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ABSTRACT

ematopoietic stem cells (HSC) are dominantly quiescent under

homeostasis, which is a key mechanism of maintaining the HSC

pool for life-long hematopoiesis. Dormant HSC are poised to be
immediately activated in certain conditions and can return to quiescence
after homeostasis has been regained. At present, the molecular networks
of regulating the threshold of HSC dormancy, if existing, remain largely
unknown. Here, we show that deletion of Nupr1, a gene preferentially
expressed in HSC, activated quiescent HSC under homeostasis, which
conferred a competitive engraftment advantage for these HSC without
compromising their stemness or multi-lineage differentiation capacity in
serial transplantation settings. Following an expansion protocol, the
Nupr1” HSC proliferated more robustly than their wild-type counter-
parts in vitro. Nupr1 inhibits the expression of p53 and rescue of this inhi-
bition offsets the engraftment advantage. Our data reveal a new role for
Nupr1 as a regulator of HSC quiescence, which provides insights for
accelerating the engraftment efficacy of HSC transplantation by target-
ing the HSC quiescence-controlling network.

Introduction

Hematopoietic stem cells (HSC), the seeds of the adult blood system, generate all
the blood lineages via hierarchical hematopoiesis. Under steady-state, the majority
of HSC are maintained in quiescence, providing a pool of HSC for life-long
hematopoiesis." However, the dormant HSC can be rapidly activated for stress
hematopoiesis in emergency conditions, such as excessive blood loss, radiation
injury, and chemotherapy damage.> Mounting evidence points to the existence of an
intrinsic molecular machinery of regulating HSC dormancy. In haploinsufficient
Gata2" mice, there is a slight increase of quiescent HSC in conditions of homeosta-
sis.* Dnmt3a-knockout HSC have increased self-renewal ability and their number in
the bone marrow is increased.*” JunB inactivation deregulates the cell-cycle machin-
ery and reduces quiescent HSC.® Hif-1a-deficient mice also show a decrease in dor-
mant HSC.” Conditional knockout of cylindromatosis (CYLD) induces dormant
HSC to exit quiescence and abrogates their repopulating and self-renewal potential.®
CDKG6, a protein not expressed in long-term HSC but present in short-term HSC,
regulates exit from quiescence in human HSC, and overexpression of this protein
promotes engraftment.” Nevertheless, the underlying signaling regulatory network
of HSC quiescence remains largely unknown.
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Nuclear protein transcription regulator 1 (NUPR1) is a
member of the high-mobility group of proteins, which was
first discovered in the rat pancreas during the acute phase
of pancreatitis and was initially called p8." The same gene
was discovered in breast cancer and was named Com1."
NUPR1 has various roles, being involved in apoptosis,
stress response, and cancer progression, depending on dis-
tinct cellular contexts. In certain cancers, such as breast
cancer, NUPR1 inhibits tumor cell apoptosis and induces
tumor establishment and progression.”" In stark contrast,
in prostate cancer and pancreatic cancer, NUPR1 has an
inhibitory effect on tumor growth."” There is accumulat-
ing evidence that NUPR1 is a stress-induced protein: inter-
ference of NUPR1 can upregulate the sensitivity of astro-
cytes to oxidative stress;™® loss of it can promote resistance
of fibroblasts to adriamycin-induced apoptosis;” NUPR1
mediates cannabinoid-induced apoptosis of tumor cells;”
and overexpression of NUPR1 can negatively regulate
MSL1-dependent histone acetyltransferase activity in Hela
cells, which induces chromatin remodeling and relaxation
allowing access of the repair machinery to DNA.
Nonetheless, the potential roles of Nupr1, which is prefer-
entially expressed in HSC among the hematopoietic stem
and progenitor cells, in hematopoiesis remain elusive.

NUPR1 interacts with p53 to regulate cell cycle and
apoptosis responding to stress in breast epithelial cells."””
p53 plays several roles in homeostasis, proliferation, stress,
apoptosis, and aging of hematopoietic cells.*” Deletion of
p53 upregulates HSC self-renewal but impairs the repopu-
lating ability of these cells and leads to tumors.”
Hyperactive expression of p53 in HSC decreases the size of
the HSC pool, and reduces engraftment and deep quies-
cence.”® These findings support the essential check-point
role of p53 in regulating HSC fate. Nonetheless, it is
unknown whether NUPR1 and p53 coordinately regulate
the quiescence of HSC.

Here, we used a Nupr1 conditional knockout model to
investigate the consequences of loss of function of Nupr1
in the context of HSC. Nupr1 deletion in HSC led to the
cells exiting from quiescence under homeostasis. In a com-
petitive repopulation setting, Nupr1-deleted HSC prolifer-
ated robustly and showed dominant engraftment over
their wild-type counterparts. Nupri-deleted HSC also
expanded abundantly and preserved their stemness in vitro.
The rescued expression of p53 by Mdm2™ offset the effects
introduced by loss of Nupr1 in HSC. Our studies reveal a
new role and signaling mechanism of Nupr1 in regulating
the quiescence of HSC.

