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Hematopoietic stem and progenitor cells maintain blood cell homeostasis by
integrating various cues provided by specialized microenvironments or niches.
Biomechanical forces are emerging as key regulators of hematopoiesis. Here, we
report that mechanical stimuli provided by blood flow in the vascular niche control
Drosophila hematopoiesis. In vascular niche cells, the mechanosensitive channel Piezo
transduces mechanical forces through intracellular calcium upregulation, leading
to Notch activation and repression of FGF ligand transcription, known to regulate
hematopoietic progenitor maintenance. Our results provide insight into how the
vascular niche integrates mechanical stimuli to regulate hematopoiesis.

blood cell progenitors | blood flow | Piezo | cardiac tube | lymph gland

In adult mammals, hematopoiesis takes place in bone marrow where hematopoietic
stem and progenitor cells (HSPCs) are maintained by specialized microenvironments,
or niches. HSPCs localize around arterioles and sinusoid blood vessels (1-9). An increas-
ing number of studies investigate whether biomechanical cues impact HSPC functions.
Biomechanical cues such as fluid mechanical forces, extracellular matrix stiffness, con-
fined adhesiveness, and cell-intrinsic forces control HSPC properties through mech-
anotransduction (10, 11). Recent work revealed the importance of blood flow for HSPC
emergence in vertebrate embryos. HSPCs emerge from the ventral floor of the dorsal
aortawithintheaorta—gonad-mesonephros(AGM) region, viaaprocesstermedendothelial-to-
hematopoietic transition (12, 13). Two independent studies provided evidence that
blood flow drives mouse HSPC emergence from the AGM (14, 15). Similar results are
reported in zebrafish (16). Mouse and zebrafish embryos lacking blood circulation
exhibit a reduced number of HSPCs and defects in their definitive hematopoiesis.
Independent studies have identified that in endothelial cells exposed to biomechanical
forces, multiple factors such as nitric oxide (NO), Ca®*, cAMP, and signaling pathways
such as pProstaglandin E2, Wnt, Hedgehog, Notch (N), bBone mMorphogenetic pro-
tein, and vascular endothelial growth factor (VEGF) are activated (11). However, their
potential interplay within the hemogenic endothelium and/or HSCs to achieve blood
flow—dependent HSPC emergence in vertebrate embryos certainly deserves additional
analyses. In adult vertebrate bone marrow, HSPCs are under the control of vascular
niche cells which include endothelium cells that line the lumen of blood vessels, and
perivascular cells (8, 9). Endothelial vascular niche cells are exposed to mechanical forces
due to blood flow (10, 17). Whether the blood flow, by acting on endothelial cells,
regulates HSPC properties remains poorly understood. Here, we used Drosophila as a
model system to address this question.

The Drosophila larval hematopoietic organ, called the lymph gland, has emerged as an
attractive in vivo model to study how hematopoietic progenitor maintenance and differ-
entiation are regulated by their microenvironment (18-20). The lymph gland, aligned
along the cardiac tube which corresponds to the vascular system, is composed of several
pairs of lobes, with the anterior most lobe composed of an heterogeneous population of
progenitors, differentiated blood cells, and the posterior signaling center (PSC) (21-23)
(Fig. 1A). Two niches, the PSC and the cardiac tube, control lymph gland anterior-lobe
homeostasis, maintaining the balance between hematopoietic progenitors and differenti-
ated blood cells (20, 24-28). Cardiac cells produce the fibroblast growth factor (FGF)
ligand Branchless (Bnl), activating its FGF receptor in a subpopulation of progenitors.
Bnl signaling controls progenitor maintenance and prevents their differentiation into
crystal cells and plasmatocytes, two mature blood cell types that differentiate under phys-
iological conditions (29). The cardiac tube is composed of the aorta containing noncon-
tractile cardiomyocytes and the posterior contractile heart chamber where cardiomyocytes,
by contracting rhythmically, provide the propelling force for hemolymph/blood flow
circulation within the cardiac lumen (30). The aorta is further subdivided into the anterior
and posterior aortas, and the lymph gland is in contact with the anterior aorta (87 Appendix,
Fig. S2A). In insects, hemolymph provides nutrients and conveys signals, but does not
supply oxygen which is delivered via the tracheal system. Analyses of Drosophila cardiac
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In adult mammals, blood cell
production is sustained
throughout life by hematopoietic
stem and progenitor cells
(HSPCs) that reside in the

bone marrow in a specific
microenvironment called the
“niche.” Understanding how
niche cells control HSPC
homeostasis is a major challenge,
since misregulation leads to
severe pathologies such as
leukemia. Many studies have
highlighted the striking parallels
that exist between Drosophila
and mammalian hematopoiesis.
In this study, we discover that the
mechanosensing of blood flow by
vascular niche cells regulates
hematopoietic progenitor
maintenance in the Drosophila
hematopoietic organ.
Furthermore, we identify
molecular processes involved
from mechanosensing to
mechanotransduction.
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Heartbeat controls lymph gland homeostasis. (A) Schematic representation of a third-instar lymph gland anterior lobe. It is composed of progenitors

(red) and core progenitors (hatched red) in a medullary zone (MZ), and a cortical zone, which contains differentiated hemocytes (CZ, green dots). The two niches,
the PSC (pink) and the cardiac cells (orange), regulate different subsets of MZ progenitors (black arrows). (B) Kymograph of heartbeat in the control (NP1029> or
HandA>) and when Ork71AC or Mhc-RNAI, or Ork1-RNAi are expressed with cardiac cell drivers. (C and D) Number of heart contractions per 20s. (E-H) Crystal cell
differentiation (Hnt, green) when the heart is blocked (Fand G) or accelerated (H). (/) Crystal cell index. (, K, M, and N) Plasmatocyte differentiation (P1, red) when
the heart is blocked (K and M) or accelerated (N). (L and O) Plasmatocyte index. (P, Q, S, and T) Col (red) labels core progenitors (*) and the PSC (arrow). (R and U)
Coreprogenitor index. For all quantifications and figures, statistical analysis t test (Mann-Whitney nonparametric test) performed using GraphPad Prism 5 software.
Error bars represent SEM and *P < 0.1; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns (not significant). Nuclei are labeled with Topro (blue). (Scale bars, 20 pm.)
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physiology further established that, as in mammals, blood flow
generates intracardiac mechanical forces (31). Here, we provide
evidence that mechanosensing of blood flow by vascular niche
cells modifies their secreted signals and subsequently impacts
hematopoietic progenitor homeostasis.

