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Hematopoietic stem and progenitor cell (HSPC) function in bone marrow (BM) is controlled
by stroma-derived signals, but the identity and interplay of these signals remain incom-
pletely understood. Here, we show that sympathetic nerve-derived dopamine directly
controls HSPC behavior through D, subfamily dopamine receptors. Blockade of dopamine
synthesis, as well as pharmacological or genetic inactivation of D, subfamily dopamine
receptors, leads to reduced HSPC frequency, inhibition of proliferation, and low BM trans-
plantation efficiency. Conversely, treatment with a D,-type receptor agonist increases BM
regeneration and transplantation efficiency. Mechanistically, dopamine controls expression
of the lymphocyte-specific protein tyrosine kinase (Lck), which, in turn, regulates MAPK-
mediated signaling triggered by stem cell factor in HSPCs. Our work reveals critical func-
tional roles of dopamine in HSPCs, which may open up new therapeutic options for
improved BM transplantation and other conditions requiring the rapid expansion of
_/ HsPCs.

® Dopamine signaling
influences
hematopoietic stem cell
maintenance, HSPC
proliferation, and
transplantation
efficiency.

©® Dopamine maintains
Lck expression to
control stem cell
factor-induced ERK
signaling downstream
of cKit.

been also associated with acute myelogenous leukemia, chemo-
therapy, and HSC ageing.?¢*%** Adrenergic signals influence
HSC behavior indirectly through alterations in niche cells, #2454
whereas it is unclear whether sympathetic nerves control HSPCs
directly.

Introduction

Hematopoietic stem cells (HSCs) are indispensable for life-
long blood cell formation and, thereby, enable fundamental
physiological processes, such as oxygen transport, immune
responses, removal of debris, and tissue repair.' The main-
tenance and behavior of HSCs in bone marrow (BM) are
regulated by niche microenvironments involving endothelial
cells, vessel-associated reticular cells, adipocytes, and mega-
karyocytes."?7~1? Although some niche-derived signals, such
as SCF and the chemokine Cxcl12, are well studied,?2%-2¢
understanding of the microenvironmental control of HSC
function remains incomplete.

The neuromodulator dopamine is synthesized from L-3, 4-
dihydroxyphenylalanine, which, in turn, is generated from tyro-
sine by the enzyme tyrosine hydroxylase (Th).* Dopamine is
essential in brain where dopaminergic neurotransmission regu-
lates various behavioral traits and defective dopamine signaling
is a cause of neurodegenerative disease.*®4? Based on signaling
activity, the 5 dopamine receptors can be divided into Ds-type
(including Drd1 and Drd5) and D,-type (Drd2, Drd3, and Drd4)
receptors.>
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Stroma-derived niche factors are also relevant for the chal-
lenged hematopoietic system. Chemotherapy or radiotherapy
followed by BM transplantation, which are standard treatments
for many hematopoietic malignancies, involve the rapid expan-
sion of hematopoietic stem and progenitor cells
(HSPCs)."28.14.24.2527-31 Eailyre of these processes contribute

Here, we show that dopamine signaling through D,-type
receptors regulates HSPC behavior in BM under steady-state

to increased patient morbidity and mortality; thus, further
insight into the signals controlling HSPCs is needed.?”-2832

Adrenergic nerves and noradrenaline secretion control circadian
oscillations in HSC migration.**3? Adrenergic nerves in BM have
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conditions and after transplantation. We identify lymphocyte-
specific protein tyrosine kinase (Lck) as a downstream target
that is regulated by dopamine signaling and controls the
response of HSPCs to extrinsic signals from the vascular
niche.
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Methods

Mice

Thim1(CreTe (Th-Cre),>! Rosa26-DTR,>? Drd2!™1tow 33 prg3imibac 54
Rosa26-mTmG,>® Vavi1-Cre,*® Wnt1-Cre,”’ Leprtmz(cre)RCk,58 and
Tg(Drd2-EGFP/Rpl10a)CP101Htz>’ mice were used in this
study.

FACS, immunostaining, and transplantation
Detailed descriptions of fluorescence-activated cell sorting
(FACS), immunostaining, RNA sequencing (RNA-seq), pharmaco-
logical treatments, methylcellulose assays, lentiviral infections,
quantitative polymerase chain reaction (qPCR) enzyme-linked
immunosorbent assay (ELISA), mass spectrometry, and trans-
plantation experiments are provided in supplemental Methods
(available on the Blood Web site).

Results

D,-type dopamine receptors cell autonomously
regulate HSC maintenance

In a search for potential niche signals, we found that the normal-
ized ratio and amount of dopamine in the extracellular fluid of
BM are significantly higher relative to spleen and thymus (Figure
1A-B). Moreover, dopamine levels in BM are higher during the
dark phase relative to daytime (supplemental Figure 1A). Dopa-
mine may act directly on cells in marrow because bulk RNA-seq
analysis of different BM cell types indicates that LSK (Lin~
Sca-1" cKit") cells, which include HSPCs, express multiple
dopamine receptors (supplemental Figure 1B).">?" This is con-
sistent with a previous report showing dopamine receptor
expression in CD34% human hematopoietic cells.° However,
transcript levels of dopamine receptors are relatively low in LSK
cells and in neurons, which are known to express these mole-
cules (supplemental Figure 1B-E).6"¢? Dopamine receptor mes-
senger RNAs (mRNAs) are very difficult to detect with
conventional techniques at the single-cell level, even in striatal
neurons, but this low transcript expression allows sufficient gen-
eration of functional protein.®® Accordingly, we found that Drd2
expression in LSK cells, HSCs (Lin~ Scal®™ cKit" CD48~
CD150"), and cKit" Lin~ hematopoietic cells is supported by
analysis of Drd2-EGFP transgenic mice and by gPCR (Figure
1C-D; supplemental Figure 1F-G). Furthermore, immunostaining
confirms expression of Drd2 and Drd3 in cKit" Lin™ hematopoi-
etic cells in adult BM sections and in freshly isolated LSK cells

and HSCs (Figure 1E-F; supplemental Figure 1H-K). Expression
of Drd2 and Drd3 in LSK cells and HSCs, but not in differenti-
ated hematopoietic cells, is also evident by flow cytometry (Fig-
ure 1G-H; supplemental Figure 1L-M). Based on FACS analysis,
the expression of Drd2 is 1.9-fold higher in neurons than in LSK
cells, whereas neuronal Drd3 is 0.7-fold lower than in LSK cells
(supplemental Figure 1N). Although Ds-type receptor expression
is detectable in LSK cells, pharmacological inhibition with the
D1-specific inhibitor SCH-23390 does not cause hematopoietic
defects (supplemental Figure 2A-B).**

