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 42 

SUMMARY 43 

 44 

PIEZO1 variants have been associated with generalized lymphatic dysplasia (GLD) through 45 

mechanisms involving reduced PIEZO1 expression. Here, we report variants where the mechanism 46 

involves reduced channel mechanical sensitivity. Two of the variants encode amino acid changes in 47 

the channel’s cap structure (Ile2270Thr and Arg2335Gln), one in the ninth transmembrane helical 48 

unit (THU) below the cap (Gly1978Asp) and one in the fifth THU distant from the cap (Glu829Val). 49 

Patch-clamp studies of the cap and sub-cap variant channels revealed abolished or reduced channel 50 

mechanical sensitivity with the possibility to activate the channels and partly rescue mechanical 51 

sensitivity by the small molecule Yoda1. The potency of Yoda1 at the variant channels was less than 52 

at the wild-type channel but chemical synthesis of Yoda1 analogues revealed a molecule with 53 

improved potency. The data suggest cases of GLD in which there is decreased channel mechanical 54 

sensitivity and the potential to reduce dysfunction pharmacologically. 55 

 56 
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 58 

Calcium channel, Non-selective cation channel, Mechanical force, Vascular biology, Endothelial cell, 59 

Lymphatics, Edema, Genetic disease, Pharmacology, Medicinal chemistry. 60 

 61 

NON-STANDARD ABBREVIATIONS 62 

 63 

GLD, Generalised Lymphatic Dysplasia; NIFH, non-immune fetal hydrops; VUS, variants of 64 

uncertain significance; LP, Likely Pathogenic; AF, Allele Frequencies; CADD, Combined Annotation 65 

Dependent Depletion; IBD, identity by descent; hPIEZO1, human PIEZO1; mPIEZO1, mouse 66 

PIEZO1; WT, wild-type; CED, C-terminal extracellular domain (cap); THU, transmembrane helical 67 

unit; P50, pressure required for 50% activation; EC50, concentration for 50% effect; HEK, human 68 

embryonic kidney. 69 

 70 

INTRODUCTION 71 

 72 

Lymphatics mediate fluid homeostasis, dietary fat absorption, reverse cholesterol transport and 73 

immune cell surveillance and trafficking 1-4. They begin with blind-ended capillaries made of 74 

endothelial cells that converge into peristaltic collecting vessels that pass contents through lymph 75 

nodes ultimately to the great veins of the neck 1,5. This system is efficient but there are estimated to 76 

be about 250,000 individuals with chronic edema in the UK 6 and potentially about 230 million 77 

sufferers worldwide 7. The causes are multiple but they include genetic variations such as those of 78 

generalized lymphatic dysplasia (GLD) and disruptions to lymphatics caused by factors such as 79 

obesity, inflammation, fibrosis and physical injury 1,8,9. There is often reduced quality of life and 80 

sometimes life-threatening cellulitis and psychological morbidity 1. Current therapies focus on the 81 

management of symptoms through diet, the wearing of compression garments, massage, skin care 82 

and exercise 10. Unfortunately, limited knowledge of the underlying molecular mechanisms of 83 

lymphedema has hindered the development of potential lymphatic-targeted medicines that could 84 

stimulate lymphatics and reduce unwanted fluid retention, potentially averting detrimental 85 

accumulations of fat and immune cells in tissues. 86 



4 
 
 87 

Opportunities for the understanding of lymphedema and devising treatment strategies for it are 88 

arising through genetic analysis of GLD where pathogenic variants in at least 16 genes are 89 

associated with the disease 1. One of the most frequently affected genes is PIEZO1 1,11-13. It encodes 90 

the PIEZO1 protein, which is a large membrane protein that assembles as trimers to form 91 

mechanically activated calcium ion (Ca2+)-permeable non-selective cationic channels 14. The 92 

channels have remarkable structural features that include the membrane-embedded blades that 93 

confer abilities to sense and respond to mechanical forces, and a cap (C-terminal extracellular 94 

domain) over the top of the ion pore region that is coupled via foot-like structures to the blades 14-16. 95 

PIEZO1 is widely expressed 14 but results of human and mouse genetic studies suggest that a major 96 

consequence of PIEZO1 deficiency is the disruption of lymphatics or lymphatic functions 11,12,17. 97 

Reasons for the lymphatic vulnerability may be the exceptional dependencies of lymphatic 98 

permeability and valve mechanisms on PIEZO1’s sensing of subtle forces arising from lymph flow 99 

and pressure 17-19. It nevertheless remains unclear if PIEZO1’s force sensing ability per se is what 100 

specifically mediates its special roles in lymphatics 19. Moreover, while PIEZO1 variants have been 101 

associated with GLD 13, there is limited information about the consequences of these variants for 102 

PIEZO1 expression or PIEZO1 channel function. In some instances the implications of the variants 103 

are obvious such as when the altered gene sequence gives rise to a premature termination codon 104 

11, but in others, there is a lack of clarity and the variant may only be classified by as Variant of 105 

Uncertain Significance (VUS) or Likely Pathogenic (LP) 20, thus impeding a molecular diagnosis. 106 

 107 

For a small number of GLD families, there are laboratory results showing that variants may act by 108 

disrupting the formation of PIEZO1 protein or hindering its trafficking to or stability at the key site of 109 

activity, the cell surface membrane (i.e., the plasma membrane) 11,12,18. These mechanisms of 110 

disruption are established but they contrast with the PIEZO1 gain-of-function mechanism of 111 

dehydrated hereditary stomatocytosis (DHS) in which adverse effects on red blood cells arise from 112 

changes in PIEZO1 channel activity such as the slowing of the channel’s inactivation, which reduces 113 

the desensitization of the channels in response to sustained force 21,22. Modified channel activity is 114 
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also a common mechanism of other ion channelopathies 23. We therefore hypothesized that there 115 

might also be modified PIEZO1 ion channel activity mediating GLD. 116 

 117 

Through further clinical investigation of GLD-affected families and sequencing of their PIEZO1 118 

exons, we identified associations between GLD and four previously unstudied PIEZO1 missense 119 

variants. Because the variants were classified as VUS or LP, we performed western-blotting, 120 

intracellular Ca2+ measurements and patch-clamp electrophysiology to investigate their effects 121 

experimentally. Based on the results, we suggest modified ion channel activity in GLD and, more 122 

specifically, a modified cap behaviour in which variants act by altering the PIEZO1 cap or an 123 

associated of it with the force-sensing blades. Importantly, these mechanically insensitive channels 124 

could still be activated pharmacologically by the Yoda1 small molecule, which is a synthetic chemical 125 

identified from screening 3.25 million compounds 24. Yoda1 is particularly potent at activating 126 

PIEZO1 in lymphatic endothelial cells 25, and this supports the idea of it potentially selectively 127 

stimulating lymphatics despite the broad expression of PIEZO1 14, and it has been shown to reduce 128 

peripheral and central edemas in mice 18,26,27. Analogues of Yoda1 have been generated to explore 129 

preliminary structure-activity relationships of PIEZO1 agonists and develop modulators of PIEZO1 130 

channels that are physicochemically or pharmacologically improved, or simply different 28-31. 131 

Research of this type informs understanding of the chemical requirements for channel modulation 132 

and it potentially enables the discovery of therapeutic drug-like molecules that could enter clinical 133 

trials for lymphedema 31.  134 

 135 

RESULTS 136 

 137 

PIEZO1 variants associated with GLD Since our initial description of PIEZO1 variants in 6 GLD 138 

families (GLD01-06) 11, more families came to our attention. Here we report on 3 more families 139 

(GLD07-09) (Figure 1, Table 1 and further clinical information in the STAR Methods). DNA 140 

sequencing identified PIEZO1 missense variants associated with the disease (Figure 1, Table 1, 141 

STAR Methods and SI Figure S1). In GLD07, compound heterozygosity of variants encoding 142 

Gly1978Asp (G1978D) and Arg2335Gln (R2335Q) associated with disease in one family member 143 
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(Figure 1). In GLD08, homozygosity of a single variant encoding Ile2270Thr (I2270T) associated with 144 

disease in 3 family members (Figure 1). In GLD09, heterozygosity of a single variant encoding 145 

Glu829Val (E829V) or compound heterozygosity of this variant with I2270T associated with disease 146 

in 2 family members (Figure 1). The variants were interpreted using best practice guidelines 20 as 147 

LP or VUS (SI Table S1). There were diverse disease features of the families (Figure 1, Table 1, SI 148 

Figure S1 and further clinical information in the STAR Methods). In GLD07 and GLD09, there was 149 

non-immune fetal hydrops (NIFH) and facial lymphedema, whereas in GLD08 there was disease 150 

only from adolescence that was characterized first by pleural and pericardial effusions, and then 151 

lower limb and scrotal edema without facial edema. The data suggested disease-causing variants 152 

that were not sufficiently understood nor proven to have a pathogenic impact. We therefore focussed 153 

on laboratory investigation of the variant effects, first studying I2270T because this variant was 154 

previously reported in trans with a frameshift variant in a NIFH case 32, and because of its segregation 155 

with disease in GLD08 and GLD09; particularly the singular association with disease in GLD08. 156 

 157 

I2270T locates to the PIEZO1 cap There are partial structural data for human PIEZO1 (hPIEZO1) 158 

33 and mouse PIEZO1 (mPIEZO1) channels 14,15,34-36, which are similar 33. We used these data to 159 

inform the construction of a model of the hPIEZO1 channel (SI Figure S2). The model locates I2270T 160 

to the channel’s cap (SI Figure S2). Previous clinical investigation identified a homozygous missense 161 

variant (M2225R) in the cap that associated with DHS, and amplified channel function 21,22,37, which 162 

is opposite to the effect expected in GLD 11,12. The data suggest the localisation of I2270T to a key 163 

structural domain of the channel (the cap) but continued uncertainty about whether this amino acid 164 

change would disrupt the channel. 165 

 166 

Loss of mechanical activation To test for effects of I2270T on PIEZO1, we mutated hPIEZO1 167 

cDNA in a plasmid and overexpressed it in modified HEK 293 (T-REx-293) cells, incorporating an 168 

integrated hemagglutinin (HA)-tag to unambiguously identify the protein in western blotting using an 169 

anti-HA antibody. The abundance of I2270T hPIEZO1 was at least that of non-variant wildtype (WT) 170 

hPIEZO1, suggesting that expression was not adversely affected by the mutation (Figure 2a). By 171 

contrast, the E829V variant that is compound heterozygous with I2270T in the GLD09 proband and 172 
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associated with disease in the proband’s father (Figure 1) showed reduced expression (Figure 2a). 173 

To investigate if I2270T affects channel activity instead, ionic currents were recorded from excised 174 

outside-out membrane patches to which positive pressure pulses were applied, which stretched the 175 

membrane and thereby applied force 38,39. WT hPIEZO1 channels were activated by the pulses, and 176 

showed the expected rapid activation (i.e., an initial fast rise in inward current) followed by 177 

inactivation (i.e., a progressive loss of inward current despite sustained pressure) (Figure 2b). By 178 

contrast, I2270T channels showed no response (Figure 2b). The data suggest that I2270T abolishes 179 

mechanical activation of the channels without affecting protein expression. 180 

 181 

Activation by Yoda1 I2270T’s location does not overlap with the predicted interaction site of the 182 

PIEZO1 small molecule agonist Yoda1 (SI Figure S2) 40, so we investigated the activation of I2270T 183 

channels by Yoda1. Intracellular Ca2+ was recorded from hPIEZO1-overexpressing or vector control 184 

(non-expressing) cells and Yoda1 was tested at 1 μM, which is just above the threshold for activation 185 

of WT channels 28,29, thereby maximizing the sensitivity of the assay to changes in channel function. 186 

I2270T channels responded poorly compared with WT channels but just above the background of 187 

the vector control cells, suggesting the potential of Yoda1 to restore at least some of the variant 188 

channel’s function (Figure 2c). To investigate further, we turned to mPIEZO1 as a surrogate because 189 

it is more extensively characterized 14, similar in structure to hPIEZO1 33 and previously used to aid 190 

the study of human variants 41. The I2270 residue and adjacent amino acid residues in the PIEZO1 191 

sequence are evolutionarily conserved across diverse species (SI Figure S3), supporting the use of 192 

mPIEZO1. Most importantly for our studies, mPIEZO1 exhibits better sensitivity to Yoda1 than 193 

hPIEZO1 29, thus enabling the construction of full concentration-response curves despite Yoda1’s 194 

~2 M aqueous solubility limit, and thereby the quantification of agonist sensitivity as the 195 

concentration of agonist causing 50% effect (EC50) 29-31.  196 

The murine equivalent of I2270T (I2286T) was generated in mPIEZO1 and also 197 

overexpressed in the same modified HEK 293 cells. It similarly prevented mechanical activation of 198 

these channels (Figure 3a-d). These channels were robustly activated by Yoda1 (Figure 3e-g). The 199 

concentration-response curve was, however, to the right of that for the WT channels (Figure 3g). 200 