Methods

Mice

Animals were housed in the animal facility of the Guangzhou
Institutes of Biomedicine and Health (GIBH). Nupr1®™® mice were
provided by Beijing Biocytogen Co., Ltd. CD45.1, Vav-cre, Mx1-
cre, and Mdm2" mice were purchased from the Jackson
Laboratory. All the mouse lines were maintained on a pure
C57BL/6 genetic background. All experiments were conducted in
accordance with experimental protocols approved by the Animal
Ethics Committee of GIBH.

Hematopoietic stem cell cycle analysis

We first labeled the HSC with (CD2, CD3, CD4, CD8,
Ter119, B220, Grl, CD48)-Alexa Fluor700, Scal-Percp-cy5.5, c-
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kit-APC-cy7, CD150-PE-cy7, CD34-FITC and CD135-PE. The
cells were then fixed using 4% paraformaldehyde. After wash-
ing, the fixed cells were permeabilized with 0.1% saponin in
phosphate-buffered saline together with Ki-67-APC staining
for 45 min. Finally, the cells were resuspended in DAPI solution
for staining for 1 h. The data were analyzed using Flowjo soft-
ware.

Bromodeoxyuridine incorporation assay

Nupr1” mice and WT littermates were injected with 1 mg bro-
modeoxyuridine (BrdU) on day 0. They were then allowed to
drink water containing BrdU (0.8 mg/mL) ad libitum. On days 3,
4, and 5 after the injection of BrdU, four mice of each group
were sacrificed. The rate of BrdU incorporation was analyzed by
flow cytometry according to the BD Pharmingen™ APC BrdU
Flow Kit instructions.

Hematopoietic stem cell culture

The HSC culture protocol has been described elsewhere.”
Briefly, 50 HSC were sorted into fibronectin (Sigma)-coated 96-
well U-bottomed plates directly and were cultured in F12 medi-
um (Life Technologies), 1% insulin-transferrin- selenium-
ethanolamine (ITSX; Life Technologies), 10 mM HEPES (Life
Technologies), 1% penicillin/streptomycin/glutamine (P/S/G;
Life Technologies), 100 ng/mL mouse thrombopoietin, 10 ng/mL
mouse stem cell factor and 0.1% polyvinyl alcohol (P8136,
Sigma-Aldrich). Half the medium was changed every 2-3 days,
by manually removing medium by pipetting and replacing it
with fresh medium, as indicated.

Limiting dilution assays

For limiting dilution assays,” cells cultured for 10 days were
transplanted into lethally irradiated C57BL/6-CD45.1 recipient
mice, together with 2x10° CD45.1 bone-marrow competitor
cells. Recipients were analyzed every 4 weeks. Limiting dilution
analysis was performed using ELDA software.* based on 1%
peripheral blood multilineage chimerism as the threshold for
positive engraftment.

Bone marrow competitive repopulation assay

One day before bone marrow transplantation, adult
C57BL/6 recipient mice (CD45.1, 8-10 weeks old) were irradi-
ated with two doses of 4.5 Gy (RS 2000, Rad Source) at a 4-
hour interval. Bone marrow nucleated cells (BMNC; 2.5x10°)
from Nupr1” mice (CD45.2) and their WT (CD45.1) counter-
parts were mixed and injected into irradiated CD45.1 recipi-
ents by retro-orbital injection. Control BMNC (CD45.2),
Mdm2"Nuprt” BMNC (CD45.2) or Mdm2"" BMNC (CD45.2)
were also mixed with the same number of competitors
(CD45.1) and transplanted into recipients. For Nupr1?Mx1-cre
transplantation, cre expression was induced through intraperi-
toneal injection of polyinosinic-polycytidylic acid (pI-pC, 250
ug/mouse) every other day 1 week before transplantation. The
same number (2.5x10°) of Nupri”"Mx1-cre and WT (CD45.1)
BMNC were mixed and transplanted into the lethally irradiat-
ed CD45.1 recipients. Mx1-cre* mice were taken as the exper-
iment control. Mx1-cre and WT (CD45.1) BMNC (2.5x10°)
were used for the transplant control. The transplanted mice
were maintained on trimethoprim-sulfamethoxazole-treated
water for 2 weeks. For secondary transplantation, BMNC
(1x10° were obtained from primary competitive transplanted
recipients and injected into irradiated CD45.1 recipients (2
doses of 4.5 Gy, 1 day before transplantation). Donor-derived
cells and hematopoietic lineages in peripheral blood were
assessed monthly by flow cytometry.
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Results

Loss of Nuprl accelerates the turn-over rates of
hematopoietic stem cells under homeostasis

