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Melanocortin/MC5R axis regulates the proliferation of
hematopoietic stem cells in mice after ionizing radiation injury
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Hematopoietic stem cells (HSCs) possess great self-renewal and multidirectional
differentiation abilities, which contribute to the continuous generation of various blood
cells. Although many intrinsic and extrinsic factors have been found to maintain HSC
homeostasis, the precise regulation of hematopoiesis under stress conditions is poorly
understood. In this study, we show that melanocortin receptor 5 (MC5R) is abundantly
expressed in hematopoietic stem progenitor cells (HSPCs). Using an MC5R knockout mouse
model, we observed that it is not essential for steady-state hematopoiesis. Interestingly, the
levels of a-melanocyte stimulating hormone («-MSH), an important subtype of
melanocortin, were elevated in the serum and bone marrow, and the expression of MC5R
was upregulated in HSPCs from mice after irradiation. MC5R deficiency aggravates
irradiation-induced myelosuppression because of impaired proliferation and reconstitution
of HSCs. Further investigation revealed that the melanocortin/MC5R axis regulates the
proliferation of HSCs by activating the PI3K/AKT and MAPK pathways. More importantly,
a-MSH treatment can significantly accelerate hematopoietic recovery in irradiated mice. In
conclusion, our data demonstrate that the melanocortin/MC5R axis plays a crucial role in
regulating HSC proliferation under stress, thus providing a promising strategy to promote
hematopoietic regeneration when suffering from injury.

Introduction

Hematopoietic stem cells (HSCs) are located at the top of the hematopoietic hierarchy, exhibiting the
great potential of self-renewal and differentiation into all blood cells." Under normal circumstances,
adult HSCs primarily settle in the bone marrow (BM) niche and remain in a quiescent state.”® After
injury induced by various stresses, such as ionizing radiation and chemotherapy drugs, BM residual
HSCs undergo rapid proliferation and differentiation to replenish the damaged hematopoietic system.*°
Studies have identified many intrinsic and extrinsic factors that corporately regulate HSC maintenance
under steady-state conditions.® However, the relevant pathways and mechanisms that regulate HSC
behavior and function during stress have not been fully revealed.
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It is known that many hormones play a key role in the specific stages of
hematopoiesis.”® Melanocortins are a class of peptide hormones
produced by proopiomelanocortin, including adrenocorticotropic hor-
mone and melanocortin stimulating hormones (a-, -, and y-MSH).9 In
addition to promoting melanogenesis, melanocortins are involved in
the regulation of various physiological processes, such as immuno-
modulation, inflammatory response, fat metabolism, and exocrine gland
secretion.'®"" Achievement of those regulatory functions relies on
adrenocorticotropic hormone and melanocortin stimulating hormones
to bind and activate melanocortin receptors. To date, 5 subtypes of
melanocortin receptors (MC1R to MC5R) have been identified, with
distinct physiological functions depending on the differences in tissue
distribution and affinity for hormones.'? However, the exact role of
melanocortin signaling in regulating hematopoiesis is still obscure.

MCBR, the last discovered type of MCRs, belongs to the family of
guanine nucleotide-protein coupled receptors, similar to the other
MCRs."® MCBR is most effectively activated by a-MSH and then
causes the activation of downstream signaling pathways, such as
cyclic adenosine monophosphate-protein kinase A (CAMP-PKA),
phosphoinositide-3-kinase/protein ~ kinase =~ B (PIBK/AKT),
pB-arrestin1/2/c-Raf, and JAK2/STATT, in the skin, adrenal glands,
or skeletal muscle.'* Notably, recent studies have revealed that
MCBR is also expressed in hematopoietic and immune systems,
including lymph nodes, the spleen (SP), and BM.">'® As reported,
MCB5R inhibits proinflammatory signaling in macrophages and
dendritic cells.'” In addition, MC5R participates in the regulation of
T-cell immune response during experimental autoimmune uveitis.'®

In this study, we showed that MC5R is highly expressed in
hematopoietic stem progenitor cells (HSPCs) but is dispensable
for normal hematopoiesis. Notably, a-MSH level was increased in
the serum and BM of mice after irradiation, accompanied by the
upregulation of MCBR expression in HSPCs. Mice with MCBR
deficiency displayed more severe myelosuppression after irradia-
tion because of impaired HSC proliferation and reconstitution.
Mechanistically, the melanocortin/MC5R axis regulates the activa-
tion of AKT and ERK1/2 signaling pathways, which are required to
promote the proliferation of HSCs after exposure to irradiation.
Collectively, our findings present a new perspective on the mod-
ulation of HSC proliferation under stress conditions.

Materials and methods

Mice

Healthy C57BL/6J mice were purchased from Laipite Biotech-
nology Company (Chonggqing, China). MC5R™~ mice were pur-
chased from Cyagen Biosciences Inc (Suzhou, China) and
wild-type (WT) littermate mice were served as the control.
B6.SJL mice (CD45.1) were kindly gifted by Jinyong Wang (Insti-
tutes of Biomedicine and Health, Chinese Academy of Science,
Guangzhou, China). All the mice were 8 or 10 weeks old. Animal
experiments were performed in accordance with experimental
procedures approved by the animal care aommittee of the Third
Military Medical University (Chongging, China).

