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regulator of left-right symmetry
breaking in zebrafish embryos

Jing Du,1,2,3,7,8,* Shu-Kai Li,1,7 Liu-Yuan Guan,2,7 Zheng Guo,1 Jiang-Fan Yin,5 Li Gao,5 Toru Kawanishi,3

Atsuko Shimada,3 Qiu-Ping Zhang,4 Li-Sha Zheng,1 Yi-Yao Liu,6 Xi-Qiao Feng,2 Lin Zhao,4 Dong-Yan Chen,4,*

Hiroyuki Takeda,3,* and Yu-Bo Fan1,*
SUMMARY

The left-right symmetry breaking of vertebrate embryos requires nodal flow. However, the molecular
mechanisms that mediate the asymmetric gene expression regulation under nodal flow remain elusive.
Here, we report that heat shock factor 1 (HSF1) is asymmetrically activated in the Kupffer’s vesicle of
zebrafish embryos in the presence of nodal flow. Deficiency in HSF1 expression caused a significant situs
inversus and disrupted gene expression asymmetry of nodal signaling proteins in zebrafish embryos.
Further studies demonstrated that HSF1 is a mechanosensitive protein. The mechanical sensation ability
of HSF1 is conserved in a variety of mechanical stimuli in different cell types. Moreover, cilia and Ca2+-Akt
signaling axis are essential for the activation of HSF1 under mechanical stress in vitro and in vivo. Consid-
ering the conserved expression of HSF1 in organisms, these findings unveil a fundamental mechanism of
gene expression regulation by mechanical clues during embryonic development and other physiological
and pathological transformations.

INTRODUCTION

Biological flow is necessary for vertebrate organogenesis, neuron migration, cardiovascular development, and left-right (LR) symmetry

breaking during embryogenesis.1 In vertebrates, the surface of the body is symmetrical, but the internal organs and tissues are asymmetrical.

Such a development process is regulated by left-right organizers (LROs). The zebrafish LRO, Kupffer’s vesicle (KV), is a transient, fluid-filled

vesicle organ.2,3 The rotation of primary cilia in KV produces counterclockwise directional nodal flow, which is necessary and sufficient for

breaking LR symmetry.4,5 In KV, how the organism perceives nodal flow and the mechanism of symmetry breaking regulation are yet unclear.

Two possibilities have been proposed: the chemical and mechanical senses of cilia.6 In the ciliary chemosensory hypothesis, nodal flow may

carry amorphogen, a signalingmolecule, which is released into the flow and is acceptedby the cilia’s chemosensing function.7 On the left and

right sides of KV, the difference in the morphogen concentration detected by the receptor should be the determinant to destroy the LR sym-

metry. To date, however, no such morphogen has been detected, although previous studies have demonstrated the presence of chemical

sensations in motile cilia.8 On the other hand, the mechanosensory cilia that can sense the flow of fluid are involved in the occurrence of poly-

cystic kidney disease.9 Moreover, the nodal flow velocities on the left and right sides of zebrafish KV are not the same.10,11 This finding indi-

cates the possibility for the mechanical regulation function of cilia in the LR symmetry breaking. However, it remains unclear how the differ-

ence in the mechanical microenvironment in KV is sensed by cilia and transduced into gene expression regulation. In the LR organizers,

mechanical and chemical senses are not necessarily mutually exclusive and but most likely coupled in a synergistic manner in zebrafish em-

bryos. Although several signal molecules, such as Ca2+ and b-catenin, play important roles in the development of LR asymmetry,12,13 the

signal transduction mechanisms mediating nodal flow to gene expression regulation are largely unknown.

Regarding to gene transcriptional regulation, the heat shock protein (HSP) family of molecular chaperones shows a rapid and large tran-

scriptional increase in response to diverse stresses, such as thermal and oxidative stress, indicating that these proteins are part of a
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Figure 1. HSF1 is asymmetrically activated in KV of zebrafish embryos

(A) Immunostaining of phosphorylated HSF1 at serine 326 as classified by the expression pattern of left/right ratio (>1: left, <1: right, �1: bilateral) in KV of

zebrafish embryos at 8-somite stage. Cilia is indicated by acetylated a-tubulin. a: anterior, p: posterior, L: left, R: right. Scale bar: 20 mm.

(B) Statistical analysis of the percentage for three groups in (A), n = 3 from 56 embryos. Data are expressed as mean G SEM, p < 0.05.

(C) Statistical analysis of the expression of pS326 HSF1 in the left and right part of KV in the case of left/right ratio >1, n = 5. Data are expressed as meanG SEM,

p < 0.05.

(D) Immunostaining of wild-type zebrafish embryos (WT) or embryos treated with c21orf59 MO or control morpholino (cMO). Scale bar: 25 mm.