To investigate the potential functions of D,-type receptors in
HSC maintenance, we analyzed young adult Drd2-knockout
(Drd27'") and Drd3-knockout (Drd37/7) mice. Remarkably,
Drd2™'~ and Drd3™’~ mice exhibit a reduction in HSCs and LSK
cells in BM (supplemental Figure 2C-D). We further generated
Drd2 and Drd3 double-knockout (Drd-DKO) mice, which also
show significant loss of HSCs and LSK cells relative to wild-type
(WT) controls (Figure 1I-J). Loss of HSCs in Drd-DKO mice is
confirmed by CD45.2/CD45.1 competitive repopulation (Figure
1K; supplemental Figure 2E-F). Similar to findings in BM, LSK
cells and HSCs are also reduced in Drd-DKO spleen, whereas
the abundance of these cell populations in peripheral blood is
unaltered (supplemental Figure 2G). Although total BM nucle-
ated cells (BMNCs) are comparable in Drd-DKO and control
samples, mutants show a substantial reduction in common mye-
loid progenitors, megakaryocyte-erythroid progenitors, CD11b™
myeloid cells, and Gr-1" granulocytes (supplemental Figure 2H-
J). Together, these results establish that D,-type receptors are
expressed by HSCs/HSPCs and are necessary for maintenance
of these cell populations.

Next, we conducted experiments to distinguish the role of D,-
type dopamine receptors in hematopoietic cells vs stromal cells.
To generate hematopoietic cell-specific Dra-DKO chimeric mice
(Drd-DKO*M%), lethally irradiated WT recipients were trans-
planted with LSK cells from WT or Drd-DKO donors and ana-
lyzed after successful repopulation (Figure 1L). Chimeras with
Drd-DKO hematopoietic cells show significantly reduced per-
centages of HSCs and LSK cells in BM (Figure 1M; supplemental
Figure 2K-1). The loss of HSCs was confirmed by secondary
transplantation when transplanted recipient mice were used as
donors for CD45.2/CD45.1 competitive repopulation (Figure
IN). In contrast, when lethally irradiated WT or Drd-DKO

Figure 1. D,-type dopamine receptors cell-autonomously regulate HSC maintenance. (A) Normalized ratio (normalized to 1) of dopamine/noradrenaline in extracel-
lular fluid from midbrain, BM, spleen, and thymus by ELISA (n = 4 for each tissue). The P values were calculated using analysis of variance (ANOVA). (B) Normalized
dopamine level in extracellular fluid of midbrain, BM, spleen, and thymus by ELISA (n = 4). The P values were calculated using ANOVA. (C) Representative FACS graphs
and quantification of GFP expression in LSK cells and HSCs from littermate control or Drd2-EGFP transgenic mice (n = 4). The P value was calculated using the Student
t test. (D) Representative confocal images showing GFP expression in Lin~ c-Kit™ HSPCs in adult bone sections from Drd2-EGFP mice. Confocal images showing Drd2
(E) and Drd3 (F) expression in FACS-sorted HSCs (left panels) and LSK cells (right panels) from WT or Drd-DKO (DKO) mice. Quantification of Drd2 or Drd3 normalized
mean fluorescent intensity (NMFI). Mean fluorescent intensity (MFI) for WT cells is normalized to 1. For Drd2, WT HSC = 19, DKO HSC = 39, WT LSK = 33, and DKO
LSK = 33. For Drd3, WT HSC = 18, DKO HSC = 21, WT LSK = 25, and DKO LSK = 25. Representative FACS graphs showing Drd2 (G) and Drd3 (H) expression in WT
and Drd-DKO LSK cells and HSCs. MFI is normalized to the WT sample without primary antibody (n = 3); WT = 6, Drd-DKO = 6. (I) Representative FACS plots of LSK
cells and HSCs in Drd-DKO and WT control mice. Numbers in the boxed areas represent the percentage of the corresponding cell population. (J) Quantification of the
percentages of LSK cells (upper panels) and HSCs (lower panels) in BM (WT = 14; Drd-DKO = 14). The P value was calculated using the Student t test. (K) Quantifica-
tion of donor-derived (CD45.2) B lymphocytes, T lymphocytes, and myeloid cells in competitive repopulating experiments (WT = 14; Drd-DKO = 14). A total of 5 X 10°
CD45.2 (WT or Drd-DKO) BM cells were mixed with 5 X 10° CD45.1 BM cells, transplanted into lethally irradiated CD45.1 recipients, and analyzed 16 weeks later. The
P value was calculated using the Student t test. (L) Diagram depicting transplantation of WT or Drd-DKO LSK cells into lethally irradiated WT mice. (M) Percentages of
LSK cells (left panel), HSCs (middle panel), and CD49b~ HSCs (right panel) in hematopoietic-specific chimeric WT (n = 11) or Drd-DKO*"C (n = 8) BM from mice in
panel L at 6 months after transplantation. The P value was calculated using the Student t test. (N) Quantification of donor-derived (CD45.2) cells in secondary competi-
tive transplantation experiments (WT donor BM = 9; Drd-DKO*"“ donor BM = 12). The P value was calculated using the Student t test. (O) Schematic diagram depict-
ing transplantation of WT LSK cells into lethally irradiated WT or Drd-DKO recipients. (P) Percentages of LSK cells (left panel), HSCs (middle panel), and CD49b~ HSCs
(right panel) from chimeric mice in panel O at 6 months after transplantation. The P value was calculated using the Student t test. WT = 11; Drd-DKO*S = 7. APC,
allophycocyanin; Ctrl, control; Fig.S2L, supplemental Figure 2L; Fig.S2M, supplemental Figure 2M; FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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recipients were transplanted with WT donor LSK cells and ana-
lyzed after successful repopulation, HSC and LSK cell percent-
age were not significantly different in the resulting stromal
cell-specific Drd-DKO (Drd-DKO*S)  chimeras (Figure 10-P;
supplemental Figure 2M) lacking Drd2/Drd3 in nonhemato-
poietic cells. The observed differences in transplantation experi-
ments with Drd-DKO cells are highly unlikely to be caused by a
mixed genetic background, because we obtained very similar
results with WT cells from C57/B6 or 129 mice (supplemental
Figure 2N-P). Moreover, acute administration of haloperidol,
which has high affinity for D,-type dopamine receptors and
50-fold to 4000-fold lower binding to other receptors, including
serotonin and adrenergic receptors,®* results in a significant
reduction in the percentage of LSK cells and HSCs (supplemen-
tal Figure 2Q-S) that involves increased apoptosis of these cells
but is not related to altered levels of the chemokine Cxcl12 and
SCF in BM (supplemental Figure 2T-V).