Irradiation

Mice were subjected to total body irradiation in a ®°Co y-irradiator
(Third Military Medical University Irradiation Center), as we previ-
ously described.'®
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Blood routine test

Peripheral blood (PB) was obtained from the tail vein of mice and
diluted in a 1% EDTA solution. The counts of white blood cell,
red blood cell, and platelet were analyzed automatically on the
XT-1800i/2000IV hematology analyzer (Sysmex, Kobe, Japan), as
we previously described.'®

Flow cytometry

Single-cell suspensions of mouse BM, SP, and PB samples were
prepared as we previously described.”® For hematopoietic cell
phenotype analysis or sorting, the following antibodies obtained
from eBioscience (San Diego, CA) or BioLegend (San Diego, CA)
were applied to identify the surface markers: anti—c-Kit (2B8), anti—
Sca-1 (D7), anti-FIk2 (A2F10), anti-CD34 (RAM34), anti-CD48
(HM48-1), anti-CD150 (mShad150), anti-CD16/32 (FcyRIl/I),
anti-CD127 (A7R34), anti-CD3e (145-2C11), anti-B220 (RAS3-
6B2), anti-Mac-1 (M1/70), anti-Gr-1 (RB6-8C5), anti-CD45.1
(A20), anti-CD45.2 (104), and the anti-ineage cocktail (CD3e,
Mac-1, Gr-1, B220, and Ter-119).

After staining with HSPC markers, cells were used for further
analysis of the cell cycle, in vivo bromodeoxyuridine (BrdU) incor-
poration, apoptosis, intracellular protein expression, and mito-
chondrial properties, as previously reported.'®?° The following
antibodies were used in this study: anti-AnnexinV (BioLegend),
anti-BrdU (BD Biosciences, San Jose, CA), anti-Ki67 (eBio-
science), anti-p-STAT1 (eBioscience), anti-p-STAT3 (eBio-
science), anti-p-STAT5 (eBioscience), anti-p-AKT (Cell Signaling
Technology, Danvers, MA), anti-p-ERK1/2 (Cell Signaling Tech-
nology), anti-p-p65 (Cell Signaling Technology), and anti—p-
Smad2/3 (BD Phosflow, San Diego, CA). Flow cytometric data
were acquired using a FACSVerse flow cytometer (BD Bio-
sciences) and analyzed using the FlowJo version 10.0 software
(BD Biosciences). Cell sorting was performed using the FacsAria lll
sorter (BD Biosciences).

Protein synthesis assay

The in vivo protein synthesis rate of HSPCs was analyzed using the
Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis Assay Kit
(Molecular Probes, Carlsbad, CA), as we previously reported.21

HSPC culture

A total of 1 x 10° Lineage™ Scal™ c-Kit* cells (LSKs) sorted from
the BM of WT and MC5R™™ mice were cultured in StemSpan
SFEM medium (Stem Cell Technologies, Vancouver, BC, Canada)
supplemented with different concentrations of a-MSH (0, 5, 50, or
500 nM; MedChemExpress, Princeton, NJ) for 7 days. The total
number of cells in the medium was then counted.

Transplantation assays

For competitive BM transplantation (BMT), 5 x 10% LSKs freshly
sorted from the BM of WT and MC5R ™~ mice (CD45.2) along with
5 x 10° CD45.1 BM cells were transplanted into lethally irradiated
(9.6 Gy) CD45.1 recipient mice. Donor chimerism levels were
analyzed via flow cytometry 16 weeks after transplantation. For
reciprocal BMT, 1 x 10° CD45.1 BM cells were transplanted into
lethally irradiated (9.5 Gy) WT or MCBR™™ recipient mice
(CD45.2). Similarly, donor chimerism levels were analyzed using
flow cytometry 16 weeks after transplantation. For the homing

11 JULY 2023 - VOLUME 7, NUMBER 13 & blood advances



A B
LSK
2000 —
S 1500 -
E S
S 1000 =
g S
2 80 =
S 60 RS
w 40_ _
20 1%
0_
e &
NFV-O- X0
OO
AR
D
WBC RBC
154 o 15
AA ™
A (=] A
10 = 10
> B
S S
5 - = 5
0 - 0 -
N & N
é\cﬁ* S g
A\ A\
G H
& 10 4 WT
S ., EMC5R™”
x 87
£ 6
£
£ 47
£
2 2
S o
MP LSK
J
S 4qmwr
S ® MC5R™~
x 3 i
= o
[==]
= 24
E
E 11
=
=
t_'JO_
GMP CMP MEP CLP

E
PLT BM
1600 4 8
o A =
1200 - S 64
= X
o f—
<E 800 A é 4
=
400 - = 2
3
0 - 0 -
&N N
£ &
&F &
< A\
104 mwr
S m MCBR ™~
% 0.8 1 o
=
::gE;. 0.6 4 °
5 0.4 1
=
IS
= 0.2
S 0.0 A
LT-HSC ST-HSC MPP
K
BM
AT celis A Myeloid cells
1 279 46.1
I
Wi @T’m oo
= £
[ 47cells =) Myeloid cells
1 235 447
o
= |; @T%

>

>
o>

B220

Gr-1

LSK

MP

Lin*

MCSR

DAPI

Merged

F
Lin™ Gated
4 4
MP LSK
26.8 3.30
— >
; ST-HSC
36.3
£ 2
© - MPP
1
T J
s >
[
=
Scal CD34
MP Gated Lin~ CD127" Gated
A GMP A
345 ]
E 1
o cMP E|
Q 291 —
© >
a &
[$)
<X
&
0
o
= CcMP E
30.6
Scal
601 mwr
® MC5R™™
< 40 - R
=y
=
%)
=
8 20 -
[ .
0 .
Tcells Becells Myeloid
cells

Figure 1. MC5R is abundantly enriched in HSPCs but dispensable for steady-state hematopoiesis. (A) Expression value of MC1R, MC2R, MC3R, MC4R, and MC5R in
LSKs sorted from healthy WT mice (n = 3). The data were obtained from our previous study (GSE173291). (B) gRT-PCR analysis of MC5R expression in LSKs, SLAM-HSCs,
long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), multipotent progenitors (MPPs), myeloid progenitors (MPs), common myeloid progenitors (CMPs), granulocyte

monocyte progenitors (GMPs), megakaryocyte erythroid progenitors (MEPs), common lymphoid progenitors (CLPs), Lineage™ (Lin") cells, and Lin* cells sorted from the BM of

healthy WT mice (n = 3). The relative expression of MC5R was compared with that in Lin* cells. (C) Representative immunofluorescence plots showing MC5R expression in
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assay, 2 X 10° LSKs freshly sorted from the BM of WT and
MC5R ™~ mice were labeled with 5(6)-carboxyfluorescein diacetate
succinimidyl ester (Thermo Fisher Scientific) and transplanted into
lethally irradiated (9.6 Gy) WT recipient mice. The homing effi-
ciency was analyzed via flow cytometry 16 hours after trans-
plantation, as we previously described.*’

Enzyme-linked immunosorbent assay

The serum and BM supernatants of mice were collected at the
indicated times after irradiation. Then, a-MSH level was detected
using the Alpha-Melanocetin Stimulating Hormone ELISA Kit (Yaji
Biological Technology Co, Ltd, Shanghai, China), per the manu-
facturer’s instructions.