The WT channels were activated maximally within the aqueous solubility limit of Yoda1, but we did 201 
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not observe a saturating maximum effect for the variant channel even at 10 M Yoda1, preventing 202 

determination of the EC50 and thus quantification of potency (Figure 3g). In an attempt to overcome 203 

this limitation, we increased the equilibration time with Yoda1 from 1.5 to 20 minutes, reasoning that 204 

it may allow more complete access of the Yoda1 via a putative lipid barrier to its presumed interaction 205 

site on PIEZO1 (SI Figure 2) 31. A saturating concentration-response curve (i.e., one that reached a 206 

maximum effect) was now observed within the solubility limit of Yoda1 and the EC50 was determined 207 

to be 0.41 M (Figure 3h). The data are consistent with this variant PIEZO1 being expressed and 208 

available for pharmacological activation. 209 

 210 

Mechanical activation in the presence of Yoda1 PIEZO1 channels serve mechanical force 211 

sensing roles in cells 14 and the actions of Yoda1 and mechanical force synergize 24,31. Therefore, 212 

we tested whether Yoda1 recovers mechanical sensitivity of the I2286T channels. While Yoda1 failed 213 

to activate the channels in outside-out patches (i.e., there was no change in baseline current), 214 

pressure-evoked current now occurred (Figure 3i). The data suggest that Yoda1 at least partly 215 

rescues mechanical force sensitivity in I2286T channels. 216 

 217 

Improved rescue by Yoda2b I2286T channel properties were not fully returned to those of WT 218 

channels (Figure 3g, i) and so we sought improvement. Analogues of Yoda1 have previously been 219 

generated that are more efficacious and potent than Yoda1 on WT PIEZO1 channels 29-31. Based on 220 

prior knowledge of the chemical structure-activity relationships of such analogues 28,29,31, 7 221 

analogues of Yoda1 were designed (Figure 3j, SI Figure S4) and synthesized as described in the 222 

STAR Methods. For analogue KC124, the chlorine atoms of the righthand aromatic ring were 223 

conservatively modified, whilst in the other analogues, the lefthand ring was more extensively 224 

modified including incorporation of various substituted aryl and arylcarboxamide groups, where 225 

greater variation is possible without loss of efficacy 31. Yoda2b incorporated a modified central ring 226 

with 1,3-thiazole (Figure 3j) replacing the 1,3-4-thiadiazole of Yoda1 (SI Figure S4). The analogues 227 

were first tested at 10 M alongside Yoda1 and Dooku1 28 on the WT channels with 20-minute 228 

exposure to the substance in a Ca2+ assay and in a hypotonic assay designed to mimic edema (SI 229 
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Figures S5-S6). One of the analogues, Yoda2b (Figure 3j), was about 25% more effective than 230 

Yoda1 in the hypotonic condition (SI Figure S6) and so it was selected for further investigation. We 231 

refer to it as Yoda2b because of its chemical similarity to the previously reported Yoda2 29,31. In a 232 

side-by-side comparison, Yoda2b was more effective at activating I2286T channels than Yoda1 233 

(Figure 3k). Even with short duration exposure in physiological tonic salt solution, a complete 234 

concentration-response curve was now possible, yielding an EC50 of 0.71 M, and there was closer 235 

alignment to the equivalent WT data (Figure 3l compared with Figure 3g). Chemical modifications 236 

also have the potential to improve physicochemical properties 29. Yoda2b had a kinetic solubility at 237 

physiological pH in phosphate-buffered saline of 6.1 µM and a mouse microsomal stability half-life 238 

of 7.2 minutes. It was 0.4% unbound to mouse plasma proteins. These are all improvements over 239 

Yoda1 29. The data suggest the potential to improve on the rescue capability of Yoda1 through 240 

medicinal chemistry strategies. 241 

 242 

Similar effect of cap-localized R2335Q We next considered R2335Q of the GLD07 family (Figure 243 

1) because it is also located to the cap structure (SI Figure S2). Similarly, its recapitulation in 244 

mPIEZO1 (R2351Q) abolished mechanical activation of the channel (Figure 4a, b). Short duration 245 

1.5-min exposure to Yoda1 caused Ca2+ elevation in cells overexpressing this variant but the 246 

concentration-response curve was to the right of the WT curve and the curve did not saturate even 247 

at 10 M Yoda1 (Figure 4c). Similar to I2286T, long duration 20-min exposure to Yoda1 improved 248 

the concentration-response curve, yielding an EC50 of 0.42 M (Figure 4d). Moreover, in the 249 

presence of Yoda1 there was robust mechanical activation of the variant channels (Figure 4e). The 250 

R2351Q channel was similarly more potently activated by Yoda2b (Figure 4f), although the 251 

concentration-response curve did not saturate, which prevented us from determining the EC50 252 

(Figure 4g). The data suggest that R2335Q acts similarly to I2270T, preventing mechanical activation 253 

but enabling partial rescue by Yoda1, improved rescue by Yoda2b and mechanical activation. 254 

 255 

Lesser effect of sub-cap G1978D G1978D, which alongside R2335Q associates with disease in 256 

GLD07 (Figure 1), locates to the membrane-spanning THU9 below the cap (SI Figure S2). Its 257 
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recapitulation in mPIEZO1 (G1994D) reduced but did not abolish the mechanical sensitivity of the 258 

channels (Figure 5a), right-shifting the pressure-response curve (Figure 5b) relative to that of the 259 

WT channels (Figure 5c). It simultaneously reduced the inactivation property of the channels during 260 

a sustained pressure step (Figure 5a), contrasting with the striking inactivation often seen in WT 261 

channels (Figure 3a). Loss of inactivation is a gain-of-function effect 21. The data suggest that more 262 

pressure is required to activate the G1994D channel but that the channels then remain open for 263 

longer. Therefore, there is a mixed loss- and gain- of function effect of this mutation, suggesting a 264 

less severe overall effect than mutations I2270T and R2335Q. 265 

Short duration 1.5-min exposure to Yoda1 elevated Ca2+ in cells expressing the G1994D 266 

channel but the concentration-response curve was right-shifted compared with WT, and saturation 267 

of the effect did not occur even at 10 M Yoda1 (Figure 5d). Long duration 20-min exposure to Yoda1 268 

improved the concentration-response curve and the EC50 was determined as 0.31 M (Figure 5e). 269 

Yoda1 left-shifted the pressure-response curve (Figure 5f), making the pressure for 50% activation 270 

(P50) measurable at 64.0 mmHg, although there was still less sensitivity than WT channels (P50 49.4 271 

mmHg, Figure 5c). A complete concentration-response curve for Yoda2b was achieved with short 272 

exposure, yielding an EC50 of 1.0 M (Figure 5g). The data suggest that G1978D has two opposing 273 

effects on the electrophysiological properties of the channels, and that it reduces but does not 274 

prevent activation by Yoda1 and Yoda2b. 275 

 276 

DISCUSSION 277 

 278 

This study reveals GLD-affected families in which disease associates with PIEZO1 missense 279 

variants that adversely affect PIEZO1 channel activity. The findings add to prior knowledge of the 280 

clinical and mechanistic effects of PIEZO1 variants in GLD, and support the idea for a potential 281 

therapy that might have implications in and beyond these rare cases of GLD. In Figure 6, we suggest 282 

a model for PIEZO1 variant-related GLD based on our results presented here (summarized in Table 283 

2) and the results of other published studies 11,12,17,18,25,26,42. In the model of Figure 6, PIEZO1 is 284 

expressed in lymphatic endothelial cells, leading to PIEZO1 channels at the surface membrane that 285 
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confer sensitivity to mechanical forces (e.g., from lymphatic pressure and flow) and transduction of 286 

the amplitudes of these forces into effects via cation fluxes and downstream cellular events that 287 

ensure suitable lymphatic functions 1,17,19,25. While some PIEZO1 variants disrupt PIEZO1 expression 288 

or otherwise inhibit PIEZO1’s formation or its localisation to the cell surface 11,12, we suggest further 289 

molecular aetiology of GLD in which PIEZO1 is expressed and reaches the surface membrane but 290 

is then unable, or less able, to sense mechanical force. The GLD associated with these different 291 

types of PIEZO1 disruption varies in its characteristics, potentially in part because of the range of 292 

ways in which PIEZO1 is affected; from apparently severe depletion or complete absence of PIEZO1, 293 

to its presence but with reduced capability. In the latter, when channels are present but less capable, 294 

we suggest an opportunity for intervention using PIEZO1 small molecule agonists. 295 

 296 

Most clearly in the case of I2270T, the findings suggest that PIEZO1’s force sensing per se is what 297 

mediates its roles in lymphatics, rather than potentially other effects of PIEZO1 that might arise, for 298 

example through PIEZO1 effects on membrane curvature 43. Specifically, the GLD08 data suggest 299 

that loss of PIEZO1’s mechanical sensitivity due to homozygous I2270T is what causes lymphatic 300 

insufficiency in the lungs, heart and other organs of the affected individuals. Our data suggest that 301 

expression of the I2270T variant is similar to that of wildtype and that the variant is likely to reach 302 

the plasma membrane where it is available for activation by a combination of pressure and Yoda1. 303 

Nevertheless, we do not exclude the possibility of the variant also modulating trafficking, which may 304 

contribute to the disease if it occurs. 305 

 306 

There was no NIFH or other perinatal disease in the GLD08 individuals, contrasting with the NIFH 307 

in GLD07 and GLD09, and the suggestion that PIEZO1 variants are the most common monogenic 308 

aetiology of NIFH 13. Therefore, biallelic PIEZO1 variants do not always associate with a neonatal 309 

onset problem. Similarly, facial edema, another common feature of GLD, was absent in GLD08. 310 

Therefore, other unknown properties of PIEZO1 may contribute and have particular significance in 311 

some circumstances. It is difficult at this point of time to make a deeper conclusion on genotype and 312 

phenotype correlations. Variable phenotypes are common in genetic disease, and we still have too 313 

few cases in this large protein, PIEZO1, to make suitable observations. This is why this study, and 314 
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any future work of a similar kind is important, as we need to learn more about the different domains 315 

of the PIEZO1 protein, and what the consequence is of pathogenic variants in the affected regions 316 

of the protein. Our study demonstrates that there is considerable complexity, and thus a lot more 317 

cases than what we have available currently are needed for a meaningful discussion on this aspect. 318 

 319 

The GLD08 data provide evidence that the PIEZO1 channel is important in human pericardial fluid 320 

drainage, consistent with prior observations in mice and zebrafish 44,45. Therefore, the data suggest 321 

that there is physiological importance of PIEZO1 in the control of fluid homeostasis around the 322 

human heart. Pericardial fluid accumulation 46 can lead to cardiac tamponade 47, which, while rare, 323 

may be life-threatening unless there is successful clinical intervention. Targeting of PIEZO1 might 324 

present a way to reduce such events. Our data do not directly implicate PIEZO1 in lymphatics of the 325 

myocardium, but this may also be worth considering. Cardiac lymphatics are an under-investigated 326 

but important aspect of physiology. Increase in cardiac water content of the heart by only 3% 327 

suppresses cardiac output by 30% 48. Studies in mice suggest that cardiac lymphatics are pivotal in 328 

cardiac recovery after myocardial injury 49,50. In contrast to the pericardial findings, there is prior 329 

evidence that PIEZO1 is required for normal pleural fluid homeostasis 12,17. 330 

 331 

Although we know the cap is important in channel function 16, it is somewhat surprising that variants 332 

affecting the cap (I2270T and R2335Q) would have such damaging effects on the mechanical 333 

activation of the channel. The membrane-embedded blades of the channels are critical in mechanical 334 

sensitivity, acting as the force sensors 14,15,36,51. The cap sits above the ion pore region and outside 335 

the lipid bilayer but it also projects foot-like structures to the blades, so by this route the cap could 336 

regulate force sensitivity 14,15,52. One hypothesis is that the cap-localized variants (I2270T and 337 

R2335Q) increase the cap association with the blades, thereby reducing blade flexibility and right-338 

shifting the mechanical sensitivity out of the range of physiological forces experienced in lymphatics. 339 

 340 

M2225R, a different cap-localized variant that rather associates with DHS, increases channel 341 

function by slowing inactivation or deactivation kinetics without affecting the threshold for mechanical 342 

activation 21,22,37,53. Therefore, cap variants do not necessarily inhibit channel function or regulate 343 
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mechanical sensitivity. Studies of overexpressed WT and artificial mutant mPIEZO1 and mouse 344 

PIEZO2 (mPIEZO2) channels have pointed to structural features and specific amino acid residues 345 

that are important in the cap 16. Replacement of 3 subdomains at the base of the mPIEZO1 cap by 346 

corresponding sequences from mPIEZO2 generated channels with the faster inactivation kinetics of 347 

mPIEZO2 16. These findings reinforce the idea that the cap is a determinant of the inactivation rate 348 

of the channels. The two cap variants studied here (I2286T and R2351Q in mPIEZO1) do not, 349 

however, locate to any of these subdomains, nor to other subdomains that were selected based on 350 

poor sequence conservation between mPIEZO1 and mPIEZO2 16. We can see in our hPIEZO1 and 351 

mPIEZO1 model structures that I2270T and I2286T are predicted to be about halfway down the cap 352 

and R2335Q and R2351Q at the top in the cap subdomain d 16 (SI Figure S2). 353 

 354 

Key amino acid residues of mPIEZO1 involved in the interaction between the cap feet and the 355 

abutting blade regions are E2257 and D2264 in the cap and R1762 and R1761 in the blade 15,16. 356 