These results indicate that D,-type dopamine receptors are
required for HSC and LSK cell maintenance in hematopo-
ietic but not BM stromal cells. Furthermore, the above find-
ings establish that alterations in Drd-DKO HSCs and
progenitors are not caused indirectly (eg, by defects in brain

physiology).

Blockade of dopamine synthesis phenocopies loss
of HSCs and HSPCs

Next, we investigated whether blockade of dopamine synthesis
results in a similar phenotype as does inactivation of D -type
receptors. Because Th is essential for dopamine synthesis, the
neuromodulator can only be released by Th* cell populations;
accordingly, dopamine immunostaining is seen along Th* nerve
fibers in BM, which are also positive for Tuj1 (neuron-specific
class 3 B-tubulin) and the neurotrophin receptor TrkA (Figure
2A-C; supplemental Figure 3A-B). In contrast, Th signal is unde-
tectable in Emen* endothelial cells, Lepr™ mesenchymal cells,
aSMA* vascular smooth muscle cells, and lineage-committed
hematopoietic cells (supplemental Figure 3C-F). This expression
pattern is confirmed by a genetic approach involving a combina-
tion (Th-mTmG) of constitutively active Th-Cre and Rosa2é-
mTmG Cre reporter mice (supplemental Table 1). In lethally irra-
diated Th-mTmG mice transplanted with WT donor BM cells
(Figure 2D), the GFP signal colocalizes with the presynaptic
marker synaptophysin and endogenous Th (Figure 2E-F; supple-
mental Figure 3G-J). Furthermore, immunostaining shows that
CD150" CD48~ CD41~ Lin~ HSCs are enriched in the vicinity
of GFP™ nerves relative to random cells in Th-mTmG recipient
mice (supplemental Figure 3K-L).

To block dopamine synthesis in nerves, we generated Th-Cre
Rosa26-DTR (DTR®™) mice in which diphtheria toxin (DTX)
administration ablates Th™ cells (Figure 2G). This strategy effi-
ciently eliminates Th™ signals, which are readily detectable
around aSMA" vascular smooth muscle cell-covered arteries in
control, but not in DTRA™, BM (supplemental Figure 3M) and
causes a significant reduction in dopamine levels in DTR*™ BM
extracellular fluid (supplemental Figure 3N-Q). DTX administra-
tion to Cre” mice does not influence the percentage of LSK
cells, indicating that DTX does not influence HSPCs in an unspe-
cific fashion (supplemental 3R). In contrast, nerve ablation in
Cre* DTR®™ mice leads to a significant decrease in LSK cells
and HSCs, as well as reduced proliferation in young adults (Fig-
ure 2H; supplemental Figure 3S). The reduction in HSCs is con-
firmed by CDA45.2/CD45.1 competitive repopulation assay
(Figure 2I).

To confirm that defects in DTRA™ mice are indeed induced by
ablation of stromal Th™ cells, we transplanted lethally irradiated
DTRA™ and control mice with WT BM cells and administered
DTX after successful reconstitution [DTRAT) (Figure 2J). In
the presence of WT hematopoietic cells, DTRA™ recipients
show a significant reduction in LSK cells and HSCs after DTX
administration (Figure 2K-L).

Next, we interfered with dopamine synthesis outside of the
brain by injecting carbidopa, which cannot cross the blood-
brain barrier and, therefore, prevents conversion of L-3, 4-
dihydroxyphenylalanine to dopamine by inhibiting the
enzyme aromatic L-amino acid decarboxylase only in the
peripheral nervous system.®®> Consistent with our other find-
ings, carbidopa treatment results in a significant reduction in
LSK cells and HSCs (Figure 2M). Because Th is also required
for the synthesis of noradrenaline and adrenaline, we adminis-
tered the inhibitor ICI-118551 intraperitoneally to block the
B, adrenergic receptor,*? which does not induce significant
changes in LSK cell percentage and hematopoiesis (supple-
mental Figure 4A-D). Together with 2 recent reports showing
that young adult knockout mice lacking the B3 adrenergic
receptor or the B, and B3 adrenergic receptors do not exhibit
a significant reduction in LSK cells,*24* these findings argue
that defective noradrenaline/adrenaline function is unlikely to
be a major cause of the defective HSPC maintenance in
young adult DTRATCS mice.

Thus, depletion of dopamine results in loss of HSCs and HSPCs,
which phenocopies defects in Drd-DKO mice, arguing for direct
regulation by dopamine.

