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 18 

SUMMARY 19 

The onset of blood circulation is a pivotal developmental event, yet the molecular mechanisms that enable 20 
erythrocytes to disengage from the endothelium and enter the bloodstream remain unclear. Here, we 21 
identify CD99L2 as a mechanoresponsive adhesion regulator, transiently induced in primitive erythrocytes 22 
by shear stress–activated Piezo1 signaling. Using zebrafish and mouse models, we show that CD99L2 is 23 
essential for erythrocyte de-adhesion and circulation entry. Loss of CD99L2 leads to aberrant nuclear 24 
translocation of β-catenin, activation of Rap1 signaling, and persistent expression of adhesion molecules, 25 
culminating in erythrocyte retention, impaired maturation, and hemolytic anemia. Mechanistically, CD99L2 26 
binds and anchors β-catenin at the membrane, and shear-induced Piezo1 activation promotes its 27 
expression during a narrow developmental window. This pathway is conserved in mice and modulated by 28 
biomechanical forces, unveiling a mechanism that couples hemodynamic force to erythrocyte adhesion 29 
control during the initiation of blood flow. 30 
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INTRODUCTION 35 

The initiation of blood circulation is a crucial developmental milestone that ensures the delivery of oxygen 36 
and nutrients to growing tissues, and provides essential mechanical and chemical cues for vascular 37 
morphogenesis and remodeling1,2. This complex process involves coordinated events including vessel 38 
lumen formation, heartbeat onset, integration of erythrocytes into the bloodstream, and importantly, the 39 
timely detachment of erythrocytes from the vascular endothelium3,4,5. In mouse embryos, primitive 40 
erythroblasts and the nascent vascular plexus emerge around embryonic day (E) 7.5, followed by heartbeat 41 
initiation at E8.0 and the onset of erythroblast circulation at approximately E8.5, coinciding with the 5-somite 42 
stage6,7,8. During this period, erythroid precursors transiently adhere to the vascular lumen after invading 43 
from the subaortic region, before being synchronously released into circulation9. Following circulation 44 
establishment, hemodynamic forces such as shear stress and circumferential stretch drive vascular 45 
remodeling alongside chemical signals like hypoxia and nutrient demands10,11. 46 

Traditionally regarded as passive oxygen carriers, emerging evidence indicates that erythrocytes actively 47 
regulate their adhesion to endothelial cells to facilitate their entry into circulation. Zebrafish studies revealed 48 
that prior to flow initiation, erythrocytes form vinculin-enriched membrane protrusions towards endothelial 49 
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cells, suggesting dynamic adhesive interactions3. Persistent adhesion, however, can impede erythrocyte 50 
release, with metalloproteinases proposed to facilitate detachment, though the precise molecular 51 
mechanisms governing erythrocyte de-adhesion remain largely unknown. Notably, mouse embryonic data 52 
suggest that loss of adhesion is a prerequisite for the onset of blood flow rather than a downstream 53 
consequence5.  54 

Adhesion molecules classically involved in leukocyte trafficking also contribute to erythropoiesis and 55 
erythrocyte localization. For instance, platelet-endothelial cell adhesion molecule-1 (PECAM-1) participates 56 
in primitive erythrocyte differentiation and vascular association12,13,14,15 [12-15]. Under physiological 57 
conditions, mature erythrocytes exhibit minimal adhesion; however, pathological adhesion contributes to 58 
vascular complications in diseases such as diabetes and malaria by promoting erythrocyte-endothelial 59 
interactions that trigger thrombosis and vaso-occlusion16,17. A major feature of sickle cell anemia disease 60 
(SCD) is the significantly increased adhesion of blood cells18. Studies have found that Piezo1 activation 61 
reduces the deformability of sickle RBCs and increases their tendency to sickle and adhere to laminin under 62 
hypoxic conditions. This is related to the activation of the Gárdos channel and Ca2+ influx19. This evidence 63 
also confirms the regulatory role of Piezo1 activation and Ca2+ influx on the adhesion status of red blood 64 
cells. 65 

Here, we uncover a role for the adhesion molecule CD99L2 in orchestrating the initiation of blood circulation 66 
via modulation of erythrocyte-endothelial adhesion. While CD99L2 was previously characterized for its 67 
function in neutrophil trans-endothelial migration, our analysis of mouse single-cell RNA sequencing data 68 
reveals its specific and transient expression in primitive erythroid progenitors, temporally aligned with 69 
circulation onset. Functional experiments in zebrafish demonstrate that knockdown of cd99l2 disrupts 70 
erythrocyte release into the bloodstream, a phenotype recapitulated in mouse mutants. Transcriptomic 71 
profiling of erythrocytes deficient in cd99l2 highlights upregulation of adhesion molecules and activation of 72 
Rap1 signaling coupled with aberrant nuclear translocation of β-catenin. 73 

Importantly, we identify that shear stress generated by heartbeat activates the mechanosensitive ion 74 
channel Piezo1 in erythrocytes, which in turn induces CD99L2 gene expression within a critical 75 
developmental window. This mechanotransduction pathway links biomechanical forces to molecular control 76 
of erythrocyte adhesion and circulation initiation. Our findings illuminate an axis—Piezo1-mediated 77 
mechanosensing regulates CD99L2 to facilitate erythrocyte de-adhesion and blood flow onset—offering 78 
new insights into hematopoiesis and potential therapeutic targets for erythroid and vascular disorders. 79 

 80 

RESULTS  81 

CD99l2 is specifically expressed in erythrocytes during the initiation of blood flow  82 

In order to find the adhesion molecules that play a key function during the initiation of circulation, we utilized 83 
a single-cell RNA-sequencing data to screen the expression of various adhesion molecules in early 84 
embryonic development in mice20. We compared multiple molecules involved in leukocyte deadhesion, 85 
adhesion molecules on erythrocyte membranes, and multiple molecules that regulate erythrocyte adhesion 86 
in pathological situations21,22, we found that the expression level of CD99l2 in early embryonic erythrocytes 87 
of mice is significantly elevated compared to other adhesion molecules, and the expression trend is 88 
consistent with the initiation of blood flow in mouse red blood cells (Figures 1A-B). CD99l2 began to be 89 
expressed in mouse erythrocytes at E7.75, peaked at E8.25, and then began to decrease. This specific 90 
expression window coincides with the entry of mouse erythrocytes into the circulation23. Previous studies 91 
in mice have identified CD99l2 as an adhesion factor that is expressed on vascular endothelial cells and 92 
leukocytes and mediates leukocyte trans-endothelial migration and adhesion24,25. Furthermore, we found 93 
that CD99l2 was significantly enriched in the cluster of committed erythroid progenitor cells (CMPs) 94 
compared to other known erythrocyte surface adhesion genes including Cd44, Cd47, Cd108, Cd151, and 95 
Cd49d (Figure S1A) 26,27. These results indicate that CD99l2 may play a key role in the early development 96 
of mouse erythrocytes. 97 

