (PLT) were also
observed in Tespa1-/- mice after 5-FU and IR treatment (Supple-
mentary Fig. S2D, E). Of note, expanded percentages and numbers
of megakaryocyte/erythroid progenitors (MEPs) and common
lymphoid progenitors (CLPs) were found in the BM from Tespa1-/-

mice with 5-FU treatment (Supplementary Fig. S2F). In contrast, we
observed increased percentages and numbers of granulocyte/
macrophage progenitors (GMPs) and common myeloid progeni-
tors (CMPs) in Tespa1-deleted BM following IR exposure (Supple-
mentary Fig. S2G). Taken together, our data suggest that Tespa1
ablation promotes short-term HSC expansion under hematopoietic
stresses.

Loss of Tespa1 impairs the long-term HSC maintenance
To evaluate whether Tespa1 deletion influences long-term HSC
maintenance, we then analyzed the hematopoietic phenotypes in
middle-aged Tespa1+/+ and Tespa1-/- mice. Despite the compar-
able BM cellularity, the frequencies and numbers of LSK and
subpopulations were significantly reduced after Tespa1 ablation
(Fig. 2A; Supplementary Fig. S3A–C). Besides, we observed an
increased frequency and number of CMPs but a decreased
frequency and number of GMPs and CLPs in 12-month-old
Tespa1-/-mice (Supplementary Fig. S3D).
To further determine this finding, we performed a competitive

BM transplantation (BMT) assay (Supplementary Fig. S4A). It was
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noticed that donor-derived cells were significantly reduced in
recipients after first and second transplantation when Tespa1 was
deleted (Fig. 2B, C; Supplementary Fig. S4B). Meanwhile, the multi-
lineage reconstitution of Tespa1-/- cells was dramatically decreased
post-transplant (Supplementary Fig. S4C). Moreover, recipient
mice transplanted with Tespa1-/- cells displayed a remarkable
reduction in chimeric levels of BM cells, MPs, and HSCs compared
with that receiving transplants from Tespa1+/+ cells (Supplemen-
tary Fig. S4D). To strengthen our findings, we then conducted a
competitive HSC transplantation (HSCT) assay (Supplementary
Fig. S4E). Actually, similar results were obtained after first and
second transplantation (Supplementary Fig. S4F–H). Next, we
performed reciprocal BM transplantation and found that the
chimerism levels were comparable between the two groups of
recipients (Supplementary Fig. S5A, B). In addition, we did not
observe any significant difference in the homing ability between
Tespa1+/+and Tespa1-/- HSCs (Supplementary Fig. S5C, D).
Altogether, these findings indicate that Tespa1 maintains the
long-term self-renewal capacity of HSCs in a cell-intrinsic manner.

Tespa1 deletion decreases HSC quiescence during
hematopoietic stress
In view of the observations that Tespa1 deficiency causes short-
term expansion but long-term exhaustion of HSCs during
hematopoietic stress, we speculated that Tespa1 may modulate
HSC quiescence. However, no obvious alteration was observed in

the cell cycle distribution in LSKs and LT-HSCs after ablation of
Tespa1 under steady-state conditions (Supplementary Fig. S6A).
Intriguingly, Tespa1-/- HSCs had a reduced percentage in G0 phase
but an increased percentage in G1 and S/G2/M phase after 5-FU
treatment (Fig. 3A). Similar results were detected in SLAM-HSCs in
the absence of Tespa1 (Supplementary Fig. S6B, C). Furthermore,
in vivo BrdU incorporation assay revealed that deletion of Tespa1
increased the proliferation of HSCs in mice following 5-FU
challenge (Fig. 3B; Supplementary Fig. S6D). Consistent with these
data, Tespa1 deficiency accelerated HSC proliferation after IR
(Supplementary Fig. S6E–G). However, apoptosis rates were
comparable between Tespa1+/+ and Tespa1-/- HSCs (Supplemen-
tary Fig. S6H-J). These findings suggest that Tespa1 inhibits the
excessive activation of HSCs in response to stress stimuli.