(E) Statistical analysis of the expression level of pS326 HSF1 in the left and right part of KV in (D) (n = 4). Data are expressed as mean G SEM, p < 0.05.
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fundamental defense against stresses.14–16 The master regulator of the heat shock response is heat shock factor 1 (HSF1), the key transcrip-

tional activator of HSPs.16 HSF1 is a highly conserved transcription factor in organisms. In addition to HSPs, HSF1 also regulates (induces or

represses) the expression of other genes involved in a wide range of cellular behaviors, including apoptosis, protein trafficking, and energy

generation.17–20 Notably, the expression of FOS and JUN, two famous and well-characterized immediate-early genes, is induced in heat-

shocked cells by HSF1.21,22 Thus, the rapid activation of HSF1 has served as amodel for immediate transcriptional responses and has fostered

many ground-breaking insights into the regulatory mechanisms of gene expression.

In this paper, the function of HSF1 in the LR symmetry breaking process under nodal flow was addressed in zebrafish embryos. By

combining in vivo and in vitro experiments, we found that HSF1 was mechanically sensitive and immediately activated by fluid shear stress

and other types of mechanical stimuli though cilia, which was pivotal for the LR axis establishment during zebrafish embryonic development.
RESULTS

HSF1 is asymmetrically activated in Kupffer’s vesicle of zebrafish embryos

Given that HSF1 is widely expressed throughout the early development of zebrafish embryos and conversely responds to acute stresses such

as heat shock stress,23,24 we examined the expression and activity of HSF1 in KV during LR axis determination of zebrafish embryos. As the

hallmark of HSF1 activation,25 phosphorylation level of HSF1 at serine 326 was stained in KV of 8-somite stage embryos after experimentally

verifying the specificity of anti-phosphoHSF1 antibody in zebrafish (Figure S1). We analyzed the expression pattern of p-HSF1 images accord-

ing to the intensity of left/right ratio (>1: left, <1: right, �1: bilateral). The majority of the embryos showed left-biased expression of p-HSF1

(left/right ratio >1 in more than 72% embryos) (Figures 1A–1C). To investigate the requirement of nodal flow in the left-biased activation of

HSF1 in KV, the c21orf59 gene was knocked down using a morpholino (MO), which impaired cilia mobility and disrupted nodal flow.26 The
2 iScience 26, 107864, October 20, 2023



Figure 2. HSF1 is required for the LR asymmetry establishment of zebrafish embryos

(A) The effect of hsf1 knockdown by morpholino (MO) injection on the LR asymmetry establishment in zebrafish embryos.

(B) The effect of CRISPR/Cas9-mediated knockout of hsf1 on the LR asymmetry establishment in zebrafish embryos.
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results showed that comparedwithWT and control morpholino embryos, c21orf59morphants showed comparable HSF1 activity between the

left and right sides of KV (Figures 1D and 1E), indicating that the asymmetric activation of HSF1 is dependent on nodal flow. These observa-

tions suggest that HSF1 is asymmetrically activated in the KV of zebrafish embryos under the action of nodal flow.
HSF1 is required for the establishment of LR asymmetry in zebrafish embryos

Considering the important roles of HSF1 in gene expression regulation, we sought to evaluate the function of HSF1 in the LR axis establish-

ment of zebrafish embryos and gene expression patterning asymmetry in KV.Morpholino knockdownwas performed to inhibit the expression

of HSF1. As shown in Figure 2A, injection of HSF1 morpholino into zebrafish embryos at the one- to eight-cell stage resulted in a severely

randomized localization of viscera (indicated by cardiac primordia, 52% of the HSF1 MO and 8% of control MO). The effect of HSF1 MO

was further confirmed by CRISPR/Cas9-mediated knockout of hsf1, which caused 3-fold embryo ratios showing situs inversus in hsf1�/� mu-

tants comparedwithWT embryos (Figure 2B). Given that KV is formed fromdorsal forerunner cells (DFCs), HSF1MOwas injected into DFCs at

the 50% epiboly stage to specifically inhibit the expression of HSF1 in KV. As shown in Figure 2A, DFC injection of MO also resulted in a sig-

nificant situs inversus.