Since observing early embryonic cell development or the initiation of blood circulation in real-time in 98 
mammals is challenging, we have chosen zebrafish as the model organism for further research. We 99 
observed a significant process of de-adhesion of erythrocytes before they enter the blood flow (Figure S1B). 100 
Whole-mount in situ hybridization (WISH) was used to examine the spatiotemporal expression pattern of 101 
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the cd99l2 gene in zebrafish. We found that cd99l2 mRNA was expressed in the intermediate cell mass 102 
(ICM) at 22 hpf (hours post fertilization) (Figure 1C), followed by expression in the yolk at 26 hpf (Figures 103 
1E-E’). A gradual decline in cd99l2 expression was observed in the ICM after 30 hpf (Figures 1 F-F’). At 32 104 
hpf, minimal cd99l2 expression was observed in the ICM (Figures 1G-G’). Since zebrafish initiate heartbeat 105 
and subsequent circulation around 24 hpf 1,4,28, our findings suggest that cd99l2 may have a potential role 106 
in this process (Figure1 H).  107 

We used a double labeling technique that combined WISH to detect cd99l2 mRNA expression with 108 
immunostaining for Hbae1.1 protein, an erythrocyte marker, to determine which cell types expressed cd99l2 109 
at 26 hpf. We found that Hbae1.1+ cells co-localized with cd99l2+ cells within the ICM and yolk regions 110 
(Figures 1I and S1C-F), confirming that cd99l2 is expressed in erythrocytes. Next, we quantitatively 111 
compared cd99l2 mRNA expression levels across different hematopoietic lineages in cell populations 112 
isolated from transgenic zebrafish at 28 hpf (primitive hematopoiesis), and at 6 and 7 dpf (days post 113 
fertilization) (definitive hematopoiesis). Cell populations were sorted by flow cytometry using specific 114 
transgenic markers including fli1a for vascular cells, coronin1a for myeloid cells, globin for erythroid cells, 115 
and rag2 for lymphoid cells (Figures S1G-H). qRT-PCR analysis revealed that cd99l2 expression levels 116 
were the highest in globin:DsRed-positive cells at 28 hpf (Figure S1I), suggesting that cd99l2 expression is 117 
associated with primitive rather than definitive erythropoiesis. The Western Blot confirmed this result on 118 
protein level (Figures S1J-K). Next, we developed a reporter line that enabled dynamic monitoring of cd99l2 119 
expression to further characterize the expression pattern of cd99l2 and facilitate future studies. We created 120 
the transgenic construct Tg (cd99l2: eGFP) by isolating a 4.7-kb DNA fragment upstream of the cd99l2 121 
translation start site to drive GFP expression. Co-staining of the reporter with gata1: DsRed, an erythroid 122 
precursor marker, revealed that cd99l2: eGFP expression overlapped with the expression of gata1+ 123 
erythroid precursors both spatially and temporally in the ICM and yolk (Figures S1L-M), indicating that 124 
cd99l2: eGFP was specifically expressed on erythroid progenitors. Further characterization of the 125 
Tg(cd99l2: eGFP) transgenic zebrafish validated the fidelity of the transgenic model, with cd99l2: eGFP 126 
expression patterns consistent with endogenous cd99l2 expression patterns detected by WISH (Figure 1J). 127 
May–Grünwald Giemsa staining of peripheral blood from Tg(cd99l2: eGFP) zebrafish confirmed that these 128 
cells were erythrocyte precursors (Figure 1K). To better validate this finding at the protein level, we 129 
constructed the cd99l2 promoter: Cd99l2 CDS-eGFP plasmid. By observing fluorescence, we found that 130 
the Cd99l2 protein also exhibited a brief, specific temporal expression window on erythrocytes (Figures 131 
S1N-O). 132 

Taken together, our results reveal that CD99l2 is specifically expressed in erythrocytes during the initiation 133 
of blood flow in both mouse and zebrafish. 134 

 135 

cd99l2 has a critical role in the onset of circulation 136 

Since our results demonstrated that cd99l2 was transiently expressed in primitive erythroid progenitors (18 137 
hpf-32 hpf), we next sought to determine the role of cd99l2 in early erythropoiesis. To assess the function 138 
of cd99l2 in zebrafish, we designed an antisense morpholino oligonucleotide (MO) targeting the translation 139 
initiation site and evaluated its efficiency (Figures S2A-B). At 28 hpf, despite established blood circulation, 140 
cd99l2-deficient morphants exhibited restricted β-globin exon-1 (βe1) expression in the trunk, with no signal 141 
detected in the heart and head regions (Figures 2A-B). This phenotype persisted beyond 2 dpf (Figures 142 
S2C-D). Exogenous overexpression of cd99l2 mRNA or driving cd99l2 expression under the control of the 143 
gata1 promoter rescued the phenotype in cd99l2-deficient morphants, suggesting that erythrocyte 144 
stagnation is a consequence of cd99l2 deficiency (Figures 2C-D). Importantly, no abnormalities were 145 
observed in other blood cell lineages, suggesting that cd99l2 knockdown specifically affected erythrocytes 146 
(Figures S2E-J). To determine the significance of the timing of cd99l2 expression, we developed a heat-147 
shock inducible system (hsp70l:cd99l2-eGFP). We found that heat-shock-induced cd99l2 overexpression 148 
at 24 hpf rescued the erythrocyte phenotype in cd99l2-deficient morphants, while overexpression at 32 hpf 149 
did not (Figures 2F-G). These findings highlighted the critical function of cd99l2 prior to the onset of 150 
circulation. 151 

To explore all potential causes of the observed phenotype, we next examined various factors that are crucial 152 
for blood flow initiation in MO embryos including the onset of erythroid progenitor production, heart 153 
contraction, vessel integrity and plasma flow, and erythrocyte entry into and release from circulation5. gata1+ 154 
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erythroid progenitor production appeared normal at 24 hpf in cd99l2-deficient morphants (Figure S2K-L). 155 
Furthermore, no apparent effects were observed on the heartbeat (Figure S2M), fli1a: eGFP+-labeled blood 156 
vessel development, or plasma flow monitored by injection with fluorescent dextran (Figure 2H). A 157 
parabiosis experiment showed that gata1+ red blood cells from control embryos flowed through the 158 
vasculature network to the distal region of cd99l2-deficient morphants (Figures 2I-I’), indicating vascular 159 
patency. Living imaging of Tg(globin: DsRed) and Tg(fli1a: eGFP) double-transgenic embryos was used to 160 
monitor erythrocyte behavior. We found that in cd99l2-deficient morphants globin+ cells migrated into the 161 
vessel but remained stuck within fli1a+ cells, indicating failed detachment from vessel walls and segregation 162 
from each other before synchronous release into circulation (Figures 2J-K). Using transmission electron 163 
microscopy to examine the position of erythrocytes within the vessels, we found significant disconnection 164 
of erythrocytes from the vessel walls in control embryos but not in cd99l2-deficient morphants during the 165 
initiation of blood flow, and the morphology of erythrocytes is significantly abnormal in cd99l2-deficient 166 
morphants (Figures 2L-O). These results indicate that cd99l2 is indispensable for initiation of blood flow in 167 
zebrafish.  168 