Electrostatic interactions between the acidic and basic side chains of these residues are suggested 357 

to regulate the mechanical sensitivity of the channels. I2286T and R2351Q, studied here, do not 358 

reside at these sites, however, and to the best of our knowledge, I2286T does not reside in any 359 

previously investigated region of the channel. I2286T is between subdomains a and b specified in 360 

the mPIEZO1/mPIEZO2 chimera study 16, and 6 residues along from a region specified in another 361 

study of mPIEZO1 as the 1-2 helix of a suggested “cap-gate-loop” (residues 2253-2280) 52. 362 

Combined neutralization of E2279 and D2280 (by mutation to alanine) abolished mechanical 363 

sensitivity of the channels 52, supporting the idea that the cap is critical for mechanical sensitivity as 364 

well as inactivation. Therefore, we hypothesize that I2270T/I2286T may inhibit mechanical sensitivity 365 

by somehow disturbing the cap-gate-loop or an associated structure. How an altered cap-gate-loop 366 

would inhibit mechanical sensitivity remains to be determined. 367 

 368 

In GLD09, I2270T is maternally inherited, and the mother (GLD09 I.2) is unaffected by disease. 369 

Therefore, as in GLD08, heterozygosity of I2270T seems not to be associated with disease. The 370 

father in GLD09 (GLD09 I.1) is, however, monoallelic for E829V with a history of congenital onset 371 

primary lymphedema. While the mechanism of action of E829V was not a focus of this study, the 372 
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less effective expression seen for E829V PIEZO1 (Figure 2a) may suggest that haploinsufficiency 373 

of PIEZO1 is sufficient to cause lymphatic dysfunction in some individuals, or that another yet 374 

undetected variant exists in the father. E829V reduced the abundance of overexpressed PIEZO1 by 375 

about 40% (Figure 2), which is less severe than its reduction of the 1 M Yoda1 Ca2+ response (SI 376 

Figure S7). E829V might therefore have additional mechanisms of action. Studies of the variant 377 

recapitulated in mPIEZO1 have suggested the channel reaches the plasma membrane with a 378 

threshold for mechanical activation similar to that of wildtype channels 54. However, the mechanical 379 

activation curve was biphasic 54, suggesting potential additional alterations to the channel properties 380 

that are not understood. 381 

 382 

There are 2 other cap or cap-associated missense variants reported with functional channel data 383 

beyond those for the gain of function M2225R and the loss of function I2270T and R2335Q reported 384 

here.  The additional 2 variants are R2302H and S2195L. R2302H, like M2225R, is associated with 385 

DHS. However, in contrast to results for M2225R, in vitro expression studies suggest that it reduces 386 

the threshold for mechanical activation without changing the inactivation rate, while also reducing 387 

surface expression through trapping of the variant channel in intracellular compartments 22. R2305H 388 

may therefore generate 2 conflicting effects. S2195L was found to be compound heterozygous with 389 

G253R in prune belly syndrome 41. It is at the interface between the cap and the outer helix 390 

(transmembrane segment 37) of the ion pore region, arguably more in the outer helix than the cap 391 

14,41. Recapitulation of it in mPIEZO1 (S2211L) reduced but did not abolish mechanical sensitivity 41. 392 

These data are consistent with our observations, although not directly relevant to the cap because 393 

the affected residue is not definitively in the cap. Additional cap missense variants have been 394 

identified but without information about their effects on PIEZO1 expression or function 13. I2270T has 395 

been detected as a compound heterozygous variant in NIFH and so, in this case, the other variant 396 

complicates the interpretation of the effect of I2270T 32. This is not the case in GLD08. 397 

 398 

The ability of Yoda1 and Yoda2b to activate the mechanically insensitive variants is important from 399 

a technical perspective because it suggests that the channels were indeed expressed and available 400 

at the cell surface membrane in our experiments. The data are also important because they suggest 401 
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that mechanical insensitivity due to cap variation has the potential to be offset or overcome 402 

pharmacologically (Figure 6). Yoda1 sensitizes the channels to force 24, so it may left-shift force 403 

sensitivity of the variants that are otherwise out of range, in this way re-enabling force sensitivity 404 

even though Yoda1 does not interact via the cap 55. Such effects suggest the potential for translation 405 

to patient benefit. In support of this idea, encouraging effects of Yoda1 have occurred in WT mice. 406 

Yoda1 accelerated lymphatic valve formation, suppressed postsurgical lymphedema, restored 407 

meningeal lymphatic network function and decreased pathological cerebrospinal fluid accumulation 408 

and ventricular enlargement in mouse models of Down syndrome 18,25,26,42. With such modulators it 409 

may, for example, be possible to treat craniosynostosis 42, which is a clinical feature of GLD09 II.1. 410 

Therefore, PIEZO1 agonists could have broader therapeutic value that is not limited to rescuing the 411 

function of compromised variant PIEZO1 molecules such as those described here. Lymphedemas 412 

not associated with PIEZO1 dysfunction might also be treated through PIEZO1 agonists; i.e., other 413 

primary lymphedemas and secondary lymphedemas. It is important to emphasize, however, that 414 

Yoda1 itself is probably not suitable as a therapeutic agent 29. We discuss this matter further below 415 

and elsewhere 31. 416 

 417 

Effectiveness of PIEZO1 agonists is likely to depend on the properties of the agonists and on factors 418 

such as the availability of PIEZO1 channels and the presence of cofactors such as lymphatic flow. 419 

Determination of such factors will inform the tailoring of therapies to patients who are most likely to 420 

benefit. PIEZO1 agonists are potentially safe to administer at an appropriate dose because mice 421 

injected with Yoda1 have mostly not been adversely affected by it 31 and PIEZO1 gain-of-function 422 

variants are common in some human populations, and seem to be without major adverse effects 56-423 

58. Safety will, however, depend on the specific chemistry and any off-target (i.e., non-PIEZO1) 424 

effects of each molecule tested. Understanding of PIEZO1 agonist structure-activity relationships is 425 

emerging but the field is still in its infancy 29-31. We show the effectiveness of such agonists at a 426 

disrupted variant channel, similar to observations with prune belly syndrome variants 41. We also 427 

show the possibility to improve rescue through chemical modification of Yoda1 (i.e., with Yoda2b). 428 

Modifications of the left side of the molecule are promising 29,31, as are conservative changes to the 429 

central core (as in Yoda2b). Modifications of the right side of the molecule are also possible, although 430 
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it seems to be important to maintain the integrity of the 2,6-dichlorophenyl moiety 24,28,31 or to replace 431 

it with isosteres 28,30,31, as in KC124 (SI Figure S4, SI Figure S6a). 432 

 433 

Variant interpretation of the G1978D and R2335Q originally suggested a VUS classification, but we 434 

show through laboratory experiments that they are disruptive, potentially enabling more accurate 435 

classification and molecular diagnosis. Under the ACMG/AMP sequence variant interpretation 436 

framework 20, PS3 is a criterion used to evaluate well-established in vitro or in vivo functional studies 437 

that support a damaging effect on a gene or gene product. This is a strong criterion applied when an 438 

assay demonstrates a functionally abnormal result for a variant compared to the WT; however, it can 439 

be set to a lower level of evidence and has been used at a 'moderate' level here (Table 2, SI Table 440 

S1). All four PIEZO1 variants adversely affect the channel. Three of them reduced mechanical 441 

activation, and all showed altered responsiveness to small molecule activators. These findings were 442 

obtained using complementary assays in hPIEZO1 or mPIEZO1: protein expression, the patch-443 

clamp technique, which directly measures channel activity by assessing ion conduction due to 444 

mechanical activation, and the Fura-2 fluorescence assay, which evaluates free cytosolic Ca2+ 445 

concentration as a cellular consequence of channel activation. These assays measure distinct 446 

aspects of PIEZO1 function and provide evidence to support a PS3_moderate classification, offering 447 

moderate evidence of pathogenicity 59 (Table 2). Nevertheless, there are complexities in the data 448 

that require further investigation such as the apparent dual loss- and gain- of function effect of 449 

G1978D, which reduced the channel mechanical sensitivity and the channel inactivation rate. We 450 

speculate that the loss of mechanical sensitivity might be most consequential in the disease because 451 

the inactivation is not relevant if the channels are not first activated. Slower inactivation is anticipated 452 

if channels are less activated. 453 

 454 

In summary, the results of this study suggest lymphatic relevance of PIEZO1’s mechanical 455 

sensitivity, and roles of this sensitivity in GLD as well as in relatively understudied aspects of 456 

lymphatic physiology that include pericardial fluid homeostasis. The results further suggest that the 457 

PIEZO1 cap structure is critical in determining mechanical sensitivity even though the cap is not 458 

integral to the force-sensing blades. While one of the variants showed reduced expression (E829V), 459 
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the other variants (I2270T, R2335Q and G1978D) had actions on PIEZO1 that were more consistent 460 

with a loss of channel mechanical sensitivity, particularly involving the cap structure. Therefore, GLD 461 

is also associated with reduced or abolished channel (and cap) activity, which encourages the idea 462 

that some types of GLD, in which the channels are available but not physiologically active, might be 463 

treatable with PIEZO1 agonists. In an in vitro expression system, we demonstrate that PIEZO1 464 

channel mechanical activation is indeed partly rescued by the PIEZO1 agonist Yoda1 and that the 465 

rescue can be improved with our Yoda1 analogue, Yoda2b. Opportunities may therefore exist for 466 

improving the lives of some GLD patients through suitable PIEZO1 agonists. This opportunity might 467 

extend to other GLD-associated variants such as L939M 11,60 and L322P 61. Despite the apparently 468 

reasonable safety of Yoda1 administration in preclinical mouse studies 18,25,26,31,42, substantial further 469 

development and investigation of such molecules is likely to be needed before clinical trials can be 470 

considered. 471 

 472 

Limitations of the study 473 

 474 

A limitation of our laboratory studies may be their dependence on overexpression of the channels in 475 

a host cell system that might generate non-physiological channel behaviours.  It might be possible 476 

to overcome this limitation by recapitulating the variants in mice, as was previously achieved for 477 

PIEZO1 gain-of-function variants 53,56. This could, for example, be attempted for I2286T as model of 478 

I2270T, which singularly associates with GLD (Figure 1). 479 

 480 

SUPPLEMENTAL INFORMATION 481 

 482 

Separate file. 483 

 484 

RESOURCE AVAILABILITY 485 

 486 

Lead Contact Further information and requests for resources and reagents should be directed to 487 

and will be fulfilled by David J. Beech (d.j.beech@leeds.ac.uk). 488 
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Materials Availability Plasmids, cell lines and chemicals generated in this study are available on 489 

reasonable request. 490 

Data and Code Availability 491 

 Data Original data for laboratory results of the main figures can be found in an Excel file that 492 

accompanies this article. 493 

 Code No code was generated. 494 

 Other items Some patient-related data may not be made available because of privacy or 495 

ethical restrictions. 496 
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 553 

FIGURE LEGENDS 554 

 555 

Figure 1: Pedigrees of GLD families GLD07-09 556 

Affected individuals are indicated with filled circles or squares. PIEZO1 genotypes are indicated for 557 

individuals who underwent Sanger sequencing. The wild-type allele of the genotype is indicated by 558 

minus sign (-) and plus (+) represents the alternative allele. Arrows indicate proband. IBD indicates 559 

unconfirmed identity by descent. 560 

 561 

Figure 2: Expression but mechanical resistance of I2270T hPIEZO1 562 

(a) Western blot data for untagged and hemagglutinin (HA) tagged wild-type (WT) hPIEZO1 and its 563 

E829V and I2270T variants transiently expressed in modified HEK 293 (T-REx-293) cells and 564 

immuno-blotted with anti-HA antibody (upper panel) and anti--actin antibody (lower panel, loading 565 

control). Data are shown for 3 independent experiments (Expt. 1, 2, 3). The numbers below the lower 566 

gel are for the anti-HA band intensity divided by the -actin band intensity normalised to WT-HA 567 

(mean ± s.d. values for E829V-HA and I2270T-HA are 0.59 ± 0.17 and 1.18 ± 0.22 respectively). 568 

(b) Left: Example ionic currents in outside-out patch recordings from T-REx-293 cells transiently 569 

expressing WT or I2270T hPIEZO1 exposed to the 105-mmHg pressure pulse shown schematically 570 

at the top. Right: Summary data for the types of experiment shown on the left. Amplitude of the peak 571 

current is represented as mean ± s.d. and each independent data point is superimposed (WT n = 572 