The majority of long-term HSC are quiescent under
homeostasis, which is a key mechanism for maintaining
the HSC pool for life-long steady hematopoiesis. We
hypothesized that genes preferentially expressed in HSC
but immediately downregulated in multipotent progeni-
tors (MPP) might form an intrinsic regulatory network for
maintaining HSC quiescence. To test our hypothesis, we
explored candidate factors by RNA-sequencing analysis of
sorted HSC (Lin- CD48 Scal* c-kit" CD150%) and MPP (Lin
Scal® c-kit” CD1507). Analysis of differentially expressed
genes showed a pattern of transcription factors preferen-
tially present in HSC, including Rorc, Hoxb5, Rarb, Gfi1b,
MIlt3, and Nupr1. By literature search, we found that most
of the candidate genes except Nupri were reportedly not
involved in regulating HSC homeostasis. Thus, we focused
on the Nupr1 gene, the role of which in hematopoiesis has
not been reported. The expression of Nuprt in HSC was
significantly higher (>25-fold, P=0.002) than that in MPP
(Figure 1A, left). Real-time polymerase chain reaction
(PCR) analysis further confirmed the same expression pat-
tern (P<0.001), indicating an unknown role for Nupr1 in
HSC (Figure 1A, right).

To study whether Nupr1 has any potential impact on the
hematopoiesis of HSC, we created Nupri conditional
knockout mice by introducing two loxp elements flanking
exons 1 and 2 of the Nupr1 locus using a C57BL/6 back-
ground mESC line (Figure 1B). The resultant Nupr1™ mice
were further crossed to Vav-Cre mice to generate Nupri™;
Vav-Cre compound mice (Nupri” mice). The deletion of
Nupr1  was confirmed by PCR in HSC (Online
Supplementary Figure S1A-C). Adult Nupri” mice (8-10
weeks old) had a normal percentage of blood lineage cells
in peripheral blood, including CD11b* myeloid, CD19* B,
and CD90.2° T lineage cells (Online Supplementary Figure
S2). We further investigated the potential alterations of
HSC homeostasis in the absence of Nupr1. Flow cytometry
analysis demonstrated that the Nupri” HSC pool was
comparable to the wild-type counterpart in terms of ratios
and absolute numbers (Online Supplementary Figure S3).
Subsequently, we examined the cell cycle status of Nupr1™”
HSC using the proliferation marker Ki-67 and DAPI stain-
ing and found that the ratio of Nupr1” HSC in GO-status
was reduced significantly (P<0.001). Compared with WT
HSC (median value: Nupri” HSC =78.67%, WT HSC =
87.15%), more Nupr1” HSC entered G1-S-S2 and M phas-
es (Figure 1C, D). To further confirm this novel phenotype,
we performed a BrdU incorporation assay, which is con-
ventionally used to assess the turn-over rates of blood cells
in vivo.® The 8-week-old Nupr1” mice and littermates were
injected intraperitoneally with 1 mg BrdU on day 0, fol-
lowed by continuous administration of BrdU via water (0.8
mg/mL) for up to 5 days (Figure 1E). After 3 days of BrdU
labeling, ~50% of Nupr1” HSC became BrdU* compared
with ~35% of WT HSC. The BrdU incorporation rates in
HSC differed between the two mouse models (WT and
Nupri1”, P<0.001), and the dynamics changed along with
time elapsed (P=0.012, two-way analysis of variance
[ANOVA)). Kinetic analysis of BrdU incorporation from
day 3 to day 5 revealed that Nuprl” HSC contained a 1.5-
fold larger BrdU* population over WT HSC (Figure 1E G).
Collectively, these data indicate that the Nupri-deletion

drives HSC to enter the cell cycle and accelerates their turn-
over rates in homeostasis.

Nuprl/- hematopoietic stem cells show repopulating
advantage without their multilineage differentiation
potential being compromised

To confirm whether Nupri” HSC have a repopulating
advantage or disadvantage in vivo, we performed a typical
HSC competitive repopulation assay. BMNC (2.5x10%) from
Nupr1” mice (CD45.2) were transplanted into lethally irra-
diated recipients (CD45.1) along with the same number of
WT (CD45.1) competitor cells. Bone marrow cells from lit-
termates (Vav-Cre*, CD45.2") were mixed with WT
(CD45.1) competitors and transplanted into the recipients
as the experiment control (Figure 2A). Sixteen weeks later,
1x10° BMNC from the primary recipients were transplant-
ed into lethally irradiated recipients to assess long-term
engraftment. We observed that donor Nupri1” cells account-
ed for ~70% of cells in the primary recipients, while the
control cells accounted for 50%-60% in the recipients from
the transplantation control assay. Nupri” cells gradually
dominated in peripheral blood of recipients over time after
transplantation (Figure 2B). In the chimeras, ~70% of
myeloid cells and B lymphocytes were Nupri” donor-
derived cells, while ~60% of T lymphocytes were from
CD45.1 competitive cells (Figure 2C). To further explore
whether Nupr1” HSC dominated in the HSC pool, we sac-
rificed the recipients and analyzed HSC 16 weeks after
transplantation. The proportion and absolute number of
Nupr1”™ HSC were significantly higher (~1.5-fold) than
those of the control HSC in primary recipients (Figure 2D,
E). Previous research documented that HSC proliferated
rapidly at the expense of their long-term repopulating abil-
ity.** Interestingly, consistent with the dominating trend in
the primary transplants, Nupri” cells continuously domi-
nated in the peripheral blood of secondary recipients
(Figure 3A). Nupr1” HSC further occupied up to 90% of the
total HSC in the bone marrow of secondary recipients.
However, the control HSC accounted for less than 10% in
the secondary recipients (Figure 3B, C). Collectively, these
results indicate that the deletion of Nupr1 promotes the
repopulating ability of HSC without impairing their long-
term engraftment ability.

