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A mechanosensitive vascular niche for Drosophila hematopoiesis

Short title: A mechanosensitive hematopoietic niche

One sentence summary: Mechano-sensing of blood flow by vascular niche cells regulates

hematopoietic progenitor maintenance

Yushun Tian, Ismaél Morin-Poulard, Nathalie Vanzo and Michele Crozatier *

MCD/UMRS5077, Centre de Biologie Intégrative (CBI), 118 route de Narbonne 31062 Toulouse

Cedex 9, France.

*To whom correspondence should be addressed: michele.crozatier-borde @univ-tlse3.fr


mailto:michele.crozatier-borde@univ-tlse3.fr

18

19

20

21

22

23

24

25

26

27

28
29
30

31

32

33

34

35

36

37

38

39

40

41

42

43

Abstract

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.

Main text

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. Endothelium cells, which line the lumen
of blood vessels and perivascular cells, constitute the vascular niche'®. Endothelium cells are

exposed to mechanical forces linked to blood flow”'°.

Whether mechanosensing by
endothelium/vascular niche cells regulates HSPC maintenance is unknown. We use
Drosophila as a model system to ask whether mechanical stimulation resulting from blood
flow affects the transcription of signals secreted by cardiac cells, which correspond to
vascular niche cells in Drosophila, and thereby regulates hematopoietic progenitor
maintenance.

The Drosophila larval hematopoietic organ, called the lymph gland, has emerged as an
attractive in vivo model to study how hematopoietic progenitor maintenance and

11-13

differentiation are regulated by their microenvironment . The lymph gland is aligned along

the cardiac tube which corresponds to the vascular system, and is composed of hematopoietic
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progenitors, differentiated blood cells and the Posterior Signaling Center (PSC). The latter
corresponds to the niche (Fig. 1a) since the PSC produces various signals that regulate lymph
gland homeostasis, i.e., the balance between progenitors and differentiated blood cells'*".
Recently we established that cardiac cells produce the Fibroblast Growth Factor (FGF) ligand
Branchless (Bnl). Though the activation of its FGF receptor in progenitors, Bnl controls
progenitor maintenance and prevents their differentiation into crystal cells and plasmatocytes,
two mature blood cell types that differentiate under physiological conditions. Thus the cardiac
tube corresponds to a second niche which directly regulates the extent of progenitor
differentiation in the lymph gland”. The cardiac tube is composed of one anterior part (aorta)
in contact with the lymph gland containing non-contractile cardiomyocytes, and a posterior
contractile heart chamber where cardiomyocytes by contracting rhythmically, provide the
propelling force for hemolymph/blood flow circulation within the cardiac lumen"
(Supplementary Fig. 2a). In insects, the hemolymph provides nutriments and conveys signals,
but does not supply oxygen which is achieved via the tracheal system. Analyses of
Drosophila cardiac physiology further established that, as in Mammals, the blood flow
generates intra-cardiac mechanical forces'®. Here our data strongly support the conclusion that
mechanical constraints exerted by blood flow on vascular niche cells modify their secreted
signals and subsequently impact hematopoietic progenitor homeostasis.

Results

Heartbeat regulates lymph gland homeostasis

A primary function of Drosophila heart is to pump hemolymph throughout the body in an
open circulatory system'>. We asked whether mechanical constraints exercised by blood flow,
resulting from cardioblast contraction, could modify lymph gland hematopoiesis. To stop

blood flow, we expressed either a constitutively active form of Ork1 (Ork1-deltaC (Ork1AC)),

a potassium channel subunit required to set heartbeat frequency'’ or a knockdown of Myosin
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heavy chain (Mhc, necessary for muscle contraction) specifically in cardiac cells using two
independent Gal4 drivers NP1029 and HandAC'*'®. Both Mhc knockdown and Ork1AC
expression in cardiac cells from the second larval stage (L2) on, resulted in heartbeat arrest
(Fig. 1b-c and movies 1-3, Supplementary Fig. 1b) without affecting heart morphology
(Supplementary Fig. 1a). In all these contexts, heart failure resulted in decreased cells
differentiation in the lymph gland, for both crystal cells (labelled by Hindsight (Hnt)
antibody) (Fig. le-g, 1, Supplementary Fig. 1f-k) and plasmatocytes (P1 antibody labelling)
(Supplementary Fig. 1c-e). In agreement with published data'” an increased heart rate was
observed when Ork1-RNAi was expressed with the HandA cardiac driver (Fig. 1d, movie 4-
5), and this resulted in increased crystal cell differentiation compared to control (Fig. 1h-i).
We then analyzed the effect of heart arrest on hematopoietic progenitors. The transcription
factor Collier (Col) (also known as Knot) is expressed at high levels in the PSC niche and at
lower levels in core progenitors, a subset of hematopoietic progenitors maintained by cardiac

141920 (Fjg 1a). Compared to wild type, higher numbers of Col® progenitors were

cell signals
recorded, indicating that heartbeat controls core progenitor maintenance (Fig. 1j-m,o and
Supplementary Fig. 11-n). Since the PSC is also known to control lymph gland homeostasis*"
*® we looked at PSC cell numbers by Antennapedia (Antp) immunostaining. No difference in
PSC cell numbers was observed (Supplementary Fig. 10-q). Altogether, these data establish
that in third instar (LL3) larvae the heartbeat, and thereby blood flow, trigger progenitor
differentiation into mature blood cells. These results indicate that mechanical stimuli resulting
from blood flow may be critical regulators of hematopoiesis.