To investigate the functional role of cd99l2, we established a cd99l2 mutant zebrafish model using TALEN 169 
technology (Figure S2N). In situ hybridization analysis revealed the absence of phenotypes consistent with 170 
transient cd99l2 knockdown in the mutant zebrafish (Figure S2O). This discrepancy could potentially be 171 
attributed to genetic compensation effects commonly observed in zebrafish gene mutants, which often 172 
mask the phenotypic manifestations seen in transient knockdown models29,30. To test this hypothesis, we 173 
inhibited genetic compensation through upf3a morpholino (MO) injection. Remarkably, blocking genetic 174 
compensation in cd99l2 mutants restored the phenotype consistent with transient knockdown (Figure S2P). 175 
Furthermore, transient knockout of cd99l2 using the CRISPR-Cas9 system recapitulated the phenotype 176 
observed in morpholino-mediated knockdown experiments (Figures S2Q-T). 177 

 178 

Disruption of cd99l2 leads to erythrocyte maturation defects and hemolytic anemia in zebrafish  179 

As we mentioned above, we observed a significant change in erythrocyte morphology following the deletion 180 
of cd99l2. In order to confirm this result, we further examined the cytological defects in erythrocytes using 181 
flow cytometry to sort gata1: DsRed-labeled erythroid cells. We found a marked decrease in fluorescent 182 
cell counts in cd99l2-deficient morphants at 28 hpf. Giemsa staining revealed arrested differentiation at the 183 
basophilic erythroblast stage, characterized by abnormal membrane morphology (Figures 3A-B). Moreover, 184 
a notable increase in the ratio of binucleated cells was observed in cd99l2-deficient morphants (Figure 3C). 185 
The maturation of erythrocytes requires access to blood flow. We found a significant reduction in alas2, a 186 
marker of mature erythrocytes, expression levels in cd99l2-deficient morphants (Figures 3D-E, H), as well 187 
as compromised hemoglobin activity (Figures 3F-G, I). These findings indicated that erythrocyte maturation 188 
was impaired following cd99l2 knockdown. In addition, an osmotic fragility test indicated changes in the 189 
tolerance to osmotic-induced stress in cd99l2-deficient morphants (Figures 3J-K). TUNEL staining revealed 190 
increased apoptosis in erythrocytes following the knockdown of cd99l2 (Figures 3L-M). Together, our 191 
findings suggest the onset of severe hemolytic anemia in cd99l2-deficient morphants. 192 

 193 

Abnormal erythropoiesis in zebrafish is caused by activation of the Rap1 signaling pathway and the 194 
translocation of β-catenin  195 

To elucidate the specific regulatory mechanisms underlying cd99l2 knockdown-induced abnormal 196 
erythropoiesis, we performed RNAseq analysis on erythrocytes sorted from both Control MO and cd99l2 197 
MO groups. We observed 666 up genes and 488 down genes between Control MO and cd99l2 MO groups 198 
(Figure S3A). Enrichment analysis of the KEGG pathway revealed a significant enrichment of the leukocyte 199 
trans-endothelial migration pathway, as previously studied in the context of cd99l2 function. In addition, we 200 
observed enrichment of the Rap1 signaling pathway (Figure 4A). Analysis of pathway-related gene 201 
expression also demonstrated indicative of Rap1 signaling pathway activation following cd99l2 knockdown 202 
(Figure 4B). The Rap1 signaling pathway has been implicated in various cellular processes, including cell 203 
adhesion and junction regulation, cell migration, polarization, proliferation, and survival31,32. We next sought 204 
to determine the role of the Rap1 signaling pathway in erythrocyte behavior by disrupting its activity in 205 
cd99l2-deficient embryos. Knockdown of Rap1a via injection of Cas9 protein and rap1a guide RNA 206 
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prevented activation of the Rap1 signaling pathway and restored normal erythrocyte flow into the 207 
bloodstream, but rap1b CRISPREN did not work (Figures 4C, E and Figures S3B-C). Rap1 GTPases are 208 
ubiquitously expressed binary switches that alternate between active and inactive states and are regulated 209 
by diverse families of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). 210 
Conversely, overexpression of rapgef4 led to defective erythropoiesis in wildtype zebrafish but not rapgef5b 211 
(Figures 4D, F and Figures S3D-E). 212 

The RNAseq analysis revealed a significant upregulation in the expression of various cell adhesion 213 
molecules (CAMs) (Figure S4F). Real-time PCR yielded the same results (Figure S4G). Among these, 214 
extensive screening using WISH revealed that cdh15 and jam2a expression levels were significantly 215 
increased prior to the onset of circulation (Figure S4H). Notably, following initiation of circulation, the 216 
expression levels of cdh15 and jam2a were not significantly decreased in cd99l2-deficient embryos, unlike 217 
other CAMs which showed no significant temporal changes. Given the persistence of cdh15 and jam2a 218 
expression in cd99l2 MO embryos, we next investigated the underlying mechanisms driving this anomaly. 219 
Previous studies have linked the nuclear localization of free β-catenin caused the abnormal adhesion33. 220 
Here, our immunostaining analysis revealed abnormal nuclear localization of β-catenin in erythrocytes 221 
following cd99l2 knockdown (Figure 4G). Further studies using inhibitors that block the nuclear entry of β-222 
catenin restored normal blood flow (Figure 4H). 223 

It is reported that the activation of Rap1 was mediated via β-catenin and RapGEF2 when adhere junctions 224 
(AJs) was disrupted34. Further studies using inhibitors that block the nuclear entry of β-catenin not only 225 
restored normal blood flow but also significantly decreased the expression levels of Rap1-related guanine 226 
exchange factors (Figure 4I). The results of CHIP-PCR demonstrated that the β-catenin/TCF3 and β-227 
catenin/TCF4 complex had a binding site on the promoter of rapgef4 which could activate its transcription 228 
(Figure 4J). The deficiency of Cd99l2 leads to the release of stable β-catenin into the nucleus, which in turn 229 
activates the RAP1 signaling pathway. To verify our inference, we have performed a series of verifications 230 
on the combination of cd99l2 and β-catenin. We found that cd99l2 expressed co-localized with β-catenin 231 
on cell membrane in erythrocytes (Figure 4K). Co-IP further confirms the binding between cd99l2 and β-232 
catenin (Figure 4L). As a transmembrane protein, Cd99l2 is divided into intracellular, transmembrane and 233 
extracellular regions. We found that the binding of cd99l2 and β-catenin disappeared through deleting the 234 
intracellular region of cd99l2 (Figure 4N). Furthermore, we predicted the specific binding site of cd99l2 and 235 
β-catenin by alphafold2 (Figures 4M, S4I-J). The binding of cd99l2 and β-catenin was disappeared after 236 
mutating the predicted binding sites (Figure 4N). Our comprehensive analysis highlights the critical role of 237 
β-catenin in modulating erythrocyte adhesion through activating the Rap1 signaling pathway in cd99l2-238 
deficient zebrafish.  239 

 240 

The activation of Piezo1 and calcium channels induces the expression of cd99l2 241 