It is believed that the LR axis determination of zebrafish embryos is mediated by Nodal signals.27 We found that knockdown of HSF1

caused severe disruption of the asymmetric expression of the nodal signaling proteins Spaw and Charon, indicating that asymmetrically acti-

vated HSF1 is an early event and could regulate nodal signals during LR axis establishment (Figures S2A–S2F). Taken together, these results

suggest that HSF1 is asymmetrically activated in KV under nodal flow and plays crucial roles in LR symmetry breaking during zebrafish em-

bryonic development.
Fluid shear stress immediately activates HSF1

As aforementioned, the effect of nodal flow could be mediated by chemical and/or mechanical sensory pathways. Recently, the heat shock

response was reported to be induced by compressive loading in bovine caudal disc organ culture.28 In addition, synovial cells stimulated by

fluid shear initiate a heat shock response.29 In rat cardiac vascular endothelial cells, stretch-sensitive ion channels regulate the activity of

HSF1.30 These studies indicate the possible function of the heat shock response inmechanical stress sensation. Thus, we investigatedwhether

HSF1 activation in the presence of nodal flow is due tomechanical sensation of fluid shear stress. Madin-Darby canine kidney (MDCK) cells, an

epithelial cell line originating from the distal renal tubular segment, were subjected to flow shear stress using a flow chamber device for cell

culture to mimic fluid shear stress31,32 (Figure 3A). Western blot experiments demonstrated that fluid shear stress induced a significant in-

crease in HSF1 phosphorylation on the positive regulatory serine 326 reside33 (Figures 3B and 3C). In addition, a heat shock element

(HSE)-driving luciferase reporter gene (HSE-Luc) assay also demonstrated elevated transcriptional regulatory activity of HSF1 after fluid shear

stress stimuli (Figure 3D).

To assess the function of cilia in the activation of HSF1 by fluid shear stress, we compared the nuclear transport of HSF1 by immunofluo-

rescence staining inMDCK in the presence or absence of cilia. HSF1 nuclear transport wasmore obvious in cells with cilia than in thosewithout
iScience 26, 107864, October 20, 2023 3



Figure 3. Immediate activation of HSF1 by fluid shear stress

(A) The illustration of the flow chamber device for fluid shear stress experiments.

(B) Western blot results of phosphorylated HSF1 at Serine 326 or 303 in MDCK cells after shear stress stimuli for different time.

(C) Statistical analysis of the results in (B) (n = 3). The ratio of phosphorylated HSF1 at Serine 326 in nuclei and cytoplasm (N/C) in (B) (n = 10 ). Data are expressed

as mean G SEM, p<0.05.

(D) Luciferase reporter assay for HSE activity in MDCK cells treated with shear stress for 1 h. (n = 3). Data are expressed as mean G SEM, p < 0.05.

(E) Fluorescent immunostaining of phosphorylated HSF1 at Serine 326 in MDCK cells 30 min after shear stress. Scale bar: 25 mm.

(F) The ratio of phosphorylated HSF1 at Serine 326 in nuclei and cytoplasm (N/C) in (E). Data are expressed as mean G SEM, p < 0.01.
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cilia, indicating the contribution of cilia to the activation of HSF1 under fluid shear stress (Figures 3E and 3F). These observations are consistent

with the mechanical sensing function of cilia, which has been reported in different cell types.34

Mechanical sensitivity of HSF1 is conserved in various types of mechanical stimuli

Next, to evaluate the versatility of HSF1 in mechanical sensing, other types of mechanical stimuli were applied to MDCK cells, including me-

chanical stretch, hypergravity, and substrate stiffness. As shown in Figures S3 and S4, mechanical stretch and hypergravity stimuli also trig-

gered rapid nuclear transportation of HSF1 and a significant increase in hsp70 gene expression. Moreover, HSF1 activity was also regulated

by substrate stiffness. Compared to the compliant substrate (0.5 kPa), adhesion to the stiff substrate (500 kPa) significantly induced immediate

nuclear transportation of HSF1 (Figure 4). To evaluate the conservation of the mechanical sensing function of HSF1 in different cell types, we

examined the activation of HSF1 by substrate stiffness in mesenchymal stem cells (MSCs), which are generally used as a cell model for me-

chanical sensing research.35,36 The results demonstrated rapid nuclear transportation of HSF1 in MSCs on stiff substrates, which was not

observed on soft substrates (Figure S5). Collectively, these results suggest that HSF1 is a versatile mechanosensor that can immediately trans-

duce extracellular mechanical stress to gene transcriptional regulation in cells.

Mechanical shear stress activates HSF1 mainly through the Ca2+-Akt signaling axis

To investigate the molecular mechanism underlying HSF1 activation triggered bymechanical stress, we screened signaling pathways that are

generally evidenced as importantmediators in extracellular signal transduction, includingMEK,MAPK, Akt, PKC, andCaMKII.37–41 The results

showed that HSF1 activation under fluid shear stress was strikingly blocked by the Akt inhibitor, whereas amoderate decrease in HSF1 activity

was observed in the presence of MAPK, MEK, CaMKII, or PKC inhibitors (Figures 5A and 5B). These results were consistent with a previous

report that Akt could directly interact with HSF1 and phosphorylate it at the positive regulatory residue serine 326.42