Figure 2. Blockade of dopamine synthesis impairs HSC maintenance. Representative confocal images showing expression pattern of endogenous Th protein in com-
bination with Tuj1 (A) and TrkA (B) in WT BM. (C) Immunostaining showing distribution of dopamine and its colocalization with Th in BM. (D) Tile-scan image showing
Th-Cre—driven GFP expression in Th-mTmG recipient BM. Colocalization of Th-Cre-driven GFP with neuronal presynaptic marker synaptophysin (E) and Th protein (F) in
Th-mTmG recipients. (G) Diagram depicting genetic strategy for Th™ cell ablation after DTX administration. (H) Quantification of the percentages and numbers of LSK
cells and HSCs in BM of DTRA™ (Cre™™ flox™ n = 6) and control (Cre™* flox™"f; n = 8) mice. The P value was calculated using the Student t test. (I) Quantification of
donor-derived (CD45.2) B lymphocytes, T lymphocytes, and myeloid cells in competitive repopulating assay. A total of 5 X 10° CD45.2 (Ctrl or DTR*™) BM cells mixed
with 5 X 10° CD45.1 BM cells were transplanted into lethally irradiated CD45.1 recipients, which were analyzed 16 weeks later. Ctrl = 7; DTRA™ = 7. The P value was
calculated using the Student t test. (J) Schematic diagram depicting WT BM transplantation into DTR™
2 months after transplantation. Th-mTmG reporter mice were analyzed without toxin injection. (K) Representative FACS plots of LSK cells and HSCs in control and
DTRATMSO recipients after DTX administration. Numbers represent the percentages of the indicated cell populations in BM. (L) Quantification of the percentages (left
panels) and numbers (right panels) of LSK cells and HSCs in control (n = 11) and DTRA™S (n = 8) recipient BM. The P value was calculated using the Student t test.
(M) Quantification of the numbers and percentages of LSK cells and HSCs in BM from vehicle-injected (n = 6) or carbidopa-injected (n = 6) WT mice. The P value was
calculated using the Student t test. APC, allophycocyanin; Ctrl, control; FITC, fluorescein isothiocyanate; PE, phycoerythrin.

and control mice. DTX injection and HSC analysis were done
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Loss of dopamine signaling alters the
transcription profile and cell cycle status of

LSK cells

To address how dopamine regulates the functional properties of
LSK cells, we sorted this population from WT and Drd-DKO
mice for bulk RNA-seq analysis. Unsupervised clustering and
principal component analysis of the RNA-seq data show that
Drd-DKO LSK cell replicates are more similar to each other than
to WT LSK cells (Figure 3A-B; supplemental Figure 4E). In a
Bland-Altman plot, knockout of Drd2 and Drd3 results in the
upregulation of 847 genes and downregulation of 965 genes at
a significance of P < .05 (Figure 3C), which further supports a
cell-autonomous function for dopamine signaling in LSK cells.
Based on gene ontology analysis, several pathways controlling
cell cycle and mitosis are among the top regulated candidates
(Figure 3D). Downregulation of cell cycle-related genes and
pathways are detected by Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis (Figure 3E), which also reveals
changes in other signaling activities (supplemental Figure 4F-G).
Similar to Drd-DKO LSK cells, haloperidol treatment results in
significant transcriptional changes and cell cycle defects in LSK
cells (supplemental Figure 4H-L). These results indicate that D--
type receptors maintain the transcriptional profile and cell cycle
status of LSK cells.

Next, we used several approaches to block dopamine signaling
and study the effects on LSK cell mitosis. After haloperidol treat-
ment, DNA content analysis shows significant enrichment of LSK
cells in the tetraploid state (Figure 3F), which may reflect active
proliferation or, alternatively, cell cycle arrest at the G,/M check-
point. Arguing for the latter, transient (1-hour) EAU (5-ethynyl-2'-
deoxyuridine) incorporation in vivo is significantly reduced in
haloperidol-treated BM samples (Figure 3G). Haloperidol also
reduces LSK cell proliferation, as indicated by the significant
reduction in EJU incorporation and phospho-histone H3" EdU™
double-positive LSK cells (Figure 3H). This is consistent with
RNA-seq data showing downregulation of genes related to cell
cycle, metaphase-anaphase transition, spindle/centrosome func-
tion, and DNA-mismatch repair in Drd-DKO LSK cells (Figure
3I-L). Furthermore, we detect accumulation of yH2Ax, a DNA
damage marker, after haloperidol treatment (supplemental
Figure 4M-N).%® These results establish that D,-type receptor
activity preserves gene expression related to the proliferation
and cell cycle status of LSK cells under steady-state conditions.

D,-type dopamine receptors regulate BM
transplantation efficiency

Next, we investigated whether D-type receptors play a role in
allogeneic BM transplantation after lethal irradiation.’?¢” We
analyzed the transplantation efficiency at 2 weeks after trans-
plantation, which is within the critical period for recipient survival
that requires rapid proliferation and expansion of transplanted

HSPCs."3#24® |rradiated WT recipients that had received Drd-
DKO LSK cells (Drd-DKO*™) show significantly delayed hema-
topoietic reconstitution, with lower numbers of BMNCs, LSK
cells, and CD45" leukocytes relative to controls receiving WT
LSK cells (Figure 4A-C). Drd-DKO LSK transplant-derived cells
show a reduced Kié7 signal in BM, indicating reduced prolifera-
tion (Figure 4D). In contrast, no significant differences in hemato-
poietic reconstitution are detected 2 weeks after transplantation
of WT LSK cells into lethally irradiated WT or Drd-DKO recipi-
ents (Figure 4E-G). Thus, Do-type dopamine receptors in hema-
topoietic cells, but not in stromal cells, are critical for BM
transplantation.

We also transplanted Lin~ cells (Ter119~ CD5~ CD11b™
CD45R™ Ly-6G/C™) from Vavi-Cre Rosa26-mTmG double-
transgenic mice, in which Lin~ cells and their descendants are
genetically labeled by GFP expression (Figure 4H; supplemental
Figure 5A). Transplantation of these cells into DTR™ mice or
haloperidol-treated WT recipients results in substantially lower
transplantation efficiency, as indicated by the percentage of
GFP™ cells in recipients (Figure 4I-K; supplemental Figure 5B-D).
EdU incorporation and the percentage of EdU" cells in the
GFP* (donor-derived) population are significantly lower in
DTR*™ mice and in haloperidol-treated mice, which are indica-
tive of proliferation defects (Figure 4I-K; supplemental Figure
5B-E). These data establish that genetic or pharmacological
blockade of dopamine signaling results in lower transplantation
efficiency.