Tespa1 knockout leads to reduced c-Myc signaling in HSCs
upon stress
To elucidate the underlying molecular mechanisms that Tespa1
orchestrates HSC response to stresses, we conducted RNA-
sequencing (RNA-seq) analysis using Tespa1+/+ and Tespa1-/- LSKs
upon 5-FU and IR treatment. It was found that 1093 genes were
upregulated and 896 genes were downregulated in Tespa1 KO
LSKs relative to controls after 5-FU treatment (Supplementary
Fig. S7A–C). Meanwhile, 1446 genes were upregulated and 2336
genes were downregulated in LSKs after Tespa1 deletion when
exposed to IR (Supplementary Fig. S7A–C). Subsequently, we

Fig. 2 Loss of Tespa1 impairs the long-term HSC maintenance. A The numbers (two femurs and tibias) of indicated populations in the BM of
12-month (m)-old Tespa1+/+ and Tespa1-/- mice (n= 5). B, C The percentages of donor-derived cells in recipients’ peripheral blood (PB) at the
indicated time points after first and second BM transplantation (BMT) (n= 6–8). **P < 0.01.

Fig. 1 Thymocyte-expressed, positive selection-associated 1 (Tespa1) deficiency facilitates hematopoietic stem cell (HSC) expansion
upon short-term stress. A Quantitative real-time PCR (qPCR) analysis of Tespa1 mRNA expression in LSKs isolated from mice (left) at day 9
after 5-fluorouracil (5-FU) injection or (right) at day 13 after irradiation (IR) exposure (n= 3). Untreated mice were served as controls. LSK, Lin-

Sca1+ c-Kit+. B, C The numbers (two femurs and tibias) of myeloid progenitors (MPs), LSKs, long-term HSCs (LT-HSCs), short-term HSCs
(ST-HSCs), multipotent progenitors (MPPs) and signaling lymphocytic activation molecule (SLAM)-HSCs in the bone marrow (BM) of Tespa1+/+

and Tespa1-/- mice at day 9 following 5-FU injection (n= 5). MP, Lin- Sca1- c-Kit+; LT-HSC, Lin- Sca1+ c-Kit+ CD34- Flk2-; ST-HSC, Lin- Sca1+ c-Kit+

CD34+ Flk2-; MPP, Lin- Sca1+ c-Kit+ CD34+ Flk2+; SLAM-HSC, Lin- Sca1+ c-Kit+ CD150+ CD48-. *P < 0.05, **P < 0.01.
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identified that 194 upregulated genes and 261 downregulated
genes were overlapped in Tespa1-/- HSCs following 5-FU and IR
exposure (Supplementary Fig. S7A). GSEA disclosed that HSC
proliferative signature was enriched in Tespa1-/- HSCs, while
stemness-related signature, quiescent signature were enriched in
Tespa1+/+ HSCs (Fig. 4A; Supplementary Fig. S7D, E), further
consolidating our above results.
In particular, we noted that MYC signature was downregulated

in HSCs with Tespa1 deficiency (Fig. 4A; Supplementary Fig. S7E).
Previous studies have indicated that c-Myc is vital for preserving
the quiescence and long-term reconstitution function of HSCs
[27–29]. Indeed, the expression of c-Myc target genes associated
with HSC maintenance, including Myct1, Jmjd1c, Nr4a1, Nr4a2,
Nr4a3 and Egr1, was significantly decreased in Tespa1-deficient
HSCs upon stresses, which was proved by qPCR (Supplementary
Fig. S7B, C, F, G). Surprisingly, c-Myc mRNA expression was
largely unchanged in HSCs in the absence of Tespa1 (Supple-
mentary Fig. S7H). However, Tespa1 deficiency drastically reduced
the protein level of c-Myc in HSCs (Fig. 4B; Supplementary Fig. S7I).
Hence, these results suggest that Tespa1 may sustain c-Myc
protein stability in HSCs during hematopoietic stresses.