11, I2270T n = 4). 573 

(c) Left: Increase in intracellular Ca2+ concentration indicated by increase in the fura-2 fluorescence 574 

(F) ratio above baseline (Fratio) in T-REx-293 cells transiently transfected with wild-type (WT) 575 

hPIEZO1, I2270T hPIEZO1 or empty vector (vector control). Cells were stimulated with 1 μM Yoda1. 576 

Example data are shown for a single representative 96-well plate experiments (mean ± s.e.m., N = 577 

4-5 wells each). Right: Summary data for experiments of the type shown on the left for the signal 578 

measured between 30 and 60 seconds (s) after Yoda1 application (n = 4 independent experiments). 579 
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Data are mean ± s.d. normalised to the respective WT channel data and subtracted for the amplitude 580 

in the vector control (vc) group. 581 

 582 

Figure 3: Mechanical resistance but pharmacological activation of I2286T mPIEZO1 583 

(a-d, i) Data for outside-out patch recordings from T-REx-293 cells stably transfected with empty 584 

vector (vector control), wild-type (WT) mPIEZO1 or I2286T mPIEZO1. The voltage across each 585 

membrane patch was -80 mV. 586 

(a) Upper panel: Pressure pulse protocol in which a 200-ms pulse was applied to 15 mmHg and then 587 

incremented () every 12 s in steps of 15 mmHg up to a maximum of 105 mmHg. The 3 lower panels 588 

are example ionic currents from patches excised from cells transfected with: empty vector (vector 589 

control), WT mPIEZO1 or I2286T mPIEZO1. Currents evoked by 75 and 90 mmHg are coloured in 590 

green and olive respectively. 591 

(b-d) For experiments of the type exemplified in (a), peak current amplitudes plotted against pressure 592 

and shown as mean ± s.d. with individual data points for each experiment superimposed (n = 9 for 593 

vector control, n = 15-17 for WT and n = 7 for I2286T). The smooth curve in (c) is a fitted Boltzmann 594 

function with mid-point (P50) at 42.4 mmHg. 595 

(e, f) Example data for the increase in intracellular Ca2+ concentration indicated by increase in the 596 

fura-2 fluorescence (F) ratio above baseline (Fratio) in T-REx-293 cells stably transfected with empty 597 

vector (vector control) (e) or I2286T mPIEZO1 (f). Mean ± s.e.m. and N = 4-5 wells each. 598 

(g) Summary mean ± s.e.m. concentration-response data for experiments of the type shown in (f) 599 

with a Hill equation fitted to the WT mPIEZO1 data (EC50 0.24 M) and data points for I2286T 600 

mPIEZO1 joined by straight lines (n = 3-6). 601 

(h) As for (g) but I2286T mPIEZO1 only and for long (20 min) exposure to Yoda1. Data are 602 

normalized to the response to 3 M Yoda1. The curve is a fitted Hill equation, generating an EC50 of 603 

0.41 M (n = 5-6).  604 

(i) Left: Data for a patch exposed to 75 mmHg pressure pulses in the presence of DMSO (Vehicle 605 

control) and then 5 M Yoda1 (+Yoda1). Right: For experiments of the type exemplified on the left, 606 
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maximum amplitude of current evoked by the pressure pulse. Mean ± s.d. with each independent 607 

data point superimposed (n = 7). *P<0.05 (paired Student’s t-test). 608 

(j) Chemical structure of Yoda2b (CHR-1871-032). 609 

(k) Similar to the approach of (f) but side-by-side comparison of the effects of Yoda2b and Yoda1 610 

on I2286T mPIEZO1 in the same 96-well plate (mean ± s.e.m., N = 4-5 wells each). 611 

(l) Similar to (g) except using Yoda2b instead of Yoda1 and for I2286T mPIEZO1 only (n = 3). The 612 

fitted Hill equation yielded an EC50 0.71 M. The dashed curve is the fitted Hill equation from SI 613 

Figure S6b for WT mPIEZO1 (EC50 0.14 M). 614 

 615 

Figure 4: Mechanical resistance but pharmacological activation of R2351Q mPIEZO1 616 

(a, b) Data for outside-out patch recordings from T-REx-293 cells stably transfected with R2351Q 617 

mPIEZO1. The voltage across each membrane patch was -80 mV. 618 

(a) Upper panel: 200-ms pressure pulse protocol applied to 15 mmHg and then incremented () 619 

every 12 s in steps of 15 mmHg up to a maximum of 105 mmHg. Lower panel: Example ionic currents 620 

from a patch excised from a cell transfected with R2351Q mPIEZO1. Currents evoked by 75 and 90 621 

mmHg are coloured in green and olive respectively. 622 

(b) For experiments of the type shown in (a), quantification of peak current amplitude plotted against 623 

pressure and shown as mean ± s.d. with individual data points for each experiment superimposed 624 

(n = 6 for R2351Q). The dashed curve is the fitted Hill equation from Figure 3c for WT mPIEZO1. 625 

(c, d, f, g) Data for the increase in intracellular Ca2+ concentration indicated by the increase in the 626 

fura-2 fluorescence (F) ratio above baseline (Fratio) in T-REx-293 cells stably transfected with 627 

R2351Q. 628 

(c) Summary concentration-response data with data points joined by straight lines. Mean ± s.e.m. 629 

and N = 4-5 wells each (n = 3-6). The dashed curve is the fitted Hill equation from Figure 3g for WT 630 

mPIEZO1. 631 

(d) As for (c) but with long (20 min) exposure to Yoda1. Data are normalized to the response to 3 632 

M Yoda1. The curve is a fitted Hill equation, generating an EC50 of 0.42 M (n = 5-6).  633 
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(e) Left: Data for a patch exposed to 75 mmHg pressure pulses in the presence of DMSO (Vehicle 634 

control) and then 5 M Yoda1. Right: For experiments of the type shown on the left, maximum 635 

amplitude of current evoked by the pressure pulse. Mean ± s.d. with each independent data point 636 

superimposed (n = 7). *P<0.05 (paired Student’s t-test). 637 

(f) Side-by-side comparison of the effects of Yoda2b and Yoda1 on R2351Q mPIEZO1 on the same 638 

96-well plate (mean ± s.e.m., N = 4-5 wells each). 639 

(g) Similar to (c) except using Yoda2b instead of Yoda1 (n = 3). The dashed curve is the fitted Hill 640 

equation from SI Figure S6b for WT mPIEZO1. 641 

 642 

Figure 5: Reduced mechanical sensitivity and pharmacological activation of G1994D 643 

mPIEZO1 644 

(a-c) Data for outside-out patch recordings from T-REx-293 cells stably transfected with G1994D 645 

mPIEZO1 (a, b) or WT mPIEZO1 (c). The voltage across each membrane patch was -80 mV. 646 

(a) Upper panel: 200-ms pressure pulse protocol applied to 15 mmHg and then incremented () 647 

every 12 s in steps of 15 mmHg up to a maximum of 105 mmHg. Lower panel: Example ionic currents 648 

from a patch excised from a cell transfected with G1994D mPIEZO1. Currents evoked by 75 and 90 649 

mmHg are coloured in green and olive respectively. 650 

(b, c) For experiments of the type shown in (a), quantification of peak current amplitude plotted 651 

against pressure for G1994D mPIEZO1 (b) and WT mPIEZO1 (c) normalized to the maximum Ipeak 652 

value and shown as mean ± s.d. with individual data points for each experiment superimposed (n = 653 

7-8 for G1994D, n = 15-17 for WT). A single Boltzmann function is fitted to the G1994D data but no 654 

P50 is indicated because current saturation did not occur. The fitted Boltzmann function to the WT 655 

data had a mid-point (P50) at 49.4 mmHg. 656 

(d, e, g) Data for the increase in intracellular Ca2+ concentration indicated by increase in the fura-2 657 

fluorescence (F) ratio above baseline (Fratio) in T-REx-293 cells stably transfected with G1994D 658 

mPIEZO1). 659 
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(d) Summary concentration-response with data points joined by straight lines. Mean ± s.e.m. and N 660 

= 4-5 wells each (n = 3-6). The dashed curve is the fitted Hill equation from Figure 3g for WT 661 

mPIEZO1. 662 

(e) As for (d) but using long (20 min) exposure to Yoda1. Data are normalized to the response to 3 663 

M Yoda1. The curve is a fitted Hill equation, generating an EC50 of 0.31 M (n = 5-6).  664 

(f) Left: Data for a patch exposed to incrementing pressure pulses from 15 to 105 mmHg pressure 665 

pulses in the presence of 5 M Yoda1. Right: For experiments of the type shown on the left, mean 666 

and individual data of the type in (b) but in 5 M Yoda1. The smooth curve is a fitted Boltzmann 667 

function with mid-point (P50) of 64.0 mmHg. The dashed curve is the Boltzmann fit to data for G1994D 668 

without Yoda1 (-Yoda1) from (b). Mean ± s.d. with each independent data point superimposed (n = 669 

9-10). 670 

(g) Similar to (d) except using Yoda2b (n = 3). The dashed curve is the fitted Hill equation from SI 671 

Figure S6b for WT mPIEZO1. 672 

 673 

Figure 6: Model for PIEZO1 variant effects and the potential for a therapeutic strategy targeted 674 

to PIEZO1. Left: Physiological lymphatic endothelial cell (LEC) with wild-type sodium and calcium 675 

(Na+ and Ca2+)-permeable PIEZO1 channels (P1WT) that have active caps that are important for 676 

channel activation by mechanical force. The ion fluxes through the channels stimulate physiological 677 

activities of the LECs. Middle: Lymphedema LEC containing PIEZO1 variants of 3 types: P1v1 678 

(reduced expression – e.g., E829V); P1v2 (disruption to the cap, strongly reducing mechanical 679 

activation – I2270T or R2335Q); P1v3 (disruption to cap-associated blade, partially reducing 680 

mechanical sensitivity – G1978D). Because of these defects, there is less Na+ and Ca2+ entry and 681 

thus reduced physiological activities of the LECs, leading to lymphatic dysfunctions that are seen as 682 

pleural and pericardial effusions and other features of GLD. Right: Improvement in P1v2 and P1v3 683 

functions due to the presence a Yoda small molecule agonist (e.g., Yoda2b) that stimulates these 684 

channels and has the potential to at least partially restore physiological LEC and lymphatic activities. 685 

Left, middle and right: A functional cap is indicated by green colour and a partially functional cap by 686 
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orange and loss of functional cap by red. Deeper blue indicates trapped or disrupted channel in 687 

intracellular compartments. 688 

  689 
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TABLES 690 

    Genotyping 
Antenatal 

history 

Neonatal 

history 
Lymphedema (postnatal and onwards) Additional clinical features 

Family ID Sex 
Current 

age 
Variant Zygosity NIFH PH 

Peripheral

oedema 

Age 

of 

onset 

Limbs Face 
Scrotal/       

genital 

PE/

CT 

Dys-

morphic 

features 

Other comments 

GLD07 II.1 M 13y 

c.5933G>A 

p.(G1978D) 

 

c.7004G>A 

p.(R2335Q) 

Comp-  

Het 
Y Y Y <1y 

Bilateral 

lower limbs, 

mainly feet 

Y 
Inter-

mittent 
Y N 

Maldescended testis left 

side, perihepatic ascites 

GLD08 I.2 M 55y 
c.6809T>C 

p.(I2270T) 

 

Hom 

N ? N 30y 
Bilateral 

lower limbs 
N 

Inter-

mittent 
Y N 

Mild pericardial effusions, 

varicose veins with 

eczema 

GLD08 II.1 M 30y 
c.6809T>C 

p.(I2270T) 
Hom N ? N 11y 

Bilateral 

lower limbs 
N 

Scrotal 

oedema 
Y N 

Ascites, pericardial 

effusion leading to cardiac 

tamponade 

GLD08 II.2 M 17y 
c.6809T>C 

p.(I2270T) 
Hom N N N 12y 

Bilateral 

lower limbs 
N 

Hydro-

coeles 
Y Y Bilateral chylothoraces 

GLD09 I.1 M 39y 
c.2486A>T 

p.(E829V) 
Het N N Y Birth Four limbs N N N N 

Upper limb swelling in 

adulthood 

GLD09 II.1 M 7y 

c.2486A>T 

p.(E829V) 

 

c.6809T>C 

p.(I2270T) 

Comp-  

Het 

Y 

Bilateral 

hydro-

thoraces 

(19wk) 

and facial 

oedema  

Y Y Birth 
Bilateral 

lower limbs 

Inter-

mittent 
Y Y N 

Severe GOR requiring 

fundoplication and 

gastrostomy. AS, metopic, 

craniosynostosis, OSA 

 691 

Table 1: Clinical and genetic findings in GLD patients with PIEZO1 missense variants 692 

Variants are annotated to the NM_001142864.4 reference transcript and displayed as nucleotide 693 

and amino acid changes. 694 

Abbreviations: Comp-Het, Compound Heterozygous; Hom, Homozygous; Het, Heterozygous; 695 