Mechanosensitive ion channel Piezo controls lymph gland homeostasis

Heartbeat imposes mechanical constraints on cardiac cells'®. Piezo encodes a
mechanosensitive cation channel that directly senses mechanical tension in lipid bilayers '

28,29
LA

and is responsible for mechano-reception in many cell types single piezo gene 1is
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present in the Drosophila genome™ . Piezo is expressed in larval cardiomyocytes, but no
function in these cells has been reported so far”. To document its expression, we used piezo-
Gal4, where Gal4 is under the control of a piezo enhancer % and the Piezo knock-in Gal4
allele piezo-Gal4 (KI)*’ to express UAS-mcd8GFP. In both cases GFP was expressed in
cardiac cells and at low levels in a subset of crystal cells (Fig. In and Supplementary Fig. 2a-
c). We investigated whether in cardiac cells Piezo regulates lymph gland hematopoiesis. To
monitor blood cell differentiation and progenitor maintenance, we looked at crystal cell
differentiation and Col~ expression, respectively. In two null mutant contexts: piezo-KO and
piezo-Gal4(KI)*’, crystal cell indexes were lower than in the control (Fig. 1p, r and
Supplementary Fig. 2d-e). Similar results were obtained by knocking down piezo in cardiac
cells by RNAi (Fig. 1q, s; Supplementary Fig. 2i-1) or by over-expressing mPiezol-2336-
Myc, which encodes a nonfunctional channel *' (Supplementary Fig. 2m-o). Higher numbers
of Col" progenitors were observed when piezo was knocked down in cardiac cells
(Supplementary Fig. 2f-h). Altogether these data establish that piezo expression in cardiac
cells regulates lymph gland homeostasis. To determine whether its function is specifically
required in anterior aorta cells which are in contact with the lymph gland, we used the 76E11-
Gal4 cardiac cell driver expressed only in the anterior aorta cells of late L2/early L3 larvae
(Supplementary Fig. 2p). Applying piezo knockdown only after the L2 stage using the Gal80"
system’”, led to a decrease in crystal cell index (Supplementary Fig. 2g-s), which means that
piezo 1s required in anterior aorta cells to control blood cell differentiation. Finally, we
showed that piezo knockdown in cardiac cells does not affect heartbeat (Supplementary Fig.
2t-u and movie 6). In summary, our data indicate that the function of piezo is required in L3
larval anterior aorta cells to control lymph gland homeostasis non-cell-autonomously. Since
piezo knockdown and heart failure led to similar lymph gland defects, we asked whether both

were functionally linked. Expression of a constitutively active form of Piezo, mPiezol-TriM>!
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in cardiac cells (HandA) led to a significant increase in crystal cell differentiation (Fig. 1t, v).
In addition, activation of Piezo function in larvae with reduced heart contractility (Ork1AC)
rescued lymph gland defects as it restored a wild type number of crystal cells (Fig. lu-v).
Overall, these data indicate that in aorta cells piezo acts downstream of heartbeat to control
lymph gland hematopoiesis.

Piezo and heartbeat control expression of the FGF ligand Bnl

Drosophila cardiac cells exert a function similar to the mammalian 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'. To investigate whether Bnl
levels in cardiac tube are dependent on piezo and/or on heartbeat, we analyzed endogenous
Bnl expression using the bnl:GFP* knock-in allele *°. When the heart was arrested or piezo
knocked down in cardiac cells, more bnl:GFP" was observed in cardiac cells (Fig. 2a-e),
indicating that piezo and heartbeat control Bnl protein levels in cardiac tube. We then
established that Piezo and heartbeat repressed bnl/ transcription in cardiac cells, since bn/
transcription, quantified by in situ hybridization, was higher when either piezo was knocked
down or the heart arrested (Fig. 2f-j).

To investigate the functional link between bn/ and piezo in cardiac cells and lymph gland
hematopoiesis, we monitored blood cell differentiation using crystal cell differentiation as a
readout, and asked whether we could rescue the decreased crystal cell numbers due to piezo
knockdown by knocking down bnl in cardiac cells. While the expression of bn/-RNAi in
cardiac cells increased crystal cell numbers, in agreement with the previous report'®, and
piezo-RNAI reduced crystal cell numbers, simultaneous expression of bnl-RNAi and piezo—
RNAI1 restored wild type crystal cell numbers (Fig. 2k-1, n). Altogether, these data indicate
that Piezo functions by repressing bnl expression. Furthermore, since heartbeat activates Piezo

which represses Bnl expression, we wondered whether Bnl reduction in cardiac cells can
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compensate for heart arrest. Crystal cell differentiation returned to normal when bn/-RNAi
was expressed in a context where the heart was blocked (HandA>bnl-RNAi>Ork1AC, Fig.
2m, o). In conclusion, both heartbeat and Piezo control lymph gland hematopoiesis by
repressing bnl expression in cardiac cells. All these data lead us to propose that heartbeat
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 molecular machinery downstream of Piezo, we first analyzed Ca®**

2+ 3639 - 2+
. Using the Ca” sensor

levels, since Piezo triggers upregulation of cytosolic Ca
GCaMP3* we observed that knocking down piezo in cardiac cells (Fig. 3a-c) or blocking
heartbeat (Supplementary Fig. 3a-c) led to decreased fluorescence compared to control,
reflecting reduced Ca*’ levels. Thus heartbeat, via blood flow, activates Piezo which in turn
regulates cytosolic Ca®" levels in cardiac cells.