Results

Heartbeat Regulates Lymph Gland Homeostasis. A primary
function of the Drosophila heart is to pump hemolymph throughout
the body in an open circulatory system (30). We asked whether
mechanical constraints exerted by blood flow, resulting from
cardioblast contraction, could modify lymph gland hematopoiesis.
To stop blood flow, we either expressed a constitutively active form
of Orkl (Orkl-deltaC, Ork1AC), a potassium channel subunit
required to set heartbeat frequency (32), or knocked down the
Myosin heavy chain (Mhc, necessary for muscle contraction),
specifically in cardiac cells using two independent Gal4 drivers
NP1029 and HandA (29, 33). Ork1AC expression in cardiac cells
starting from late L1 larval stage or Mhc knockdown starting from
L2 larval stage both resulted in heartbeat arrest (Fig. 1 B and C,
Movies S1-S3, and SI Appendix, Fig. S1C) without affecting the
formation of the heart lumen (87 Appendix, Fig. S1 Aand B). In all
these contexts, heart failure resulted in decreased differentiation of
both crystal cells (labeled by Hindsight, Hnt antibody) (Fig. 1 £-G
and /and SI Appendix, Fig. S1 E, F, Hand /) and plasmatocytes (P1
antibody labeling) (Fig. 1 /~M and O). In the following experiments,
we used without distinction any of these four combinations to
block heartbeat. Conversely and in agreement with published data
(32), an increased heart rate was observed when Ork1-RNAi was
expressed with the HandA cardiac driver (Fig. 1 B and D and
Movies S4 and S5). This resulted in increased crystal cell and
plasmatocyte differentiation compared to control (Fig. 1 H, 1, NV,
and O). We then analyzed the effect of heart arrest on hematopoietic
progenitors. The transcription factor Collier (Col) (also known
as Knot) is strongly expressed in PSC niche cells and at lower
levels in core progenitors, a subset of hematopoietic progenitors
maintained by cardiac cell signals (26, 29, 34) (Fig. 14). Compared
to wild type, higher numbers of Col" progenitors were recorded
when heartbeat was blocked, indicating that heartbeat controls core
progenitor maintenance (NP1029>OrkIAc and NP1029>Mbc-
RNAi, Fig. 1 P-S and U and HandA>OrkIAC in SI Appendix,
Fig. S1 /-L). Conversely, when heartbeat was increased, a lower
number of Col" progenitors was recorded (NP1029>OrkI-RNA,
Fig. 1 T and U). Since the PSC is also known to control lymph
gland homeostasis (25, 34-39), we looked at PSC cell numbers
with Antennapedia (Antp) immunostaining, upon heartbeat arrest.
No difference in PSC cell numbers was found (NP1029>O0rk1AC,
SI Appendix, Fig. S1 M—-0). Altogether, these data establish that
the heartbeat, most likely through blood flow regulation, triggers
progenitor differentiation into mature blood cells. These results
suggest that mechanical stimuli resulting from blood flow are
critical regulators of hematopoiesis.

Mechanosensitive lon Channel Piezo Controls Lymph Gland
Homeostasis. Heartbeat imposes mechanical constraints on
cardiac cells (31). Piezo encodes a mechanosensitive cation channel
that directly senses mechanical tension in lipid bilayers (40) and
is responsible for mechanoreception in many cell types (41, 42).
A single piezo gene is present in the Drosophila genome (42-46).
Piezo is expressed in larval cardiomyocytes, but no function in
these cells has been reported so far (42, 47). To document its
expression, we used both piezo-Gal4, where Gal4 is under the
control of a piezo enhancer, (42) and the Piezo knock-in Gal4

PNAS 2023 Vol.120 No.18 2217862120

allele piezo-Gal4 (K1) (43) to express UAS-mcd8GER In both cases,
GFP was expressed in cardiac cells in L2 and L3 larvae and at low
levels in a subset of crystal cells in L3 larvae (Fig. 2 A and B and
SI Appendix, Fig. S2 A, B, D, and E). We investigated whether
Piezo in cardiac cells regulates lymph gland hematopoiesis. In two
null mutant contexts, piezo-KO (Fig. 2 C, D, and G) and piezo-
Gal4(K1) (43) (SI Appendix, Fig. S2 F-H), crystal cell indexes
were lower than those in control. Similar results were obtained by
knocking down piezo in cardiac cells with RNAi (VP1029>piezo-
RNAi, Fig. 2 E, F, and H and HandA >piezo-RNAi in SI Appendix,
Fig. S2 I-L), or by overexpressing mPiezo1-2336-Myc where the
Mpyc tag insertion in the last extracellular loop impairs channel
conductivity without affecting gene expression or trafficking of
the protein to the membrane (44, 48) (HandA>mPiezo1-2336-
Mye, SI Appendix, Fig. S2 M—0). When piezo was knocked down
in cardiac cells (NP1029>piezo-RNAi), plasmatocyte (Fig. 2
N, O, and R) and Col" progenitor indexes (Fig. 2 P, Q, and )
were lower and higher than the control, respectively. Altogether,
these data establish that piezo activity in cardiac cells regulates
lymph gland homeostasis. To determine whether this function is
specifically required in the anterior aorta cells which are in direct
contact with the lymph gland, we knocked down piezo using the
76E11-Gal4 driver expressed only in the anterior aorta cells of
late L2/early L3 larvae (SI Appendix, Fig. S2P). piezo knockdown
starting from the L2 stage, with the Gal80" system (49), led to a
reduced crystal cell index (S/ Appendix, Fig. S2 Q-S), which means
that piezo is required in anterior aorta cells in late 1L.2-1L3 larval
stages to control blood cell differentiation. Finally, we showed
that piezo knockdown in cardiac cells does not affect heartbeat
(HandA >piezo-RNAi, SI Appendix, Fig. S2 T and U and Movie
S6). In summary, our data indicate that the function of piezo is
required noncell-autonomously in L3 larval anterior aorta cells to
control lymph gland homeostasis. While Piezo reduction in MZ
progenitors does not affect crystal cell differentiation (S Appendix,
Fig. S3 A-F), its reduction in crystal cells using the /z-ga/4 driver
led to increased crystal cell numbers (lz>piezo-RNAi, SI Appendix,
Fig. S2 B and (). This indicates that piezo also ensures a cell-
autonomous function in the control of crystal cell numbers.