Tespa1 interacts with CSN6 to inhibit c-Myc degradation in
HSCs
It has been established that c-Myc protein is mainly degraded by
the ubiquitin-proteasome system [30, 31]. Notably, CSN6, a
subunit of COP9 signalosome, was reported to stabilize c-Myc

protein by decreasing its ubiquitination [32, 33]. Given that CSN6
is a potential Tespa1 interacting factor by protein-protein
interaction analysis using STRING database (Supplementary
Fig. S8A), we first conducted an in situ proximity ligation assay
and found that Tespa1 could interact with CSN6 in HSCs upon
5-FU and IR treatment (Supplementary Fig. S8B, C). This notion was
further confirmed by immunofluorescence co-localization analysis
and co-immunoprecipitation assays (Fig. 5A; Supplementary
Fig. S8D–F). Expectedly, both mRNA and protein levels of CSN6
were comparable between Tespa1+/+ and Tespa1-/- HSCs (Supple-
mentary Fig. S9A–C). Hence, we assumed that the reduced protein
level of c-Myc in Tespa1-/- HSCs may be attributed to the alteration
of CSN6 function. To validate this conjecture, CSN6 was over-
expressed in LSKs in the context of 5-FU treatment and we found
that enforcing CSN6 expression increased the protein level of
c-Myc in Tespa1+/+ HSCs but not Tespa1-/- cells, although c-Myc
mRNA level was not altered (Fig. 5B; Supplementary Fig. S9D). On
the other hand, treatment with MG-132, a proteasome inhibitor,
substantially elevated the protein level of c-Myc in Tespa1-/- HSCs
(Supplementary Fig. S9E). These data illustrate that Tespa1 can
interact with CSN6 to inhibit c-Myc degradation in HSCs during
hematopoietic stresses.
Next, to determine whether the defective quiescence and

function of Tespa1-null HSCs is driven by the attenuation of c-Myc
signaling, Tespa1-/- HSCs were overexpressed with c-Myc (Supple-
mentary Fig. S9F). Consequently, c-Myc overexpression inhibited
abnormal proliferation and rescued the functional defect of HSCs

Fig. 3 Tespa1 deletion decreases HSC quiescence during hematopoietic stress. A Flow cytometric analysis of the cell cycle of LSKs and LT-
HSCs in the BM of Tespa1+/+ and Tespa1-/- mice at day 9 after 5-FU injection (n= 5). B Flow cytometric analysis of the proportion of
bromodeoxyuridine (BrdU)+ cells in LSKs and LT-HSCs from Tespa1+/+ and Tespa1-/- mice at day 9 following 5-FU injection (n= 5). **P < 0.01.

Fig. 4 Tespa1 knockout leads to reduced c-Myc signaling in HSCs upon stress. A Gene set enrichment analysis (GSEA) of RNA-sequencing
(RNA-seq) data with HSC-related gene sets and MYC-related gene set at day 9 following 5-FU injection. B Flow cytometric analysis of c-Myc
protein expression in LSKs and LT-HSCs from Tespa1+/+ and Tespa1-/- mice at day 9 following 5-FU injection (n= 5). **P < 0.01.

Y. Lu et al.

1042

Leukemia (2023) 37:1039 – 1047



in the absence of Tespa1 (Fig. 5C; Supplementary Fig. S9G, H).
Overall, our data indicate that Tespa1 regulates HSC maintenance
via the CSN6/c-Myc axis.

TESPA1 is essential for human AML cell growth
AML cells are characterized by incontrollable growth due to the
disordered cell cycle [13]. To investigate whether TESPA1 is also
involved in the regulation of AML biology, we first analyzed its
expression in AML samples and healthy controls from The Cancer
Genome Atlas (TCGA) and Gene expression Ominibus (GEO)
databases. A significantly elevated expression of TESPA1 was
observed in AML cells in comparation with controls, which was
confirmed in primary AML specimens by qPCR analysis (Fig. 6A;
Supplementary Fig. S10A, B). In addition, human single-cell data
from Atlas of Blood Cells database exhibited that malignant
hematopoietic cells had a higher level of TESPA1 than non-
malignant ones (Supplementary Fig. S10C). Consistently, receiver-
operating characteristic (ROC) curve showed a good diagnostic
performance of TESPA1 for AML (Supplementary Fig. S10D).
Meanwhile, prognostic evaluation using the data from public
databases showed that high expression of TESPA1 was associated
with increased relapse percentage and decreased overall survival
of AML patients (Fig. 6B; Supplementary Fig. S10E). These data
imply that TESPA1 may play a potential role in AML progression.
To further confirm this possibility, we measured human AML cell
lines and then knocked down TESPA1 expression in HEL and
MOLM-13 cells (Supplementary Fig. S10F, G). Knockdown of
TESPA1 inhibited cell growth and colony formation both in HEL