The shear stress generated by the heartbeat is crucial for initiating blood circulation. To investigate whether 242 
this shear stress regulates the specific expression of Cd99l2, we simulated and indicated the generation of 243 
shear stress by injecting dextran into the heart of the zebrafish. Before the heartbeat (22 hpf), we injected 244 
fluorescently labeled dextran at the site of the heart. After the shear stress generated by the beating heart, 245 
the fluorescently labeled dextran gradually diffuses throughout the circulatory system of the zebrafish. Using 246 
this approach, we found no significant changes in the number or distribution of gata1 labeled cells before 247 
and after the onset of the heart beat (Figure S4A). However, we have observed that when dextran reaches 248 
the whole body through the heart, the expression of cd99l2 is significantly elevated (Figures 5A-B). This 249 
observation suggests that cd99l2 expression is upregulated in response to the shear stress generated by 250 
heartbeats. In order to validate our hypothesis, we employed the cardiac development inhibitor Blebbistatin 251 
for verification. After treatment, the development of the zebrafish heart was impaired, preventing the beating 252 
of heart, and we observed the unsuccessful initiation of blood flow (Figure S4B). Consistent with our 253 
hypothesis, cd99l2 expression was significantly reduced upon heartbeat inhibition, confirming that shear 254 
stress is essential for its induction (Figures 5C-D). 255 

Piezo1 is a common mechanosensor for shear stress on the cell membrane. Shear stress from blood flow 256 
can activate Piezo1 on the vascular endothelium, assisting endothelial cells in anchoring to complete 257 
vascular remodeling35. Furthermore, when passing through narrow blood vessels, the shear stress exerted 258 
by blood flow activates Piezo1 channels on erythrocytes, leading to Piezo1-mediated Ca²⁺ influx. This 259 
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results in K+ efflux and water loss, leading to a temporary decrease in cell volume, which aids in their 260 
passage through the vessels36. In order to investigate whether Piezo1 and Ca2+ channels are involved in 261 
the regulation of cd99l2 by shear stress, we used the calcium indicator GCaMP6s and created Tg (gata1: 262 
GCaMP6s) transgenic zebrafish to observe the activation of calcium signaling during the initiation of 263 
circulation. Imaging observations showed that when erythrocytes begin to form at 20 hpf, GCaMP6 signals 264 
have already started to be expressed. By 22 hpf, as red blood cell expression gradually increases, GCaMP6 265 
signals also gradually increase. At 24 hpf, when blood flow begins to start, GCaMP6 signals start to 266 
decrease, and by 26 hpf, after the onset of blood flow, GCaMP6 expression is almost gone (Figure S4C). 267 
These results indicate a transient calcium signal in erythrocytes surrounding the onset of blood flow. Notably, 268 
this calcium signal window (20–24 hpf) precedes the cd99l2 expression window (24–28 hpf) (Figure S4D), 269 
positioning calcium as a potential upstream trigger. Furthermore, we utilized the common Piezo1 inhibitor 270 
GsTMx4 and activator Yoda1. After treatment, we observed a significant change of the expression of cd99l2 271 
in zebrafish (Figures 5E-H). To genetically validate Piezo1’s role, we performed erythrocyte-specific 272 
knockout of piezo1. This cell-autonomous ablation prevented blood flow initiation (Figures 5I, K), confirming 273 
its critical role. The results showed that when piezo1 expression in red blood cells was abnormal, zebrafish 274 
could not normally initiate blood flow, indicating that it plays a key role in the initiation of circulation. To 275 
further confirm the way Piezo1 regulates cd99l2 expression, we screened using inhibitors on the classic 276 
downstream pathways of Piezo1, and ultimately demonstrated that inhibition of the Erk1/2 pathway resulted 277 
in blood flow stasis in zebrafish (Figures 5J, L, S4E). Previous studies have shown that the Piezo1 / ERK1/2 278 
signaling axis plays a key role in the early differentiation of erythrocytes37. Further experiments 279 
demonstrated that when piezo1 is absent and the ERK1/2 signaling pathway is inhibited, cd99l2 expression 280 
is significantly reduced (Figures 5M-N).  281 

Together, Together, these results establish that shear stress, sensed by Piezo1 and transduced via calcium 282 
influx and the ERK1/2 pathway, is crucial for both the initiation of blood flow and the induction of cd99l2 283 
expression. 284 

 285 

Conservation validation of the roles of CD99L2, PIEZO1, and calcium activation in the initiation of 286 
blood flow 287 

To study the functional conservation of CD99L2, we constructed CD99l2 knockout mice. We found that 288 
erythrocytes were eliminated in the yolk sac of Cd99l2 knockout mice at E8.5 despite the presence of 289 
vessels (Figures 6A-B). H&E staining of CD99l2 knockout mice also revealed the phenomenon of 290 
erythrocytes clogging in blood vessels (Figures 6C-D). Immuno-fluorescence staining was performed on 291 
slices of mouse embryos, we observed the nuclear translocation of β-catenin in the CD99l2 Knock-out 292 
erythrocytes, which was consistent with the phenotype we observed in zebrafish (Figures 6E-H). The 293 
expression level of Jam2 was also significantly increased in mutant mice, consistent with the zebrafish 294 
phenotype (Figures 6I-K). Furthermore, knockdown of CD99L2 in U2-OS cells induced abnormal nuclear 295 
localization of β-catenin (Figures 6L-M). The mRNA expression level of JAM2 and CDH15 were also 296 
elevated (Figure 6N). In addition to the functional conservation of CD99L2, we also verified the activation 297 
of Piezo1 and calcium channels by shear stress. To apply a defined shear stress in vitro, we utilized flow 298 
cytometry cell sorting, a process known to exert mechanical pressure on cells 38. Subjecting K562 cells to 299 
this procedure induced a significant increase in Fluo-4 calcium signal (Figures 6O-P), confirming 300 
mechanical activation. Further immunofluorescence experiments showed that CD99L2 expression was 301 
significantly increased in sorted K562 cells, and qPCR experiments further confirmed this result (Figures 302 
6Q-S). These results demonstrate that shear stress activates a conserved Piezo1-calcium signaling axis to 303 
regulate CD99L2 expression across species. 304 

  305 

DISCUSSION  306 

The initiation of blood circulation is a pivotal but mechanistically intricate event in vertebrate development. 307 
Our study identifies CD99L2 as a critical regulator of this process, operating at the interface of 308 
mechanotransduction and intercellular adhesion. We demonstrate that CD99L2 exhibits a stage-specific 309 
expression pattern in primitive erythrocytes and is essential for their maturation and timely entry into 310 
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circulation. Disruption of CD99L2 leads to erythrocyte retention, hemolytic anemia, and a complete failure 311 
to establish blood flow, underscoring its indispensable role. 312 

A central mechanistic finding is the reciprocal regulation between CD99L2 and the β-catenin/Rap1 313 
adhesion axis. CD99L2 deficiency causes aberrant nuclear accumulation of β-catenin, which 314 
hyperactivates Rap1 signaling, thereby stabilizing erythrocyte-endothelial adhesions. This positions 315 
CD99L2 as an upstream negative regulator of a conserved adhesion module, revealing a checkpoint that 316 
must be disengaged for circulation to commence. 317 

Furthermore, we delineate the upstream trigger for CD99L2 expression: hemodynamic force. We provide 318 
multi-layered evidence that the shear stress generated by the first heartbeats is sensed by the 319 
mechanosensitive ion channel Piezo1 on erythrocytes. This activation triggers a calcium- and ERK1/2-320 
dependent signaling cascade that precisely upregulates cd99l2 transcription within a narrow developmental 321 
window. This establishes a direct mechano-chemical pathway (Shear Stress → Piezo1 → Ca²⁺ → ERK1/2 322 
→ CD99L2) that translates a physical stimulus into a transcriptional program for de-adhesion. 323 