Many studies have demonstrated that fluid shear stress stimulation induces rapid and temporal intracellular Ca2+ increases in many cell

types, including MDCK.43–46 Moreover, Ca2+ has a crucial effect on Akt signaling in various cell types.47–50 Thus, Ca2+ signaling may be an

upstream signal involved in the immediate activation of HSF1 by mechanical shear stress. To assess this hypothesis, intracellular Ca2+ was

inhibited by the membrane-permeable Ca2+ chelator BAPTA-AM or promoted by additional treatment with Ca2+ in the presence of fluid

shear stress stimuli. As shown in Figures 5C–5E, BAPTA-AM dramatically blocked fluid shear stress-induced HSF1 activation, which could

be rescued by excess Ca2+. Moreover, additional Ca2+ synergistically upregulated HSF1 activity together with fluid shear stress. These results

indicate that rapid activation of HSF1 by mechanical stress is mainly mediated by Ca2+-Akt signaling pathway.
4 iScience 26, 107864, October 20, 2023



Figure 4. HSF1 activity was regulated by substrate stiffness

(A) The illustration of the experiment device for substrate stiffness stimuli to cultured cells.

(B) Fluorescent immunostaining of phosphorylated HSF1 at Serine 326 in MDCK cells under substrate stiffness stimuli. Scale bar: 10 mm.

(C) The ratio of phosphorylated HSF1 at Serine 326 in nuclei and cytoplasm (N/C) in (B) (n = 9). Data are expressed as mean G SEM, *p < 0.05, **p < 0.01.

(D–I) Fluorescence intensity of phosphorylated HSF1 at Serine 326 and DAPI along the lines in the magnified figures in (B).
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During zebrafish embryonic development, it has been reported that the left-biased Ca2+ concentration in KV plays a vital role in LR sym-

metry breaking.12,13 In the aforementioned study, we found that Ca2+ signaling was crucial for the rapid activation of HSF1 induced by fluid

shear stress. To assess whether the left-biased activation of HSF1 in KV also requires Ca2+ signaling, we treated zebrafish embryos with an

inhibitor of the endoplasmic reticulum Ca-ATPase (thapsigargin, TG) to deplete intracellular Ca2+ stores. As shown in Figures 6A and 6B,

the asymmetrical activation of HSF1 was largely blocked by inhibition of Ca2+. Further, we treated embryos with an Akt inhibitor (MK-

2206), which has been reported to block Akt signaling pathway in zebrafish.51 The results showed a significant downregulation of left-biased

activation of HSF1 by Akt inhibition (Figures 6C and 6D). These results suggest that Ca2+-Akt signaling axis is essential for the activation of

HSF1 in KV. Thus, we propose a model in which the left-biased activation of HSF1 in KV transduces the mechanical shear stress of nodal flow

into gene transcriptional regulation in the dependence of Ca2+ signal during LR axis establishment of zebrafish embryos.
DISCUSSION

Quite a few hypotheses regarding how KV perceives symmetry and regulates symmetry destruction have been proposed in the previous

studies, including that cilia perceive themechanical signal of fluid flow.34,52Many studies have shown that the distribution of cilia is not uniform

and that the flow velocity of the fluid in the cavity caused by cilia is not the same.10 This makes the mechanical environment in KV different,

which provides the possibility for the destruction of KV symmetry caused by cilia sensing the mechanical stimulus. Assuming that the cilia on

the left and right sides of the KV produce asymmetric signals, the signal cascade will be initiated, which will lead to asymmetric gene expres-

sion. However, thismechanical sensing hypothesis lacks a pivotalmechanism for how the difference in themechanicalmicroenvironment in KV

is transduced into gene expression regulation.

In our experiments, we found that hsf1 and hsf2 mRNA expressions were both observed at the 5–8 somite stage (Figure S6A). As shown in

Figure S6B, HSF2 inhibition also affected LR axis determination. However, the effect of HSF2 morpholino was not obvious compared to HSF1

inhibition (Figure 2A). Therefore, we mainly assessed the role of HSF1 in the LR symmetry breaking in this study. In future studies, more ex-

periments, such as doublemutants, should be conducted in order to evaluate whether there is a compensating effect of HSF2 in HSF1mutant
iScience 26, 107864, October 20, 2023 5



Figure 5. Ca2+ and Akt signals were involved in HSF1 activation by shear stress

(A) Western blot results of phosphorylated HSF1 at serine 326 and total HSF1 in MDCK cells under shear stress in the presence of inhibitors or DMSO.

(B) Statistical analysis of the results in (A) (n = 3). Data are expressed asmeanG SEM, *p < 0.05, **p < 0.01,***p < 0.001 (C)Western blot results of phosphorylated

HSF1 at serine 326 and total HSF1 in MDCK cells under shear stress in the presence of Ca2+ antagonist or Ca2+.