We subsequently focused on Notch (N) signaling since Piezo, by modulating Ca** levels,
regulates N signaling in several cell types such as mouse endothelial cells ! zebrafish cardiac
valve cells* and Drosophila gut cells®’. In Drosophila bnl transcription is repressed by N
signaling in the embryonic tracheal system®’. We therefore hypothesized that in cardiac cells
Piezo could activate N signaling, which in turn would repress bnl expression. We therefore
investigated the role of N signaling in cardiac cells. The Notch Responsive Element
(Notch[NRE]-GFP) * is a N signaling responsive enhancer. It is expressed in cardiac cells
(Fig. 3d-d”) dependent on N signaling, since it is reduced when a dominant negative form of
N (N*) is expressed in cardiac cells (Supplementary Fig. 3e-¢’, g). These data indicate that
the N pathway is activated in cardiac cells. To strengthen this conclusion, we analyzed the

expression of NRE-GFP, a synthetic reporter for N pathway activation, and of E(spl)mbeta-

HLH-GFP, which reports on canonical N pathway activation®’. For both reporters, GFP was
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expressed in cardiac cells, confirming that the canonical N pathway is activated in cardiac
cells (Supplementary Fig. 3i-j’). When piezo was knocked down in cardiac cells (Fig. 3e-f) or
when heartbeat was arrested (Supplementary Fig. 3f-f”, h), Notch[NRE]-GFP expression was
reduced establishing that heartbeat and piezo activate N signaling. Furthermore we showed
that N signaling is dependent on Ca®" levels, since Notch[NRE]-GFP expression was reduced
when Ca”" levels were decreased in cardiac cells. This was achieved using either CamKII
knockdown (CamKII-RNAI) or with the inhibition of ER-mediated Ca®" release in the cytosol
by knocking down IP3R (IP3R-RNAi)* (Fig. 3g-i). Collectively, these data indicate that
Piezo through the control of intracellular Ca®" levels activates N signaling. We then

investigated the N/Bnl relationship. Bnl levels, as visualized with bnl:GFP"%

, were higher in
cardiac tube when the N pathway was inhibited (N*™, Fig. 3j-1) or when N-RNAi was
expressed in cardiac cells (Supplementary Fig. 3k-m). This indicates that N signaling
represses bnl expression in cardiac cells.

We asked whether N signaling in cardiac cells is required for lymph gland homeostasis. We
monitored blood cell differentiation using crystal cell differentiation as a readout. When N
signaling was inhibited by expressing (N**°) with either of the two heart drivers (Fig. 3m, o
and Supplementary Fig. 3n-o, q), crystal cell numbers were lower than in the control.
Reduced crystal cell differentiation was also seen upon expression of N-RNAi in cardiac cells
(Supplementary Fig. 3r-t) or of a dominant negative form of mastermind (mam™). Mam is
the coactivator of NICD to regulate N target gene expression® (Supplementary Fig. 3p-q). In
conclusion, the N signaling pathway is activated in cardiac cells and regulates lymph gland
hematopoiesis non-cell autonomously via Bnl. Piezo activation and N loss-of-function have
opposite effects on crystal cell numbers. Simultaneous expression of a constitutively active

form of Piezo (mpiezol-TriM) and N*™ (N inhibition) led to increased crystal cell numbers

compared to inactivation of N signaling alone (Fig. 3n-0), establishing that Piezo and N are
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functionally linked and that Piezo in part functions through N signaling. Finally, knockdown
of bnl in cardiac cells compensates for the crystal cell differentiation defect due to N signaling
inhibition, indicating that N pathway regulates crystal cell differentiation via the repression of
bnl transcription in cardiac cells (Fig. 3p-r).

In conclusion, our data are consistent with the hypothesis that in cardiac cells Piezo
activates canonical N signaling, which subsequently represses bn/ expression, which in turn
regulates lymph gland hematopoiesis (Fig. 3s).

A physiological chronotropic effect controls lymph gland hematopoiesis

We finally wondered what could be the physiological relevance of a control of lymph
gland hematopoiesis by heartbeat. When measuring heartbeat rate, we discovered that it
increases slightly during larval development (Fig. 4a and movies 7-8). We then looked at Bnl
expression and observed more abundant bnl:GFP®® in the cardiac tube of late L2 larvae
compared to mid L3 larvae (Fig. 4b-d), indicating that Bnl levels in the cardiac tube decrease
between L2 and L3 larval stages. While there were no crystal cells in late L2 lymph glands,
many were found in mid L3 larvae (Fig. 4e-g), confirming published data indicating that
blood cell differentiation occurs in L3 larvae, mature blood cells being seldom found in L2
larvae'®. Finally, we determined whether temporal differentiation of crystal cells is dependent
on heartbeat rate and/or Piezo activation. We showed that premature blood cell differentiation
occurs in late L2 larvae when heartbeat rate was increased (Ork1-RNAi) and when Piezo was
constitutively activated (mPiezo1-TriM) from L1 to L2 larval stages (Fig. 4h-j). All these data
strongly suggest that the temporal control, between L2 and L3 larval stages, of lymph gland
blood cell differentiation may be achieved through physiological modulation of the heartbeat
rate.