Since piezo knockdown in cardiac cells and heart failure led
to similar lymph gland defects, we asked whether both were
functionally linked. Expression of a constitutively active form
of Piezo, mPiezo1-TriM (44), in cardiac cells (HandA>) led to
a significant increase in both crystal cell and plasmatocyte dif-
ferentiation (Fig. 2 7, /, M, T, U, and X). In addition, activa-
tion of Piezo function in larvae with reduced heart contractility
(HandA >mPiezo1-TriM>Ork1AC) rescued lymph gland defects
as it restored a wild-type number of crystal cells (Fig. 2 L and M)
and partially rescued both plasmatocytes (Fig. 2 Wand X) and
Col" progenitors (SI Appendix, Fig. S3 G-K). Overall, these
data indicate that heartbeat and the mechanoreceptor Piezo are
functionally linked and support the proposition that heart-
beat—at least in part—acts via Piezo to control lymph gland
homeostasis.

Piezo and Heartbeat Control Expression of the FGF Ligand Bnl.
Drosophila cardiac cells correspond to the vascular niche. The FGF
ligand Bnl secreted by cardiac cells activates in L3 larvae the FGF
pathway in hematopoietic progenitors, which in turn controls lymph
gland homeostasis (29). To investigate whether Bnl levels in the
cardiac tube are dependent on piezo and/or on heartbeat, we analyzed
endogenous Bnl expression using the bn/:GFP™® knock-in allele
(50). When the heart was arrested (NP1029>Mbc-RNAi) or piezo
knockdown (HandA >piezo-RNA;) in cardiac cells, higher &n/: GEP™®
expression was observed in the aorta (Fig. 3 A-G), indicating that
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Fig. 2. Piezo expressed in cardiac cells controls lymph gland homeostasis. (A) piezo-gal4(Kl)>mcD8-GFP. Col (red) labels PSC (white arrow) and subsets of lymph
gland cells in the anterior and posterior lobes (red arrows). In L3 larvae, piezo (green) is expressed in cardiac cells (white arrowhead). (B) Higher magnification of
lymph gland anterior lobe where mcD8-GFP (green) is expressed under piezo-Gal4 in cardiac cells (arrowhead). (C-F) Fewer crystal cells (Hnt, green) are observed
in a piezo null mutant (D), or when piezo is knocked down in cardiac cells (F). (G and H) Crystal cell index. (/-L) Active form of piezo (mPiezo1-TriM) with arrested
heart (Ork1AC) restores wild-type crystal cell numbers (L). (M) Crystal cell index. (N and O) Compared to the control, (N) fewer plasmatocytes (P1, red) are seen
when piezo is knocked down in cardiac cells (O). (R) Plasmatocyte index. (P and Q) Col (red) labels core progenitors (*) and the PSC (arrow). (S) Core-progenitor
index. (T and U) Active form of piezo (mPiezo1-TriM) leads to increased plasmatocyte numbers (U). (V and W) Active form of piezo (mPiezo1-TriM) with arrested
heart (Ork1AC) restores wild-type plasmatocyte numbers (W). (X) Plasmatocyte index.

piezo and heartbeat control Bnl protein levels in the aorta. We then
established that Piezo and heartbeat repress b7/ transcription, since
bnl transcripts, as quantified by in situ hybridization, were higher
when either piezo was knocked down (HandA >piezo-RINAi) or the
heart arrested (NP1029>OrkIAC) (Fig. 3 H-L).

To investigate the functional link between én/ and piezo in
cardiac cells and lymph gland hematopoiesis, we monitored crystal
cell and plasmatocyte differentiation and asked whether we could
rescue the reduced blood cell differentiation due to piezo knock-
down or heart arrest, by knocking down 7/ in cardiac cells. While
the expression of bn/-RNAi in cardiac cells (NP1029>bnl-RNAi)
increased the number of crystal cells (Fig. 3 O and Q) and plas-
matocytes (Fig. 3 W, Y, and Z), which is in agreement with the
previous report (29), piezo-RNAI reduced the number of crystal
cells (Fig. 2 F and H and Fig. 3 V and Q) and plasmatocytes
(Figs. 2 O and Rand 3 W, ¥, and Z). Simultaneous expression
of bnl-RNAi and piezo-RNAi (NP1029>bnl-RNAi>piezo-RNA:)
restored wild-type crystal cell numbers (Fig. 3 P and Q). Altogether,
these data indicate that Piezo and Bnl are functionally linked and
Piezo functions at least in part by repressing b7/ expression. Likewise,
crystal cell (Fig. 3 Uand V) and plasmatocyte (Fig. 3 Z-2) differ-
entiation were partially rescued when 6n/-RNAi was expressed in a
context where the heart was blocked (HandA >bnl-RNAi>Ork1AC).
In conclusion, heartbeat, Piezo, and Bnl are functionally linked
and heartbeat and Piezo control lymph gland hematopoiesis by—
at least in part—repressing 7/ expression in cardiac cells. All these

https://doi.org/10.1073/pnas.2217862120

data lead us to propose that the blood flow driven by heart beat
activates the mechanosensitive channel Piezo in aorta cells, which
in turn represses bn/ transcription and therefore regulates lymph
gland homeostasis.