(D) Statistical analysis of the results in (B) (n = 3). Data are expressed as mean G SEM, *p < 0.05, **p < 0.01.

(E) The expression level of hsp70 mRNA inMDCK cells under shear stress in the presence of Ca2+ antagonist or Ca2+ (n = 3). Data are expressed as meanG SEM,

*p < 0.05, **p < 0.01.
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to affect the LR symmetry breaking of zebrafish embryos. We demonstrated that HSF1 is sensitive to fluid shear stress and immediately trans-

duces mechanical stimuli into gene transcriptional regulation. Thus, our findings support the important role of mechanical conduction in the

mechanism of LR symmetry breaking during zebrafish development. According to our results, HSF1 activation is dependent on the cilia, which

further confirms the function of cilia in sensing nodal flow.

AlthoughHSF1 has previously been linked to cilia motility in postnatal HSF1-null mice,53 we observed normal cilia beating in KV after HSF1

knockdown by morpholino in zebrafish. Moreover, microinjected of fluorescent particles into the KV lumen also showed leftward fluid flow in

HSF1 morphants and WT embryos (Videos S1, S2, and S3). These results indicate the possible role of mechanical sensing by HSF1 in L-R

patterning of zebrafish embryo. During zebrafish embryonic development, charon is transiently right-biased expressed in the regions

embracing KV at the 8–10 somite stage, which is required for LR patterning.54–57 Miss-expression of charon elicited phenotypes similar to

those ofmutant embryos defective inNodal signaling, which resulted in a loss of LR polarity.We found that HSF1was asymmetrically activated

in KV as early as 8 somite states, and injection of HSF1MO led to a randomized expression of charon and spaw. Thus, asymmetrical activation

of HSF1 may be a relatively early event during LR axis determination. Moreover, using bioinformatics analysis, we found several HSEs in the

promoter region of zebrafish charon gene (Figure S7). Thus, we hypothesize that HSF1 may contribute to the regulation of charon expression

during LR axis establishment.

In the response to mechanical stimuli by cells, mechanical signals must be transduced into the nuclei to influence gene expression. Thus,

the responses of cells to external mechanical stimuli are time-dependent. However, the time effect of mechanical transduction processes has

not been completely studied. In this paper, we identified that HSF1, as a transcription factor, was immediately activated bymechanical stimuli

and it rapidly transmitted mechanical signals into gene transcriptional regulation upon various types of mechanical stimuli. Similar to the im-

mediate-early genes, the first round of gene transcription after stimuli should be the ‘‘gateway’’ of the complete mechanical response. Thus,

the immediate-early activation of HSF1 by mechanical stress may be a conserved signal transduction mechanism for gene transcription regu-

lation in the rapid response to mechanical stimuli by cells.
6 iScience 26, 107864, October 20, 2023



Figure 6. Ca2+ and Akt signals were involved in HSF1 activation in vivo

(A) Immunostaining of phosphorylated HSF1 at serine 326 in zebrafish embryos treated with DMSO or 1 mM thapsigargin (TG), scale bar: 25 mm.

(B) The left/right ratio of phosphorylated HSF1 at serine 326 in (A) (n = 3). Data are expressed as mean G SEM, *p < 0.05.

(C) Immunostaining of phosphorylated HSF1 at Serine 326 in zebrafish embryos treated with DMSO or 5 mM MK-2206 (Akt inhibitor), scale bar: 25 mm.

(D) The left/right ratio of phosphorylated HSF1 at serine 326 in (C) (n = 4). Data are expressed as mean G SEM, *p < 0.05.
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The heat shock response is a fundamental defense against stress. As a highly conserved transcription factor in organisms, HSF1 regulates

(induces or represses) the expression of genes that are involved in a wide range of cellular behaviors. Thus, the rapid activation of HSF1 serves

as a model for immediate transcriptional responses and has fosteredmany ground-breaking insights into the regulatory mechanisms of gene

expression. Our findings unveiled that in addition to thermal and oxidative stresses, HSF1 also responds to mechanical stresses, which is

important for gene regulation triggered by mechanical clues during embryonic development and other physiological and pathological

transformations.

Limitations of the study

In zebrafish experiments, we have not completely proved whether HSF2 in HSF1mutant has a compensating effect on LR symmetry breaking.

Hopefully, we will be able to supplement this part in the future by generating the maternal-zygotic double mutants.