In conclusion, cardiac cells, previously established to act as vascular niche cells, may

directly sense mechanical forces provided by blood flow and adjust lymph gland
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hematopoiesis accordingly. This mechanosensing is mediated by Piezo activation that
transduces the stimuli into cellular responses in vascular niche cells. Our findings show that
Piezo, activated by blood flow, promotes blood progenitor maintenance via N activation in
vascular niche cells, which in turn represses expression of the FGF ligand Bnl. Whether N
signaling represses bnl transcription in cardiac cells via E(sp/) genes has to be confirmed. Bnl
secreted by vascular niche cells non-cell-autonomously activates the FGF pathway in
hematopoietic progenitors for their maintenance. These data demonstrate a direct link
between the blood flow rate and the maintenance of hematopoietic progenitors, and provide a
regulatory network involving mechanosensitive channels in hematopoietic vascular niche
cells to promote blood cell progenitor maintenance. Given the striking parallels between
Drosophila lymph gland and mammalian bone marrow hematopoiesis, there is promise that
our newly identified regulations are conserved and that mechanosensing of blood flow by
endothelial cells, a major cell type of the bone marrow vascular niche in mammals, may also
contribute to HSPC maintenance. Modification of blood pressure, such as during physical

activity, could therefore be a powerful way to regulate hematopoiesis.

Materials and Methods.

Fly strains. w'''® (wild type, WT), UAS-mcD8GFP ', handA-gal4 ', NP1029-gal4 ¥/,
BcGEP *%, bnl:GFP"® **, HandCGFP *°, UAS-Ork1AC and UAS-Ork1-RNAi '7, UAS-Piezo-
RNAIil (line 1), UAS-mPiezo1-2336-Myc and UAS-mPiezol-TriM 31 Mhc-RNAi1 (line 1)
(F.Schnérrer), Notch[NRE]-GFP and Notch-RNAi **, NRE-GFP and UAS-Mam™ *, and
N (S.Bray). Other strains were provided by Bloomington (BL) and Vienna (VDRC)
Drosophila stock centers: UAS-GCaMP3 (BL32116), UAS-Dicer (BL24650), 76E11-gal4
(BL39933), tub-gal80" (BL7019), UAS-piezo-RNAi2 (line 2) (VDRC v25780), Mhc-RNAi2

(line 2) (BL26299), piezo-gal4 (KI) (BL78335), piezo-gal4 (enhancer) (BL59266), piezo

10
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(KO) (BL58770), UAS-bnl-RNAi (VDRC GD5730), UAS-CaMKII (BL29401), UAS-IP3R-
RNAIi (BL25937) and E(spl)mbeta-HLH-GFP (BL65294). 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 treatments the same procedure was followed
except that larvae were shifted to 29°C until their dissection. UAS-Dicer was introduced and
at least two independent RNALI lines per gene were tested. Controls correspond to Gal4 drivers
with UAS-Dicer crossed with w'''®. For gal80" experiments, crosses were initially maintained
at 18°C (permissive temperature) for 3 days 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) 19, 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 antibodies (1/1000, Molecular Probes) and goat anti-Chicken
Alexa Fluor-488 (1/800, Molecular Probes). Nuclei were labeled with TOPRO3 (Thermo
Fisher Scientific). For detecting bnl:GFP*"® and Notch[NRE]-GFP, GFP immunostainings
were performed.

Heart rate measurements and movies. Larvae expressed HandC-GFP with GFP labelling of
cardioblasts and pericardial cells. Larvae were anaesthetized with FlyNap (Carolina
Biological, Burlington, NC, USA). 5ul of FlyNap put on a piece of cotton in a closed chamber
and larvae put in chamber for 160 seconds. Anaesthetized larvae deposited on a glass slide for
recording with a binocular macroscope (SMZ18, Nikon). Anaesthetized larvae kept at 25°C
for 10 minutes before recording. For each individual, 20 second-recordings performed, and
this repeated twice with 10 minutes of rest in the dark. To measure heart contraction, movies

were converted into a kymograph using Fiji software. For each larva, number of heartbeat
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contractions during 20 seconds corresponds to average of three measurements. At least 10
larvae per genotype scored and experiments reproduced at least three times. All recorded
larvae survived and gave rise to an adult. Statistical analyses r-test (Mann-Whitney
nonparametric test) performed using GraphPad Prism 5 software.

Quantifications. In all experiments, optimized confocal sections performed on Leica SPS8
microscope for 3D reconstructions, and since number of lymph gland differentiated blood
cells fluctuates depending on the larval stage, and to limit discrepancies, all genotypes always
analyzed in parallel. For all quantifications, statistical analyses r-test (Mann-Whitney
nonparametric test) performed using GraphPad Prism 5 software.

Blood cell and progenitor quantification.

Crystal cells visualized by BcGFP or immunostaining with antibodies against Hnt.
Plasmatocytes and core progenitors labelled by P1 and Col immunostaining, respectively.
Nuclei labelled by TOPRO3. Number of crystal cells and volume (in um?) of each anterior
lymph gland lobe measured using Fiji software and 3DSuite plugin *°. Crystal cell index
corresponds to [(number of crystal cells)/(primary lobe volume)] x100. Plasmatocyte or
progenitor index corresponds to (plasmatocyte or progenitor volume/anterior lobe volume) x
10. At least 15 anterior lobes scored per genotype, and experiments reproduced at least three
times.

Quantification of UAS-GCaMP3 intensity.