Notch Acts Downstream of Piezo to Repress bnl Expression.
To further decipher the Piezo-dependent mechanotransducnon
mechanism in cardiac cells, we first analyzed Ca®* levels, since
Piezo triggers upregulation of cytosolic Ca®* (51-54). Using the
Ca”" sensor GCaMP3 (55), we observed that knocking down piezo
in cardiac cells (NP1029>piezo-RNAi, Fig. 4 A-D) or blocking
heartbeat (NP1029>Mhc-RNAi, SI Appendix, Fig. S4 A-D) led
to decreased ﬂuorescence in the aorta compared to the control,
reflecting reduced Ca®* levels. Thus heartbeat, via blood ﬂow,
probably activates Piezo, which in turn regulates cytosolic Ca™*
levels in aorta cells.

We next focused on Notch (N) signaling since Piezo, by modu-
lating Ca”" levels, regulates N signaling in several cell types such as
mouse endothelial cells (56), zebrafish cardiac valve cells (57), and
Drosophila gut cells (43). Moreover, in Drosophila, bnl transcription
is repressed by N signaling in the embryonic tracheal system (58).
We therefore hypothesized that in cardiac cells Piezo could activate
N signaling, which in turn would repress 67/ expression. We there-
fore investigated the role of N signaling in cardiac cells.

We analyzed the expression of three reporters of N activation:
Notch-responsive element (Nozch/NRE]-GEP) corresponding to a

pnas.org
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Fig.3. Heartbeatand Piezo control expression of FGF ligand Branchless (Bnl) in cardiac cells and thus regulate lymph gland hematopoiesis. (A-C) Close-up view
of larval anterior aorta expressing bnl:GFPe"® (green in A-C, white in A-C’) in the aorta and Col (red) in core progenitors (A-C). Dotted lines indicate cardiac tube
outline. bnl:GFP*"® expression is higher when piezo is knocked down or the heart is blocked (B--C). (D-G) Quantification of bn/:GFP " in anterior or posterior
aorta. (H-J) Close-up view of cardiac tube when piezo-RNAi (I-I) or Ork1AC (J-/) is expressed in cardiac cells; bnl transcripts (red in H-J, white in H~/) in anterior
aorta cells increase in both conditions. (K-L) Quantification of bn/ expression. (M-P) Crystal cell (Hnt, green) differentiation increases when bnl is knocked down
(0) and restored to wild type when piezo and bnl are simultaneously knocked down (P) in cardiac cells. (R-U) Crystal cell differentiation rescued when bn/ is
knocked down in cardiac cells simultaneously with heart arrest (U). (Q and V) Crystal cell index. (W-2) Plasmatocyte (P1, red) differentiation increases when bnl is
knocked down in cardiac cells (Y) and restored to wild type when bnl is knocked down in cardiac cells simultaneously with heart arrest (2). (Z) Plasmatocyte index.

N enhancer (59), NRE-GFE a synthetic reporter for N pathway
activation, and E(sp/)mbeta-GEP, which reports on canonical N
pathway activation (60). With all the three reporters, GFP expres-
sion was detected in cardiac cells, confirming that the N pathway
is activated there (Fig. 4E and S Appendix, Fig. S4 Kand L).
Notch[NRE]-GFP expression was lower than control when a dom-
inant negative form of N (N was expressed in cardiac cells
(NP1029>N*™"*, SI Appendix, Fig. S4 E, F, and H). These results
demonstrate that Nozch[NRE]-GFP is a bona fide reporter of N
activation in cardiac cells. Upon either piezo knockdown in cardiac
cells (NP1029>piezo-RNAi, Fig. 4 F-H) or heartbeat block
(NP1029>Mhbc-RNAi, SI Appendix, Fig. S4 G-G', I, and ),
Notch[NRE]-GFP expression was reduced, thus establishing that
heartbeat and piezo are required for N activation in cardiac cells.
Furthermore, we showed that N signaling activation is dependent

PNAS 2023 Vol.120 No.18 e2217862120

on Ca* levels, since Notch/NRE]-GFP expression was reduced
when Ca®* levels were decreased in cardiac cells, either through
CamKII knockdown (CamKII-RNA:) or through the inhibition of
ER-mediated Ca®* release in the cytosol (IP3R-RNA:) (61) (Fig. 4
1, ], and M). Collectively, these data indicate that Piezo activates
N signaling through the control of intracellular Ca®* levels.

Next, we investigated the relationship between N signaling and
bnland determined whether N signaling activation in cardiac cells
is required for lymph gland blood cell differentiation. Bnl levels,
as visualized with bn/-GFE mdo, were higher in the cardiac tube
when the N pathway was inhibited (NP]029>NX/7”, Fig. 4 K, L,
and N, and HandA>Notch-RNAi, SI Appendix, Fig. S4 M-0).
Analyzing blood cell differentiation indicated that when N sign-
aling was inhibited, both crystal cells (HandA >N who Fig. 4 Qand
U; NP1029>N x;m, SI Appendix, Fig. S5 A—Cand HandA>N-RNAi,

https://doi.org/10.1073/pnas.2217862120

50f 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2217862120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217862120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217862120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217862120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217862120#supplementary-materials

Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB on October 16, 2023 from |P address 193.54.110.55.

D 800+

2 2~
Z = 7 3 -
E: 5 ; 7004
.3 £ E5 ce®
@ °“"00-cc--o-~ EE E‘E -
s s = & 600 &.- -
~ 2 -
r o Uv500—
NP1029> \019 \079
G Hg o e
=2 ] 0"
s S oo Lt
'0--..........-...,0"‘ EE Eg °
(_? g &} < 0.44
=5 ~5 -
R 2£ = s o Hkok
Cpeassseeves 25 &5 e
o z < Z % 0.2
.t =8 = 0 .=
~ L]
1 3 X g £ |t
NP1029>piezo-RNAi z Z oo =

=
9
=)
&
z
=
8
=]
z
S
o

Col

» ’
essevsescsscce
2 .
B X LXK XX

ve®®?
o0 o

NPI1029>CamKII-RNAi

endo

Notch[NRE]-GFP
bnl:GFP

bnl:GFpEndo
granule/volume
(anterior aorta)

(anterior aorta)
-]