Nupr1’- hematopoietic stem cells are highly sensitive
to irradiation-stress but re-cover fast

HSC in the cell cycle were reported to be more sensitive
to irradiation damage.”* To explore whether Nupr1” HSC
with a fast turn-over rate are more sensitive to irradiation,
WT mice and Nupr1” mice were exposed to a single dose of
total body irradiation (4 Gy dose, 1 Gy/min). Apoptosis and
cell cycle status were analyzed 6 h (early stage) and 24 h
(later stage) later. As expected, Nupr1”™ HSC showed a sig-
nificantly enhanced sensitivity to irradiation: only ~40% of
Nupr1” HSC lived 6 h after irradiation, whereas ~70% of
WT HSC were still alive (Online Supplementary Figure S4A).
The proportion of radiation-induced apoptosis (annexin V*)
of Nupr1” HSC was significantly higher (~2-fold, P=0.02)
than that of WT HSC (Online Supplementary Figure S4A).
Furthermore, ~60% of the residual Nupr1” HSC were in
G1-S-G2-M proliferative phases compared with ~50% of
the residual WT HSC (P=0.01) (Online Supplementary Figure
S4B), indicating an accelerated replenishment rate in
response to irradiation damage. At a later stage (24 h) after
irradiation, we observed more living Nupri”™ HSC (WT vs.
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Figure 1. Loss of Nuprl activates hematopoietic stem cells that are dormant during homeostasis. (A) Expression pattern of Nuprl in hematopoietic stem cells
(HSC) and multipotent progenitors (MPP) examined by RNA-sequencing and real-time polymerase chain reaction (qPCR). One thousand HSC or MPP from bone mar-
row of wild-type (WT) mice were sorted as individual samples for RNA-sequencing (n=4). HSC were defined as Lin- (i.e., CD2-, CD3-, CD4-, CD8", Macl-, Grl,
Ter119-, B2207), CD48", Scal’, c-kit", and CD150". MPP were defined as Lin-, Scal’, c-kit", and CD150". Data were analyzed using an unpaired Student t-test (two-
tailed) and are represented as mean + standard deviation (SD) (QPCR, n=3 mice for each group). **P<0.01, ***P<0.001. FPKM: fragments per kilobase of exon
per million mapped reads. (B) Targeting strategy for the knockout of the Nuprl1 gene in mice. WT Nuprl exons 1 and 2 are shown as green boxes. Two loxp elements
flanking exon 1 and exon 2 were inserted. (C) Cell cycle analysis of Nupr1’HSC under homeostasis. Representative plots of cell cycle from representative WT and
Nuprl” mice (8 weeks old). WT littermates (8 weeks old) were used as controls. HSC (Lin- CD48- Scal’ c-kit* CD150* CD34- CD135") were analyzed by DNA content
(DAPI) versus Ki-67: GO (Ki-67°*DAPI?Y), G1 (Ki-67"¢"DAPI?"), G2-S-M (Ki-67"¢"DAPI>¥*"). (D) Statistical analysis of the HSC cycle. The percentages (%) of HSC in GO
and in G1-G2-S-M stages were analyzed. Data were analyzed using an unpaired Student t-test (two-tailed) and are represented as mean = SD (n=6 mice for each
group). **P<0.01. (E) The strategy of the BrdU incorporation assay. The 8-week-old Nuprl’ mice and littermates were injected intraperitoneally with 1 mg BrdU on
day 0. The mice were then allowed to drink BrdU (0.8 mg/mL) water ad libitum until analyzed on days 3, 4, and 5. (F) Dynamic analysis of BrdU* HSC after BrdU
administration, as determined by flow cytometry on days 3, 4, and 5. (G) Kinetics of the BrdU* HSC ratio. Data were analyzed using an unpaired Student t-test (two-
tailed) and two-way analysis of variance and are represented as mean = SD (n=4 mice for each group). *P<0.05, **P<0.01, ***P<0.001.