Volume of cardiac tube localized in between two lymph gland anterior lobes measured. For
GCaMP3, mean intensity of cytoplasmic GFP quantified using Fiji software and the 3DSuite
plugin *°. Mean intensity of GCaMP3 corresponds to sum intensity of GCaMP3 per cardiac
tube volume. At least 20 cardiac tubes scored per genotype, and experiments reproduced at
least three times.

Quantification of bnl::GFP and Notch[NRE]-GFP dots, and bnl expression.

12
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A ROI including cardiac tube in between the anterior lymph gland lobes was selected. To
normalize with respect to background in tissue preparations, a ROI in the lymph gland cortical
zone was selected and used as background level. Volume of ROI and number of Bnl::GFP or
Notch[NRE]-GFP granules per ROI was quantified using Fiji software and DiAna pluginsl.
The sum of GFP granules per volume was calculated. Notch[NRE]-GFP and bnl::GFP levels
correspond to GFP granules measured in the cardiac tube minus the sum of granules measured
in the cortical zone. At least 10 cardiac tubes scored per genotype. For bnl expression levels,
volume of cardiac tube and bnl fluorescence quantified using Fiji software and 3DSuite
plugin®. bnl mean intensity corresponds to bnl fluorescence/volume. At least 6 cardiac tubes

scored per genotype. All experiments reproduced at least three times.

Data availability. The authors declare that the data supporting the findings of this study are

available within the article and its Extended Data Figs.
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Figure 1: Heartbeat and Piezo expressed in cardiac cells control lymph gland
homeostasis.

(a) The lymph gland is composed of progenitors (red) and core progenitors (hatched red) in a
medullary zone (MZ), and a cortical zone which contains differentiated hemocytes (CZ, dots).
The two niches, the PSC (pink) and the cardiac tube (orange) regulate different subsets of MZ
progenitors (black arrows). (b) Kymograph of heartbeat in control and when OrklAC, Mhc—
RNAi and Orkl-RNAi are expressed with cardiac cell drivers. (c-d) Heart contraction numbers
per 20s. (e-h) Crystal cell differentiation (Hnt, green) when the heart is blocked (f-g) or
accelerated (h). (i) Crystal cell index. (j-k, m) Col (red,*) labels core progenitors and the PSC
(arrow). (1, o) Quantification. (n) mcd8-GFP (green) under piezo-Gal4 is expressed in cardiac

cells (arrowhead). (p-q) Fewer crystal cells (Hnt, green) in a piezo null mutant (p) or when
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piezo is knocked down in cardiac cells (q). (r-s) Crystal cell index. (t-u) Active form of piezo
(mPiezol-TriM) with arrested heart (OrklAC) restores wild type crystal cell numbers (u). (v)
Crystal cell index. Statistical analysis z-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 labelled with Topro (blue) and scale bars
=20um.

Figure 2: Heartbeat and Piezo control expression of FGF ligand Branchless (Bnl) in
cardiac cells and in turn Bnl regulates lymph gland hematopoiesis.

(a-¢’) Enlarged view of larval cardiac tube expressing bnl:GFP* ndo (green) and Col (red) in
core progenitors (a-c) and bnl:GFP"® (white) in (a’-c’). Dotted lines indicate cardiac tube
contour. bnl:GFP"* expression is higher when heart is blocked (b-c’). (d-e) Quantification.
(f-h’) Enlarged view of cardiac tube when piezo-RNAi (g-g’) or Ork1AC (h-h’) expressed in
cardiac cells; bnl in red (f-h) and white (f’-h”). bnl expression in cardiac cells increases in
both conditions. (i-j) Quantification. (k-m) Crystal cell (Hnt, green) differentiation increases
when bnl knocked down in cardiac cells (k) and restored to wild type when piezo and bnl
simultaneously knocked down in cardiac cells (I). Crystal cell differentiation rescued when
bnl knocked down in cardiac cells simultaneously with heart arrest (m). (n-o) Crystal cell
index.

Figure 3: Piezo regulates Ca®" levels and activates N signaling, which controls blood cell
differentiation by repressing bnl transcription in cardiac cells.

(a-b) GCaMP3 Ca®" sensor (green) decreases when piezo knocked down in cardiac cells. (c)
Quantification. (d-e’, g-h”) Enlarged view of larval cardiac tube expressing Notch/NRE]-GFP
(green) and Col (red) in core progenitors (d-e, g-h) and Notch/NRE]-GFP (white) in (d’-¢’,
g’-h’). Dotted lines indicate cardiac tube contour. Notch/NRE]-GFP expression decreased
when piezo knocked down (e-¢’) and when Ca”" levels decreased (g-h’) in cardiac cells. (£, i)
Quantification. (j-k’) bnl:GFP”® expression increased when N signaling inhibited. (1)
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Quantification. (m-n, p-q) Crystal cell (Hnt, green) differentiation reduced when N signaling
inhibited (m), and rescued when simultaneously N signaling is inhibited and Piezo is
constitutively activated (n). Crystal cell differentiation defect observed when N is inhibited
(N"°), is rescued when simultaneously N signaling is inhibited and bnl is knocked down (q).
(0, r) Crystal cell index. (s) 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, which 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.

Figure 4: Physiological modulation of heartbeat rate during larval development
regulates hematopoiesis.