N

Notch[NRE]-GFP levels

O 0 oA
Py \ﬂ‘ \\0\,\l \4"\ ,\lﬂ’\
oo ‘?7,\‘

HanidA>N*ho
>mPiezol-TriM

c
<

15

§ 10 . » §
35| o = g 3
z ? P O IN 3 ?
s a , 1:' op C 2 iy N°"" s Bl
\\\‘ ol “(\y\" = W N\ \\“ od \\& A ‘\\ .
B ‘w\\ ‘,\c\ n gc\ \\07 “\ oo “u\o \;o Fa w.\\o ! Piezo

hemolymph flow (heart beat)

\\‘v et

Fig. 4. Piezo regulates Ca** levels and activates N signaling, which controls blood cell differentiation by repressing bnl transcription in cardiac cells. (A and B)
GCaMP3 Ca?" sensor (green) decreases when piezo is knocked down in cardiac cells. (C and D) Quantification of Ca’" sensor signal. (E, F, I, and J) Enlarged view
of larval cardiac tube expressing Notch[NREJ-GFP (green) and Col (red) in core progenitors (E, F, /, and J) and Notch[NRE]—GFP (white) in (€', F', I', and /). Dotted
lines indicate cardiac tube outline. Notch[NRE]-GFP expression decreases when piezo is knocked down (F-F) and when Ca Ievels are decreased (/ - J) in cardiac
cells. (G, H, and M) Quantification of Notch[NREJ-GFP. (K - L) bnl:GFP®"® expression increased when N signaling inhibited (L). (N) Quantification of bn:GFP*™® in the
anterior aorta. (O-T) Crystal cell (Hnt, green) differentiation is reduced when N signaling is inhibited (Q) and rescued When Plezo is simultaneously constitutively
activated (R). Crystal cell differentiation defect observed when N is inhibited (N) is rescued by simultaneous bnl knockdown (7). (U and V) Crystal cell index.
(W) Representation of third instar larval lymph gland anterior lobe. Blood flow resulting from heartbeat activates Piezo in cardiac/vascular cells leading to Ca**
increase, which activates N signaling and in turn, represses bnl expression in vascular cells. Bnl normally produced by vascular cells activates FGF pathway
in progenitors, where it is required for their maintenance at the expense of their differentiation. The white dashed arrow indicates blood cell differentiation.

6 0of 10 https://doi.org/10.1073/pnas.2217862120 pnas.org



Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB on October 16, 2023 from |P address 193.54.110.55.

SI Appendix, Fi% S5 D-F) and plasmatocyte (HandA>N-RNAi
and HandA>N"" SI Appendix, Fig. S5 G-J) numbers were lower
than those of the control. Finally, analysis of Col" progenitors
indicated an increased core progenitor index (HandA>N who.
SI Appendix, Fig. S5 K—M). Altogether, these data indicate that
activation of N signaling in cardiac cell represses b7/ expression in
these cells and controls lymph gland homeostasis. To further char-
acterize the molecular mechanism of N signaling in cardiac cells,
we analyzed the function of several members of this pathway. The
E(spl) complex contains several genes which are direct targets of
N signaling and encode transcriptional repressors (60). kuzbanian
(kuz) encodes an ADAM metallopeptidase that regulates N acti-
vation by cleavage, and Mastermind (Mam) is the coactivator of
NICD that regulates N target gene expression (60). To address
whether N activation in cardiac cells acts via the E(sp/) complex,
we expressed in cardiac cells, E(spl)mbeta-Act which contains the
VP16 activation domain and converts the E(spl)mbeta from a
repressor to an activator. E(spl)mbeta-Act therefore turns on genes
which E(spl)mbeta normally represses. We observed increased
bnl:GFP-endo levels in the aorta (HandA>E(spl)mbeta-Act,
SI Appendix, Fig. S4 P—R). This supports that N signaling represses
Bnl levels in aorta cells through the E(sp/) complex. Then, we
looked at blood cell differentiation. A reduction in crystal cell
numbers was observed when expressing in cardiac cells the active
form of E(spl)mbeta (HandA >E(spl)mbeta-Act, SI Appendix, Fig. S6
Eand F), or a dominant negative form of mastermind (Mam®")
(NP1029>mam®™, ST Appendix, Fig. S6 A-C), or when kuz func-
tion was inhibited by expressing a dominant-negative form
(Kuz"™) or kuz-RNAi (HandA>kuz"Y, SI Appendix, Fig. S6
Iand K, and NP1029>kuz-RNAi, SI Appendix, Fig. S6 M and N).
Reduced plasmatocyte differentiation  was also observed
(NP1029>kuz-RNAi, SI Appendix, Fig. S7 A~Cand HandA > kuz"",
SI Appendix, Fig. S7 F and H). Collectively, these data establish
that the canonical N signaling pathway is activated in aorta cells
and noncell autonomously regulates lymph gland homeostasis.
Since Piezo activation and N loss of function have opposite
effects on blood cell differentiation, we asked whether both were
functionally linked. Expression of a constitutively active form of
Piezo (mpiezol-TriM) in a context of N inhibition by expressing
N or Kuz"™ led to increased crystal cell numbers compared to
inactivation of N signaling alone (HandA>N"">mPiezo1-TriM,
Fig. 4 Rand U, and HandA >kuz”N s mPiezo1-TriM, SI Appendix,
Fig. S6 J-K). Similar results were obtained for plasmatocyte differ-
entiation (HandA >kuz"~ >mPiezo1-TriM, SI Appendix, Fig. S7 G
and H). Altogether, these data show that Piezo and N are involved
in the same process and that Piezo—at least in part—functions
through N signaling. We then investigated functional links between
N signaling activation and Bnl. Knockdown of b/ in cardiac cells
compensated for the crystal cell differentiation defect due to N
signaling inhibition (HandA >bnl-RNAi>N""", Fig. 4 Tand V, and
HandA >bnl-RNAi>kuz"", SI Appendix, Fig. S71). Similar results
were obtained for plasmatocytes (HandA>bnl-RNAis>kuz"",
SI Appendix, Fig. S7]). Col" progenitor index is similar to bn/-RNAi
when bnl-RNAiwas coexpressed with V' D (HandA >bnl-RNAi>N*",
SI Appendix, Fig. S7K), indicating that bn/-RNAi is epistatic to N
inhibition. Collectively, our data are consistent with the model
that in cardiac cells Piezo activates canonical N signaling, which
subsequently represses bn/ expression, which in turn regulates

lymph gland hematopoiesis (Fig. 4W).