In vivo a-MSH, AKT, or ERK1/2 inhibitor treatment

Mice were intraperitoneally injected with saline or a-MSH (1 mg/kg),
along with vehicle, AKT inhibitor MK-2206 (30 mg/kg; MedChe-
mExpress, Princeton, NJ), or ERK1/2 inhibitor PD325901 (5 mg/kg;
MedChemExpress, Princeton, NJ), once a day for a total of 7 days.
For radiation protection experiments, mice were exposed to 5.0 or
7.5 Gy total body irradiation. Three or 9 days after irradiation, mice
were administered saline or a-MSH (1 mg/kg) once a day for a total
of 7 days and then used for further analysis.

gRT-PCR

Total RNA was extracted from freshly sorted cells using the
RNAqueous-Micro Kit (Thermo Fisher Scientific, Waltham, MA).
After conversion to complementary DNA using the PrimeScript RT
Reagent Kit (Takara, Kyoto, Japan), gene expression level was
measured using SYBR Premix Ex Taq Il (Takara), following the
manufacturer’s instructions. All the primers used are provided in
supplemental Table 1.

RNA-sequencing (RNA-seq)

Total RNA was isolated from the LSKs of irradiated WT and
MC5R ™" mice as described earlier. After quality testing, the RNA
samples were used to create a complementary DNA library and then
sequenced on an lllumina NovaSeq 6000. The library construction
and sequencing were performed at Sinotech Genomics Co, Ltd
(Shanghai, China). Gene abundance was expressed as fragments
per kilobase of exon per milion reads mapped. Stringtie software
was used to count the fragments within each gene, and the TMM
algorithm was used for normalization. Differential expression analysis
of MRNA was performed using the R package edgeR. Genes with
fold change >1 and P-value < .05 were considered as significantly
changed. Gene set enrichment analysis (GSEA) was performed
using GSEA_4.2.1 software (http://www.gsea-msigdb.org/gsea),
and gene sets were obtained from the Molecular Signatures Data-
base (MSigDB) database. All raw data were deposited in the NCBI
Gene Expression Omnibus (GEO) database.

Immunofluorescence microscopy

Freshly sorted cells were placed on poly-L-lysine—coated slides.
After fixation, permeabilization, and blocking, cells were stained
with ant-MCBR (Thermo Fisher Scientific), anti-p-AKT (Cell
Signaling Technology), or anti-p-ERK1/2 (Cell Signaling Technol-
ogy) antibodies. The samples were then incubated with FITC-
conjugated secondary antibody (Thermo Fisher Scientific) and
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI;
Sigma, St Louis, MO), followed by imaging using a Zeiss LSM800
confocal microscope (Carl Zeiss, Jena, Germany).

Statistical analysis

Data analysis was performed using the GraphPad Prism 8.0 soft-
ware (La Jolla, CA). Each experiment was independently performed
at least 3 times. Unpaired t test (two-tailed) was used for 2 groups
comparisons, and one-way analysis of variance, followed by Tukey
test, was used for multiple group comparisons. The survival rates of
the mice were analyzed using the log-rank test. All data are pre-
sented as the mean =* standard deviation. *P < .05, **P < .01, and
***P < .001 are depicted as statistically significant differences.

Results

MCS5R is abundantly enriched in HSPCs but is
dispensable for steady-state hematopoiesis

To explore the role of melanocortin signaling in hematopoiesis, we
first analyzed the expression of melanocortin receptors, including
from MC1R to MC5R, in HSPCs. Interestingly, the microarray data
from our previous study showed that MC5R, rather than MC1R to
MC4R, was abundantly expressed in LSKs (HSCs enriched
compartment) from the BM of healthy mice (Figure 1A). We then
searched the Gene Expression Commons, a public database, and
found that MC5R was enriched in HSPCs, whereas MC1R to
MC4R did not display relative high expression level (supplemental
Figure 1A). Consistent with these findings, quantitative reverse
transcription polymerase chain reaction (QRT-PCR) analysis of
purified BM subpopulations revealed that MC5R expression was
higher in HSPCs, including HSCs, pluripotent progenitors, and
lineage-committed progenitors than in mature hematopoietic cells,
which was confirmed at the protein level via immunofluorescence
(Figure 1B,C; supplemental Figure 1B). These results suggest that
MCB5R may be involved in the regulation of HSPC biology.