(a) Heart contraction number per 20 seconds in late L2 and mid L3 larvae. (b-c’) Enlarged
view of cardiac tube in larvae expressing bnl:GFP* (green) and Col (red) in core
progenitors (b, ¢) and bnl:GFP"® (white) in (b’, ¢’) in late L2 (b, b”) and mid L3 larvae (c,
c¢’). Dotted lines indicate cardiac tube contour. bnl:GFP"® decreases in mid L3 compared to
late L2 larvae. (d) Quantification. (e-f, h-1) Hnt (green) labels crystal cells. While crystal cells
are seldom found in late L2 (e), they massively differentiate in mid L3 larvae (f). Premature
crystal cell differentiation is observed in late L2 larvae when heartbeat accelerated (h) or
when a constitutively activated form of Piezo expressed in cardiac cells (i). (g, j) Crystal cell
index.

Supplementary Figures

Figure S1: Heartbeat regulates lymph gland homeostasis.
(a) Cardiac cells express mcd8-GFP (NP1029>mcDS-GFP, green). Transversal section
shown. No difference in cardiac tube morphology observed when heartbeat arrested

(ORKI1AC or Mhc-RNAI). (b) Heart contraction number per 20 seconds when heart arrested
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(HandA>Orkl1AC). (c-d) P1 (red) labels plasmatocytes (arrow). Compared to the control (c)
decreased P1 staining is observed when heart arrested (NP1029>OrklAC, d). (e)
Plasmatocyte index. (f, g) Hnt (green) labels crystal cells. Compared to the control (f) fewer
crystal cells are observed when heart arrested (HandA>OrklAC, g). (h) Crystal cell index. (i-
j) Hnt (green) labels crystal cells. Compared to the control (i) fewer crystal cells are observed
when heart arrested (NP1029>Mhc-RNAi, j). (k) Crystal cell index. (I-m) Col (red) is
expressed at high levels in the PSC (arrow) and at lower levels in core progenitors (*).
Compared to the control (1) higher levels of Col are observed in core progenitors when heart
arrested (Hand>OrklAC, m). (n) Core progenitor index. (o-p) Enlargement of PSC cells
labelled by Antp (red) antibody. No difference in PSC cell numbers is observed when heart
arrested (p) compared to the control (0). (q) Quantification of PSC cell number.

Figure S2: Piezo expressed in anterior aorta cells controls lymph gland hematopoiesis.
(a-b) piezo(enhancer)>mcDS8-GFP and (c) piezo-gal4(KI)>mcdS-GFP. Col (red) labels PSC
(white arrow), lymph gland posterior lobes (red arrows) and pericardial cells (PC). In L3
larvae, piezo is expressed in cardiac cells (white arrowhead). (b) Enlargement of lymph gland
cortical zone expressing piezo-gal4>mcdS-GFP (green), piezo is expressed in crystal cells
labelled by Hnt (red). (d) In piezo null mutant, crystal cell (Hnt, green) differentiation is
decreased. (e) Crystal cell index. (f-g) Col (red) is expressed at high levels in the PSC (arrow)
and at lower levels in core progenitors (*). Compared to the control (f), number of core
progenitors increases when piezo knocked down in cardiac cells (g). (h) Core progenitor
index. (i-j, m-n) BcGFP (green, i-j) or Hnt (green, m-n) labels crystal cells. Compared to the
controls (i, m), fewer crystal cells are observed when piezo knocked down in cardiac cells (j)
or when a nonfunctional channel encoded by mPiezo1-2336-Myc expressed in cardiac cells
(n). (k-1, o) Crystal cell index. (p) 76E11-gal4>mcD8-GFP is green; Col (red) labels the PSC

(white arrow), lymph gland posterior lobes (red arrows) and pericardial cells (PC). In L3
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larvae, 76E11 is expressed in anterior aorta cells (green). (q-r) Hnt (green) labels crystal cells.
Compared to the control (q), fewer crystal cells are observed when piezo knocked down (r) in
cardiac cells using the 76E11-gal4 driver. (s) Crystal cell index. (t) Kymograph of heartbeat
in control (handA>) and when piezo knocked down in cardiac cells. (u) Number of heart
contractions per 20 seconds. No difference compared to the control is observed when piezo
knocked down in cardiac cells.

Figure S3: Heartbeat activates N signaling which regulates blood cell differentiation.
(a-b) GCaMP3 Ca”* sensor (green) expressed under NP1029 driver. GCaMP3 intensity
decreases when heart arrested (b) compared to the control (a). (¢c) Quantification of GCaMP3
mean intensity. (d-f”) Enlarged view of cardiac tube and a maximum projection of 10 confocal
lymph gland sections of larvae expressing Notch[ NRE]-GFP (green) and Col (red) that labels
core progenitors (d-f) and Notch/[NRE]-GFP (white) in (d’-f”). Dotted lines indicate cardiac
tube contour. Compared to the control (d-d’), Notch/NRE]-GFP in cardiac cells decreases
when N signaling inhibited in cardiac cells (e-e’) or when and heart arrested (f-f’). (g-h)
Quantification of Notch[NRE]-GFP levels in cardiac cells. (i-)’) Enlarged view of cardiac
tube of larvae expressing NRE-GFP (green, 1) or E(spl)mbeta-GFP (green, j) and Col (red)
that labels core progenitors. For NRE-GFP and E(spl)mbeta-GFP, a maximum projection of 9
and 7 confocal lymph gland sections were used, respectively. (k-1") Enlarged view of cardiac
tube and a maximum projection of 10 confocal lymph gland sections of larvae expressing
bnl:GFP* (green) and Col (red) in core progenitors (k-1) and bnl:GFP“"® (white) in (k’-1").
bnl:GFP™"* expression increases when N signaling inhibited in cardiac cells (I-1") compared

endo

to the control (k-k’). (m) Quantification in cardiac cells of bnl:GFP*™ cytoplasmic granules
relative to volume. (n-p, r-s) Hnt (green) labels crystal cells. Compared to controls (n, 1),

crystal cell differentiation decreases when the N pathway inhibited by expressing a dominant
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negative form of N (N

o 1), a dominant negative form of mam (mam®, p), or N-RNA:i (s) in

cardiac cells. (g, t) Crystal cell index.