Collectively, our data support a model in which CD99L2 acts as a shear stress-responsive disengagement 324 
signal, coupling cardiac function to the release of erythrocytes into circulation (Figure 7). In this model, 325 
nascent erythrocytes are initially anchored to the vascular niche. The onset of heartbeat-generated shear 326 
stress is sensed by erythrocyte Piezo1, triggering a calcium-ERK1/2-CD99L2 activation cascade. The 327 
induced CD99L2 then functions to antagonize the β-catenin/Rap1-mediated adhesion program, thereby 328 
licensing erythrocyte detachment. This creates a positive feedback loop: the initial weak flow promotes the 329 
release of more cells, which in turn increases and stabilizes circulation. 330 

This mechanism identifies a mechanosensitive checkpoint in developmental hematopoiesis. It positions 331 
CD99L2 not merely as an adhesion molecule, but as a bidirectional regulator that transduces a physical 332 
force into a biochemical signal to actively dismantle adhesive contacts—a paradigm that may extend to 333 
other progenitor niche exit events. The delineated pathway provides a comprehensive molecular framework 334 
for understanding the mechanobiology of circulatory onset. 335 

 336 

Limitations of the study 337 

Our study has several limitations. First, while we focused on the adhesion defect as the primary cause of 338 
circulation failure, the concomitant cytoskeletal and cell division abnormalities in cd99l2 mutants were not 339 
fully dissected. Determining whether these are direct or secondary consequences links CD99L2 to broader 340 
aspects of erythrocyte maturation and membrane integrity. Second, the immediate transcriptional 341 
regulators downstream of ERK1/2 that bind the cd99l2 promoter remain to be identified, representing a key 342 
node for deeper mechanistic understanding. Furthermore, the role of endothelial cells in the initiation of 343 
blood flow should not be overlooked. Particularly, previous studies have shown that Piezo1 expressed on 344 
endothelial cells serves as an important sensor of blood flow and is involved in regulating the adhesive 345 
state of these cells. Investigating the role of endothelial cells in the initiation of blood flow will be one of the 346 
directions of our future research. Finally, the translational relevance of this pathway in human 347 
pathophysiology requires further investigation. It will be important to examine whether dysregulation of the 348 
Piezo1-ERK1/2-CD99L2 axis contributes to erythrocyte adhesion disorders in humans, such as congenital 349 
dyserythropoietic anemia (CDA) or sickle cell disease (SCD), where aberrant cell-cell interactions and 350 
mechanosensitivity are known pathological features.  351 
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Lead contact 353 
Requests for further information and resources should be directed to and will be fulfilled by the lead contact, 354 
Zhibin Huang (huangzhb1986@scut.edu.cn.) 355 

Materials availability 356 
All unique/stable reagents generated in this study are available from the lead contact with a completed 357 
materials transfer agreement. The RNA-seq data has been publicly available by the accession number of 358 
PRJNA1426740 on NCBI. 359 

 360 

Data and code availability 361 

• Data reported in this paper will be shared by the lead contact upon request. 362 
• This paper does not report original code. 363 

• Any additional information required to reanalyze the data reported in this paper is available from 364 
the lead contact upon request. 365 

  366 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.02.000148. This version posted March 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

ACKNOWLEDGMENTS 367 

This work was supported by the National Key R&D Program of China (2024YFA1802200, 368 
2023YFA1800100), National Natural Science Foundation of China (32570966, 32170830), Guangdong 369 
Basic and Applied Basic Research Foundation (2024B1515040019), Natural Science Foundation of 370 
Guangdong Province, China (2021A1515010422), and Fundamental Research Funds for the Central 371 
Universities (2022ZYGXZR031) 372 

 373 

AUTHOR CONTRIBUTIONS 374 

J.A.L. and J.Z, X.T designed and did most of the experiments; E.T.Z. analyzed data; J.A.L., N.M. and Z.B.H 375 
designed experiments, interpreted data, and wrote the manuscript; W.L., N.M., W.Q.Z., and Z.B.H 376 
discussed the results and provided critical advice. 377 

 378 

DECLARATION OF INTERESTS 379 

The authors declare that they have no competing interests. 380 

  381 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.02.000148. This version posted March 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

SUPPLEMENTAL INFORMATION 382 

Document S1. Figures S1–S6 383 
Video S1. Living image of GcaMp6s in erythrocytes, related to Figure 5 384 
 385 

  386 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.03.02.000148. This version posted March 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

FIGURE TITLES AND LEGENDS 387 

 388 

FIGURE 1. CD99L2 IS SPECIFICALLY EXPRESSED IN ERYTHROCYTES DURING THE INITIATION 389 
OF BLOOD FLOW 390 
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(A) Various of adhesion molecules on mouse erythrocytes based on mouse embryonic single-cell data 391 
analysis. 392 

(B) Expression level of Cd99l2 on mouse erythrocytes. 393 

(C-G) WISH was used to examine the expression pattern of the cd99l2 gene during zebrafish 394 
embryogenesis. 395 

(H) Expression level of cd99l2 on zebrafish erythrocytes.  396 

(I) Colocalization of WISH-labeled cd99l2: eGFP and globin: DsRed in zebrafish. 397 

(J) Expression pattern of Tg(cd99l2: eGFP) during zebrafish embryogenesis. 398 

(K) Representative images showing Giemsa staining of Tg(cd99l2: eGFP) positive cells.  399 

Scale bar: 10 µm (I, K) and 100 µm (C-F, J). 400 
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 401 

FIGURE 2. CD99L2 HAS A CRITICAL ROLE IN THE ONSET OF CIRCULATION 402 

(A-B) WISH was used to detect βe1 expression in Control MO and cd99l2 MO erythrocytes. 403 

(C-D) Over-expression of cd99l2 in cd99l2-deficient morphants rescued the defective phenotype. 404 

(E) Statistics for A-D; The ‘N’ represents the number of experimental animals in the statistics. 405 
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(F-G) Induced over-expression of cd99l2 in cd99l2-deficient morphants rescued the defective phenotype.  406 

(H) Representative images following the injection of dye-labeled dextran into Control MO and cd99l2 MO 407 
erythrocytes. 408 

(I-I’) Parabiosis was observed between Control MO and cd99l2 MO erythrocytes. 409 

(J-K) Representative images showing fli1a: eGFP and globin: DsRed staining in Control MO and cd99l2 410 
MO erythrocytes.  411 

(L-O) Transmission electron microscopy (TEM) observes the spatial position and morphology between 412 
erythrocytes and vessels in Control MO and cd99l2 MO. 413 

**** indicate P < 0.0001 414 

Scale bar: 5 µm (M), 25 µm (H, K), and 200 µm (B, D, G and I). 415 
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 416 

FIGURE 3. DISRUPTION OF CD99L2 LEADS TO ERYTHROCYTE MATURATION DEFECTS AND 417 
HEMOLYTIC ANEMIA IN ZEBRAFISH 418 

(A-B) Representative images showing Giemsa staining of gata1-labeled erythrocytes in Control MO and 419 
cd99l2 MO erythrocytes. 420 
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(C) Statistics for A-B. 421 

(D-E) WISH was used to detect alas2 expression in Control MO and cd99l2 MO erythrocytes. 422 