Next, we generated an MC5R ™~ mouse model, and the knockout
efficiency in LSKs was confirmed via qRT-PCR (supplemental
Figure 1C,D). It was observed that PB counts and the total cell
numbers of BM and SP were comparable between WT and
MC5R™™ mice (Figure 1D,E; supplemental Figure 1E). Flow
cytometry analysis showed that MC5R deficiency did not alter the
percentage and number of various HSPC populations in the BM

Figure 1 (continued) LSKs, MPs, and Lin™ cells sorted from the BM of helathy WT mice. (D) WBC, RBC, and PLT counts in the PB of WT and MC5R™~ mice (n = 9). (E) The
total number of BM cells in WT and MC5R ™~ mice (n = 6). (F) Representative flow cytometric plots showing the percentages of MPs, LSKs, LT-HSCs, ST-HSCs, and MPPs in the
BM of WT and MC5R ™~ mice. (G) The number of MPs and LSKs in the BM of WT and MC5R™~ mice (n = 6). (H) The number of LT-HSCs, ST-HSCs, and MPPs in the BM of WT
and MC5R™" mice (n = 6). (I) Representative flow cytometric plots showing the percentage of MEPs, CMPs, GMPs, and CLPs in the BM of WT and MC5R™" mice. (J) The
number of GMPs, CMPs, MEPs, and CLPs in the BM of WT and MC5R™~ mice (n = 6). (K) Flow cytometric analysis of the percentage of T, B, and myeloid cells in the BM of WT
and MC5R™™Y mice (n = 6). Representative flow cytometric plots (left). (A,B) One-way ANOVA with Tukey multiple comparisons test; (D,E,G,H,J,K) unpaired t test (two-tailed).
*P <.05; ***P < .001. ANOVA, analysis of variance; PLT, platelet; RBC, red blood cell; WBC, white blood cell.

3202 CHEN et al

11 JULY 2023 - VOLUME 7, NUMBER 13 & blood advances


http://www.gsea-msigdb.org/gsea

0.3 4 5
g —e— Con .
= —— IR > 4 4
> . 2
£ 02 4 = 3
S 3 4
= . =
= w
S 011 z ]
= 8
3 = 1 4
0.0 T T T T T T T T T 0-
oh 1h 6h 1d &4 7d 15d 21d 30d oh 1h
Time after IR (5.0 Gy)
WBC RBC
15 15
12 4
10 o
s s o
< . <
= =] 6 -
5 -
3 -
—— WT —— WT
—— MC5R™” —&— MCBR™”
0 T T T T T T T T T T T 0 T T T T T T T T T T T
0 3 6 912151821242730 0 3 6 912151821242730
Days after IR (5.0 Gy) Days after IR (5.0 Gy)
BM Lin~ Gated
6 A omp sk
16.3 1.62
— o=
= = |7
< +
[=) |
%4 =
5
= =
[ =
2 2- S
= o=
—o— WT +
—a— MC5R™” +
(9] B B R s S S B s
0 3 6 912151821242730 2
Days after IR (5.0 Gy) 5
Scal CD34
154 B WT +IR 15 B WT +IR
< o M MC5R+IR < B MC5R™ +IR
= =
RS X o
= 1.0 = 1.0
[==] [==] *kk
= =
5 5
£ 05 1 £ 05 . **
2 2
3 3 *
0.0 4 0.0 4
LTHSC  ST-HSC MPP MEP CMP GMP CLP

6h

LSK

id 38d 7d 15d 21d 30d
Time after IR (5.0 Gy)

PLT
1600 4
1200 -
—
=
o
< 800
=l
400 -
WT
—i— MCBR™™
o T T T T T T T T T T T
0 3 6 912151821242730
Days after IR (5.0 Gy)
2.5 4
= = WT +IR
< n -
S 204 MCBR™™ + IR
RS
E 1.5 *kk
=]
5 1.0
£
S
£ 05
3 ok
0.0 4
MP LSK
100 1 m WT +IR
B MC5R™ +IR
80
E\=/ *k
= 60 4
g *
=3
;-, 40
[ -
20
*
0 -
T cells Bcells  Myeloid cells

Figure 2. MC5R deficiency aggravates myelosuppression after radiation injury. (A) Enzyme-linked immunosorbent assay of a-MSH level in the BM supernatant of WT
mice at the indicated time after 5.0 Gy total body irradiation (TBI) (n = 5). Unirradiated WT mice were used as controls (n = 5). (B) gRT-PCR analysis of MC5R expression in LSKs
sorted from the BM of WT mice at the indicated time after 5.0 Gy TBI (n = 3). The relative expression of MC5R was compared with that at O hour. (C-E) The counts of (C) WBC,
(D) RBC, and (E) PLT in the PB of WT and MC5R™"~ mice at the indicated time after 5.0 Gy TBI (n = 9). (F) Total number of BM cells in WT and MC5R™~ mice at the indicated
time after 5.0 Gy TBI (n = 6). (G) Representative flow cytometric plots showing the percentages of MPs, LSKs, LT-HSCs, ST-HSCs, and MPPs in the BM of WT and MC5R™~
mice 15 days after 5.0 Gy TBI. (H) The numbers of MPs and LSKs in the BM of WT and MC5R™~ mice 15 days after 5.0 Gy TBI (n = 6). (I) The number of LT-HSCs, ST-HSCs,
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after 5.0 Gy TBI (n = 6). (K) Flow cytometric analysis of the percentages of T cells, B cells, and myeloid cells in the BM of WT and MC5R” mice 15 days after 5.0 Gy TBI (n = 6).

(A,B) one-way ANOVA with Tukey multiple comparisons test; (C-F,H-K) unpaired t test (two-tailed). *P < .05; **P < .01; ***P <.001. Con, control; IR, irradiation.
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(Figure 1F-J, supplemental Figure 1F-K). In addition, there were no
significant differences in the percentages of T, B, and myeloid cells
in the BM after MC5R knockout (Figure 1K). These results indicate
that MC5R is not essential for maintaining normal hematopoiesis.