Movie 1:

Movie 2:

Movie 3:

Movie 4:

Movie 5:

Movie 6:

Movie 7:

Movie 8:

heartbeat in control NP1029; mcDS-GFP>

heart is arrested in NP1029, mcD8-GFP>OrklAC

heart is arrested in NP1029, mcDS8-GFP>Mhc-RNAi
heartbeat in control HandA; HandC-GFP>

heartbeat is increased in HandA; HandC-GFP>Orkl-RNAI
heartbeat in HandA; HandC-GFP >piezo- RNAi

heartbeat in L2 larvae (HandA; HandC-GFP>)

heartbeat in L3 larvae (HandA; HandC-GFP>)
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Figure 2: piezo controls bnl levels

— B
=
o] .

HandA>

d
GFPen 0

bl_ll

bnl

.®
.
.

- .
- a®
*tsssssnse*”

HandA>

Haud_j >pwzo—R

s
......0 frees

d 2.0+ ok
-
1.5
._lc-..n..IC.O.n. ---

granule/volume
(=] -
] o
L 1

NP1029>Mhc-RNAi g’ ﬂm‘g‘y n
R e 2.5+ o
| < E 2.0- -
= =2 =
S 2 154
2 - +
OE 10 o
as
0.01—%F
Q?\O ‘l?‘fl NP“
1 N
z 257 ok
2 20+ -
2
g 154 =
= L
-1 -
LA R N WY "R E " .-. %
LT E 54 m_.. mE
NPI1029>0rkIAC 2 T
- - ‘u‘:\\\ “a‘\ g-p.]
“E‘“
20- Vs
ey -
g 154 -
3 -
=
SR I
]
g .
> 297
R v‘“ G

NP1029>bnl-RNAi
>piezo-RNAI

crystal cell index

n a dedese
5 EE
= ns
£ 37 g.o’: ko _2:_ v
% ™ Ala Vo
S 2| i =
Eg T
g 1 - -E- vy
[ [
S
'l-q ) i ‘I. ‘},"V
@ ﬁ""‘ PO A
o e hﬂ}’,o,%‘ »

o

“\

2

o

1

RRww
W e
A
s
A ns
v
See o wwEr L., o 4
by |
* Q
... i

LY
gu‘“\b ,‘\uﬂ“ AC Y\a““' ﬁ“‘ﬂu“%ﬂ"

o\ o »C
P ot




b C 900 bl
= - -
= BOD .
c.-‘-..,.. 5700 -
--o--......."..- = ;$ -
. 600 *F -
ensssese 2 -\.
cl'ooalilil"'.".-. ;EDD - ﬁ
=
(]
Q

Iy

3]

-X-1
g
'z

—_

Notch[NRE]-GFP levels

s
,,,,, ssasnsssses® st A LA
.
.

NP1029>

L
s b e8ni
s* -

ane ey, .
e ..
b Tran,

Col Notch|[NRE[-GFP

g i
-e -
. “.
.
*Tassa, 2 (2]
ttrruy, et :

-
#
*
*
#
>

avEEE,
.
.._..--..cv----'
sas®®

NPI1029>CamKIH-i

Notch|NRE|-GFP levels

=K
=
g
=)
[~
z
=
2
=
<

" Col

L
'..nai. *tssssssnansesanns

s e
AR LT R R i

bnl:GFpendo
granule/volume

NP1029>

.

J

e
.__-“° R R T AT T,

o . - 1 k%
....-...:_.-.-.__,'..--.-..'.. 4 wres
.
0
z o
- e
& 10
— Y
E as **x
- - = .
;:" - P A 2
v
“ 0 T ¥ "T:‘
AT N N {\-\ d,\‘?
s O ' s N
e ‘\ﬂﬁ\a ot oo ok ‘\nf\‘o? ‘j*""
n \l\" it ?'\E'-“
WRRW “‘
ny
8 fededdk
I = bt
"6 v
v
E® M
it LR v
:T, At Ty oy
4 o
] - ¥
z e -
-2 Vv
o L
o L AL

57

cardiac cells
CaZHN o q Bnl

Piezo

hemolymph flow (heart beat)




Fig 4

GFPendo

bnl

1
o 150+
a.ﬂ Hedesk sk
|
=
= -
Pl
2
& 504
—
=
=]
]
o 0
h T L]
& z\} .é\:’
= W
b,
.‘ooooottnno..
®o0,
L ]

- - - -

-

By o=

..‘....-....lonccuo.-.-
e ?®

late L2
DN

"O'Gotao'g'too...

e %

late L2 W'T

late 1.2
NP1029>0OrkI-RNAi

late L2
NP1029>mPiezo1-TriM .