NIFH, non-immune fetal hydrops; PH, polyhydramnios; PE/CT: Pleural Effusion / Chylothoraces; 696 

GOR, Gastroesophageal Reflux; AS, Asperger syndrome; OSA, obstructive sleep apnoea; M, 697 

male; wk, week; y, year; Y, yes; N, no; ?, information not available. 698 
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 700 

hPIEZO1 

amino 

acid 

change 

Affected 

PIEZO1 

channel 

region 

Effect on hPIEZO1 

channel function 

Effect on 

hPIEZO1 

expression 

Equivalent 

mPIEZO1 

amino acid 

change 

Effect on mPIEZO1 

channel function 

Y2b EC50 

mPIEZO1 

PS3 Functional 

evidence score 

I2270T Cap Loss of MA: LOF 

Reduced 1 M Y1 

effect 

No effect I2286T Loss of MA: LOF 

Reduced Y1 potency 

0.71 µM 

(WT=0.14 M) 

PS3_moderate 

R2335Q Cap Reduced 1 M Y1 

effect 

*Not 

prevented 

R2351Q Loss of MA: LOF 

Reduced Y1 potency 

Could not be 

determined 

PS3_moderate 

G1978D  THU9 Reduced 1 M Y1 

effect 

*Not 

prevented 

G1994D Reduced MA: LOF 

Reduced inactivation: GOF 

Reduced Y1 potency 

1.0 M PS3_moderate 

E829V THU5 Reduced 1 M Y1 

effect 

Reduced E824V Reduced Y1 potency 0.76 M PS3_moderate  

 701 

Table 2: Summary of laboratory evidence and PS3 criterion assessment 702 

Results from the various tests carried out for each variant are summarised here. The strength of the 703 

evidence supported a PS3_moderate score for all variants, providing sufficient evidence to classify 704 

the VUSs as likely pathogenic (LP) and supporting the pathogenic effect in the other two (SI Table 705 

S1).  706 

Abbreviations: hPIEZO1, human PIEZO1; mPIEZO1, mouse PIEZO1; WT, wild-type; THU, 707 

Transmembrane helical unit; MA, Mechanical activation; LOF, loss of function effect; GOF, gain of 708 

function effect; Y1, Yoda1; Y2b, Yoda2b; EC50, concentration required to cause 50% effect; PS3, a 709 

strong criterion used at a moderated level under the ACMG/AMP sequence variant interpretation 710 

framework used to evaluate well-established in vitro or in vivo functional studies that support a 711 

damaging effect on the gene or gene product. *Western blotting was not performed to quantify 712 

protein expression; it is rather inferred that expression was not prevented because there were 713 

responses to Y2b, which depended on channel expression. See SI Figure S7 for the “Reduced 1 M 714 

Y1 effect” data of R2335Q, G1978D and E829V hPIEZO1, and E824V, which is the mPIEZO1 715 

equivalent of E829V. See SI Figure S8 for the Y2b concentration-response data of E824V mPIEZO1. 716 

  717 
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STAR * METHODS 718 

 719 

KEY RESOURCES TABLE 720 

 721 

Separate file 722 

 723 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 724 

 725 

Patient ascertainment 3 individuals with a GLD phenotype and available family members were 726 

included in the study. All are external referrals from clinicians to the St. George’s clinical academic 727 

research team. Genomic DNA was analysed for sequence variants in all exons of PIEZO1 by Sanger 728 

sequencing as described previously 11. Samples of available family members were subsequently 729 

analysed by Sanger sequencing for the variants identified in their respective proband. Findings were 730 

subsequently confirmed in a molecular diagnostics laboratory. Single-letter amino acid codes are 731 

used to refer to the effects of gene variants on the amino acid sequence of the protein. 732 

 733 

Clinical information on the GLD patients 734 

 735 

GLD07 Proband (GLD07 II.1) is a 13-year-old male born to non-consanguineous parents. First 736 

trimester nuchal translucency was normal. Antenatal imaging (gestational date not noted) identified 737 

NIFH and polyhydramnios. The baby was hydropic at birth (Figure 1b) which resolved 738 

spontaneously. However, over a period of 6 – 12 months, he developed symmetrical lower limb 739 

lymphedema with intermittent upper limb, facial (eyelid) and genital (scrotal) lymphedema. At the 740 

age of two years his peripheral edema had stabilised mainly affecting the feet, with persistent pleural 741 

effusions and minimal perihepatic ascites, diagnosed on MR imaging. Apart from a maldescended 742 

left testis, he has no other structural malformations. He has micrognathia and slight facial swelling 743 

but is otherwise non-dysmorphic. There are no concerns about his neurodevelopment. At the age of 744 

three years, he developed cellulitis (followed by rheumatic fever) which was probably lymphedema-745 

related and he has been on penicillin prophylaxis since.  746 
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 747 

GLD08 The proband (GLD08 II.1) is a 30-year-old male, born to consanguineous (first cousins once 748 

removed) parents from Pakistan. His antenatal and neonatal period was uneventful. He was born at 749 

term with a normal birth weight of 3370g. From age 11 years he developed progressive 750 

breathlessness and reduced exercise tolerance and was found to have bilateral chylous pleural 751 

effusions (triglycerides 19.42mmol/L with moderate lymphocytosis). Treatment has proved very 752 

difficult and has involved pleurodesis, ligation of the thoracic duct and pleuro-peritoneal shunting. 753 

He was also found to have a hydrocele (likely due to a patent ductus vaginalis) and ascites. At 17 754 

years old he developed a pericardial effusion that rapidly progressed to cardiac tamponade. 755 

Pericardiocentesis confirmed chylous pericardial fluid, and this was repeated less than 3 weeks later 756 

due to recurrence of the pericardial effusion and tamponade (Figure 1b). He was subsequently 757 

treated with octreotide and medium chain triglyceride diet for two years. He has residual, significant 758 

and symptomatic restrictive lung disease requiring nocturnal non-invasive ventilation. He developed 759 

bilateral lower limb lymphedema with scrotal edema some years later at the age of 30 years. 760 

Additional clinical features include mild microcephaly, short stature, and generalised osteopenia. He 761 

has a normal male karyotype and a 12-gene Ras-MAPK pathway disorders panel identified no causal 762 

variants. Lymphoscintigraphy has not been performed. 763 

 764 

GLD08 I.2 is the proband’s father. His parents are not known to be consanguineous. He was 765 

diagnosed with spontaneous bilateral chylous effusions at the age of 30 years. Despite pleurodesis, 766 

his effusions are persistent resulting in a restrictive lung defect and nocturnal hypoventilation 767 

requiring non-invasive ventilation (NIV). He also has a mild-moderate pericardial effusion, which has 768 

been stable and has not required pericardiocentesis. He has bilateral lower limb pitting edema to the 769 

knees (onset at the age of 47 years) and varicose veins with varicose eczema at the ankles. He has 770 

no further complications and is developmentally normal. Venous duplex and lymphoscintigraphy not 771 

performed. 772 

 773 

The proband’s brother, GLD08 II.2, was found to have bilateral pleural effusions at the age of 12 774 

years. A left drain was placed and chyle confirmed (triglycerides 21 mmol/L in pleural fluid). He also 775 
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presented with mild peripheral edema of the lower limbs, and tense bilateral hydrocoeles. In addition, 776 

he also had truncal obesity, intellectual disability, unilateral post-axial polydactyly of one foot and a 777 

micropenis related to his co-existing diagnosis of Bardet Biedl Syndrome. 778 

 779 

Proband’s maternal aunt (GLD08 I.1) had progressive pleural and pericardial effusions (with pleural 780 

and pericardial thickening) that first started aged 15 years. She died from chylothoraces and pleural 781 

disease aged 33 years and was not formally assessed or tested in clinic.  782 

 783 

GLD09 GLD09 II.1 is the first child of non-consanguineous Caucasian parents, conceived by in vitro 784 

fertilisation. The first trimester nuchal translucency measurement was normal. At 19-weeks’ 785 

gestation the baby was noted to have bilateral hydrothoraces and facial edema. Amniocentesis at 786 

this time revealed a 46,XY karyotype. The pregnancy was complicated by polyhydramnios requiring 787 

repeated amnio-drainage at 27, 30 and 33 weeks. A male infant was born at 34-weeks’ gestation 788 

with significant facial swelling and bilateral chylothoraces requiring bilateral chest drains (Figure 1b). 789 

He was intubated and ventilated for one month and remained in neonatal intensive care for a total 790 

of three months. During this period, he had laryngomalacia and severe gastro-oesophageal reflux 791 

that required a fundoplication at 7 months of age. A gastrostomy was inserted owing to an oral 792 

aversion, with a low fat MCT diet instituted in the setting of the bilateral chylothoraces. A 793 

lymphoscintigram at 9 months demonstrated extensive subdermal flow of lymphatics in the lower 794 

limbs, chest wall and scrotum. Upon review at 2 years of age, he had edema of the lower limbs to 795 

the thighs, and genitalia, as well as intermittent facial swelling (Figure 1b). He had metopic 796 

synostosis and a facial haemangioma over the glabella. He had a circumcision at 2½ years of age 797 

for significant scrotal/genital edema. By 7 years of age he had contracted pneumonia on three 798 

occasions and was hospitalised with invasive group A Streptococcal septicaemia. He also began to 799 

exhibit bilateral periorbital and conjunctival vascular changes with small punctate haemorrhages. He 800 

had obstructive sleep apnoea from age 7 years treated with nocturnal CPAP. Orthodontic treatment 801 

with an upper jaw expander has resulted in clinical improvement of sleep apnoea symptoms. Early 802 

concerns regarding speech and language delay were resolved by the commencement of primary 803 
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school. He was diagnosed with Asperger syndrome at 3 years of age. There is a bi-lineal family 804 

history of autism spectrum disorder. 805 

 806 

GLD09 I.1 is the proband’s father. He has four limb lymphedema, with swelling of the lower limbs at 807 

birth, followed by swelling of the hands from the age of 24 years. The cause of this is unknown. He 808 

has had no episodes of cellulitis and no history of pleural effusions. He also has a diagnosis of 809 

Asperger syndrome. He only has one variant in PIEZO1 [c.2486A>T; p.(E829V)]. 810 

 811 

Further information about the patients can be found in Table 1 and Figure 1. 812 

 813 

PIEZO1 variants in silico analysis 814 

 815 

All the relative genomic and protein positions of PIEZO1 reported here correspond to the transcript 816 

PIEZO1-001 (RefSeq: NM_001142864, Ensembl: ENST00000301015.9) and Q92508 Uniprot 817 

protein accession ID, respectively. The reported genomic coordinates refer to the GRCh38/hg38 818 

human genome reference. Changes in the gene structure and/or amino acid sequence, due to the 819 

reported variants, were retrieved by the Refgene database of UCSC 62. The Allele Frequencies (AF) 820 

of the reported variants were checked in gnomAD databases 63 and their pathogenicity was predicted 821 

by the Combined Annotation Dependent Depletion (CADD) tool 64 (SI Table S1). 822 

 823 

PIEZO1 constructs 824 

 825 

Human PIEZO1_AcGFP 65 was used as a template to clone the human PIEZO1 (hPIEZO1) 826 

sequence with a C-terminal HA-epitope. Overlapping hPIEZO1 (forward primer 5’ 827 

GGTCTACCTGCTCTTCCTGCTG 3’) and reverse primer incorporating an ‘ASA’ linker and the HA 828 

sequence 5’ 829 

CCCATACGATGTTCCAGATTACGCTTAGGCGACTCTAGATCATAATCAGCCATACC 3’) and 830 

vector (forward primer 5’ 831 

CCCATACGATGTTCCAGATTACGCTTAGGCGACTCTAGATCATAATCAGCCATACC 3’ and 832 
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reverse primer 5’ CAGCAGGAAGAGCAGGTAGACC 3’) PCR products were assembled using 833 

Gibson Assembly. Missense variants were introduced by site-directed mutagenesis (PCR primer 834 

sequences are provided in SI Table S2). 835 

 836 

pcDNA3_mouse PIEZO1_IRES_GFP, a gift from A Patapoutian, was used as a template to clone 837 

the mouse PIEZO1 (mPIEZO1) coding sequence with a C-terminal HA-epitope, into pcDNA™4/TO. 838 

Overlapping mPIEZO1 (forward primer 5’ GTAACAACTCCGCCCCATTG 3’ and reverse primers 5’ 839 

CTAAGCGTAATCTGGAACATCGTATGGGTACTCCCTCTCACGT 3’) and pcDNA™4/TO (forward 840 

primer 5’ CATACGATGTTCCAGATTACGCTTAGCCGCTGATCAGCCTCG 3’ and reverse primer 5’ 841 

CAATGGGGCGGAGTTGTTAC 3’) PCR products (PrimeSTAR HS DNA Polymerase, TaKaRa) 842 

were assembled using Gibson Assembly (NEB). Missense variants were introduced into mPIEZO1 843 

with and without HA-epitope by site-directed mutagenesis (PCR primer sequences are in SI Table 844 