(F-G) O-dianisidine staining of Control MO and cd99l2 MO erythrocyte.  423 

(H) Statistics for D-E; The ‘N’ represents the number of experimental animals in the statistics. 424 

(I) Statistics for F-G; The ‘N’ represents the number of experimental animals in the statistics. 425 

(J-K) An osmotic fragility test was carried out in Control MO and cd99l2 MO erythrocytes.  426 

(L) TUNEL staining was used to examine apoptosis in Control MO and cd99l2 MO erythrocytes. 427 

(M) Statistics for L. 428 

**** indicate P < 0.001 429 

Scale bar: 10 µm (B, K), 100 µm (L) and 200 µm (E, G).  430 
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 432 

FIGURE 4. ABNORMAL ERYTHROPOIESIS IN ZEBRAFISH IS CAUSED BY ACTIVATION OF THE 433 
RAP1 SIGNALING PATHWAY AND THE TRANSLOCATION OF B-CATENIN 434 

(A) KEGG enrichment analysis of differentially activated pathways between Control MO and cd99l2 MO 435 
erythrocytes. 436 
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(B) Expression of genes associated with the Rap1 signaling pathway in Control MO and cd99l2 MO 437 
erythrocytes. 438 

(C) WISH detected βe1 expression in cd99l2 MO and cd99l2 MO erythrocytes treated with rap1a guide 439 
RNA and Cas9 protein. 440 

(D) WISH detected βe1 expression in control and overexpression of rapgef4.  441 

(E) Statistics for C; The ‘N’ represents the number of experimental animals in the statistics. 442 

(F) Statistics for D; The ‘N’ represents the number of experimental animals in the statistics. 443 

(G) Immunofluorescence staining of β-catenin in Control MO and cd99l2 MO gata1 labeled erythrocytes. 444 
Nucleus are stained with DAPI.  445 

(H) WISH detected βe1 in cd99l2 MO treated with DMSO and β-catenin inhibitor; The ‘N’ represents the 446 
number of experimental animals in the statistics. 447 

(I) qRT-PCR was used to detect the expression of rapgef4 in cd99l2 MO erythrocytes treated with DMSO 448 
and β-catenin inhibitor. 449 

(J) Schematic diagram of the rapgef4 promoter region. The transcription starting site is designated as TSS. 450 
ChIP-PCR shows that TCF3 and TCF4 bind to the promoter region of the rapgef4 promoters.  451 

(K) Immunofluorescence staining of cd99l2 and β-catenin in gata1 labeled erythrocytes, Nuclei was stained 452 
with DAPI. 453 

(L) Co-immunoprecipitation experiment detected the interaction between cd99l2 and β-catenin. 454 

(M) Binding sites between cd99l2 and β-catenin predicted by Alphafold2.  455 

(N) Co-immunoprecipitation experiment detected the interaction between inside region deleted cd99l2, 456 
predicted binding sites deleted cd99l2 and β-catenin. 457 

**** indicate P < 0.001 458 

Scale bar: 10 µm (G, K) and 200 µm (C, D, H). 459 
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FIGURE 5. THE ACTIVATION OF PIEZO1 AND CALCIUM CHANNELS INDUCES THE EXPRESSION 462 
OF CD99L2 463 

(A) Representative images showing cd99l2 fluorescence after Dextran injection in zebrafish. 464 

(B) Statistics for A. 465 

(C) Representative images showing cd99l2: eGFP and gata1: DsRed staining in DMSO and Blebbistatin 466 
treated zebrafish. 467 

(D) Statistics for C.  468 

(E) Representative images showing cd99l2: eGFP and gata1: DsRed staining in DMSO and Yoda1 treated 469 
zebrafish. 470 

(F) Statistics for E. 471 

(G) Representative images showing cd99l2: eGFP and gata1: DsRed staining in DMSO and GsMTx4 472 
treated zebrafish.  473 

(H) Statistics for G. 474 

(I) WISH detected βe1 expression in control and embryos treated with gata1 promoter: piezo1 guide RNA 475 
and Cas9 protein. 476 

(J) WISH detected βe1 in embryos treated with DMSO and ERK1/2 inhibitor.  477 

(K) Statistics for I; The ‘N’ represents the number of experimental animals in the statistics. 478 

(L) Statistics for J; The ‘N’ represents the number of experimental animals in the statistics. 479 

(M) Representative images showing cd99l2: eGFP in control, ERK1/2 inhibitor and gata1 promoter: piezo1 480 
guide RNA with Cas9 protein treated zebrafish. 481 

(N) Statistics for M. 482 

**** indicate P < 0.001 483 

Scale bar: 100 µm (A, C, E, G, M) and 200 µm (I, J). 484 
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 486 

FIGURE 6. CONSERVATION VALIDATION OF THE ROLES OF CD99L2, PIEZO1, AND CALCIUM 487 
ACTIVATION IN THE INITIATION OF BLOOD FLOW 488 

(A-B) Representative images of yolk sac from the CD99l2 knockout mice and siblings. 489 
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(C-D) H&E staining of CD99l2 knockout mice and siblings. 490 

(E-F) Immunofluorescence staining of Siblings and CD99l2 knockout embryos sections. 491 

(G-H) Immunofluorescence staining of β-catenin and HBA1 in Siblings and CD99l2 knockout embryos 492 
sections.  493 

(I-J) Immunofluorescence staining of Jam2 in Siblings and CD99l2 knockout embryos sections. 494 

(K) Statistics for I-J. 495 

(L-M) Immunofluorescence staining of U2-OS cell lines under NC-shRNA and CD99L2-shRNA.  496 

(N) qRT-PCR was used to detect the expression of JAM2 and CDH15 in U2-OS cell lines under NC-shRNA 497 
and CD99L2-shRNA. 498 

(O) Detection of Fluo-4-labeled Ca²⁺ signals in K562 cells after flow cytometry sorting. 499 

(P) Statistics for O.  500 

(Q) Immunofluorescence staining of CD99L2, Nuclei was stained with DAPI. 501 

(R) Statistics for Q. 502 

(S) qRT-PCR was used to detect the expression of CD99L2. 503 

Scale bar: 10 µm (H, M, Q), 20 µm (J, O), 50 µm (F), 100 µm (D) and 1000 µm (B). 504 
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STAR★METHODS 587 

KEY RESOURCES TABLE 588 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-DsRed Abcam ab62341 

JAM-B Rabbit Polyclonal Antibody Huabio ER65451 
Rabbit-anti-β-catenin Abcam ab227499 

Alexa Fluor 488-conjugated anti-goat Invitrogen A32731 

Alexa Fluor® 488 Rabbit Abcam ab199091 

CD99L2 Rabbit pAb Abclonal A15097 

Fluo-4, AM, Cell Permeant  YEASON 40704ES50 

Chemicals, peptides, and recombinant proteins 

Toxoflavin MCE HY-100760 

DMSO Sigma‒Aldrich D8418 
Sulforaphene (erk inhibitor) MCE HY-N2450 

Borussertib  （AKT inhibitor） MCE HY-122913  

BD750  (STAT5 inhibitor) MCE HY-131140  

Verteporfin (Yap inhibitor) MCE HY-B0146  

Deposited data 

https://kleintools.hms.harvard.edu/paper_websites/tusi_et_al/ PMID: 29466336 mouse blood cell 
singlecell RNAseq 