Next, we investigated the effect of irradiation on dopamine syn-
thesis. At 7 days after lethal irradiation without transplantation,
the total density of nerve fibers in BM is not changed (supple-
mental Figure 6A-B). In contrast, Th™ puncta number per length
of nerve, as well as the signals for the presynaptic marker syn-
aptophysin™, is reduced (Figure 5A-B; supplemental Figure 6C),
which is accompanied by lower levels of dopamine in femoral
extracellular fluid and bone sections (Figure 5C; supplemental
Figure 6D-E). Because these alterations are indicative of func-
tional defects in bone nerves and reduced dopamine production
in BM after irradiation, we tested whether activation of D,-type
receptors with the agonist 7-OH-DPAT can improve the trans-
plantation process. Lin™ donor cells from Vavi1-Cre R26-mTmG
mice were transplanted into lethally irradiated recipients in com-
bination with repeated 7-OH-DPAT or vehicle administration
once daily for 5 days (Figure 5D). 7-OH-DPAT treatment after
transplantation leads to a significant increase in the percentage
of GFP* cells in recipient BM and a higher percentage of
donor-derived leukocytes (Figure 5E-H). EJU incorporation into
donor-derived (GFP") cells is also increased, indicating that 7-
OH-DPAT treatment promotes their expansion after transplanta-
tion (Figure 5F-H). Prolonged 7-OH-DPAT treatment every sec-
ond day for 12 days (Figure 5I) increases LSK cell percentage,
the number of BMNCs and CD45" leukocytes in BM, indicating

Figure 3. D,-type dopamine receptors regulate the transcription profile and cell cycle status of LSK cells. Unsupervised clustering (A) and principal components
analysis (B) of RNA-seq results from Drd-DKO and WT LSK cells. (C) Bland-Altman plot showing 847 upregulated and 965 downregulated genes in Drd-DKO LSK cells
relative to control at P <0.05 significance level. Red dots indicate differentially expressed genes. (D) Gene ontology analysis indicating the top downregulated pathways
in Drd-DKO LSK cells. The yellow highlighting denotes cell cycle and mitosis-related pathways. (E) KEGG analysis indicating downregulation of the cell cycle pathway in
Drd-DKO LSK cells. (F) Percentage of LSK cells with diploid (2n) or tetraploid (4n) DNA content after treatment with vehicle (n = 6) or haloperidol (n = 6). The P value
was calculated using the Student t test. (G) Maximum intensity projections showing EdU incorporation in sections of distal long bone and, at higher magnification, in
metaphysis after haloperidol treatment (left panels). Quantification of the number of EJU™ cells in metaphysis (area = 1 mm?) (right panel). Vehicle = 4; haloperidol =
4. (H) FACS-based quantification of EdU™ LSK cells and p-Histone H3* EJU™ LSK cells after haloperidol treatment. The P value was calculated using the Student t test.
Vehicle = 7; haloperidol = 7. Heat map of selected cell cycle (I), metaphase-anaphase transition (J), spindle/centrosome function (K), and DNA mismatch repair-related