In the paper, we identified themechanical sensing ability of HSF1 in different cells through differentmechanical stimuli, but we did not fully

identify the mechanical sensingmechanism of early activation of HSF1. This makes us less specific about the effects of early mechanical trans-

duction in organisms on embryonic development and other physiological processes. That is what we aregoing to focus on in the future, and

hopefully we will be able to add to that in the future.
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Detailed methods are provided in the online version of this paper and include the following:
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B Lead contact
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HSF1 Abcam Ab105086

Anti-HSF1 phospho S326 Abcam ab76076

Anti-Acetylated Tubulin Sigma T6793

Alexa Fluor 555 goat anti-Rabbit secondary polyclonal antibody Invitrogen A32723

Alexa Fluor 488 goat anti-mouse secondary polyclonal antibody Invitrogen A32732

Anti-GAPDH Abcam ab199553

Anti-b-actin Abcam Ab170325

HRP Goat Anti-Rabbit IgG (H + L) ZSGB-BIO ZB-2301

Chemicals, peptides, and recombinant proteins

MK-2206-2HCl MCE HY-10358

SB203580 MCE HY-10256

U0126 MCE HY-12031A

BAPTA-AM MCE HY-100545

Thapsigargin MCE HY-13433

KN-93 Phosphate MCE HY-15465B

Staurosporine MCE HY-15141

RIPA buffer Yeasen 20115ES60

Protein Molecular Weight Marker thermo 26612

Protein Molecular Weight Marker thermo 26616

Paraformaldehyde Sigma P6148

PDMS curing agent Dow corning Corp sylgard184

Sulfo-SANPAH Pierce 22589

Type I collagen Gibco A1048301

Trizol reagent Thermo 15596026

rhodamine Sigma 79754

FuGENE� HD Transfection Reagent Progema E2311

T4 DNA ligase NEB M0202L

Trizol reagent Thermo 15596026

Critical commercial assays

mMESSAGE mMACHINE SP6 transcription kit Invitrogen AM1304

MEGAclear Transcription Clean-Up Kit Invitrogen AM1908

FastQuant RT Kit (With gDNase) Tiangen KR106-03

Dual-Luciferase� Reporter Assay System Promega E1910

Super ECL Plus Huaxingbio Science HXP1868

Q5 High-fidelity PCR kit NEB NEB

T7 RNA Polymerase Promega P2075

SP6 RNA Polymerase Promega P1085

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

MDCK ATCC NBL-2

Experimental models: Organisms/strains

Zebrafish AB Nanjing EzeRinka Biotechnology N/A

Hsf1aihb294/+ (AB) CZRC CZ1203

Oligonucleotides

hsp70: FP AGCTGGAGCAGGTGTGTAAC qRT-PCR N/A

hsp70: RP GGGGAAGAAGTCCTAATCCACC qRT-PCR N/A

gapdh: FP AGTCAACGGATTTGGCCGTA qRT-PCR N/A

gapdh: RP CCGTTCTCAGCCTTGACTGT qRT-PCR N/A

Spaw:FP CCGCTGTACATGATGCAGTT in situ hybridization N/A

Spaw:RP GTAAGCGTGGTTTGTTGGGT in situ hybridization N/A

Charon: FP AAGACTTTGAATCCTCCGGG in situ hybridization N/A

Charon: RP ACGTTTCTGTTTGCAGGGAC in situ hybridization N/A

Clmc2: FP TTGTGCAGTTATCAGGGCTC in situ hybridization N/A

Clmc2: RP TTAACAGTCTGTAGGGGGCA in situ hybridization N/A

Hsf2: FP ATGAAACACAGCTCGAACG For PCS2-HSF2 N/A

Hsf2: RP TCAGATATCAAGCGGTGGTGT For PCS2-HSF2 N/A

Recombinant DNA

PCS2-6myc-hsf2 This paper N/A

pHSE-luc Clontech VT001502

pRL-CMV promega E2261

Software and algorithms

ImageJ NIH N/A

Origin OriginLab N/A

LAS_X Leica N/A

Adobe Illustrator Adobe N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jing Du (dujing@

buaa.edu.cn).
Materials availability

Zebrafish mutants generated in this study are available from lead contact upon request.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell and fish maintenance

MDCK cells and human MSCs were grown in DMEM culture medium supplemented with 10% fetal bovine serum (Gibco), 100 mg/mL strep-

tomycin and 100 units/ml penicillin (Gibco) in a humidified incubator at 37�C and with 5% CO2 atmosphere. All zebrafish husbandry was per-

formed under standard conditions in accordance with institutional and national ethical and animal welfare guidelines. Collected embryos

were grown at 28.5�C. Zebrafish used in this study included wild-type AB strain, mutant line Hsf1aihb294/+.
12 iScience 26, 107864, October 20, 2023
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CRISPR/Cas9-mediated knockdown in zebrafifish

CRISPR/Cas9-mediated knockdown zebrafifishwere obtained from theChina Zebrafish ResourceCenter.Wild-typeAB/TU andmutant zebra-

fish were raised andmaintained under standard conditions. Zebrafish embryos were obtained by artificial insemination and reared at 28�C. All
animal experiments were conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals and were

approved by the Institute of Hydrobiology, Chinese Academy of Sciences.