Experimental models: Cell lines 

K562  Cell Bank/Stem Cell Bank of the Chinese 
Academy of Sciences 

RRID: CVCL_0004 

U2OS Cell Bank/Stem Cell Bank of the Chinese 
Academy of Sciences 

RRID: CVCL_0042 

RNA-seq data NCBI PRJNA1426740 

Experimental models: Organisms/strains 

Tg(gata1:DsRed) PMID: 14608381 Erythrocyte 
progenitor cell 
marker transgenic 

zebrafish 

Tg(globin:DsRed) PMID: 29229770 Erythrocytes marker 
transgenic zebrafish 

Tg(fli1a:eGFP) PMID: 12167406 Blood vessel marker 
transgenic zebrafish 

Tg(coro1a:eGFP) PMID: 19168679 Myeloid cells marker 
transgenic zebrafish 

Tg(rag2:DsRed) PMID: 9089097 Lymphoid cells 
marker transgenic 
zebrafish 

C57BL/6J model organism (CHINA) wild type 

C57BL/6J-Cd99l2em1Smoc model organism (CHINA) CD99L2 MUTANT 

MOUSE 
Oligonucleotides 

zebrafish:cd99l2 mrna (WISH probe) FP:TGCTGGTAGTGAAAGGCTTGAGTGATGG 

 
RP:GAGTTTGTTGAACTTGTGGCTCCTGTGC 

Designed based on 

Ensembl 

zebrafish:cd99l2 qPCR 
(qPCR) 

  

FP：CTACGACACCATGGCTGAGACT 

RP:CTTGTGGCTCCTGTGCGACTAC 

Designed based on 
Ensembl 

zebrafish:ef-1α 

(qPCR) 
  

FP:TACTTCTCAGGCTGACTGTG 

 
RP:ATCTTCTTGATGTATGCGCT 

Designed based on 

Ensembl 

zebrafish:cd99l2 promoter 
(promoter clone) 

FP:acgcGTCGACCAGCCGCTGAGCATGTTCTTGAC 
 

RP:tgACCGGTGTCCATGTCCAGAGCGTCTTCT 

Designed based on 
Ensembl 

zebrafish:cd99l2 cds 

(MO rescue) 
  

FP:ATGGAGAAGACGCTCTGGACAT 

 
RP:AACTGCATTTTCTTCTGTTGGTGGC 

Designed based on 

Ensembl 

human:cd99l2 qPCR 
(qPCR) 

fp:CAGACTACGTGAAGGGAGAGA 
rp:TTGGGGTTCCTCACATACCAC 

Designed based on 
Ensembl 

human:CDH15 qPCR 
(qPCR) 

fp:TCCCAGGCACCTATGTGAC 
rp:CTTGCACTGTGCGGATCTCTC 

Designed based on 
Ensembl 
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human:JAM2 qPCR 
(qPCR) 

fp:AACTGGGTCGGAGTGTCTC 
rp:GGGGCACTAACTTCACAACGA 
  

Designed based on 
Ensembl 

piezo1 cas9 target1 TGATGTGTGCCTCTCAGCAG Reference

（PMID: 38175750） 

piezo1 cas9 target2 GAAGAGTGGATGGTCATGGG Reference

（PMID: 38175750） 

piezo1 cas9 target3 GCTCAGTGTGGTCAACCCGG  

 589 

 590 

METHOD DETAILS 591 

Animals and ethical husbandry 592 

Zebrafish experiments were conducted according to the guidelines of the Institutional Animal Care and Use 593 
Committee of South China University of Technology. Zebrafish were bred under standard conditions 594 
(28.5°C, 14-h light; 10-h dark) in a standard circulating water system38. The following strains were used: 595 
AB strain, Tg (gata1: DsRed) 39, Tg (globin: DsRed) 40, Tg (fli1a: eGFP) 41, Tg (coro1a: eGFP) 42, and Tg(rag2: 596 
DsRed) 43.  597 

The knockout strategy and technical routes of the CD99L2-KO mice are detailed on the official website 598 
(https://www.modelorg.com/portal/search/index.html?keyword=CD99L2). The mice acclimated under 599 
standard laboratory conditions (25 ℃ ± 1 ℃, 60% ± 5% humidity,12-h light/dark cycle).  600 

All experiments were conducted in accordance with the Guiding Principles in the Care and Use of Animals 601 
(China) and were approved by the Laboratory Animal Ethics Committee of South China University of 602 
Technology (approval number AE-2026017). 603 

 604 

Cell culture 605 

293T (RRID: CVCL_0063), U2OS (RRID: CVCL_0042), and K562 (RRID: CVCL_0004) cells were obtained 606 
from the Cell Bank/Stem Cell Bank of the Chinese Academy of Sciences. Cells were cultured in DMEM 607 
medium (Gibco 12,491,015) containing 10% FBS (Gibco 10,270,106) and placed at 37°C with 5% CO2. 608 

 609 

Single-cell gene expression analysis 610 

The expression profiles of various adhesion molecules in mouse erythrocytes were obtained from a publicly 611 
available single-cell database https://kleintools.hms.harvard.edu/paper_websites/tusi_et_al/44. 612 

 613 

In vitro synthesis of antisense RNA probes and mRNA 614 

Antisense digoxigenin (DIG)-labeled RNA probes (Roche Applied Science, Basel, Switzerland) were 615 
synthesized using an in vitro transcription reaction following standard protocols38. Capped mRNA was 616 
prepared using the mMachine® sp6 kit according to the manufacturer’s instructions. 617 

 618 

Whole-mount in situ hybridization (WISH) 619 

DIG-labeled RNA probes were transcribed with T7, T3, or SP6 polymerase (Ambion, Life Technologies, 620 
USA). WISH was performed as previously described45. DIG-labeled probes were detected using anti-DIG 621 
Fab fragment antibody (Roche Applied Science) with BCIP/NBT staining (Vector Laboratories, Burlingame, 622 
CA, USA). 623 

 624 

Immunostaining 625 
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Embryos were collected and fixed overnight at 4 ℃ with 4% paraformaldehyde, then permeabilized with 626 
methanol. Residual methanol was rinsed and washed by PBST (PBS containing 0.1% Tween-20). After 627 
blocking with blocking buffer (0.5% Triton-X PBS, 5% lamb serum, and 1% DMSO) for 2 h at room 628 
temperature, embryos were incubated with primary antibody in blocking buffer for 1 day, followed by 629 
secondary antibody for another day at 4 ℃. The primary antibodies and secondary antibodies used are 630 
listed in STAR METHODS (KEY RESOURCES TABLE). 631 

 632 

Confocal imaging 633 

Zebrafish embryos were mounted in 1% low-melting agarose with 0.01% tricaine. A Zeiss 800 confocal 634 
microscope was used for imaging the samples. A 561-nm laser with an emission wave length range of 570–635 
650 nm and a 488-nm laser with an emission wave length range of 500–550 nm were utilized. The 636 
microscope was operated on the Zeiss Zen blue 2.5 software platform (Carl Zeiss). 637 