MCS5R deficiency aggravates myelosuppression after
radiation injury

Given the fact that the levels of many hormones were markedly
changed in response to various stresses,?”> we assessed melano-
cortin levels in mice after irradiation. Notably, a-MSH, a subtype of
melanocortin with the highest affinity for MCBR, was significantly
elevated in the serum and BM of mice after irradiation, along
with the evident upregulation of MC5R in LSKs (Figure 2A,B;
supplemental Figure 2A). To investigate whether MC5R regulates
hematopoiesis under stress, WT and MC5R™™ mice were sub-
jected to the same dose of ionizing radiation. Compared with WT
mice, lower blood counts were observed in MCBR™™ mice from
days 12 to 21 after irradiation (Figure 2C-E). Meanwhile, the total
number of BM cells in mice decreased after irradiation, when
MC5R was knocked out (Figure 2F). In view of these findings that
the levels of melanocortin and MC5R as well as conventional
hematopoietic parameters were more significantly changed at
15 days than at earlier time points following irradiation exposure,
we analyzed HSPC phenotypes at this time point using flow
cytometry. It was found that the percentage and number of
HSPCs, including MPs, LSKs, long-term HSCs, short-term HSCs,
multipotent progenitors, SLAM-HSCs, granulocyte monocyte pro-
genitorss, common myeloid progenitorss, megakaryocyte erythroid
progenitorss, and common lymphoid progenitors, were significantly
reduced in the BM of MC5R™™ mice experiencing irradiation
exposure (Figure 2G-J; supplemental Figure 2B-G). Specifically,
these reductions were not because of the increased HSPC
apoptosis induced by radiation injury in MCS5R™" mice
(supplemental Figure 2H). In contrast, iradiated MC5R™~ mice
displayed a reduced percentage of myeloid cells and increased
percentages of B and T cells in the BM, suggesting that MC5R
may regulate HSPC differentiation (Figure 2K). Taken together,
MCB5R plays a critical role in facilitating the recovery of HSPC
pools in mice with radiation injury.

Loss of MC5R compromises the proliferation and
reconstitution ability of HSCs

These observations prompted us to investigate whether MC5R
deficiency affects the proliferation ability of HSCs. As anticipated,
cell cycle analysis of HSCs via Ki67 and Hoechst 33342 staining
showed that MC5R deletion led to an increase in the proportion of
cells in the GO phase and a decrease in the proportion of cells in
the G1 and S/G2/M phases (Figure 3A-C; supplemental
Figure 3A) after irradiation, which was further verified by an

in vivo BrdU incorporation assay (Figure 3D). However, these
findings were not observed under steady-state conditions, which is
consistent with the corresponding phenotypic data (supplemental
Figure 3B-E).

To assess whether the impairment in HSC proliferation ability
induced by MC5R deficiency affected their function in hemato-
poietic reconstitution, we performed a competitive BMT assay
(Figure 3E). It was noticed that the total number of donor-derived
cells, especially in the myeloid compartment, was decreased in
the PB of recipient mice transplanted with MC5R™~ HSPCs
(Figure 3F; supplemental Figure 3F). Similarly, BM chimerism levels
were significantly reduced when MC5R was deleted (Figure 3G).
In addition, considering that MC5R was not conditionally knocked
out in the hematopoietic system, we isolated HSPCs from WT and
MCS5R™" mice and cultured them in vitro. Actually, treatment with
o-MSH stimulated the proliferation of HSPCs from WT but not
MC5R ™" mice in culture in a dose-dependent manner (Figure 3H).
In accordance with these data, the reciprocal transplantation assay
showed that healthy CD45.1 BM cells comparably reconstructed
the BM of WT or MC5R™™ hosts, further validating that MC5R
regulates HSPC function in a cell-intrinsic manner (Figure 3l,J).
However, the attenuation of hematopoietic reconstitution capacity
was not because of defective HSC homing after MC5R knockout
(Figure 3K L). Overall, MC5R intrinsically maintained the prolifera-
tion and reconstitution capacity of HSCs.

MCS5R deletion significantly alters the cell cycle-
associated transcriptional profile of HSPCs after
irradiation exposure

To explore how MCBR regulates HSPC function, we performed
RNA-seq of LSKs from irradiated WT and MC5R™" mice
(Figure 4A). The results showed that the gene expression profile of
HSPCs was significantly changed after MC5R deletion, among
which 648 genes were upregulated, and 438 genes were down-
regulated based on the criteria of fold change >1.5 and P < .05
(Figure 4B,C). Then, we conducted a GSEA and found that the
gene sets associated with HSC quiescence were enriched in
MC5R™" LSKs, whereas the gene sets associated with HSC
proliferation, cell division, and cell cycle checkpoint were enriched
in WT LSKs (Figure 4D). In line with these data, gqRT-PCR analysis
confirmed that the expression of the cell cycle inhibitor p57 had
increased, whereas the expression of cyclins (including cyclin E1,
cyclin E2, and cyclin O) and CDC6 had decreased in MC5R-
deficient HSCs under stress (Figure 4E; supplemental
Figure 4A). It is well established that quiescent HSCs usually
exhibit a lower metabolic status.”"*® As expected, a significant
downregulation of cell metabolic signatures was observed in
MC5R™ LSKs, including oxidative phosphorylation, carbon
metabolism, galactose metabolism, and pyrimidine metabolism,

Figure 3 (continued) The scheme of competitive BMT. (F) Flow cytometric analysis of the percentage of donor-derived cells in the PB of recipient mice 16 weeks after

transplantation (n = 6). Representative flow cytometric plots (left). (G) Chimerism levels of BM, LSKs, and LT-HSCs in recipient mice at 16 weeks after transplantation (n = 6). (H)
LSKs sorted from the BM of WT and MC5R ™~ mice were cultured in the presence of different concentrations of a-MSH (0, 5, 50, or 500 nM). The total cell counts in the medium
were counted 7 days after culture (n = 6). (I,J) A total of 1 x 10° CD45.1 BM cells were transplanted into lethally irradiated WT or MC5R ™~ recipient mice (CD45.2). (l) The
scheme of reciprocal BMT. (J) Flow cytometric analysis of the percentage of donor-derived cells in the PB of recipient mice at 16 weeks after transplantation (n = 6). (K,L) A total
of 2 x 10° LSKs obtained from the BM of WT and MC5R ™~ mice were labeled with CFSE and transplanted into lethally irradiated WT recipient mice. The percentage of CFSE*
cells in the BM of recipient mice 16 hours after transplantation was detected using flow cytometry. (K) The scheme of homing assay. (L) The homing efficiency of WT and
MCB5R™~ LSKs (n = 6). (B-D,F-H, J,L) unpaired t test (two-tailed). *P < .05; **P < .01; ***P < .001. CFSE, 5(6)-carboxyfluorescein diacetate succinimidyl ester.
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along with decreased protein synthesis (Figure 4D). These findings
were further confirmed via flow cytometric analysis of mitochondrial
activity and protein synthesis rate (Figure 4F-H). However, no sig-
nificant differences in the transcription profile of cell cycle-associated
genes and the levels of metabolism were observed in WT and
MC5R ™~ HSPCs at steady-state (supplemental Figure 4B-E). These
data illustrate that MCBR deficiency inhibits the cell cycle progres-
sion and metabolic activation of HSPCs after irradiation.