Zebrafish mutant line CZ1203/ihb294 is between 412 bp to 421 bp of the wild-type hsf1 coding sequence, TGGCCAGTTT, is deleted. The

mutated hsf1 codes for a truncated protein containing 152 aa, 133 aa of which is identical to wildtype hsf1.

METHOD DETAILS

Antibodies and reagents

Antibodies against HSF1, anti-HSF1 (phospho S326) were purchased from Abcam. Monoclonal anti-Acetylated Tubulin antibody was pur-

chased from Sigma. Alexa Fluor 546-labeled goat anti-rabbit secondary polyclonal antibody and Alexa Fluor 488-labeled goat anti-mouse

secondary polyclonal antibody were purchased from Life Technology. Monoclonal antibody against GAPDH, horseradish peroxidase

(HRP)-coupled goat anti-rabbit secondary polyclonal antibody and horseradish peroxidase (HRP)-coupled goat anti-mouse secondary poly-

clonal antibody were obtained from Abcam.

Inhibitors of Akt (MK-2206 2HCl), MAPK (SB203580), MEK (U0126), CaMKII (KN-93 Phosphate), PKC (Staurosporine) and Ca2+ (BAPTA-AM),

were purchased from MCE.

Flow chamber

A rectangular parallel plate perfusion chamber, designed and presented by professor Jeng-Jiann Chiu Lab in the National Health Research

Institutes of Taiwan, was used for fluid shear stress exposure. This system comprises a transparent polymethylmethacrylate plate, two silastic

rubber gaskets, and a standard glass coverslip. The coverslip with near 90% confluentmonolayer ofMDCK cells wasmounted over the groove

with the cells facing the inside, and an approximate 200 mmhigh gapwas formed over theMDCK cells. Thenwe collected the treated samples

from each condition for the following analyses.

Mechanical stretch

PDMS curing agent (sylgard184; Dow corning Corp) was mixed with base agent in a mass ratio of 10:1 in 50 mL centrifugal tubes, and centri-

fuged in a bench-top centrifuge to remove air bubbles, which was subsequently cast onto a single-well Petri dish (353 10 mm, Corning) and

cured at 65�C for 12 h. The PDMS substrates were oxidized in an oxygen plasma cleaner, which generated silanol group (Si-OH) on the surface

of the PDMS, then sterilized by UV radiation for 2 h, coated with fibronectin and left in a laminar flow cabinet for at least 2 h. Then, MDCK cells

achieving 90% confluence were subjected to mechanical stress with the Cyclic Stress Unit. The unit was placed in a humidified incubator with

5% CO2 at 37
�C. Cyclic deformation (20 cycles/min) and up to 10% elongation was applied. Then we collected the treated samples from each

condition for the following analyses.

Hypergravity stress

MDCKCells (53 104) were placed in an incubator at 37�Cwith 403gwith hypergravity treatments using a centrifuge. Samples were collected

at 30 min, 1 h, 2 h and 4 h. Then, the treated samples from each condition were used for the following analyses.

Substrate stiffness

Polyacrylamide gels with variable Young’s moduli were prepared by mixing acrylamide and diacrylamide in different proportions.36 Drops of

polymerizing gel solution were placed on glutaraldehyde-treated aminosilanized coverslips, which covalently bound the PA. Chlorosilanized

coverslips were placed on top of the PA, and weights were added to ensure that the gel thickness was defined by the spacer bead diameter.

Then, the gel was covered by sulfosuccinimidyl-6-[40-azido-20-nitrophenylamino] hexanoate (Sulfo-SANPAH; Pierce). After exposure to UV

light for 10 min twice, the polyacrylamide sheet was washed twice and incubated with a solution of type I collagen (0.2 mg/mL; Gibco

BRL) overnight at 4�C.

Immunofluorescence staining and confocal microscopy

MDCK cells were fixed with 4% paraformaldehyde (PFA), permeabilized with 0.5% Triton X-100, blocked with 5% BSA for 1 h at room tem-

perature. Then, cells were probed with antibodies overnight, followed by incubation with Alexa Fluor 546-labeled goat anti-rabbit secondary

polyclonal antibody and Alexa Fluor 488-labeled goat anti-mouse secondary polyclonal antibody for 1 h. After washing with PBST for several

times, cell nuclei were stained by DAPI. Then, the fluorescent images were captured with a 363 objective mounted on a LSM710 confocal

microscope.