and MOLM-13 cells (Supplementary Fig. S10H, I), with no obvious
alteration of apoptosis rate (Supplementary Fig. S10J, K). More
importantly, TESPA1 knockdown also significantly suppressed
primary human AML cell growth (Fig. 6C; Supplementary Fig. S10L).
In accordance with above data, TESPA1 knockdown did not affect
mRNA level but reduced protein expression of c-Myc in AML cells
(Supplementary Fig. S10M-O). Taken together, TESPA1 may
contribute to the occurrence and development of AML.

Tespa1 drives murine AML progression and maintains LSC
function
To comprehensively understand the role of Tespa1 in leukemo-
genesis, we employed the MLL-AF9-induced murine AML model
(Supplementary Fig. S11A). Tespa1 deletion substantially reduced
the colony forming ability of pre-leukemic cells in vitro and
prolonged AML mice survival (Fig. 7A; Supplementary Fig. S11B).
Furthermore, we observed that Tespa1-/- AML mice exhibited a
largely reduced ratio of GFP+ leukemic cells in the PB and BM,
accompanied by decreases in malignant cells and total WBC count
in the PB (Fig. 7B; Supplementary Fig. S11C, D). Not surprisingly,
spleen, lung and liver showed lower weights and less immature
cell infiltration in recipients transplanted with Tespa1-/- AML cells
in comparation with controls (Supplementary Fig. S11E, F).
Finally, we analyzed the characteristics of LSCs in murine AML

model, and found that the percentages and numbers of GFP+

c-Kit+ cells and LSCs were evidently reduced after Tespa1 deletion
(Fig. 7C; Supplementary Fig. S11G). However, comparable
apoptosis rates of GFP+ c-Kit+ cells were detected in Tespa1+/+

Fig. 5 Tespa1 interacts with CSN subunit 6 (CSN6) to inhibit c-Myc degradation in HSCs. A Co-immunoprecipitation analysis of Tespa1 and
CSN6 interaction in Lin- c-Kit+ cells purified from the BM of mice at day 9 after 5-FU injection. IgG antibody was used as the negative control.
IP, immunoprecipitation; WCL, whole cell lysate. B LSKs from the BM of Tespa1+/+ and Tespa1-/- mice at day 9 post 5-FU injection were
transduced with control (Ctrl) or CSN6 overexpression lentivirus. Then, c-Myc protein expression in LSKs was analyzed by flow cytometry after
transduction (n= 5). C LSKs from Tespa1+/+ and Tespa1-/- BM were transduced with control (Ctrl) or c-Myc overexpression lentivirus. Green
fluorescent protein (GFP)+ cells were then transplanted into CD45.1 recipient mice with CD45.1 competitor BM cells. The percentage of donor-
derived cells in PB of recipient mice at 16 weeks after transplantation (n= 5). **P < 0.01.
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and Tespa1-/- AML mice (Supplementary Fig. S11H). Notably, we
also observed a prominent reduction in c-Myc expression in
Tespa1-deficient LSCs relative to controls (Supplementary
Fig. S11I). Collectively, we reasonably conclude that Tespa1 plays
a crucial role in promoting the maintenance of LSCs.