genes (L) in Drd-DKO and WT LSK cells.
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Figure 4. D,-type dopamine receptors regulate BM transplantation efficiency. (A) Diagram depicting the transplantation of WT or Drd-DKO LSK cells into lethally
irradiated WT mice. (B) Pseudocolor FACS plot of CD45" leukocytes in recipient BM, analyzed 14 days after transplantation. Numbers in rectangles represent the per-
centages of gated cells. (C) Quantification of BMNCs, LSK cells, and CD45" cells (WT = 11; Drd-DKO*"® = 13). The P value was calculated using the Student t test.
(D) Confocal image of Ki67 staining in bone sections from recipients transplanted with WT or Drd-DKO cells (left panels). Quantification of Ki67" cell number in each
image field (right panel; WT = 6; Drd-DKO*"® = 6). The P value was calculated using the Student t test. (E) Diagram depicting transplantation of LSK cells from WT
mice into lethally irradiated WT or Drd-DKO recipients. (F) Representative FACS plot of CD45" leukocytes in WT or Drd-DKO*SC. Numbers in boxed areas represent
the percentage of cells in the BM. (G) Quantification of BMNC and CD45" cell number in WT (n = 8) or Drd-DKO*C (n = 9) recipients. The P value was calculated
using the Student t test. (H) Scheme illustrating the lethal irradiation (12 Gy) of DTR™™ and littermate controls and transplantation of genetically labeled (GFP™) Lin™
HSPCs from Vav1-Cre Rosa26-mTmG donors (day 0) and treatment with DTX on days 0 and 1. Following EdU injection at day 4, mice were euthanized 1 hour later for
immunostaining and FACS analysis. (I) Overview of bone sections from DTR*™ or littermate control mice after lethal irradiation and transplantation of GFP-labeled
donor cells. Green, donor-derived hematopoietic cells; red, EdU; blue, Emcn. (J) Representative confocal images of bone sections showing GFP™ cells (green), Emen™
endothelial cells (blue), and EdU incorporation (red) in DTRA™ (lower panels) or littermate control (upper panels) mice. (K) Percentage of donor-derived GFP" and
GFP" CD45" cells by FACS (Ctrl = 6; DTRA™ = ¢). Quantification of EAU" cells in each field by imaging (Ctrl = 5; DTRA™ = 5). The P value was calculated using the
Student t test. Th, 1 hour; 12Gy4D, 4 days after lethal irradiation at 12Gy; Ctrl, control; D, day; SSC, side scatter.
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Figure 5. The D,-type receptor agonist 7-OH-DPAT promotes BM transplantation efficiency. Representative confocal images showing synaptophysin (A) and Th.
The P value was calculated using the Student t test. (B) immunosignal in control (Ctrl) and irradiated BM at 7 days after 12 Gy irradiation. Quantification of the syn-
aptophysin® and Th* puncta per length nerve. Ctrl = 16 slices from 3 mice; 12 Gy = 16 slices from 3 mice. (C) ELISA of dopamine levels in flushed BM extracellular
fluid in control (ctrl) femur (n = 7) or 7 days after lethal irradiation (12 Gy) (n = 8). The P value was calculated using the Student t test. (D) Transplantation of Lin~ cells
from Vav1-Cre Rosa26-mTmG mice into 7-OH-DPAT-treated (short regimen, as indicated) or vehicle control mice after lethal irradiation. (E) Overview of bone sections
from 7-OH-DPAT-treated or control mice after lethal irradiation and transplantation of GFP-labeled donor cells. (F) Representative confocal images showing GFP™
donor cells (green) and EdU incorporation (red) in sections from vehicle- and 7-OH-DPAT-treated long bone at 5 days after lethal irradiation and transplantation. (G)
Representative FACS plot of GFP™ cells in irradiated and transplanted mice treated with vehicle or 7-OH-DPAT. (H) Quantification of the percentages of GFP" cells
and donor-derived CD45" cells in BM by FACS (vehicle = 9; 7-OH-DPAT = 8). Quantification of EAU™ cells by imaging (vehicle = 5; 7-OH-DPAT = 5). The P value was
calculated using the Student t test. (I) Schematic depiction of the transplantation of Lin~ cells into 7-OH-DPAT-treated or vehicle control recipients (long treatment reg-
imen) at day 21 after lethal irradiation. (J) Confocal images showing Ki67™ signal in bone sections from recipients treated with vehicle or 7-OH-DPAT. (K) Quantification
of the numbers of BMNCs and CD45" cells and the percentages of LSK cells (vehicle = 7; 7-OH-DPAT = 8). The P value was calculated using the Student t test. Quan-
tification of Kié7™" cell number in each image field in panel J (vehicle = 4; 7-OH-DPAT = 5). (L) Representative images (dish at day 8 after seeding) (left panels) and
quantification of CFU from 200 HSCs isolated from WT mice (right panel). 7-OH-DPAT or vehicle was added to MethoCult medium (vehicle = 12; 7-OH-DPAT = 12).
The P value was calculated using the Student t test. 1h, 1 hour; D, day; SSC, scatter.
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Figure 6. Dopamine regulates SCF/ERK signaling and Lck expression. (A) Representative line graph showing pERK in unstimulated Drd-DKO and control (Ctrl) LSK
cells. (B) Normalized mean fluorescent intensity (nMFI) of ERK pathway protein phosphorylation in steady-state WT (n = 4-8) or Drd-DKO (n = 4-8) LSK cells. The P
value was calculated using the Student t test. (C) ERK pathway phosphorylation in LSK cells from lethally irradiated mice at 14 days after transplantation with WT (n =
8) or Drd-DKO (n = 6) donor LSK cells. The P value was calculated using the Student t test. (D) ERK pathway phosphorylation in WT (n = 5-8) or Drd-DKO (n = 5-8)
LSK cells with or without SCF treatment. The P values were calculated using analysis of variance (ANOVA). (E) Representative FACS line graphs showing flow cytometric
analysis of c-Kit phosphorylation in Drd-DKO LSK cells and their controls. Normalized MFI of pKit in WT (n = 5) and Drd-DKO (n = 5) LSK cells with or without SCF
treatment. The P values were calculated using ANOVA. nMFI of pERK (F) and pKit (G) in vehicle-treated (n = 5), SCF-stimulated vehicle-treated (n = 5), or SCF-
stimulated 7-OH-DPAT-treated (n = 5) LSK cells. (H) Fragments per kilobase of transcript per million mapped reads (Fpkm) for transcripts encoding SFKs in WT and
Drd-DKO LSK cells (n = 3 each). The P value was calculated using the Student t test. (I) Representative flow cytometric line graph of Lck protein in WT and Drd-DKO
LSK cells (left panel). nMFI of total Lck under steady-state in WT (n = 4) and Drd-DKO (n = 4) LSK cells (right panel). (J) nMFI of total Lck in vehicle control-treated (n
= 4) or 7-OH-DPAT-treated (n = 4) LSK cells. (K) Representative FACS line graph showing flow cytometric analysis of c-Kit phosphorylation in Lck inhibitor
A-770041-treated LSK cells and their controls (left panel). nMFI of pKit in SCF-stimulated vehicle-treated (n = 4) or SCF-stimulated A-770041-treated (n = 4) LSK cells
(right panel). ERK pathway protein phosphorylation in vehicle control (n = 3-4) or Lck inhibitor A-770041 (n = 3-4) treated LSK cells (L) and after SCF stimulation
together with vehicle (n = 3-4) or A-770041 (n = 3-4) (M) The P value was calculated using the Student t test. (N) GFP* cells (green) from Vavi-Cre Rosa26-mTmG
donors and EdU incorporation (red) in sections from vehicle- or A-770041-treated long bone at 3 days after lethal irradiation and transplantation with Lin™ cells. (O)
Flow cytometric quantification of GFP™ cells and donor-derived CD45" cells in BM (vehicle = 4; A-770041 = 4; upper panels). Quantification of the number and percen-
tages of EAU™ cells in GFP™* donor cells by imaging (vehicle = 4; A-770041 = 4; lower panels). The P value was calculated using the Student t test.
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Figure 7. Lck overexpression rescues Drd-DKO HSPC defects. Lck protein expression (A) and pERK (B) in LSK cells infected with shCtrl (control shRNA) or shlLck (n
= 6 per group). (C) Representative images and quantification of total CFU from LSK cells infected with shCtrl (n = 10), shLck-1 (n = 5), or shLck-2 (n = é). Lck protein
expression (D) and pERK (E) in Drd-DKO LSK cells infected with GFP or Lck virus normalized to uninfected WT LSK cells. Total Lck, n = 6-7; pERK, n = 6-10. (F) Repre-
sentative images and quantification of total CFU from Drd-DKO LSK cells infected with GFP (n = 8) or Lck virus (n = 8) relative to uninfected WT LSK cells (n = 6). (G)
Scheme of Drd-DKO LSK cell infection and transplantation into lethally irradiated WT mice. (H) Survival curves after transplantation with Drd-DKO LSK cells infected
with GFP (n = 15) or Lck virus (n = 15). Log-rank (Mantel-Cox) test was used to calculate the P value. (I) Representative pseudocolor plot of the percentage of CD45™
cells in BM from lethally irradiated mice transplanted with DKO+GFP or DKO+Lck LSK cells (left panels). Quantitation of the numbers of BMNCs and LSK cells and the
percentages of LSK cells and CD45" cells in recipients at 14 days after irradiation and transplantation (right panels). WT = 4 mice; GFP = 8 mice; Lck =10 mice. (J)
Representative plots (left and middle panels) and quantitation of the percentage (right panel) of EAU™ cells in LSK cells from mice transplanted with DKO+GFP or
DKO+Lck LSK cells. GFP = 8 mice; Lck = 10 mice. The P value was calculated using the Student t test. (K) Ki67 staining in bone sections (left and middle panels) and
quantitation of Ki67* cells per image field (GFP = 4; Lck = 4; right panel) from recipients transplanted with DKO+GFP or DKO+Lck LSK cells. The P value was calcu-
lated using the Student t test. (L) Representative line graph (left panel) and quantification of normalized mean fluorescent intensity (nMFI; right panel) of total Lck after
H-89 treatment ex vivo (Ctrl = 4; H-89 = 4). (M) Representative line graph (left panel) and quantification of nMFI (right panel) of pERK after H-89 treatment together
with SCF ex vivo (Ctrl = 6; H-89 = 6). (N) Quantification of nMFI of total Lck (left panel) and of pERK (right) after forskolin treatment together with SCF ex vivo (Ctrl =
4; forskolin = 4). In (A-F,l), the P values were calculated using analysis of variance. Ctrl, control; SSC, side scatter.