MCS5R regulates HSPC proliferation via the PIBK/AKT
and MAPK pathways

To further understand the exact molecular mechanism, we analyzed
proliferation-associated pathways in HSPCs. Notably, the GSEA
results showed that the cytokine-mediated signaling pathway was
significantly suppressed in irradiated LSKs lacking MC5R
(Figure 5A). Studies have shown that PISK/AKT, JAK/STAT,
MAPK, TGF-B/Smad, and nuclear factor-xB are key pathways that
mediate the role of many cytokines in regulating the proliferation of
HSPCs.5?*?° Importantly, MC5R-null HSPCs showed significant
decreases in the phosphorylation levels of PI3K, AKT, ERK1/2, but
not STAT1, STST3, STAT5, Smad2/3, and p65, especially on day
15 after irradiation (Figure 5B-l; supplemental Figure 5A,B). The
attenuated phosphorylation of AKT and ERK1/2 was further
confirmed by immunofluorescence (Figure 5J,K). Therefore, these
results suggest that MCBR regulates HSPC proliferation probably
through the PIBK/AKT and MAPK pathways.

Melanocortin/MC5R axis promotes hematopoietic
regeneration in mice after irradiation

Finally, to determine whether the PISK/AKT and MAPK pathways
mediate the effects of the melanocortin/MC5R axis on HSC pro-
liferation, mice were intraperitoneally injected with a-MSH. Indeed,
the phosphorylation levels of AKT and ERK1/2, as well as their
proliferation, were remarkably increased in HSCs after oa-MSH
treatment, which could be largely abrogated by AKT inhibitor (MK-
2206) or ERK1/2 inhibitor (PD325901), respectively (Figure 6A-
C). More importantly, a-MSH treatment increased the number of
HSPCs in the BM, eventually accelerating the recovery of PB in
mice after radiation injury (Figure 6D-H). Moreover, a-MSH treat-
ment significantly increased the survival rate of the mice subjected
to lethal radiation (Figure 6l). These effects were also significantly
eliminated after AKT or ERK1/2 inhibitor treatment (Figure 6D-I).
However, these effects of a-MSH were not observed in MC5R™~
mice (supplemental Figure 6A-H). Collectively, our data demon-
strated that the melanocortin/MC5R axis is required to facilitate
hematopoietic regeneration in mice after irradiation.

Discussion

HSCs are extremely rare in adult BM, but they are responsible for
maintaining hematopoietic homeostasis throughout life.”®?” After
intensive research for decades, the normal hematopoietic process
has been well understood. It is known that the hematopoietic
system is vulnerable to various damage factors, but the promotion
of the rapid proliferation of HSPCs following stress-induced mye-
losuppression is not fully understood. In recent years, studies have
shown that several hormones, such as estrogen, luteinizing,
glucocorticoid, and melatonin, play a crucial role in the regulation of
HSC behavior.?®®" Here, we report that melanocortin acts on
HSCs via MCBR, upregulating the phosphorylation levels of AKT
and ERK1/2, which stimulate hematopoiesis after radiation injury.

Melanocortins, a class of peptide hormones produced in the pitu-
itary gland, can be cleaved into different subtypes to match the
melanocortin receptors with tissue specificity and participate in the
regulation of relevant physiological and pathological processes.®?
The early discovered MCRs subtypes, MC1R to MCA4R, have
been well known in detail for their major functions. For example,
MC1R is mainly distributed in the epidermis and melanocytes and
is involved in pigment formation®®; MC2R is located in the adrenal
cortex and mediates adrenocorticotropic hormone to stimulate
glucocorticoid production®*; Both MC3R and MC4R are present in
the central nervous system and principally act in metabolic
regulation-related functions.?>*® However, the physiological
function of the last discovered melanocortin receptor, MC5R, has
not been well investigated. At present, the public database shows
that MC5R is enriched in murine HSPCs from BM, which was
confirmed via qRT-PCR and immunofluorescence in our study. In
particular, a recent study reported that MC5R was also highly
expressed in human HSCs (Lin~ CD34" CD38~ CD90*
CD45RA") purified from PB mononuclear cells.>” These findings
suggest that MC5R may have an important regulatory role in
HSPCs. Unfortunately, subsequent experiments using MC5R™~
mice proved that the absence of MC5R does not cause significant
changes in homeostatic hematopoiesis, which is consistent with
the results of a recent study.®’

As we know, hormone levels in the body are regulated by several
factors. In fact, it has been reported that the levels of melanocortins
are significantly elevated after various stresses, such as UV radia-
tion, tumorigenesis, and inflammatory stimuli, etc.>*°%°° However,
the involvement of melanocortins in stress hematopoiesis has not
been explored. In this study, we observed that a-MSH level was
substantially upregulated in the serum and BM of mice after irra-
diation, together with an increased expression of MC5R in HSPCs.