Temporal Control of Lymph Gland Hematopoiesis by Blood
Flow. We finally wondered what the physiological relevance of
lymph gland hematopoiesis control by heartbeat could be. While
there were neither crystal cells (Fig. 5 H-/) nor plasmatocytes

PNAS 2023 Vol.120 No.18 2217862120

(SI Appendix, Fig. S8 A and B) in late L2 lymph glands, many were
found in mid L3 larvae, consistent with published data that blood
cell differentiation initiates in L3 larvae, mature blood cells being
seldom found in L2 larvae (20). Strikingly, we discovered that
heartbeat rate increases slightly between L2 and L3 larval stages
(Fig. 5D and Movies S7 and S8). We then looked at Bnl expression
and N activation. We observed a decrease in bnl:GFP™” (Fig. 5
A-C) and an increase in Notch[NRE]-GEP (Fig. 5 E-G) levels in
the aorta of mid L3 compared to late L2 larvae. Next, we tested
whether temporal differentiation of lymph gland blood cells is
dependent on heartbeat and/or Piezo activation. We found that
when heartbeat rate was increased (Orkl-RNA:) or when Piezo
was constitutively activated (mPiezol-TriM) from L1 to L2 larval
stages, premature crystal cell (Fig. 5 K~M) and plasmatocyte
(81 Appendix, Fig. S8 A and C-F) differentiation occurred in late
L2 larvae.

Finally, we investigated Bnl levels and N activity when Piezo
was constitutively activated (mPiezol-1riM) in cardiac cells from
L1 to L2 stages on. In late L2 anterior aorta, a decrease in
bnl-GEP"™ (HandA >mPiezo1-TriM, Fig. 5 N-P) and an increase
in Notch[NRE]-GEP (NP1029>mPiezol-1riM, Fig. 5 Q—S) com-
pared to control were observed. These results indicate that the pre-
mature activation of Piezo in L2 larval cardiac cells induces Notch
activation, which in turn represses 67/ expression. Collectively, these
data suggest that the temporal control, between L2 and L3 larval
stages, of lymph gland blood cell differentiation is achieved
through physiological modulation of the heartbeat rate.

Discussion

In Drosophila larvae, cardiac cells act as vascular niche cells to
regulate lymph gland homeostasis. Here, we provide evidence that
the underlying mechanism of this regulation involves Piezo-
mediated mechanosensing of blood flow. During larval develop-
ment, this mechanism adapts lymph gland hematopoiesis to the
heartbeat. We provide the demonstration of a mechanotransduc-
tion pathway, in hematopoietic vascular niche cells, to promote
blood cell homeostasis in the lymph gland. Our findings show
that Piezo, activated by blood flow, promotes blood progenitor
maintenance via activation of the N signaling pathway in vascular
niche cells, which in turn represses expression of the FGF ligand
Bnl. N signaling represses b7/ transcription in cardiac cells via
E(spl) genes. Bnl secreted by vascular niche cells noncell-autono-
mously activates the FGF pathway in hematopoietic progenitors
for their maintenance. The regulatory cascade identified in this
study where Piezo activates N signaling which in turn represses
Bnl expression, appears specific to cardiac cells. Indeed, although
N, Bnl, and Piezo have a cell-autonomous function for crystal cell
formation, N or Bnl loss-of-function in crystal cells results in
similar defects, which is the opposite of the phenotype that would
be expected if N inhibited Bnl expression (62, 63). Besides demon-
strating a key role of Piezo in vascular niche cells, we identify that
the canonical N signaling Zpathway is also required in these cells.
While the activation of Ca™* by Piezo is well established, it remains
largely unclear how Ca’*activates N signaling. Caolo et al. (56)
provided an explanation for the activation of N signaling by shear
stress in mouse adult endothelial cells. Activation of the Piezol
channel by mechanical force (e.g., fluid flow) causes increased
intracellular Ca** levels, which stimulate the enzymatic activity of
the metalloendopeptidase ADAM 10, to cause S2 and S3 prote-
olytic cleavage of N1 and in turn the release of the N1 intracellular
domain. The result is activation of N target gene expression. Kuz
is the Drosophila ortholog of ADAM10, and we establish that Kuz
function is required in cardiac cells to regulate lymph gland
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Fig.5. Physiological modulation of heartbeat rate during larval development
regulates hematopoiesis. (A-B) Close-up view of cardiac tube in larvae
expressing bnl:GFP*"® (green in A and B and white in A’and B) and Col (red) in
core progenitors (Aand B) in late L2 (Aand A) and mid L3 larvae (B and B’). Dotted
lines indicate cardiac tube outline. bn/:GFP"® decreases in mid L3 compared to
late L2 larvae. (C) Quantification of bnl:GFP?"® in the anterior aorta. (D) Heart
contraction number per 20 s in late L2 and mid L3 larvae. (E-F) Notch[NRE]-GFP
(greenin £ and F and white in £~F) and Col (red) in core progenitors (E and F).
Dotted lines indicate cardiac tube outline. Notch[NRE]J-GFP increases in mid L3
compared to late L2 larvae. (G) Quantification of Notch[NREJ-GFP in the anterior
aorta. (H, /, K, and L) While crystal cells (Hnt, green) are seldom found in late
L2 (H), they massively differentiate in mid L3 larvae (/). Premature crystal cell
differentiation is observed in late L2 larvae when heartbeat is accelerated
(K) or when an active form of Piezo is expressed in cardiac cells (L). (/ and M)
Crystal cell index. (N-0") bnl:GFP*"® (green in N and O, white in N*-0’) and Col
(red) in core progenitors (N and O). Dotted lines indicate cardiac tube outline.
bnl:GFP*"® expression is decreased in late L2 larvae when an active form of
Piezo (mPiezo1-TriM) is expressed in cardiac cells (0-0). (P) Quantification of
bnl:GFP?™® in the anterior aorta. (Q-R) Notch[NREJ-GFP (green in Q and R, white
in Q=R and Col (red) in core progenitors (Q and R). Notch[NRE]J-GFP expression
is increased in late L2 larvae when an active form of Piezo is expressed in
cardiac cells (R-R). (S) Quantification of Notch[NREJ-GFP in the anterior aorta.
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homoeostasis. Whether in the lymph gland Ca®* levels control
Kuz function is an interesting possibility which remains to be
investigated.