better recovery after transplantation (Figure 5J-K). These effects supplemental Figure 6F). These in vitro results strongly support

are accompanied by an increase in Ki67 signal, indicating more a cell-autonomous function for D,-type receptors in HSCs.
active proliferation in BM (Figure 5J-K). 7-OH-DPAT also signifi-
cantly increases the number of colony-forming units (CFU) from When Lin~ donor cells from Drd-DKO mice are transplanted

FACS-sorted HSCs seeded in methylcellulose (Figure 5L; together with 7-OH-DPAT treatment, the beneficial effect of
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7-OH-DPAT during transplantation is abolished (supplemental
Figure 6G), confirming that the major target of 7-OH-DPAT to
promote transplantation is through its interaction with D,-type
dopamine receptors. Treatment of sorted LSK cells from WT
mice, but not from Drd-DKO mice, with 7-OH-DPAT in vitro
results in a significant increase in HSC number (supplemental
Figure 6H-I). Transplantation of 7-OH-DPAT-treated WT LSK
donor cells leads to higher repopulation efficiency relative to
vehicle control (supplemental Figure 6J-K). These results indi-
cate that the activation of D,-type dopamine receptors on
HSCs and LSK cells can promote hematopoietic reconstitution
after irradiation and transplantation.

Dopamine regulates Lck expression to influence
ERK/MAPK signaling in LSK cells

Next, we investigated how dopamine exerts its effect on signal-
ing in LSK cells under steady-state conditions and after BM
transplantation. It is well established that extracellular regulated
protein kinase (ERK)/MAPK signaling controls cell cycle and sur-
vival.®?7% Loss of ERK has been reported to result in HSC main-
tenance defects.”’

To test whether the ERK/MAPK pathway acts downstream of
dopamine signaling in HSPCs, we performed intracellular
immunostaining of LSK cells ex vivo using flow cytometry (sup-
plemental Figure 7A-C).”? At steady-state, Drd-DKO LSK cells
exhibit lower levels of ERK/MAPK signaling, including phos-
phorylated ERK (pERK), pMEK, and pRaf (Figure 6A-B),
whereas total ERK, MEK, and Raf are not significantly changed
(supplemental Figure 7D). At 2 weeks after transplantation
into lethally irradiated WT recipients, Drd-DKO donor-derived
LSK cells show a significant reduction in the phosphorylation
of the same ERK/MAPK pathway proteins (Figure 6C). Similar
defects are detected in haloperidol-treated LSK cells (supple-
mental Figure 7E-F). This indicates that ERK pathway activity
in LSK cells is controlled, in part, by dopamine signaling,
which is also consistent with the known function of ERK signal-
ing in the regulation of cell cycle and survival 67"

Dopamine receptors are G protein-coupled receptors and,
therefore, are unlikely to directly activate ERK signaling,®
whereas the receptor tyrosine kinase c-Kit, the receptor for
SCF, is known to trigger ERK activation.”>’4 SCF derived from
endothelial and perivascular reticular niche cells plays critical
roles in HSC maintenance and BM transplantation.'*2%%? Fol-
lowing exposure to SCF ex vivo, Drd-DKO or haloperidol-
treated WT LSK cells show significantly reduced phosphoryla-
tion of ERK, MEK, and Raf relative to control samples (Figure
6D; supplemental Figure 7G). SCF treatment induces phos-
phorylation of c-Kit at Tyr-703, a site that is required for asso-
ciation with Grb2 and, thereby, ERK activation.”® Drd-DKO
LSK cells show reduced phosphorylation of c-Kit after SCF
treatment (Figure 6E). Conversely, treatment with 7-OH-DPAT
and SCF significantly enhances c-Kit phosphorylation and ERK
activation in LSK cells (Figure 6F-G).