DISCUSSION
HSCs contribute to the hematopoietic homeostasis under normal
physiological conditions and mediate hematopoietic regeneration
after stresses, while LSCs drive the initiation, progression and
recurrence of AML [1, 5, 12]. They share some common
characteristics, to some extent, both having intensive self-
renewal potential [13, 17]. Despite increasing attention has been
focused on the regulatory network of both stem cells, a deep
understanding is still lacking. Here, our study shows for the first
time that Tespa1 preserves the self-renewal of HSCs and LSCs
through supporting c-Myc signaling.
It was reported that Tespa1, as a gene specifically expressed in

thymus, plays an important role in T cell development [19, 20]. In
our study, we first observed that Tespa1 is also present in HSCs
and is remarkably elevated when exposed to 5-FU and IR. Then,
using Tespa1-/- mice, we found that although Tespa1 is
dispensable for homeostatic hematopoiesis, its ablation acceler-
ated hematopoietic recovery during short-term stresses, suggest-
ing that stress stimuli might amplify the role of Tespa1 in HSCs.
Consistently, Tespa1-/- HSCs exhibited significantly reduced

quiescence and increased proliferation after stresses. However,
the changes of some hematopoietic phenotypes were not
completely uniform following exposure to 5-FU and IR, which
might be due to the different action mechanisms of these two
stress factors. It was well accepted that quiescence maintenance is
vital for preserving the self-renewal capacity of HSCs and
preventing them from exhaustion during continuous hemato-
poietic output [7, 8]. Numerous studies, including our own work,
have shown that HSC proliferation is needed for hematopoietic
recovery, whereas excessive amplification of HSC number may
consume their self-renewal ability, eventually leading to hemato-
poietic failure [24, 34]. In line with this notion, transplantation
assays confirmed that the long-term self-renewal capacity of HSCs
were severely compromised in the absence of Tespa1. Therefore,
our findings manifest that Tespa1 is necessary for the main-
tenance of HSC stemness and function.
c-Myc is a well-known signaling molecule that is implicated in

multiple biological process, including cell metabolism, stemness
maintenance, cell cycle regulation, etc [35, 36]. In recent years, the
role of c-Myc in HSCs has been a topic of debate. Some
researchers hold the opinion that c-Myc is a proliferation-
promoting gene and its overexpression decreases HSC self-
renewal [37, 38]. However, others point out that c-Myc promotes
the maintenance of HSC quiescence and function, because it can
directly control the transcription of several stemness-associated
genes [27–29]. In this work, we found that deletion of Tespa1
results in a reduced protein level of c-Myc in HSCs during

Fig. 7 Tespa1 drives murine AML progression and maintains leukemia stem cell (LSC) function. A The survival curves for mice after
transplanted with Tespa1+/+ and Tespa1-/- pre-leukemic cells (n= 8–10). B Flow cytometric analysis of the percentage of GFP+ cells in the PB and
BM from primary AML mice at day 25 after transplantation (n= 5–8). C The numbers (two femurs and tibias) of GFP+ c-Kit+ cells and LSCs in the
BM from recipients at day 25 after transplantation (n= 5). LSC, Lin- Sca1- GFP+ c-Kit+ CD34+ CD16/32+. **P < 0.01.

Fig. 6 TESPA1 is essential for human acute myeloid leukemia (AML) cell growth. A The expression of TESPA1 in AML patients and healthy
donors. The data (173 AML patients and 70 healthy donors) were derived from The Cancer Genome Atlas (TCGA) database. B Distribution of
TESPA1 expression in AML patients with remission or relapse. Data were obtained from Vizome database (http://www.vizome.org/). C The
colony formation assays of primary human AML cells after TESPA1 knockdown. Each dot represents one culture. **P < 0.01.
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hematopoietic regeneration, accompanied by impaired HSC
quiescence and long-term repopulating function. Additionally,
we discovered that c-Myc target genes that have been shown to
promote HSC maintenance, including Myct1, Jmjd1c, Nr4a1, Nr4a2,
Nr4a3 and Egr1 [39–43], were obviously downregulated in Tespa1-
ablated HSCs after stresses. These observations are similar to those
seen in mice with haploinsufficiency of c-Myc [27]. Importantly,
overexpression of c-Myc improved the defects of Tespa1-/- HSCs,
indicating that the effect of Tespa1 on HSCs, at least in part, via
c-Myc. On the other hand, there are some studies concerning the
role of c-Myc on HSC apoptosis, but we did not detect any
appreciable change in Tespa1+/+ and Tespa1-/- HSCs upon stresses
in our experiments. A potential explanation for this discordance is
the compensatory effect of c-Myc target genes on HSC apoptosis,
as previously reported [39, 42]. Collectively, our data disclose that
Tespa1 facilitates HSC maintenance probably through sustaining
c-Myc signaling during stress hematopoiesis.
It is worth that Tespa1 was previously discovered to orchestrate