Figure 4. MC5R deletion significantly alters cell cycle-associated transcriptional profile in HSPCs following irradiation exposure. (A-C) LSKs sorted from the BM
of WT and MC5R™" mice 15 days after 5.0 Gy TBI were subjected to RNA-seq analysis (n = 3). Those with a fold change >1.5 and P-value < .05 were defined as differentially
expressed genes (DEGs). (A) Experimental scheme. (B) Scatter plot showing DEGs in the LSKs from the BM of irradiated WT and MC5R™~ mice. Representative DEGs are
indicated. (C) Heatmap of significantly changed genes in LSKs from the BM of irradiated WT and MC5R™~ mice. (D) GSEA of the RNA-seq data showing proliferation- and
quiescence-associated enrichment, cell metabolism-associated enrichment, and protein synthesis-associated enrichment in LSKs from irradiated WT and MC5R ™~ mice. (E) qRT-
PCR analysis of the relative expression of cell cycle-associated genes in LT-HSCs sorted from the BM of WT and MC5R ™" mice 15 days after 5.0 Gy TBI (n = 3). (F) Flow
cytometric analysis of mitochondrial mass in LSKs and LT-HSCs from the BM of WT and MC5R™" mice 15 days after 5.0 Gy TBI using MitoTracker Green staining (n = 6).
Representative flow cytometric plots (left). (G) Flow cytometric analysis of mitochondrial membrane potential in LSKs and LT-HSCs from the BM of WT and MC5R™~ mice

15 days after 5.0 Gy TBI by tetramethylrhodamine methyl ester (TMRM) staining (n = 6). (H) Flow cytometric analysis of the protein synthesis rate in LSKs and LT-HSCs from the

BM of WT and MC5R™" mice 15 days after 5.0 Gy TBI by O-propargyl-puromycin (OP-Puro) incorporation analysis (n = 6). Representative flow cytometric plots are shown in the
left. (E-H) Unpaired t test (two-tailed). *P < .05; **P < .01; ***P < .001. MFI, mean fluorescence intensity.
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Figure 5. MC5R regulates HSPC proliferation via the PI3BK/AKT and MAPK pathways. (A) GSEA of RNA-seq data showing cytokine signaling-associated enrichment in
LSKs from irradiated WT and MC5R™~ mice. (B-D) Flow cytometric analysis of the expression of (B) p-PI3K, (C) p-AKT, and (D) p-ERK1/2 in LSKs and LT-HSCs from the BM of
WT and MC5R” mice 15 days after 5.0 Gy TBI (n = 6). Representative flow cytometric plots (left). (E-I) Flow cytometric analysis of the expression of (E) p-STAT1, (F) p-STAT3,
(G) p-STATS, (H) p-Smad?2/3, and (I) p-p65 in LSKs and LT-HSCs in the BM of WT and MC5R ™~ mice 15 days after 5.0 Gy TBI (n = 6). (J K) Representative immunofluorescence
plots showing (J) p-AKT and (K) p-ERK1/2 expression in LSKs sorted from the BM of WT and MC5R™" mice at 15 days after 5.0 Gy TBI. (B-I) unpaired t test (two-tailed).