haematologica | 2022; 107(1) 157 -




T. Wang et al.

Nupr1”:74% vs. 86%) and less irradiation-induced apoptot-
ic Nuprt”™ HSC compared with WT HSC (Online
Supplementary Figure S4C). The proportion of cycling cells
(G1-S-G2-M proliferative phases) in the residual Nupri”
HSC was still significantly higher (P<0.001) than the WT
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HSC 24 h after irradiation (WT vs. Nupr1™: 29% vs. 48%)
(Online Supplementary Figure S4D). Thus, Nupr1”™ HSC were
susceptible to irradiation-induced damage, but the surviv-
ing HSC proliferated, resulting in a fast recover of the HSC
pool.
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Figure 2. Nupr1l’ hematopoietic stem cells show a repopulating advantage in competitive transplantation experiments. (A) Schematic diagram of the competitive
transplantation assay. Bone marrow nucleated cells (BMNC; 2.5x10°) from Nuprl’ (CD45.2) or littermate control (Vav-cre*, CD45.2) mice were mixed with equivalent
wild-type (WT) (CD45.1) counterparts and injected into individual lethally irradiated recipients (CD45.1). Four months later, the recipients were sacrificed and 1x10°
BMNC from primary transplanted recipients were transplanted into lethally irradiated secondary recipients. (B) Kinetic analysis of donor chimerism (CD45.2%) in
peripheral blood (PB). Data were analyzed by two-way analysis of variance (ANOVA) and are represented as mean + standard deviation (SD) (control group: n=5 mice;
Nuprl’ group: n=6 mice). *P<0.05, **P<0.01. (C) Kinetic analysis of donor-derived lineage chimerism in PB, including myeloid cells (CD11b") (left), B lymphocytes
(CD19%) (middle), and T lymphocytes (CD90.2") (right). Data were analyzed using a paired Student t-test (two-tailed) and two-way ANOVA and are represented as mean
+ SD (control group: n=5 mice, Nuprl’ group: n=6 mice). *P<0.05. (D) Flow cytometry analysis of the hematopoietic stem cell (HSC) compartment in primary recip-
ients 4 months after transplantation. Representative plots from one recipient mouse in each group are shown. (E) Cell number and percentage of donor-derived HSC
in primary recipients 4 months after competitive transplantation. Data were analyzed using a Student t-test and are represented as mean + SD (n=5) **P<0.01.
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Nuprl-deleted hematopoietic stem cells expand
robustly in vitro

We next examined whether the deletion of Nupr1 could
enhance HSC expansion i vitro. Fifty HSC sorted from WT
and Nupr1” mice were cultured in vitro for 10 days following
a recently described protocol” (Figure 4A). After 10 days of
culture, the WT input cells yielded more than 2.2x10* cells,
while Nupr1” HSC produced approximately 5x10* total
cells (P<0.001) (Figure 4B). The colonies derived from
Nupr1”™ HSC were much larger than those from WT HSC
(Figure 4C). Furthermore, we analyzed the phenotypic HSC
populations in the expanded cells and found that the
absolute number of phenotypic HSC in individual Nupr1”
colonies was 3 times more than WT HSC (P=0.005) (Figure
4D, E). To determine whether the quantitative expansion of
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phenotypic HSC contained net proliferation of functional
HSC, we performed competitive repopulating-unit assays,”
using serial doses of limiting dilutions of the i vitro-expand-
ed cells. The WT HSC frequency in the 10-day expanded
cells was 1 in 371 cells, which is equivalent to 61 functional
HSC, while the Nupri™ HSC frequency in the 10-day
expanded cells was 1 in 190 cells (Figure 4F),* which is
equivalent to 263 functional HSC (P=0.045). Therefore, the
deletion of Nupr1 induced an approximately 4-fold expan-
sion of functional HSC numbers over WT HSC. Thus, dele-
tion of Nupr1 enhances the expansion ability of HSC i vitro.

Reversion of p53 expression offsets the
competitiveness of Nuprl’- hematopoietic stem cells
To further investigate the underlying molecular mecha-