The zebrafish embryos were fixed in BT fixative buffer [4% paraformaldehyde, 0.15 mM CaCl2, 4% sucrose in 0.1 M PBS (pH 7.3)] overnight

at 4�C. After being rinsed 3–5 timeswith PBST, embryoswere blocked at room temperature for 1 h in 5%BSA and 1%DMSO in PBST. Embryos

were then incubated overnight at 4�C with antibodies. After washing with PBST three times, embryos were incubated overnight at 4�C with
iScience 26, 107864, October 20, 2023 13
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Alexa Fluor 488-conjugated AffiniPure Donkey anti-mouse IgG and Alexa Fluor 546-conjugated AffiniPure Goat anti-rabbit IgG. Embryos

were then washed with PBST and stained by DAPI. Then, embryos were transferred into an anti-fade reagent and stored at 4�C for up to

3 days. Immunostained embryos were imaged under a Zeiss 710META laser scanning confocal microscope with a 633objective. A KV/cilia

image was a sum of multiple focal planes (z series), combined using ImageJ. The fluorescent intensity was analyzed using Image-Pro Plus 6.0.
Quantitative real-time PCR (qRT-PCR)

The qRT-PCR was conducted as described previously.58 Total RNA was isolated using the Trizol reagent (Invitrogen). For qRT-PCR analysis, it

was performed in accordance with the manufacturer’s instructions using FastQuant RT Kit (With gDNase) (Tiangen). Relative mRNA levels of

each gene were analyzed according to the comparative Ct method and were normalized to the expression of GAPDH. The following sets of

primers were used in the PCR amplification:

hsp70 (forward, 5ʹ-AGCTGGAGCAGGTGTGTAAC-3ʹ; reverse, 5ʹ-GGGGAAGAA.

GTCCTAATCCACC-3ʹ, GTCCTAATCCACC-3ʹ). GAPDH (forward, 5ʹ-AGTCAACGGATTTGGCCGTA-3ʹ; reverse, 5ʹ-CCGTTCTCAGCCTT

GACTGT-3ʹ).
For all the qRT-PCR experiments, the correlation coefficient and amplification efficiency in the reaction using each primer are 0.97–1.02 and

more than 97.9%, respectively.
MO oligonucleotides injections

For totally knockdown, morpholinos (Gene Tools) were injected into the yolk of one-cell stage embryos. DFCs specific knockdown was per-

formed as described previously.59 Briefly, the morpholino was mixed with rhodamine (Sigma) and injected into the yolk at the 512-cell stage.

Then, at 60–70% epiboly stages, the embryos with red fluorescence in DFCs were sorted and raised for further investigations.
mRNA injections

In order to synthesize hsf2 mRNA in vitro, we used restriction endonuclease and T4 ligase to integrate hsf2 gene into PCS-6MYC vector and

synthesized hsf2 mRNA in vitro using mMESSAGEmMACHINE kit (Thermo, AM1340). Then the wild type zebrafish embryo was injected into

the yolk at 1–4 cell stage, and the total protein was extracted at 24 h for follow-up experiment.
Double-luciferase report gene experiment

RL (500 ng/ul,clontch) and pHSE-luc(500 ng/ul,clontch) were cotransfected intoMDCK cell line using FuGENEHD for 24 h.We use shear stress

stimulate cell 1 h after transfection. The cells were lysed using 1X passive lysate. Firefly luciferase was used as a transfection control group, and

the luciferase activity was measured using a dual luciferase reporter assay system.
Western blotting

Western blotting was conducted as described previously.36 Proteins (40 mg) from cell homogenates were separated on a 10% SDS-polyacryl-

amide gel and electrotransfered to polyvinylidene fluoride membranes (Millipore). Each membrane was washed with Tris-buffered saline

Tween 20, blocked with 5% skim milk power for 1 h, and incubated with appropriate primary antibodies at dilutions recommended by the

supplier. Membranes were washed in TBST and probed with an appropriate HRP conjugated secondary antibody. The oxidase components

were detected by chemiluminescence (Super ECL Plus, Huaxingbio Science).
Whole-mount in situ hybridization

Whole-mount in situ hybridization analyses were performed as described previously.27 The primers used for probes synthesis are as follows:

southpaw, CCGCTGTACATGATGCAGTT and GTAAGCGTGGTTTGTTGGGT; charon, AAGACTTTGAATCCTCCGGG and ACGTTTCTGT

TTGCAGGGAC; cmlc2, TTGTGCAGTTATCAGGGCTC and TTAACAGTCTGTAGGGGGCA.
QUANTIFICATION AND STATISTICAL ANALYSIS

ImageJ software was used to measure fluorescence intensity and gray value. All quantitative experiments were performed with at least three

independent biological repeats. Results were expressed as meansG SEM. Significance of differences between means was evaluated by Stu-

dent’s t test. ***p < 0.001, **p < 0.01, *p < 0.05; n.s., not significant.
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