**p <.001.

3208 CHEN et al

11 JULY 2023 . VOLUME 7, NUMBER 13

€ blood advances



A B
LT-HSC LI-HSC
1000 1000
- 800 - 800
2 600 2 600
=] —_ = —
S = S = g
400 400 %
200 200 /
%
p-AKT 0 p-ERK1/2 0
— ISO — WT BWT — ISO — WT BWT
— WT + Saline + Vehicle M WT + Saline + Vehicle — WT + Saline + Vehicle M WT + Saline + Vehicle
— WT + a-MSH + Vehicle B WT + o-MSH + Vehicle — WT + a-MSH + Vehicle B WT + o-MSH + Vehicle
-~ WT + a-MSH + MK-2206 % WT + o-MSH + MK-2206 -~ WT + a-MSH + MK-2206 % WT + o-MSH + MK-2206
~~~~~~~ WT + 0-MSH + PD325901 B WT + o-MSH + PD325901 - WT + a-MSH + PD325901 B WT + o-MSH + PD325901
C
LT-HSC
WT + Saline +  WT+a-MSH+ WT+o-MSH+ WT +a-MSH + 1004 T mwWT ) )
wT Vehicle Vehicle MK-2206 PD325901 = B WT + Saline + Vehicle
G1 S/IG2/M| {G1 S/IG2/M G1 S/IG2/M| 1G1 S/IG2/M | G1 S/IG2/M ’-c\ 80 . WT + Q'MSH + VehICIe
16.6| 4.12| {154 3.96 262 17.4| 121.3 10.01 19.2 781 é % WT + Q'MSH + MK‘2206
= 60 % B WT + o-MSH + PD325901
P S % P o
= = 40 é hs
D
ie (S G Go G = 20 é
79.0 80.3 571 68.6 72.4 /
> 0
Hoechst 33342
D E
*k
= ;<? 1.2 4 s
< (=]
(o] —
z X 0.9
=
= = %
@ = 0.6 - %
= — .
5 £ /
= £ 0.3
2 =
= 3 0.0 -
LT-HSC 0 t—T—T—TTTTTT T
0 3 6 912151821242730
Days after IR (5.0 Gy)
BEWT+IR BWT+IR -—WT+IR
B WT + IR + Saline + Vehicle B WT + IR + Saline + Vehicle —— WT + IR + Saline + Vehicle ]*
B WT + IR + a-MSH + Vehicle B WT + IR + a-MSH + Vehicle -+— WT + IR + a-MSH + Vehicle
7% WT + IR + a-MSH + MK-2206 % WT + IR + a-MSH + MK-2206 -+ WT + IR + a'MSH + MK-2206 J# :|+
B/ WT + IR + a-MSH + PD325901 H WT + IR + a-MSH + PD325901 -+ WT + IR + 0-MSH + PD325901
G H |
PLT
1800 4
g
= = 1200 - g
- =
S S z
'_ 600 A S
]
£
O T T T T T T T T T T T 0 T T T T T T T T T T T
0 3 6 912151821242730 0 3 6 912151821242730
Days after IR (5.0 Gy) Days after IR (5.0 Gy) Days after IR (7.5 Gy)
- WT +IR - WT +IR —WT+IR
—=WT + IR + Saline + Vehicle I+ —=WT + IR + Saline + Vehicle - — WT + IR + Saline + Vehicle -
= WT + IR + a-MSH + Vehicle -~ WT + IR + a-MSH + Vehicle — WT + IR + a-MSH + Vehicle
-+ WT + IR + 0-MSH + MK-2206 J* :|+ -« WT + IR + o-MSH + MK-2206 J* :|+ == WT + IR + o-MSH + MK-2206 J* :|+
-~ WT + IR + a-MSH + PD325901 -+ WT + IR + a-MSH + PD325901 - === WT + IR + a-MSH + PD325901

€ blood advances

11 JULY 2023 . VOLUME 7, NUMBER 13

Figure 6.

MELANOCORTIN/MC5R AXIS REGULATES HSC PROLIFERATION 3209




As a result, MC5R deficiency causes more severe myelosup-
pression in mice after radiation injury. Further studies demon-
strated that this delay may be mainly due to the arrest of cell cycle
progression rather than increased apoptosis in irradiated HSPCs
with MCBR deficiency, which was further confirmed via RNA-seq
analysis. It has been well established that most HSCs, particularly
LT-HSCs, are retained in a quiescent state under healthy physi-
ological conditions.®“® Based on this property, primitive HSCs
exhibit relatively stronger resistance to ionizing radiation than
various hematopoietic progenitor cells with actively cycling.”’
When subjected to injuries, residual HSCs will experience rapid
proliferation period in order to replenish the blood cells.*? Hence,
excessive inhibition of the cell cycle of HSCs may impair their
capacity to effectively produce offspring cells, ultimately leading
to delayed recovery of the injured hematopoietic system.*® Simi-
larly, repressing HSC proliferation ability will result in failed
rebuilding of myeloablative hosts after transplantation, as reported
by recent studies, including our own, using some gene-deficient
mice, such as CDK19, Gabbr1, Ptbp1, Igf2bp2, Ptp4a, etc.***®
Therefore, it can be observed that melanocortin/MCBR axis par-
ticipates in the regulation of HSC proliferation in response to
stress injury.

There is overwhelming evidence that cytokine-mediated pathways
play a vital role in regulating various cell behaviors.”® Among these,
the PISK/AKT, JAK/STAT, and MAPK are well recognized pathways
to promote the proliferation and differentiation of HSPCs.??
Indeed, many hematopoietic growth factors, including thrombo-
poietin, granulocyte-macrophage—colony-stimulating factor, and
stem cell factor, function predominantly by activating the afore-
mentioned signaling molecules.®*°® Besides, nuclear factor kB is
downstream of Toll-like receptors and mediates the radiation pro-
tection effect of several cytokines or small molecule drugs.’®®” On
the contrary, the TGF-p/Smad pathway has been shown to sustain
the quiescence of HSCs.?'°® In our study, GSEA results revealed
that the cytokine-mediated pathway was significantly compromised
in HSPCs in the absence of MCBR after irradiation. Further experi-
ments confirmed that the PISBK/AKT and MAPK pathways, but not
the other mentioned pathways, were significantly impaired in irradi-
ated HSPCs with MCBR deficiency. According to previous reports,
MCB5R, as a typical class A guanine nucleotide-protein coupled
receptor, can receive upstream melanocortin signals, leading to the
dissociation of Gg, dimers from activated G, dimers, thereby
causing PI3K phosphorylation as well as downstream AKT
activation.”®°® Meanwhile, MC5R activates the ERK1/2 pathway,
probably via the PI3K/c-Raf/MEK1/2 or p-arrestin1/2/c-Raf/MEK1/2
signaling cascades.’>®° Consistently, a-MSH administration acti-
vates the PIBK/AKT and MAPK pathways, eventually accelerating
the expansion of HSPC numbers in the BM. Specifically, these
effects could be largely abrogated by AKT or ERK1/2 inhibitor
treatment, which means that the melanocortin/MCB5R axis exerts

regulatory functions, at least in part, through these 2 pathways.
Nevertheless, we cannot completely rule out the possibility that other
mechanisms are also involved in this process.

In conclusion, our study revealed that melanocortin promoted HSC
proliferation, thereby accelerating hematopoietic recovery after
irradiation. The generation of the aforementioned effects is closely
related to the activation of PIBK/AKT and MAPK pathways via
MCBR. These findings not only reveal a previously unrecognized
role of melanocortin in HSC biology but also provide a new strat-
egy for hematopoietic regeneration after injury.
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Figure 6. Melanocortin/MC5R axis promotes hematopoietic regeneration in irradiated mice. (A,B) Flow cytometric analysis of the expression of (A) p-AKT and (B)
p-ERK1/2 in LT-HSCs from the BM of WT mice treated with saline or a-MSH, along with vehicle, AKT inhibitor MK-2206, or ERK1/2 inhibitor PD325901 (n = 6). (C) Cell cycle
analysis of LT-HSCs from the BM of WT mice treated with saline or a-MSH along with vehicle, MK-2206, or PD325901 (n = 6). (D,E) The number of (D) MPs, LSKs, and (E)
LT-HSCs from the BM of WT mice treated with saline or a-MSH, along with vehicle, MK-2206, or PD325901, 15 days after 5.0 Gy TBI (n = 6). (F-H) The counts of (F) WBC, (G)
RBC, and (H) PLT in the PB of WT mice treated with saline or a-MSH, along with vehicle, MK-2206, or PD325901, at the indicated time after 5.0 Gy TBI (n = 10). (I) The survival
rates of WT mice treated with saline or a-MSH, along with vehicle, MK-2206, or PD325901, after 7.5 Gy TBI (n = 10). (A-H) One-way ANOVA with Tukey multiple comparisons
test; (I) Log-rank test. *P < .05; *P < .01; **P < .001; *P < .05; #¥¥P < .01; tP < .05; 1P < .01. NS, not significant.
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