Figure 3. Nuprl’ hematopoietic stem cells continuously show a competitive
advantage without losing their long-term self-renewing ability in secondary
transplantation. (A) Kinetic analysis of donor chimerism (CD45.2%) in peripheral
blood (PB) of secondary transplanted recipients. Data were analyzed by two-way
analysis of variance and are represented as mean + standard deviation (SD)
(n=5 mice). ***P<0.001. (B) Flow cytometry analysis of donor Nuprl”
hematopoietic stem cells (HSC) in secondary recipients 16 weeks after trans-
plantation. Representative plots from each group of mice are shown. (C) Cell
number and percentage of donor-derived HSC in secondary recipients 4 months
after competitive transplantation. Data were analyzed using an unpaired
Student t-test (two-tailed) and are represented as mean + SD (n=5 mice).
*%%P<0.001. BMNC: bone marrow nucleated cells.
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nisms of Nupri in regulating HSC, we performed RNA-  and Nupr1” HSC (>2-fold difference in expression; adjusted
sequencing analysis of Nuprt” HSC from 8-week-old P value <0.05 [DESeq2 R package]). Gene-ontology analysis
Nupr1” mice. Analysis of gene expression indicated that of these differentially expressed genes indicated enrichment
there were 319 genes differentially expressed between WT  of genes involved in regulation of mitotic cell cycle and neg-
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Figure 4. Deletion of Nuprl promotes hematopoietic stem cell expansion in vitro. (A) Schematic diagram of hematopoietic stem cell (HSC) expansion in vitro. Fifty
CD150"KSL HSC from wild-type (WT) and Nuprl” mice were sorted into fibronectin-coated plate wells, containing albumin-free F12 medium supplemented with 1
mg/mL polyvinyl alcohol (PVA), 100 ng/mL thrombopoietin (TPO) and 10 ng/mL stem cell factor (SCF). HSC were cultured for 10 days and then analyzed by flow cytom-
etry (FACS). For the limiting dilution assay, serial doses were transplanted into lethally irradiated recipients, together with 2x10° bone-marrow competitor cells. (B)
Number of cells derived from 50 HSC after 10 days of culture in vitro. Data were analyzed using an unpaired Student t-test (two-tailed) and are represented as mean
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ative regulation of cell cycle (Online Supplementary Figure
S5A, B). In addition, the positive regulatory genes of cell
cycle, such as Cdk4, Cdké, Akt1 and Akt2, were upregulated
in the Nupr1” HSC. However, regulators of HSC quies-
cence, such as Gfi1, Pten, Hlf, Cdc42 and Foxo1 were down-
regulated in the Nuprt”™ HSC (Online Supplementary Figure
S5C).%* Gene set enrichment analysis illustrated that genes
related to p53 pathways feedback loops, including Trp53,
Cengt, Cinnb1, Pten, and Pik3c2b, were enriched in WT HSC
(Figure 5A). The p53 pathway regulates a series of target
genes involving cell cycle arrest, apoptosis, senescence,
DNA repair, and metabolism.” Interestingly, the expression
of p53 was significantly reduced (P<0.001) to one-third of
the control value in Nupr1” HSC (Figure 5B). Therefore, we
hypothesized that downregulation of p53 in Nupri” HSC
might account for the competitive advantage of the HSC.
MDM?2 is a ubiquitin ligase E3 for p53, which is a key
repressive regulator of p53 signaling.” Mdm2-deficient mice
showed increased levels of active p53, which is an ideal
substitute model of upregulating p53 since directly overex-
pressing p53 leads to cell death and blood malignancies in
mice.”” Nupr1” mice were crossed with Mdm2" mice to
achieve upregulation of p53 expression in Nupr1” HSC. As
expected, the levels of p53 protein expression in Nupri”

Mdm2" HSC were comparable to those in WT HSC
(P>0.05) but significantly higher than those in Nupr1” HSC,
as measured by indirect immunofluorescence (Figure 5C,
D). In addition, most genes involved in the p53 pathway
were upregulated in the Nupr1”Mdm2* HSC, indicated par-
tial recovery of the p53 pathway (Online Supplementary
Figure S6). We next examined phenotypic HSC in the
Nupr1”Mdm2" mice. Flow cytometry analysis showed that
the Nupr1”Mdm2" HSC pool was indistinguishable from
the WT, Nupr1”, and Mdm2*" counterparts in terms of ratios
and absolute numbers (Figure 6A, B). Furthermore, we test-
ed the competitiveness of Nupr1”Mdm2” HSC in parallel
with WT, Nupr1”, and Mdm2* HSC. BMNC (2.5x10°) from
WT, Nuprt” Mdm2*" mice (CD45.2), Nupr1” mice (CD45.2),
or Mdm2*" mice (CD45.2) were transplanted into lethally
irradiated recipients (CD45.1) along with the same number
of WT (CD45.1) BMNC. In the recipients of Nupri”Mdm2*"
donor cells, the contribution of Nupr1”™Mdm2* cells was
significantly reduced (P<0.001) to ~20%, which was far
below the percentage of Nupri1” cells in recipients of
Nupr1” donor cells, and Mdm2" cells accounted for less
than 10% in the peripheral blood of recipients 16 weeks
after transplantation (Figure 6C). Sixteen weeks after trans-
plantation, we also analyzed the Nupr1”Mdm2* HSC in the
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0 T T T T Immunofluorescence measurement of p53 proteins in single HSC from WT, Nupr1”, Mdm2*Nupr1’ and
WT  Nupr1” Nupr1” Mdm2+ Mdm2* mice. Images of three representative single cells from each group are shown. (D) Mean intensity
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Nuprl”, Mdm2*Nuprl’, Mdm2*: n=25. ***P<0.001.
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chimeras. Surprisingly, only a few Nuprt”Mdm2* HSC
were present in the HSC pool of the recipients, while the
Nupr1”™ HSC dominantly occupied the HSC pool (Figure
6D, E). Overall, the reversal of p53 expression offset the
competitive advantage of Nupr1”™ HSC.