Next, we investigated the underlying mechanism for the
crosstalk between dopamine and ERK signaling. In different cell
types, G protein—coupled receptors were found to transactivate
receptor tyrosine kinases through mechanisms involving matrix
metalloproteinases or PB-arrestin.”>’¢ However, inhibition of
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matrix metalloproteinases with marimastat or inhibition of
B-arrestin with barbadin has no significant effect on ERK phos-
phorylation in LSK cells (supplemental Figure 7H). Src family kin-
ases (SFKs) are also known activators of ERK signaling, and
treatment of LSK cells with the SFK inhibitor PP2 significantly
downregulates ERK pathway protein phosphorylation (supple-
mental Figure 7I-J). Our RNA-seq analysis shows that Lck mRNA,
encoding the SFK Lck,”” is highly expressed in LSK cells (Figure
6H; supplemental Figure 7K-1).”® Furthermore, Lck mRNA and
protein are downregulated in Drd-DKO and haloperidol-treated
LSK cells (Figure 6l; supplemental Figure 7M), whereas 7-OH-
DPAT increases Lck protein expression (Figure 6J). Treatment of
LSK cells with the specific Lck inhibitor A-770041, which has a
much lower affinity for c-Src or Fyn,”? results in significantly
decreased SCF-induced c-Kit phosphorylation and ERK activa-
tion (Figure 6K-M), whereas total ERK, MEK, and Raf are not sig-
nificantly changed (supplemental Figure 7N). A-770041
treatment also results in lower BM transplantation efficiency,
reduced EdU incorporation into donor cells in vivo, and impaired
CFU formation ex vivo (Figure 6N-O; supplemental Figure 70).

Next, we used lentiviruses to express short hairpin RNAs against
Lck (shLck) in mouse cells (supplemental Figure 8A). Infection of
LSK cells with shLck results in significant downregulation of Lck
protein and reduced ERK phosphorylation (Figure 7A-B). Similar
to A-770041 treatment, shLck-infected LSK cells show a signifi-
cant reduction in colony formation ability and lower BM trans-
plantation efficiency (Figure 7C; supplemental Figure 8B-D).
Conversely, lentiviral overexpression of Lck results in higher Lck
protein levels and ERK phosphorylation in Drd-DKO LSK cells
(DKO+Lck) relative to control virus (DKO+GFP) (Figure 7D-E).
Furthermore, the strong increase in SCF-induced ERK phosphor-
ylation seen after Lck overexpression is abolished by knockdown
of cKit (supplemental Figure 8E-F). In serial CFU assays,
DKO+Lck cells show increased colony formation ability and
absolute cell numbers (Figure 7F; supplemental Figure 8G-I).
Although transplantation of DKO+GFP cells into lethally irradi-
ated WT recipients leads to substantial lethality at 7 to 10 days
after irradiation, no lethality is seen with the same number of
DKO+Lck donor cells within this time period (Figure 7G-H).
DKO+ Lek-transplanted mice show significantly higher numbers
of BMNCs and LSK cells, higher percentages of LSK and CD45™"
cells, and increased LSK cell proliferation, as shown by EdU
incorporation and Ki67 expression (Figure 7I-K). Thus, Lck over-
expression can partially rescue key aspects of the Drd-DKO phe-
notype, consistent with Lck acting downstream of Do-type
dopamine receptors in LSK cells.

Finally, we investigated how Lck is regulated by D,-type dopa-
mine receptors, which suppress cyclic adenosine monophos-
phate (cAMP)/protein kinase A (PKA) signaling in response to
ligand binding.®® Treatment of WT and Drd-DKO LSK cells ex
vivo with the PKA inhibitor H-89 upregulates expression of Lck
(Figure 7L; supplemental Figure 8J). H-89 treatment enhances
SCF-induced ERK phosphorylation in LSK cells (Figure 7M). Con-
versely, treatment of LSK cells with forskolin, which activates
cAMP/PKA activity by stimulation of adenylate cyclase, downre-
gulates Lck expression, as well as SCF-induced ERK phosphory-
lation (Figure 7N). These results argue for the involvement of
cAMP/PKA signaling in the regulation of Lck by dopamine.
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Together, our results indicate that Lck, regulated by dopamine
signaling, controls ERK activation in LSK cells with important
implications for c-Kit signaling and HSPC function.

Discussion

Based on the sum of our findings, we propose that dopamine in
BM directly controls the homeostasis, proliferation, gene expres-
sion, and function of HSPCs through activation of D,-type dopa-
mine receptors. Mechanistically, dopamine controls the
expression of the kinase Lck,””®1 which, in tumn, is required for
activation of ERK signaling by c-Kit in response to SCF. In neu-
rons and other cell types known to express D -type receptors,
transcripts are present at low levels so that positive cells are rare
or absent in many single-cell RNA-seq data sets (supplemental
Figure 9). However, low expression of D,-type receptor mRNA
is sufficient to generate functional protein in neurons.®® There-
fore, we have validated expression of Drd2 and Drd3 in LSK
cells and HSCs using multiple independent approaches, includ-
ing gPCR, Drd2-GFP reporter mice, flow cytometry, and immu-
nostaining with the inclusion of Drd-DKO negative controls.
These findings, together with our functional data, strongly argue
for a cell-autonomous role for D,-type receptors in HSPCs.

Lck is involved in T-cell function and signal transduction down-
stream of c-Kit in cancer cells but is also expressed in LSK cells
(supplemental Figure 7K-L).”"788278% viascular niches in BM are
major sources of SCF, which controls HSC maintenance through
activation of c-Kit.">1>2%-23 The strength of c-Kit signaling is crit-
ical for HSC function, as demonstrated by hematopoietic defects
in partial loss-of-function (white spotting) mutant mice.3'8¢88
The expression of Lck is changed in some clusters of HSPCs in
Kit"*" mice based on analysis of single-cell RNA-seq data.®”
Previous work has shown that HSCs from all developmental
stages present similar levels of c-Kit on the cell surface, despite
substantial differences in sensitivity to SCF between, for exam-
ple, fetal and adult HSCs.” Such differences might be intrinsi-
cally preprogrammed but could also reflect a role for dopamine
signaling and the modulation of Lck expression levels. Interest-
ingly, there are results suggesting that SCF can act synergisti-
cally with other factors in human mast cells or prostate cancer
cells.”"?2 Based on our results, we propose that c-Kit activation
and downstream signaling in LSK cells are influenced by dopa-
mine. Considering that SCF and dopamine are provided by dif-
ferent cellular sources, this implies that c-Kit signaling in HSPCs
is regulated by a combination of different external signals and
not only by the local concentration of SCF alone.

Our work highlights the importance of D,-type dopamine recep-
tors in the healthy and challenged hematopoietic system. Future
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