Our data support the hypothesis that mechanical forces exerted
by blood flow activate Piezo in cardiac cells to regulate lymph
gland homeostasis. However, it cannot be completely ruled out
that a biochemical interaction between Orkl and Myosin with
Piezo in anterior aorta cells may induce a conformational change
of Piezo leading to its opening, in a process independent of
mechanics. Applying mechanical constraints on cardiac cells to
determine whether there is an impact on lymph gland hemato-
poiesis would certainly complete our data. Unfortunately, such
an experiment to test the consequences on lymph gland hemato-
poiesis is technically impossible. Indeed, the lymph gland is very
sensitive to many kinds of global stresses, as for example a needle
puncture (64) or forceps-squeezing (65) of whole larvae induces
lamellocyte differentiation and abnormal lymph gland hemato-
poiesis. Finally, whether rhythmic cardioblast contractions trans-
duce mechanical stimuli not only to cardiac cells but also to lymph
gland cells, and in particular to the core progenitors which are
close to cardiac cells, remains a possibility.

Since heartbeat rate is different in L2 and L3 larvae, and in turn
regulates lymph gland hematopoiesis during larval development,
one point to consider is how heartbeat is controlled during larval
development. While the Drosophila adult heart receives neuronal
input to regulate cardiac activity (66), the larval heart lacks inner-
vation. The current dogma is that the larval cardiac impulse is only
myogenic (67). However, the larval heartbeat rate can be modu-
lated by neurotransmitters and neuromodulators provided by
hemolymph, such as serotonin, GABA, octopamine, acetylcholine,
and dopamine (68-70). Recent work established that larval cardiac
cells express neurotransmitter receptors, such as those for acetyl-
cholin (Ach) and serotonin (5HT); both Ach and SHT act directly
in heart cells to modulate heartbeat (67, 69, 71). Whether under
physiological conditions neurotransmitters circulating in the
hemolymph modulate heart rate between L2 and L3 larval stages
remains unknown. More work is required to identify which factors
are involved and to decipher, at the molecular level, how this
regulation is achieved.

That blood flow promotes the emergence of definitive HSPCs
from the AGM in vertebrate developing embryos is well estab-
lished (11, 14-16). Signals generated by hemodynamic forces and
the molecular mechanisms involved are beginning to be deci-
phered. Whether blood flow regulates adult hematopoiesis in bone
marrow remains poorly understood. The microvasculature in the
bone marrow forms a complex and irregular network of intercon-
necting sinusoidal and arterioles. It has been proposed that blood
flow velocity and wall shear stress are important factors in HSPC
homing (72). Yet, no role for blood flow on endothelial vascular
niche cells has been established. However, in the bone marrow,
niche cells can sense mechanical forces and regulate hematopoiesis.
A recent study established that physical exercise, by acting on
hematopoietic niche cells, can stimulate the immune system (17).
Shen et al. identified a population of mouse periarteriolar niche
cells in the bone marrow and physical exercise, which activates
Piezol on their surface, leading to expression and secretion of stem
cell factor required to maintain nearby common lymphoid pro-
genitors. These progenitors are able to differentiate into lympho-
cytes and fight bacterial infections (17, 73). This finding raises the
exciting possibility that in bone marrow, mechanosensing of blood
flow by endothelial niche cells might regulate HSPC properties.
Given the significant parallels between Drosophila lymph gland
and mammalian bone marrow hematopoiesis, there is good pos-
sibility that our regulation involving blood flow, Piezo, and N
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signaling could be conserved in mammals. Interestingly, mPiezo1l
is expressed in mouse endothelial cells of developing blood vessels
and is required for the development of the vascular system during
embryogenesis (74). While N signaling plays many roles on the
main cellular components of bone marrow, including HSPCs, the
pathway is also activated in endothelial cells and stimulates
long-term self-renewal of HSPCs, through the angiocrine release
of N ligands (75, 76). Collectively, these data allow us to propose
that as in Drosophila, mammalian bone marrow endothelial cells
may sense blood flow mechanical stimulation and accordingly
modify their transcriptional program and production of signals,
which in turn may control HSPC properties.

Materials and Methods

Fly strains. w' "8 (wild type, W), UAS-mcD8GFP(26), handA-gal4 (29), NP1029-
gal4 (77), tep4-gal4 and dome-gal4 (26), bnl:GFPE™° (50), HandC-GFP (78),
UAS-Ork1AC and UAS-Ork1-RNAi (32), UAS-Piezo-RNAIT (line 1), UAS-mPiezoT-
2336-Myc and UAS-mPiezo1-TriM (44), UAS-Mhc-RNAi1 (line 1) (F.Schnorrer),
Notch[NREJ-GFP and UAS-Notch-RNAi (59), NRE-GFP and UAS-Mam™™ (60), UAS-
N and UAS-E(spl)mbeta-Act (S.Bray). UAS-E(spl/)mbeta-Act contains the VP16
activation domain that replaces the C-terminal WRPW maotif of E(spl)mbeta and
converts the protein from a repressor to an activator (79). Other strains were
provided by Bloomington (BL) and Vienna Drosophila Resource Center (VDRC):
UAS-GCaMP3 (BL32116), UAS-Dicer (BL24650), 76E11-Gal4 (BL39933), tub-
Gal80" (BL7019), UAS-piezo-RNA2 (line 2) (VDRC v25780), UAS-Mhc-RNAI2 (line
2)(BL26299), piezo-Gal4 (KI) (BL78335), piezo-Gal4 (enhancer) (BL59266), piezo
(KO) (BL58770), UAS-bnI-RNAi (VDRC GD5730), UAS-CaMKII-RNAi (BL29401),
UAS-IP3R-RNAI (BL25937), E(spl)mbeta-GFP (BL65294), UAS-kuz-RNAi (BL66958),
UAS-KuzPN (BL6578), UAS-Mam®™, and UAS-E(spl)mbeta-Act (79). Crosses and
subsequent raising of larvae until late L1/early L2 stage were performed at 22 °C,
before shifting larvae to 25 °C until their dissection at L3 stage. For RNAi treat-
ments, the same procedure was followed except that larva were shifted to 29 °C
until their dissection. UAS-Dicer was introduced and at least two independent
RNAi lines per gene were tested. Controls correspond to Gal4 drivers with UAS-
Dicer crossed with w'"™®. For Gal80" temperature shift experiments with Mhc-RNAi
or 76E11-Gal4, crosses were initially maintained at 18 °C (permissive tempera-
ture) for 3 d after egg laying, and then shifted to 29 °C until dissection.