Deletion of Nuprl in adulthood in the Nupr1®*
Mx1-cre model also promoted hematopoietic
stem cell engraftment
In the Nupr1** Vav-Cre model, the Nupr1 locus was delet-
ed at an embryonic stage. To exclude the possibility that the

effects of loss of Nupr1 observed in adulthood is a conse-
quence of an effect coming from the embryo, Nupr1™ mice
were crossed with Mx1-Cre mice to generate induced
Nupr1 knockout mice at an adult stage in the presence of
polyinosinic-polycytidylic acid (plpC). The deletion of the
Nupr1 gene in the Nupr1""Mx1-cre mice was verified by
PCR in HSC (Online Supplementary Figure S1D, E).
Consistent with the observation of loss of Nuprl in the
Nupr1¥* Vav-Cre model, significantly more Nupr1"Mx1-cre
HSC entered the G1-S-S2 and M phases (median value:
26.35%) than their counterparts from littermate control
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Figure 6. Reversion of p53 expression by allelic depletion of the Mdm2 gene offsets the repopulating advantage of Nuprl’” hematopoietic stem cells. (A)
Representative plots of hematopoietic stem cell (HSC) analysis by flow cytometry from wild-type (WT), Nuprl”, Nuprl”Mdm2' and Mdm2* mice bone marrow. (B)
Statistical analysis of WT, Nupr1”, Nupr1”Mdm2”-and Mdm2*- HSC number. Data were analyzed by two-way analysis of variance (ANOVA). n=5. BMNC: bone marrow
nucleated cells; n.s.: not significant. (C) Donor bone marrow cells (2.5%10°) from WT (black) Nupr1” (red), Nupr1”Mdm2* (blue) (CD45.2) or Mdm2* (purple) mice
were transplanted into lethally irradiated recipient mice (CD45.1) along with 2.5x10° recipient bone marrow cells. Data were analyzed using an unpaired Student t-
test and are represented as mean + standard deviation (SD). WT, n=5; Nuprl”, n=5 mice; Nuprl’”Mdm2*-, n=6 mice; Mdm2*: n=5. *P<0.05, ***P<0.001. PB:
peripheral blood. (D) Flow cytometry analysis of donor-derived HSC and recipient HSC in bone marrow of recipient mice 4 months after transplantation. HSC were
gated as Lin~ (i.e., CD2-, CD3-, CD4-, CD8-, B220, Grl-, CD11b, Ter119-) CD48" Scal’ c-Kit* CD150* CD34 CD135" cells. Plots from one representative mouse of
each group are shown. (E) Statistical analysis of the percentage and absolute number of donor-derived HSC in recipient mice 4 months after transplantation. Data
were analyzed by one-way ANOVA and are represented as mean + SD. WT, n=5; Nupr1”, n=5 mice; Nuprl”Mdm2*, n=6 mice; Mdm2: n=5. ***P<0.001.

mice (median value: 14.13%, P=0.07) (Figure 7A-C). The dominantly occupy recipient bone marrow, we sacrificed
competitive transplantation result showed that donor the recipients and analyzed the HSC 16 weeks after trans-
Nupr1¥*Mx1-cre cells were advantaged over WT competi- plantation. The proportion and absolute number of
tors in the peripheral blood of recipients (60%-80%) (Figure =~ Nupr1"*Mx1-cre HSC were significantly greater (~2-fold)
7D). To further investigate whether Nupr1**Mx1-cre HSC  than the control HSC competitors in primary recipients
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Figure 7. Deletion of Nuprl in adulthood promotes hematopoietic stem cell engraftment. (A) Cell cycle analysis of Nupr1""Mx1-cre hematopoietic stem cells (HSC)
under homeostasis. Representative plots of cell cycle from representative wild-type (WT) and Nupr1"*Mx1-cre mice (8 weeks old). WT littermates (8 weeks old) were
used as controls. HSC (Lin- (i.e., CD2, CD3- CD4- CD8  B220" Gr1  CD11b" Ter119-) CD48" Scal’ c-kit* CD150* CD34- CD135") were analyzed by DNA content (DAPI)
versus Ki-67. GO (Ki-67"DAPI?), G1 (Ki-67"¢DAPI?"), G2-S-M (Ki-67"¢DAPI>2"*"). (B) Statistical analysis of the number of long-term HSC from WT and Nupr1"'Mx1-
cre mice. BMNC: bone marrow nucleated cells. (C) Statistical analysis of the cell cycle of HSC. Ctr: n=4, Nupr1""Mx1-cre, n=5. **P<0.01. (D) Kinetic analysis of

donor chimerism (CD45.2*) in peripheral blood. Data were analyzed by two-way

analysis of variance and are represented as mean + SD (Ctr group: n = 5 mice,

Nupr1”"Mx1-cre group: n =7 mice). ***P<0.001. (E) Flow cytometry analysis of the HSC compartment in primary recipients 4 months after transplantation. (F)
Statistical analysis of donor HSC number and percentage in the transplantation chimeras. Data were analyzed using an unpaired Student t-test and are represented

as mean #* standard deviation, n=5. **P<0.01, ***P<0.001.