S2). 845 

 846 

Cell culture 847 

 848 

HEK 293 cell line (female origin) was transiently transfected at 90% confluence using Lipofectamine 849 

2000 (Invitrogen) in OptiMEM (Gibco). Briefly: 500 ng endotoxin-free DNA per 100µl OptiMEM was 850 

prepared alongside 3µl Lipofectamine 2000 per 100µl OptiMEM (Gibco). Both were incubated for 5 851 

minutes and then mixed, and then incubated at room temperature (21-24 °C) for 20-30 minutes. 852 

Finally, the transfection mix was gently added dropwise to the cells and the cells were placed in a 853 

humidified incubator at 37 °C supplied with 5% CO2 for 5 hours. Medium was replaced afterwards, 854 

and cells were used for experimentation 48 hours after transfection. 855 

 856 

T-RExTM-293 cell line was transfected with pcDNA4/TO-mPIEZO1 constructs using Lipofectamine 857 

2000 (Invitrogen) as above and treated with 200 μg.mL-1 zeocin (InvivoGen) to select for stably 858 

transfected cells. At least two strongly expressing clonal cell lines were established and tested for 859 

each variant. All cell lines were maintained in Dulbecco’s Modified Eagle’s medium (Invitrogen) 860 

supplemented with 10% heat-inactivated foetal calf serum (Sigma-Aldrich), penicillin (50 units.mL-1) 861 
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and streptomycin (0.5 mg.mL-1) (Sigma-Aldrich) and grown at 37 °C in a humidified 5% CO2 862 

incubator. 863 

 864 

Cells were routinely checked for myoplasma contamination and confirmed to be mycoplasma-free. 865 

 866 

Western blotting 867 

 868 

For western blotting, cells were harvested in lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 0.5 mM 869 

EDTA, 0.5% Nonidet P40 substitute) containing protease inhibitor cocktail (Sigma-Aldrich). Equal 870 

protein amounts were loaded on 7% polyacrylamide gels and resolved by electrophoresis. Samples 871 

were transferred to PVDF membranes and labelled overnight with anti-HA (0.01 μg.mL-1, Roche 872 

clone 3F10), anti-β-actin (200 ng.mL-1, Santa Cruz). Horseradish peroxidase donkey anti-873 

mouse/rabbit/rat secondary antibodies (1:10000, Jackson ImmunoResearch) and SuperSignal 874 

Femto detection reagents (Pierce) were used for visualisation. 875 

 876 

Electrophysiology and mechanical stimulation 877 

 878 

Ionic currents were recorded through outside-out patches from cells using standard patch-clamp 879 

techniques in voltage-clamp mode. Patch pipettes were fire-polished and had resistance of 4–7 MΩ 880 

when filled with pipette solution. Ionic solution of composition (mM) NaCl 140, HEPES 10 and EGTA 881 

5 (titrated to pH 7.4 using NaOH) was used in both the pipette and bath. Recordings were at a 882 

constant holding potential of −80 mV. 200-ms pressure steps were applied to the patch pipette with 883 

an interval of 12 s using High Speed Pressure Clamp HSPC-1 System (ALA Scientific Instruments, 884 

USA). All recordings were made with an Axopatch-200B amplifier (Axon Instruments, Inc., USA) 885 

equipped with Digidata 1550B and pClamp (v10.6) software (Molecular Devices, USA) at room 886 

temperature (21 ± 2 °C). Currents were filtered at 2-5 kHz and digitally sampled at 5-20 kHz. 887 

 888 

Intracellular Ca2+ measurement 889 

 890 
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For intracellular Ca2+ assays, cells were plated at 80-90% confluence in 96-well plates 24 hours prior 891 

to recordings (6-8 x 104 cells per well). To measure intracellular Ca2+, cells were incubated for 1 hour 892 

at 37 °C in standard bath solution (SBS) of composition 135 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 893 

1.5 mM CaCl2, 8 mM glucose and 10 mM HEPES (pH titrated to 7.4 using NaOH) containing 2 μM 894 

fura-2 acetoxymethyl ester (fura-2-AM, Molecular Probes) with 0.01% weight/volume pluronic acid. 895 

Cells were washed with SBS and incubated at room temperature for 20 minutes prior to recordings. 896 

Equal volumes of 2x concentrated compounds were injected to test for acute channel activation. 897 

Pre-incubation with compounds occurred during the 20 minutes prior to recordings. To expose cell 898 

membranes to hypo-osmolality, an equal volume of hypotonic SBS (containing only 35 mM NaCl) 899 

was injected onto the cells. Measurements were made on a fluorescence plate reader (Flexstation 900 

III, Molecular Devices) at room temperature (21 ± 2 °C). Fura-2 was excited at 340 nm and 380 nm 901 

and emitted light collected at 510 nm, with measurements shown as the change in fluorescence (F) 902 

ratio (∆F340/380). 903 

 904 

Molecular modelling 905 

 906 

Structural data for mPIEZO1 were obtained at Protein Data Bank (PDB:6B3R). Missing loop regions 907 

were modelled using MODELER (v9.19). Large intracellular loops (located at residues 718-781, 908 

1366-1492, 1579-1654 and 1808-1951) remained unstructured following modelling and were 909 

removed from the final model. A structural model of hPIEZO1 was generated based on the mPIEZO1 910 

model. 911 

 912 

Chemistry 913 

 914 

KC41 (Dooku1) was prepared as described 28. All purchased chemicals and solvents were used 915 

without further purification unless otherwise stated. All compounds were at least 95% pure by 1H 916 

NMR. 1H Nuclear Magnetic Resonance spectra were recorded at 500 MHz using a Bruker DRX 500 917 

instrument or at 400 MHz using a Bruker DPX 400. 1H spectra are referenced based on the residual 918 

proton in the solvent (e.g., the CHCl3, 0.01 % in 99.99 % CDCl3). Coupling constants (J) are reported 919 
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to the nearest 0.1 Hz. 13C NMR spectra were recorded at 125 MHz on 500 MHz spectrometers or 920 

at 100 MHz on 400 MHz spectrometers. LC-MS was performed on a Bruker Daltronics running a 921 

gradient of increasing acetonitrile (5 to 95 %) in H2O both containing 0.1 % formic acid at 1 ml.min-922 

1, on a short path C18 reverse phase column, detecting compounds with both a diode array detector 923 

and a Bruker mass spectrum analyser. HRMS was performed on a Bruker Daltonics micrOTOF using 924 

positive electrospray ionisation (ES+). Automated column chromatograph was carried out using a 925 

Biotage Isolera Four, using either Sfär Silica D or KP-Silica cartridges. HPLC was performed on an 926 

Agilent 1290 Infinity Series equipped with a UV detector and Hyperprep C18 reverse phase column. 927 

Key to NMR abbreviations: s (singlet), br s (broad singlet) d (doublet), dd (doublet of doublets), ddd 928 

(doublet of doublets of doublets), t (triplet), dt (doublet of triples), q (quartet), m (multiplet), ap. t 929 

(apparent triplet). For experiments, Yoda1 and its analogues were prepared as 10 mM stock 930 

solutions in 100% dimethylsulfoxide (DMSO) before serial dilution in DMSO and final dilution in 931 

aqueous solution. Cells were exposed to 0.1% DMSO for all concentrations of the compounds from 932 

0 to 10 µM. 933 

 934 

Aqueous solubility, mouse microsomal stability and mouse plasma protein binding assays were 935 

performed by Malvern Panalytical (UK) as previously described 29. 936 
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 937 

 938 

Scheme 1 Reagents: a. 2,6-dichlorobenzyl chloride, K2CO3, DMF, 90 oC, N2, 1h, 83% b. NBS, DMF, 939 

3h, 73% c. 4-methoxycarbonylphenyl boronic acid, 2M Na2CO3 (aq), Pd(PPh3)4, 1,4-dioxane, 90 oC, 940 

N2, 18h, 38% d. 10M NaOH (aq), THF, RT-60 oC, 16.5 h, 69% e. 2,6-dimethylbenzyl chloride, KOH, 941 

DMF, RT-80 oC, N2, 2h, 23% f. Thiourea, EtOH, reflux, 45 min, 99% g. 2M NaOH (aq), EtOH, reflux, 942 

N2, 5h, then 1M HCl, RT, N2, 18 h, 71% h. 2-bromo-1,3,4-thiadiazole, K2CO3, DMF, 90 oC, N2, 18 h, 943 

57% i. NBS, DCM, reflux, 48h, 78% j. Appropriate phenyl boronic acid, K2CO3, Pd(PPh3)4, 1,4-944 
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dioxane, H2O, 90 oC, N2, 2-24h, 18-25% k. Et3N, DMF, 90 oC, N2, 90oC, 21h, 80% l. piperidine, EtOH, 945 

reflux, N2, 21h, 39% m. Et3N, DMF, 90oC, N2, 20h, 74% n. isoxazole-5-carbonyl chloride, Et3N, 946 

DMAP, THF, RT, 20 h, 67%   947 

 948 

General Procedure A 949 

 950 

The desired aromatic halide (1.0 eq.) the desired boronic acid/ester (1-3.5 eq.) and K2CO3 (4.0 eq.) 951 

were dissolved in anhydrous 1,4-dioxane (2 mL) and H2O (2 mL) then degassed with N2 for 30 952 

minutes. Pd(PPh3)4 (0.15 eq.) was then added and the reaction was then heated to 90 °C for 2-24 953 

h. Upon completion, the reaction was diluted with H2O (20 mL), extracted with DCM (3 × 10 mL), 954 

dried over Na2SO3, filtered and reduced in vacuo to afford the crude or pure product. 955 

 956 

2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazole (1) 957 

To a solution of 1,3-thiazole-2-thiol (134 mg, 1.14 mmol) and K2CO3 (170 mg, 1.05 mmol) in DMF (4 958 

mL) under N2 was added 2,6-dichlorobenzyl chloride (240 mg, 1.05 mmol) and the reaction heated 959 

to 90 oC. After 1h the reaction was cooled to RT and diluted with H2O (70 mL). The aqueous 960 

suspension was extracted with EtOAc (3 x 70 mL) and the combined organic phases were washed 961 

with brine (50 mL) and 10% LiCl solution (30 mL), dried (Na2SO4) and concentrated in vacuo. Crude 962 

mixture purified by ACC (0-10% EtOAc in Petroleum ether (40-60 °C)) to isolate the compound as a 963 

colourless liquid (260 mg, 0.94mmol, 83%). Rf 0.31 (19:1 Petroleum ether (40-60 °C):EtOAc (v/v)); 964 

δH (400 MHz, CDCl3): 7.76 (1H, d, thiazole H-4, J = 3.4 Hz), 7.31-7.29 (3H, m, thiazole H-5 and 965 

benzyl H-3/5), 7.16 (1H, ap. t, benzyl H-4, J = 6.6 and 8.4 Hz) 4.75 (2H, s, benzylic CH2); δC (100 966 

MHz, CDCl3); 162.7 (thiazole C-2), 143.2 (thiazole C-4), 136.1 (benzyl C-2/6), 132.6 (benzyl C-1), 967 

129.4 (benzyl C-4), 128.4 (benzyl C-3/5) 120.6 (thiazole C-5), 35.4 (benzylic CH2); m/z ES+ Found 968 

MH+ 275.9462, C10H8Cl2NS2 requires MH+ 275.9469  969 

 970 

5-Bromo-2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazole (2)  971 

To a solution of 2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazole (1) (100 mg, 0.36 mmol) in DMF 972 

(3 mL) was added N-bromosuccinimide (97 mg, 0.54 mmol) and the reaction stirred at RT. After 3h 973 
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the reaction was diluted with H2O (50 mL) and the aqueous solution extracted with EtOAc (3 x 30 974 

mL). The combined organic phases were washed with brine (50 mL) and 10% LiCl solution (50 mL), 975 

dried (Na2SO4) and concentrated in vacuo. The crude product was purified by ACC (0-10% EtOAc 976 

in Petroleum ether (40-60 °C)) to isolate the compound as a colourless liquid (93 mg, 0.26mmol, 977 

73%). Rf 0.43 (24:1 Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, CDCl3): 7.55 (1H, 978 

s, thiazole H-4), 7.24 (2H, d, benzyl H-3/5, J = 8.1Hz), 7.11-7.07 (1H, m, benzyl H-4), 4.62 (2H, s, 979 

benzylic CH2); δC (100 MHz, CDCl3); 163.6 (thiazole C-2), 144.4 (thiazole C-4), 136.0 (benzyl C-2/6), 980 

132.4 (benzyl C-1), 129.5 (benzyl C-4), 128.5 (benzyl C-3/5), 109.0 (thiazole C-5), 35.4 (benzylic 981 

CH2); LC-MS m/z ES+ Found MH+ 355.78 982 

 983 

Methyl 4-(2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazol-5-yl)benzoate (3)  984 

A solution of 5-bromo-2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazole (2) (93 mg, 0.26 mmol), 985 