granule/volume
W
1
*
*
&=

bnl: GFpeNdo

L o
W g
4- ks

g . -_
B o0
=] oy
2 2-

- X
® 14 -y
g ge s
L o
\‘b\e\) “{\6\)

j 2.5+ BEME
5 2.0 - =
ﬁ ! -

R= =
— 1.5 (]
) - A
; 1.0 B Y
- ry
2 0.5 ﬁ“
Q 0.0 i
' 7 . 97 .l



Sup Fig 1

a

-
4]
=]

NP1029> | NP1029>
NP1029> _|OrkIAC _| Mhc-RNAIL_

¢ plasmatocyte d

heart contraction number

NP1029> NP1029>0rk1AC
g

Y e

crystal cell index

HandA>0rkIAC

crystal cell index

-
-

NP1029> NP1029>Mhc-RNAi2

| m

e
=1

core progenitor index

vr
HandA> HandA>OrkIAC
P P

PSC cell number

NP1029> NPI1029>0rkIAC e




Sup Fig 2

a

i D
anterior G I ]

aorta posterior aorta heart

posterior lobe

- 4

lymph glan
close up

crystal cell index

*

NP1029> NP1029>piezo-RNAi

core progenitor index

A EFP 15
i1k G I ! z -
]
= = -
= = -’
— — 10
= = R
g b L -
— i -_2%
] = -
i Z 5
= - -
. =
o o
0

HandA>

crystal cell index
B
1
N
]
]
{

2 -
o - h'w’ﬁt“
FLIT Ut
FC U 20Y
\l“‘“t
l anterior aorta | posterior lobe
76E11>mcD8GFP
B4
g
- 6 - k&%
.
T 4] cee -
2 _& =
E | ==
S
'
[ *]
ol =
261 1>piez0-RNAi A7V A
76E11=piezo-RNAI ; T 1&&" “_@.
s ‘s'\'e"
t u 2 1404
L} i 1) (] L ] 1] () [ ] o a E a3
] ) L] L] L] ’ L) i ]
HandA> ',,:‘ a.ll’ '.l.' u_u; "!.P’r'l','l' ..I'r ",’. '._:' lli"l '.‘..;. '_.Ir' u:_ul" I'r: ..; ":. *!_t' T : 120 - -
' Tl P
< 100
HandA> | L W | NI AT LT YL g “e ™
piezo-RNAi R TR T U TR T T Tl T T U € 8o "
o -
r T T T 1 T
0 1 2 3 4 5ol p—r
Time (s) ﬂuﬂ“ ‘wﬂ"" ’?"SJ“



Col

Notch[NRE]-GFP *

b

GCaMP3 intensity

NPI1029>Mhc-RNAi

& 2.5+
%
Z 201 &%
.'-...o-o-c.-.-..ooﬂ" .iis-% -
"esssnnnsns g 1.0 “
.o..-...., e T L R T R R R L L P Ty, %05— [op—
NP1029>N*ho o | NP1029>Mhc-RNAi 2 w0

e’ h

=
4
-
-""-..-_-o-"' = e
S i O 1.5 ﬂ;.
F'L' whE R
ftesessnens, X ...
4 .".I..""i"°-co-t"’I'0--‘l z 2 - ne=
<= 0.5 g&
- Fr
E 0.0- wm™
5 97 .
o [\
o @ it?-“"“
o-ot-llon--' \A\\L’

senssag L e

‘ .
smee® T EE R RN
es et e, Lottt T R AL L)
. *raan sen

NRE-GFP

-
S oy R
.--on-oo.....'.' a

2.5 shokseok

-
(]
LT

'oa..'-..;o.."

asee

granule/volume

. . aaned”
e snsetanarer®®®

HandA>

q *
» .
"EI; sk
- 2
; .... LEt ] e
ER R . 4a
= 1 = A
= -
T ES
v -
o r .:V A }7‘
3 ) 97,
?a?‘“ g?\“\\“ ,_q\““lﬂb

crystal cell index

HandA> Al o0



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e abm8904SupplementaryMoviemov1seqlv1.avi
e abm8904SupplementaryMoviemov2seq2v1.avi
e abm8904SupplementaryMoviemov3seq3v1.avi
e abm8904SupplementaryMoviemov4seq4v1.avi
e abm8904SupplementaryMoviemov5seq5v1.avi
e abm8904SupplementaryMoviemov6seq6bv1.avi
e abm8904SupplementaryMoviemov7seq7v1.avi

e abm8904SupplementaryMoviemov8seq8v1.avi


https://assets.researchsquare.com/files/rs-1326573/v1/b1057e6145b6ba8a38626147.avi
https://assets.researchsquare.com/files/rs-1326573/v1/2f96750a6d610ba734cff5d7.avi
https://assets.researchsquare.com/files/rs-1326573/v1/5db6a1d583cd1b111f38a710.avi
https://assets.researchsquare.com/files/rs-1326573/v1/966863eb464d1d6a7b0cb431.avi
https://assets.researchsquare.com/files/rs-1326573/v1/10d993df899efb44616a5adf.avi
https://assets.researchsquare.com/files/rs-1326573/v1/7c6b432def35bccfd9f3391d.avi
https://assets.researchsquare.com/files/rs-1326573/v1/dc352eb951d0e52615aa735e.avi
https://assets.researchsquare.com/files/rs-1326573/v1/98eefd3b86896fc8eb90e7d3.avi