the TCR pathway in T cells by interacting with IP3R, PLC-γ1 and
Grb2 [19], which suggests that Tespa1 is an important signal
regulatory factor. Accumulating evidence reveals that
COP9 signalosome, an evolutionary conserved protein complex,
is involved in suppressing the ubiquitin-proteasome system that
mediates the degradation of intracellular proteins [32, 44]. CSN6 is
a subunit of COP9 signalosome and has been shown to enhance
the stability of some proteins, such as c-Myc, FOXO4 and EGFR, by
decreasing their ubiquitination [33, 45, 46]. A previous investiga-
tion reported that overexpression of CSN5, a homologue of CSN6,
leads to HSC proliferation and development of a myeloprolifera-
tive disorder in mice by increasing p53 degradation [47]. Here, we
noticed that there is an interaction between Tespa1 and CSN6
protein and Tespa1 deficiency leads to reduced protein levels of
c-Myc rather than CSN6 in HSCs. Subsequently, treatment with
MG-132, a proteasome inhibitor which has been reported to
repress c-Myc degradation [48, 49], virtually restored c-Myc level in
Tespa1-/- HSCs. More importantly, overexpression of CSN6
increased c-Myc protein level in Tespa1+/+ HSCs but not in
Tespa1-/- HSCs, indicating that CSN6 stabilizes c-Myc in the
presence of Tespa1. Accordingly, it is reasonable to propose that
Tespa1 can interact with CSN6 to inhibit c-Myc degradation
in HSCs.
AML is a hematopoietic malignancy, which arises from

uncontrolled expansion and blocked differentiation of LSCs
[12, 50]. In addition to regulating normal hematopoiesis, c-Myc
also has a pro-oncogenic role in AML [51]. Deletion of c-Myc can
evidently reduce LSC self-renewal and survival [15, 52]. It is
reasonable because many well recognized stemness genes are
proto-oncogenes, such as Meis1, Msi2, Hoxa9 and Evil [53–56]. In
the present study, we found that Tespa1 is remarkably upregu-
lated in human AML cells and its deletion significantly suppresses
the growth of AML cells. Additionally, we discovered that Tespa1
ablation inhibits AML progression and improves the survival of
mice with MLL-AF9-induced AML. More importantly, the fre-
quency and number of LSCs was decreased when Tespa1 was
ablated, along with a reduction in c-Myc protein expression. These
data indicate that Tespa1 facilitates AML progression and LSC
functional maintenance probably through reducing c-Myc degra-
dation. Furthermore, data from cBioPortal and Vizome databases
showed that no mutation of TESPA1 was present in patients with
AML and no more than 0.1% mutations of TESPA1 in patients with
other types of leukemia [57, 58], suggesting that TESPA1 may be a
relatively stable target for clinical treatment of AML. On the other
hand, considering that Tespa1 is dispensable for homeostatic
hematopoiesis, it is possible to explore potential Tespa1 inhibitors
that can selectively target quiescent LSCs without apparent
toxicity to normal HSCs in AML patients, similar to previous
reports [59, 60]. Notably, Tespa1 inhibitors should be used with

caution to protect the function of normal HSCs in AML patients
exposed to stress stimuli. After all, stress may upregulate the
expression of Tespa1 in normal HSCs and Tespa1 deficiency may
affect hematopoiesis under stress conditions, as shown in
our study.
In conclusion, we demonstrate that loss of Tespa1 in HSCs and

LSCs reduces c-Myc protein stability, impairing stress hematopoi-
esis and AML propagation. Consequently, our data uncover a key
role of Tespa1 in regulating the maintenance of HSCs and LSCs
and provide a new target for hematopoietic regeneration and
AML treatment.

DATA AVAILABILITY
The raw data of RNA-seq were deposited in NCBI GEO database with accession
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