4-methoxycarbonylphenyl boronic acid (57 mg, 0.31 mmol) and 2M Na2CO3 (0.39 mL, 0.79 mmol) 986 

in 1,4-dioxane (4 mL) under N2 was degassed for 20 min and Pd(PPh3)4 (15 mg, 0.01 mmol) added. 987 

The reaction was heated to 90 oC for 18 h, then cooled to RT and diluted with H2O (50 mL). The 988 

aqueous solution was extracted with EtOAc (2 x 40 mL) and the combined organic phases washed 989 

with brine (50 mL), dried (Na2CO3) and concentrated in vacuo. The crude product was purified using 990 

ACC (0-10% EtOAc in Petroleum ether (40-60 °C), then 0-25% EtOAc in Petroleum ether (40-60 991 

°C)) to isolate the desired compound as a yellow solid (41 mg, 0.10 mmol, 38%). Rf 0.45 (4:1 992 

Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, CDCl3): 7.98 (2H, d, CHCCOOMe, J = 8.4 993 

Hz), 7.91 (1H, s, thiazole H-4), 7.49 (2H, d, CHC-thiazole, J = 8.4 Hz), 7.25 (2H, d, benzyl H-3/5, J 994 

= 8.1 Hz), 7.12-7.09 (1H, m, benzyl H-4), 4.72 (2H, s, benzylic CH2), 3.86 (3H, s, CO2Me); δC (100 995 

MHz, CDCl3); 166.4 (CO2Me), 163.5 (thiazole C-2), 139.6 (thiazole C-5), 139.3 (thiazole C-4), 136.1 996 

(benzyl C-2/6), 135.4 (C-thiazole), 132.4 (benzyl C-1), 130.5 (CCO2Me), 129.6 (CHCCO2Me), 997 

129.5 (benzyl C-4), 128.5 (benzyl C-3/5), 126.2 (CHC-thiazole), 52.2 (CO2Me) 35.2 (benzylic CH2); 998 

m/z ES+ Found MH+ 409.9832, C18H14Cl2NO2S2 requires MH+ 409.9837  999 

  1000 

4-(2-([(2,6-Dichlorophenyl)methyl]sulfanyl)-1,3-thiazol-5-yl)benzoic acid CHR-1871-032 1001 



40 
 
To a solution of methyl 4-(2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazol-5-yl)benzoate (3) (34 1002 

mg, 0.08 mmol) in THF (4 mL) was added 10 M NaOH aq. solution (0.04 mL, 0.41 mmol) and the 1003 

reaction stirred at RT for 1h then heated to 60 oC for 10 h. Further 10 M NaOH aq. solution (0.04 1004 

mL, 0.41 mmol) added and the reaction heated for a further 8 h before stirring at RT for 2 days. 1005 

Further 10 M NaOH aq. solution (0.04 mL, 0.41 mmol) added and the reaction heated at 60 oC for a 1006 

further 6.5h. The reaction was then cooled to RT and the volatile solvents removed in vacuo. The 1007 

crude mixture was diluted with H2O (20 mL) and extracted with EtOAc (3 x 20 mL). The aqueous 1008 

solution was acidified with 1 M HCl to pH1 and the resulting precipitate collected by filtration isolating 1009 

4-(2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3-thiazol-5-yl)benzoic acid as a pale yellow solid (22 1010 

mg, 0.06 mmol, 69%). δH (500 MHz, d6-DMSO): 13.09 (1H, br. s, CO2H), 8.38 (1H, s, thiazole H-1011 

4), 7.99 (2H, d, J = 8.4 Hz, CHCCO2H), 7.77 (2H, d, J = 8.4 Hz, phenyl H-2/6), 7.55 (2H, d, J = 8.1 1012 

Hz, benzyl H-3/5), 7.42-7.39 (1H, m, benzyl H-4), 4.76 (2H, s, benzylic CH2); δC (125 MHz, d6-1013 

DMSO): 167.2 (thiazole C-2), 162.3 (CO2H), 141.1 (thiazole C-4), 139.5 (thiazole C-5), 1014 

135.5 (phenyl C-1), 134.9 (benzyl C-2/6), 132.4 (phenyl C-4), 131.1 (benzylic C-4), 130.7 (phenyl C-1015 

3/5), 129.3 (benzylic C-3/5), 126.7 (phenyl C-2/6), 35.2 (benzylic CH2); m/z ES+ Found MH+ 1016 

395.9677, C17H12Cl2NO2S2 requires MH+ 395.9681 1017 

  1018 

2-((2,6-Dimethylbenzyl)thio)-5-(pyrazin-2-yl)-1,3,4-thiadiazole KC124 1019 

5-(2-Pyrazine)-1,3,4-thiadiazole-2-thiol (25 mg, 0.13 mmol) and KOH (8 mg, 0.15 mmol) were added 1020 

to degassed DMF (5 mL) under a flow of nitrogen. This solution was stirred for 1 h followed by 1021 

dropwise addition of 2,6-dimethylbenzyl chloride (22 mg, 0.14 mmol) in degassed DMF (2 mL) over 1022 

25 minutes The solution was heated to 80 ⁰C and allowed to stir for 2 h. The reaction mixture was 1023 

then diluted with H2O (20 mL) and extracted with EtOAc (3 × 15 mL), the organic layers were 1024 

combined and washed with sat. NH4Cl solution (2 × 15 mL), sat. NaHCO3 solution (2 × 15 mL), sat. 1025 

NaCl solution (2 ×15 mL), 10% LiCl solution (w/w) (2 × 15 mL), dried over Na2SO4, filtered and 1026 

evaporated to dryness in vacuo. This was purified by ACC (0-80% EtOAc in Petroleum ether (40-60 1027 

°C)) to afford a white powder (10 mg, 0.03 mmol, 23%). Rf 0.45 (7:3 Petroleum ether (40-60 1028 

°C):EtOAc (v/v)); δH (400 MHz, CDCl3): 9.48 (1H, d, J =1.5 Hz, pyrazinyl 3-H), 8.58 (1H, d, J = 2.5 1029 

Hz, pyrazinyl 6-H), 8.53-8.52 (1H, m, pyrazinyl 5-H), 7.06 (1H, dd, J =8.5 & 6.5 Hz, benzyl 4-H), 6.99 1030 
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(2H, d, J = 7.5 Hz, benzyl 3-H), 4.70 (2H, s, benzyl CH2), 2.39 (6H, S, Me); δC (100 MHz, CDCl3); 1031 

169.1 (thiadiazole 5-C), 167.4 (thiadiazole 2-C), 145.7 (pyrazinyl 6-C), 144.8 (pyrazinyl 2-C), 144.2 1032 

(pyrazinyl 5-C), 142.4 (pyrazinyl 3-C), 137.9 (benzyl 4-C), 130.9 (benzyl 1-C), 128.5 (benzyl 3-C), 1033 

128.3 (benzyl 3-C), 33.6 (benzyl CH2), 19.7 (Me); m/z ES+ Found MH+ 337.0525, C15H14N4S2 1034 

requires MH+ 337.0558 1035 

 1036 

2,6-dichlorophenyl)methyl carbamimidothioate hydrochloride (4)  1037 

A solution of 2,6-dichlorobenzyl chloride (921 mg, 4.71 mmol) and thiourea (362 mg, 4.76 mmol) in 1038 

EtOH (15 mL) was heated to reflux for 45 min. The reaction mixture was cooled to RT and 1039 

concentrated in vacuo to give the title compound as a white solid (1.27 g, 4.68 mmol, 99%). Used 1040 

without further purification. Compound can be stored for several months. δH (400 MHz, d6-DMSO): 1041 

9.52 (4H, s, 2 x NH2), 7.58 (2H, d, benzyl H-3/5, J = 8.2 Hz,) 7.47-7.43 (1H, m, benzyl H-4), 4.70 1042 

(2H, s, benzylic CH2); δC (100 MHz, d6-DMSO): 169.7 (SC(NH2)NH2), 135.6 (benzyl C-2/6), 131.8 1043 

(benzyl C-1), 130.2 (benzyl C-4), 129.4 (benzyl C-3/5), 32.0 (benzylic CH2); m/z ES+ Found MH+ 1044 

234.9848, C8H9Cl2N2S requires MH+ 234.9858  1045 

  1046 

2,6-Dichlorobenzyl thiol (5) 1047 

A solution of (2,6-dichlorophenyl)methyl carbamimidothioate hydrochloride (4) (797mg, 3.93 mmol) 1048 

in EtOH (15 mL) under N2 was treated with 2 M aq. NaOH (5.9 mL, 11.8 mmol) and heated to reflux. 1049 

After 5 h the reaction was cooled to RT and 1 M HCl (15.7 mL, 15.7 mmol) added. The reaction was 1050 

stirred for 18h, then diluted with H2O (80 mL). The aqueous solution was extracted with EtOAc (3 x 1051 

70 mL) and the combined organic phases washed with brine (70 mL), dried over MgSO4 and 1052 

concentrated in vacuo to give 2,6-dibenzyl thiol as a colourless oil which forms a white solid on 1053 

standing (535 mg, 2.77 mmol, 71%. Compound must be used within weeks of synthesis. δH (400 1054 

MHz, CDCl3): 7.23 (2H, d, benzyl H-3/5, J = 8.04 Hz), 7.07-7.03 (1H, m, benzyl H-4), 3.92 (2H, d, 1055 

benzyl CH2, J = 8.4 Hz), 2.02 (1H, t, SH, J = 8.4 Hz); δc (100 MHz, CDCl3): 137.3 (C-2/6), 134.6 (C-1056 

1), 129.0 (C-4), 128.4 (C-3/5), 24.4 (benzyl CH2)  1057 

 1058 

2-((2,6-Dichlorobenzyl)thio)-1,3,4-thiadiazole (6) 1059 
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2,6-dichlorobenzyl thiol (5) (2.85 g, 14.77 mmol), 2-bromo-1,3,4-thiadiazole (2.43 g, 14.77 mmol), & 1060 

K2CO3 (2.38 g, 17.72 mmol) were dissolved in DMF (10 mL) and heated to 90 °C for 18 h. The 1061 

reaction was diluted with H2O (100 mL), extracted with EtOAc (3 × 40 mL) and the organic layers 1062 

combined. These were washed with brine (3 × 40 mL), 10% LiCl (3 × 40 mL), dried over MgSO4, 1063 

filtered and concentrated in vacuo to give brown residue (4.33 g). This was purified by ACC (0- 30% 1064 

EtOAc in petroleum ether (40-60 °C)) to afford white crystalline solid (2.33 g, 8.43 mmol, 57%) Rf 1065 

0.60 (7:3 Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, CDCl3): 8.99 (1H, s, thiadiazole 5-1066 

H), 7.27 (2H, d, J = 8.5 Hz, benzyl 3-H), 7.13 (1H, t, J = 8.5 H, benzyl 4-H), 4.89 (2H, s, benzyl CH2); 1067 

δC (100 MHz, CDCl3): 164.7 (thiadiazole 2-C), 152.1 (thiadiazole 5-C), 136.3 (benzyl 2-C), 131.7 1068 

(benzyl 1-C), 129.8 (benzyl 4-C), 128.5 (benzyl 3-C), 34.73 (benzyl CH2); m/z ES+ Found MNa+ 1069 

298.9235, C9H6Cl2N2S2 requires MNa+ 298.9242 1070 

 1071 

2-Bromo-5-((2,6-dichlorobenzyl)thio)-1,3,4-thiadiazole (7) 1072 

2-((2,6-dichlorobenzyl)thio)-1,3,4-thiadiazole (6) (2.33 g, 8.43 mmol), & N-bromosuccinimide (2.10 1073 

g, 11.80 mmol) were dissolved in DCM (10 mL) and refluxed for 48 h. The reaction was then cooled, 1074 

quenched with sat. aq. Na2S2O3 (20 mL), partitioned and the aqueous extracted with DCM (2 × 15 1075 

mL). The organic layers were combined, dried over MgSO4, filtered and concentrated in vacuo to 1076 

give an orange, oily crystals (3.15 g). This was purified by ACC (0-30% EtOAc in Petroleum ether 1077 

(40-60 °C)) to afford a white crystalline solid (2.80 g, 7.87 mmol, 78 %) Rf 0.80 (7:3 Petroleum ether 1078 

(40-60 °C):EtOAc (v/v)); δH (400 MHz, CDCl3): 7.37 (2H, d, J = 8 Hz, benzyl 3-H), 7.24 (1H, dd, J = 1079 

8.5 & 7.5 Hz, benzyl 4-H), 4.92 (2H, s benzyl CH2); δC (100 MHz, CDCl3): 168.1 (thiadiazole 5-C), 1080 

138.1 (thiadiazole 2-C), 136.3 (benzyl 2-C), 131.5 (benzyl 1-C), 129.9 (benzyl 4-C), 128.6 (benzyl 3-1081 

C), 34.6 (benzyl CH2); m/z ES+ Found MH+ 356.8462, C9H5BrCl2N4S2 requires MH+ 356.8512 1082 