(Figure 7E, F). Thus, in the Nupr1¥ Mx1-cre model, deletion
of Nuprl in adulthood also promotes HSC engraftment.

Discussion

The intrinsic networks regulating the quiescence of HSC
are largely unknown. In this study, loss of Nupr1 (p8), a
gene preferentially expressed in long-term HSC, mildly
tuned the quiescence threshold of HSC in the state of
homeostasis, without compromising their essential func-
tions in hematopoiesis. Nupr! coordinated with p53 to
form a signaling machinery regulating HSC quiescence and
turnover rates. For the first time, we revealed the new role
of Nupr1 in controlling HSC quiescence.

Nupr1”™ HSC replenished faster than WT HSC under
homeostasis. However, the size of the Nupr1” HSC pool

was not altered. These findings imply that despite the exis-
tence of intrinsic machinery controlling HSC quiescence,
the scale of the HSC pool is also restricted by the extrinsic
bone marrow microenvironment.” Conventionally, mole-
cules activating HSC produce a transient phenotypic prolif-
eration of HSC but eventually lead to their functional
exhaustion and even tumors.** Interestingly, Nupr1 signal-
ing seemingly plays a unique role in regulating HSC quies-
cence and turnover rates, as deletion of Nupr! maintained
the hematopoietic features of HSC. Consistently, enforced
CDKG6 expression in HSC confers these cells a competitive
advantage without impairing their stemness and multilin-
eage potential.’ This evidence supports the concept that tar-
geting the intrinsic machinery of balancing the threshold of
HSC quiescence might safely promote engraftment.

Loss of Nupr1 in HSC resulted in an engraftment advan-
tage. In the setting of transplantation stress, the HSC



niche occupied by WT HSC was ablated, providing a
niche vacuum into which donor Nupr1” HSC could enter.
The dominance of Nupr1” HSC is a consequence of faster
turnover rates of these cells over their WT counterparts.
In a previous study, loss of Dnmt3a also led to clonal dom-
inance of HSC, although accompanied by a failure of
hematopoiesis due to a dramatic block in differentia-
tion.*” Thus, the engraftment advantage caused by loss
of Nupri might have prospective translational implica-
tions for HSC transplantation, since a faster recovery of
hematopoiesis in HSC transplant hosts definitely reduces
infection risks in patients.”

In our models, Nupr1 regulated hematopoietic homeo-
stasis via targeting the p53 pathway. p53 is essential for
regulating hematopoietic homeostasis.” It is unknown
whether NUPR1 interacts directly with p53 in the context
of HSC, as commercial antibodies suitable for protein-pro-
tein interaction assays are not currently available. NUPR1
and pd3 interacted directly in human breast epithelial
cells.” Knocking out p53 in HSC can promote HSC expan-
sion, but directly targeting p53 caused HSC apoptosis and
tumorigenesis.” Thus, Nupr1 might behave as an upstream
regulator of p53 signaling and uniquely regulate cell quies-
cence in the context of HSC. In a previous study, Mdm2
was found to be a key repressive regulator of p53 signaling.
MDM?2 degrades p53 protein by promoting p53 ubiquiti-
nation.®” Complete deletion of Mdm2 will lead to embry-
onic death because of the excess expression of p53.“ This
embryonic lethality can, however, be rescued by a combi-
nation of Trp53”, indicating its essential role of negative
regulation of p53. We, therefore, crossed the Nupr1” mice
with Mdm2*" mice in order to upregulate p53 expression
indirectly. The level of p53 expression is expectedly elevat-
ed in Nupr1”Mdm2* HSC; however, it is even higher than

that in WT mice (Figure 5C, D). A decreased level of
MDM?2 and increased p53 activity in HSC reduce the abil-
ity of competitiveness.” Thus, it is possible that the down-
regulating effect of Nupr1 on p53 level is mild, while the
upregulation of p53 level by haploid deletion of Mdm2 is
dramatic. Consequently, the competitiveness of Nupr1”
Mdm2* HSC failed to reach WT level in the rescue assay.

In conclusion, loss of Nupr1 in HSC promotes engraft-
ment by tuning the quiescence threshold of HSC via regu-
lation of the p53 checkpoint pathway. Our study unveils
the prospect of shortening the engraftment time-window
in HSC transplantation by targeting the intrinsic machin-
ery controlling HSC quiescence.
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