 638 

Fluorescence-activated cell sorting (FACS) 639 

Flow cytometry was used to sort purified hematopoietic cells from transgenic embryos at the desired stage 640 
as described previously46 using a flow cytometer (Becton Dickinson, San Jose, CA, USA). Data were 641 
analyzed using FlowJo software (TreeStar, Ashland, OR, USA). 642 

 643 

RNA extraction and quantitative RT-PCR 644 

Total RNA was extracted from sorted cells using TRIzol Reagent (Roche Applied Science) following the 645 
manufacturer’s instructions, then reverse transcribed into complementary DNA (cDNA) using M-MLV 646 
Reverse Transcriptase (Promega, Madison, USA) with oligo-dT (deoxy-thymine) primers. RNA was treated 647 
with RNase-free DNase (Thermo Fisher Scientific, Waltham, USA) before the reverse transcription reaction. 648 
qRT-PCR reactions were performed using the LightCycler Nano System (Roche Applied Science) with 649 
FastStart Universal SYBR Green Master (ROX) (Roche Applied Science) and 10 pmol of each primer. Each 650 
sample was tested in triplicate. The housekeeping gene, elongation factor 1-α (ef-1α), served as an internal 651 
control to normalize the relative fold changes using the Δ Δ Ct threshold method. The primers used are 652 
listed in STAR METHODS (KEY RESOURCES TABLE). 653 

 654 

Vector construction and generation of transgenic line 655 

A 4.7-kb DNA fragment upstream of the cd99l2 translation start site was isolated to drive GFP expression 656 
in the Tol2 vector. The pTol2-cd99l2-eGFP construct was injected into one-cell stage embryos to generate 657 
transgenic lines. The primers used are listed in STAR METHODS (KEY RESOURCES TABLE). 658 

 659 

May-Grünwald Giemsa staining of transgenic blood cells 660 

Blood cells were collected in PBS containing 10% FBS, then cytospun onto slides by centrifugation at 450 661 
rpm for 3 min using a Cytospin 4 (Thermo Scientific). The slides were then air-dried and subjected to May-662 
Grünwald Giemsa staining according to the standard protocol. 663 

 664 

MO injection 665 

The following MO sequence was used: 5’-AACTGGGTTGCTGCGATATTAAATA-3’, while the standard 666 
control MO was purchased from Gene Tools. One-cell stage embryos were injected with 2 nl of MO solution 667 
at a concentration of 0.8 mM. 668 

 669 

Parabiosis experiment 670 
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The parabiosis experiment was performed as described previously47,48. Briefly, control MO and cd99l2 MO 671 
embryos were dechorionated at approximately 3 hpf and transferred into a 4% methylcellulose drop under 672 
HCR solution (166 mM NaCl, 2.9 mM KCl, 10 mM CaCl2, and 5 mM HEPES in egg water). The embryos 673 
were repositioned using a gel-loading pipet so that their animal poles were in direct contact with each other. 674 
A few cells were detached from each embryo, and the wounded tissues of each embryo were properly 675 
aligned until they fused together. 676 

 677 

Osmotic fragility assay 678 

The osmotic fragility assay was performed after the parabiosis experiment as previously described49. 679 
Freshly drawn blood from wild-type and homozygous adult fish was washed three times in 0.9% NaCl and 680 
suspended in saline to approximately 10% packed cell volume. A cell suspension (5 ml) was added to each 681 
of 150 ml solutions containing NaCl concentrations ranging from 0.200% to 0.900% (wt/vol). The cells were 682 
incubated at room temperature for 15 min, then centrifuged for 3 min at 420 g. 683 

 684 

TUNEL staining 685 

TUNEL staining was performed with an In Situ Cell Death Detection Kit (#11684795910, Roche) as 686 
previously described50. 687 

 688 

RNA-Seq and Bioinformatic Analysis 689 

The RNA was extracted with TRIzol reagent (Invitrogen, CA,United States; 15596026) and sequencing 690 
libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® RNA (NEB; 691 
E7770) according to the manufacturer’s instructions. For RNA-seq data, the sequencing reads were 692 
mapped to Ensemble zebrafish reference genome (GRCz11) using STAR alignment software51. The 693 
differential gene expression analysis was performed by DESeq252. For GO and KEGG enrichment analysis, 694 
the Kobas website (http://bioinfo.org/kobas) was used53. 695 

 696 

Drug exposure 697 

Zebrafish embryos at 22 hpf were soaked in egg water containing chemicals for at 6 hours, and relevant 698 
experiments were performed at 28 hpf. DMSO, Toxoflavin, Sulforaphene, Borussertib, BD750, Verteporfin 699 
were used in this study. 700 

 701 

Western blotting 702 

The zebrafish embryos and cells were dissected and lysed in RIPA lysis buffer supplemented with protease 703 
inhibitor cocktail (Roche, #04693116001) for Western blot analysis. The proteins were then separated by 704 
One-Step PAGE Gel Fast Preparation Kit (Vazyme, # E303-01) and transferred to nitrocellulose (NC) 705 
membranes. Membranes were first blocked in 5% skimmed milk powder in TBST and then incubated 706 
overnight at 4°C with primary antibodies. Subsequently, the membranes were incubated with secondary 707 
antibodies for another 2h. Images were visualized with a MiniChemi image system (Beijing Sage Creation 708 
Science Co., China). All the information on primary antibodies is listed in STAR METHODS (KEY 709 
RESOURCES TABLE). 710 

 711 

Erythrocytes-specific piezo1 disruption in zebrafish 712 

The erythrocytes-specific piezo1 CRISPR vector was constructed as previously described54.In briefly, it 713 
takes advantage of the Tol2 transposase technology to integrate in the zebrafish genome a vector 714 
expressing a guide RNA (gRNA) from a zebrafish U6 promoter and Cas9 under the control of a tissue-715 
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specific promoter. The primer for piezo1 Cas9 target is listed in STAR METHODS (KEY RESOURCES 716 
TABLE). 717 

 718 

Co-immunoprecipitation 719 

The plasmids carrying hsp70l-cd99l2-eGFP and hsp70l-ctnnb1-mCherry are constructed. The embryos 720 
undergo multiple heat shock treatments at 24-30 hpf to induce the expression of heatshock-driven proteins. 721 
Following heat shock, the embryos are collected, and total protein is extracted. The 10% of the total protein 722 
is reserved as the "Input". The “Input” samples are analyzed using antibodies against GFP and mCherry to 723 
detect the expression of the respective fusion proteins. The remaining protein is incubated overnight with 724 
anti-GFP antibodies to immunoprecipitate the Cd99l2-eGFP fusion protein and any potential interacting 725 
partners. The bound proteins (including Cd99l2-eGFP and any potential interacting partners) are subjected 726 
to Western blot analysis using both anti-GFP and anti-mCherry antibodies. 727 

 728 

Statistical analysis 729 

Statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA) 730 
software. Sample sizes (n) was provided in the text or figure legend for each experiment and each 731 
experiment was independently repeated at least three times. The significance of differences between two 732 
groups was calculated using the two-tailed Student’s t-test. The chi-square test was used to compare 733 
whether there were significant differences in subtyped variables between the two groups. Error bars 734 
represent the mean ± standard error in all graphs. A P value less than 0.05 was considered significant. The 735 
densities of the western blot bands were analyzed by ImageJ software 736 

 737 
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