Antibodies. Primary antibodies were mouse anti-Hnt (1/100, Hybridoma Bank),
mouse anti-Col (1/40) (26), mouse anti-P1 (1/30, I. Ando, Institute of Genetics,
Biological Research Center of the Hungarian Academy of Science, Szeged,
Hungary), mouse anti-Antp (1/100, Hybridoma Bank), chicken anti-GFP (1/500,
Abcam). Secondary antibodies were Alexa Fluor-488 and -555 conjugated anti-
bodies(1/1,000, Molecular Probes) and goat anti-Chicken Alexa Fluor-488 (1/800,
Molecular Probes). Nuclei were labeled with TOPRO3 (ThermoFisher Scientific). For
detecting bnl:GFP*™® and Notch[NRE}-GFP, GFP immunostainings were performed.

Heart Rate Measurements and Movies. Larvae expressed HandC-GFP with
GFP labeling of cardioblasts and pericardial cells. Larvae were anaesthetized with
FlyNap (Carolina Biological). Five microliters of FlyNap was put on a piece of cotton
ina closed chamber and larvae were put in the chamber for 160 s. Anesthetized
larvae were deposited on a glass slide for recording with a binocular macroscope
(SMZ18, Nikon). The anesthetized larvae were kept at 25 °C for 10 min before
recording. For each individual, 20 s-recordings were performed, and this was
repeated twice with 10 min of rest in the dark. To measure heart contraction,
movies were converted into a kymograph using Fiji software. For each larva, the
number of heartbeat contractions during 20 s corresponds to the average of three
measurements. At least 10 larvae per genotype were scored, and experiments
were reproduced at least three times. All recorded larvae survived and gave rise

1. L.S.Torres et al., Recent advances in “sickle and niche" research-Tribute to Dr. Paul S Frenette [in
English]. Stem. Cell Rep. 17,1509-1535 (2022).

2. M.Acaretal., Deep imaging of bone marrow shows non-dividing stem cells are mainly
perisinusoidal [in English]. Nature 526, 126-130(2015).
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to an adult. Statistical analyses employing t test (Mann-Whitney nonparametric
test) were performed using GraphPad Prism 5 software.

Quantifications. In all experiments, optimized confocal sections were performed
on Leica SP8 microscope for three-dimensional (3D) reconstructions, and since
the number of fluctuating lymph gland differentiated blood cells depends on
the larval stage, and to limit discrepancies, all genotypes were always analyzed
in parallel. For all quantifications, statistical analyses employing t-test (Mann-
Whitney nonparametric test) were performed using GraphPad Prism 5 software.

Blood Cell and Progenitor Quantification. Crystal cells were visualized by
immunostaining with antibodies against Hnt. Plasmatocytes and core progenitors
were labeled by P1and Colimmunostaining, respectivelg/. Nuclei were labeled by
TOPRO3.The number of crystal cells and volume (in pm®) of each anterior lymph
gland lobe were measured using Fiji software and 3DSuite plugin (80). Crystal
cellindex corresponds to [(number of crystal cells)/(primary lobe volume)] x 100.
Plasmatocyte or progenitor indexes correspond to (plasmatocyte or progenitor
volume/anterior lobe volume) x 10.At least 15 anterior lobes per genotype were
scored, and experiments were reproduced at least three times.

Quantification of UAS-GCaMP3 Intensity. The volume of the portion of the
cardiactube localized in between the two lymph gland anterior lobes was measured.
For GCaMP3, mean intensity of cytoplasmic GFP was quantified using Fiji software
and the 3DSuite plugin (80). The mean intensity of GCaMP3 corresponds to the
sum of GCaMP3 intensity per cardiac tube volume. Quantifications for anterior and
posterior aorta were performed independently using different lymph gland sets.

The anterior aorta corresponds to the cardiac tube which lies in between the
two LG anterior lobes. At least 20 cardiac tubes per genotype were scored, and
experiments were reproduced at least three times.

Quantification of bnl::GFP and Notch[NRE]-GFP Dots, and bn/ Expression.
Aregion of interest (ROI) including the cardiac tube portion located in between
the anterior lymph gland lobes was selected. To normalize with respect to
background in tissue preparations, a ROl in the lymph gland cortical zone was
selected and used to quantify background level. The volume of ROl and number of
Bnl::GFP or Notch[NREJ-GFP granules per ROl were quantified using Fiji software
and DiAna plugin (81). The number of GFP granules per volume was calculated.
Notch[NRE]J-GFP and bnl::GFP levels correspond to GFP granules measured in the
cardiac tube minus GFP granules measured in the cortical zone. Quantification
for anterior and posterior aortas was performed independently using different
lymph gland sets. At least 10 cardiac tubes per genotype were scored. For bn/
expression levels, volume of cardiac tube and bn/ fluorescence were quantified
using Fiji software and 3DSuite plugin (80). bn/ mean intensity corresponds to
bnlfluorescence/volume. At least 6 cardiac tubes per genotype were scored. All
experiments were reproduced at least three times.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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