 1083 

3-(5-((2,6-dichlorobenzyl)thio)-1,3,4-thiadiazol-2-yl)aniline KC156 1084 

General procedure A was followed using 2-bromo-5-((2,6-dichlorobenzyl)thio)-1,3,4-thiadiazole (7) 1085 

(100 mg, 0.28 mmol), 3-aminophenyl boronic acid (40 mg, 0.28 mmol), K2CO3 (155 mg, 1.12 mmol), 1086 

Pd(PPh3)4 (35 mg, 0.03 mmol), 1,4-dioxane (2 mL) and water (2 mL) to afford a crude brown oil (165 1087 

mg). This was purified by ACC (0-60% EtOAc in Petroleum ether (40-60 °C)) followed by HPLC (50-1088 
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95% MeCN in H2O with a 0.1% formic acid additive) to afford a white solid (26 mg, 0.70 mmol, 1089 

25%). Rf 0.3 (7:3 Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, D6-Acetone): 7.37 (2H, 1090 

d, J = 7.5 Hz, benzyl 3-H), 7.27 (1H, dd, J = 9.0 & 7.0 Hz, benzyl 4-H), 7.16 (1H, ap. t, J =2 1091 

Hz, anilinyl 2-H), 7.07 (1H, ap. t, J = 8.0 Hz, anilinyl 5-H), 7.00 (1H, ddd, J = 8.0, 2.0 & 1.0 Hz, 6-H), 1092 

4.79 (2H, s, benzyl CH2); δC (100 MHz, D6-Acetone): 170.0 (thiadiazolyl 2-C), 162.5 (thiadiazolyl 5-1093 

C), 149.4 (aniline 1-C), 135.8 (benzyl 2-C), 132.1 (benzyl 1-C), 130.5 (benzyl 4-C), 130.0 (aniline 5-1094 

C), 128.8 (benzyl 3-C), 118.2 (aniline 3-C), 117.1 (aniline 4-C), 116.0 (aniline 6-C), 112.5 ( aniline 2-1095 

C), 34.5 (benzyl CH2); m/z ES+ Found MH+ 367.9841, C15H11Cl2N3Ss requires MH+ 367.9844 1096 

  1097 

4-(5-((2,6-dichlorobenzyl)thio)-1,3,4-thiadiazol-2-yl)aniline KC146 1098 

General procedure A was followed using 2-bromo-5-((2,6-dichlorobenzyl)thio)- 1,3,4-thiadiazole (7) 1099 

(100 mg, 0.28 mmol), 4-aminophenyl boronic acid (39 mg, 0.28 mmol), K2CO3 (155 mg, 1.12 mmol), 1100 

Pd(PPh3)4 (35 mg, 0.03 mmol), 1,4-dioxane (2 mL) and H2O (2 mL) to afford a crude brown oil (146 1101 

mg). This was purified by ACC (20-70% EtOAc in Petroleum ether (40-60 °C)) to afford a yellow solid 1102 

(22 mg, 0.06 mmol, 21%). Rf 0.30 (7:3 Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, 1103 

CDCl3): 7.63 (1H, d, J = 8.5 Hz, phenyl 2-H), 7.26 (2H, d, J = 8 Hz, benzyl 3-H), 7.12 (1H, dd, J = 1104 

8.5 & 7.5 Hz, benzyl 4-H), 6.64 (d, J = 8.5 Hz, phenyl 3-H), 4.84 (2H, s, benzyl CH2); δC (100 MHz, 1105 

CDCl3): 169.8 (thiadiazole 2-C), 167.8 (thiadiazole 5-C), 149.3 (phenyl 4-C), 136.3 (benzyl 2-C), 1106 

132.2 (benzyl 2-C), 129.6 (benzyl 4-C), 129.4 (phenyl 2-C), 128.5 (benzyl 3-C), 120.1 (phenyl 4-C), 1107 

114.9 (phenyl 3-C), 34.8 (benzyl CH2); m/z ES+ Found MH+ 367.9893, C15H11Cl2N3S2 requires MH+ 1108 

367.9850 1109 

 1110 

3-(5-((2,6-Dichlorobenzyl)thio)-1,3,4-thiadiazol-2- yl)benzonitrile KC183 1111 

General procedure A was followed using 2-bromo-5-((2,6-dichlorobenzyl)thio)- 1,3,4-thiadiazole (7) 1112 

(100 mg, 0.28 mmol), (3-cyanophenyl)boronic acid (37 mg, 0.28 mmol), K2CO3 (155 mg, 1.12 mmol), 1113 

Pd(PPh3)4 (35 mg, 0.03 mmol), 1,4-dioxane (2 mL) and H2O (2 mL) to afford a crude brown solid 1114 

(390 mg). This was purified by ACC (0-60% ethyl acetate in petroleum ether (40-60 °C)) to afford a 1115 

yellow solid (25 mg, 0.05 mmol, 18%). δH (400 MHz, CDCl3): 8.12 (1H, s, benzonitrilyl 2-H), 8.07 1116 

(1H, d, J = 8.0 Hz, benzonitrilyl 4-H), 7.70 (1H, d, J = 8.0 Hz, benzonitrilyl 6-H), 7.55 (1H, ap. t, J = 1117 
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8.0 Hz, benzonitrilyl 5-H), 7.29 (2H, d, J = 8.0 Hz, benzyl 3-H), 7.15 (1H, t, J = 8.0 Hz, benzyl 4-H), 1118 

4.92 (2H, s, benzyl CH2); δC (100 MHz, CDCl3): 166.4 (thiadiazolyl 2/5-C), 165.6 (thiadiazolyl 2/5-C), 1119 

136.3 (benzyl 2-C), 134.1 (benzonitrilyl 6-C), 131.6 (benzonitrilyl 4-C), 131.6 (benzyl 1-C), 131.2 1120 

(benzonitrilyl 1-C), 131.1 (benzonitrilyl 2-C), 130.2 (benzonitrilyl 5-C), 129.9 (benzyl 4-C), 128.6 1121 

(benzyl 3-C), 117.7 (nitrile), 113.8 (benzonitrilyl 3-C), 34.7 (benzyl CH2); m/z ES+ Found MH+ 1122 

377.9685, C16H9Cl2N3S2 requires MH+ 377.9688 1123 

 1124 

Ethyl 2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazole-5-carboxylate (8) 1125 

To a solution of 2,6-dichlorobenzyl thiol (5) (502 mg, 2.60 mmol) and ethyl 5-bromo-1,3,4-thiadiazole-1126 

2-carboxylate (570 mg, 2.41 mmol) in an. DMF (8 mL) under N2 was added Et3N (0.40 mL, 2.89 1127 

mmol) and the reaction heated to 90 oC for 21h. The reaction was then cooled to RT and diluted with 1128 

H2O (100 mL). The aqueous solution was extracted with EtOAc (2 x 70 mL) and then combined 1129 

organic phases washed with brine (70 mL) and 10% LiCl solution (70 mL), dried (Na2SO4) and 1130 

concentrated in vacuo. ACC (0-20% EtOAc in petroleum ether (40-60 °C)) to give the title compound 1131 

as a white solid (670 mg, 1.92 mmol, 80%).  Rf 0.66 (8:2 Petroleum ether (40-60 °C):EtOAc (v/v));δH 1132 

(400 MHz, CDCl3): 7.28 (2H, d, J = 8.1 Hz, benzyl H-3/5), 7.17-7.13 (1H, m, benzyl H-4), 4.94 (2H, 1133 

s, benzylic CH2), 4.43 (2H, q, J = 7.1 Hz, CH2CH3), 1.38 (3H, t, J = 7.12 Hz, CH2CH3); δC (100 MHz, 1134 

CDCl3): 170.4 (thiadiazole C-2), 160.2 (C=O), 158.5 (thiadiazole C-5), 136.3 (benzyl C-2/6), 131.3 1135 

(benzyl C-1), 130.0 (benzyl C-4), 128.6 (benzyl C-3/5), 63.3 (CH2CH3), 34.5 (benzylic CH2), 14.2 1136 

(CH2CH3); m/z ES+ Found MH+ 348.9631, C12H11Cl2N2O2S2 requires MH+ 348.9633  1137 

  1138 

(2-([(2,6-Dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazol-5-yl)(piperidin-1-yl)methanone CHR-1139 

1741-077 1140 

To a solution of ethyl 2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazole-5-carboxylate (8) (55 1141 

mg, 0.16 mmol) in EtOH (4 mL) under N2 was added piperidine (0.08 mL, 0.79 mmol) and the reaction 1142 

heated to reflux. After 3h the reaction was cooled to RT and volatile solvents removed in vacuo. The 1143 

crude mixture was dissolved in H2O (30 mL) and extracted with EtOAc (3 x 40 mL), combined organic 1144 

phases were washed with brine (30 mL), dried (Na2SO4) and concentrated in vacuo. ACC (0-30% 1145 

EtOAc in petroleum ether (40-60 °C)) to give the title compound as a white solid (24 mg, 0.062 mmol, 1146 
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39%). Rf 0.48 (8:2 Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, CDCl3): 7.28 (2H, d, J = 1147 

8.04 Hz, benzyl H-3/5), 7.17-7.13 (1H, m, benzyl H-4), 4.90 (2H, s, benzylic CH2), 4.15-4-13 (2H, m, 1148 

piperidine ), 3.67-3.65 (2H, m, piperidine), 1.70-1.65 (6H, m, piperidine); δC (100 MHz, CDCl3): 169.0 1149 

(thiadiazole C-2), 167.0 (thiadiazole C-5), 156.8 (C=O), 136.3 (benzyl C-2/6), 131.3 (benzyl C-1), 1150 

129.9 (benzyl C-4), 128.6 (benzyl C-3/5), 47.8 (piperidine CHN), 44.8 (piperidine CHN), 34.2 1151 

(benzylic CH2), 26.7 (piperidine), 25.8 (piperidine), 24.5 (piperidine); m/z ES+ Found MNa+ 1152 

409.9930, C15H15Cl2N3NaOS2 requires MNa+ 409.9925  1153 

  1154 

2-([(2,6-Dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazol-5-amine (9) 1155 

To a solution of 2-amino-5-bromo-1,3,4-thiadiazole (557 mg, 3.09 mmol) and 2,6-dichlorobenzyl thiol 1156 

(5) (717 mg, 3.71 mmol) in an. DMF (15 mL) under N2 was added Et3N (0.52 mmol, 3.71 mmol) and 1157 

the reaction heated to 90 oC. After heating for 20h reaction was cooled to RT and diluted with H2O 1158 

(100 mL). The resulting precipitate was collected by filtration. ACC (30-70% EtOAc in petroleum 1159 

ether (40-60 °C)) to give the title compound as a white solid (665 mg, 2.28 mmol, 74%). Rf 0.28 (1:1 1160 

Petroleum ether (40-60 °C):EtOAc (v/v)); δH (400 MHz, d6-DMSO): 7.51 (2H, d, J = 7.8 Hz, benzyl 1161 

H-3/5), 7.42-7.35 (3H, m, benzyl H-4 and NH2), 4.46 (2H, s, benzylic CH2); δC (100 MHz, d6-DMSO): 1162 

171.8 (thiadiazole C-5), 147.6 (thiadiazole C-5), 135.4 (benzyl C-2/6), 133.2 (benzyl C-1), 130.8 1163 

(benzyl C-4), 129.2 (benzyl C-3/5), 36.0 (benzylic CH2); m/z ES+ Found MH+ 291.9529, C9H8Cl2N3S2 1164 

requires MH+ 291.9531 1165 

 1166 

N-(5-([(2,6-Dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazol-2-yl)-1,2-oxazole-5-carboxamide CHR-1167 

1871-005 1168 

To a suspension of 2-([(2,6-dichlorophenyl)methyl]sulfanyl)-1,3,4-thiadiazol-5-amine (9) (59 mg, 1169 

0.20 mmol) in anhydrous THF (4 mL) under N2 was added DMAP (1 mg, 0.01 mmol) Et3N (0.03 mL, 1170 

0.22 mmol) followed by isoxazole-5-carbonyl chloride (0.03 mL, 0.30 mmol). The reaction was stirred 1171 

at room temperature for 20 h, then diluted with water (30 mL). The aqueous solution was extracted 1172 

with EtOAc (3 x 20 mL), the combined organic phases were washed with brine (20 mL), dried 1173 

(Na2SO4) and concentrated in vacuo. ACC (50-100% EtOAc in Petroleum ether (40-60 °C)) to afford 1174 

a white residue (52 mg, 0.13 mmol, 67 %).  Rf 0.56 (3:7 Petroleum ether (40 - 60 °C):EtOAc (v/v)); 1175 
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δH (400 MHz, d6-DMSO): 13.87 (1H, br. s, NH), 8.88 (1H, s, isoxazole H-3), 7.55-7.53 (3H, 1176 

m, isoxazole H-4 and benzyl H-3/5), 7.43-7.39 (1H, m, benzyl H-4), 4.70 (2H, s, benzylic CH2); δC 1177 

(125 MHz, d6-DMSO): 160.9 (thiadiazole C-5), 157.7 (thiadiazole C-2 or isoxazole C-5), 1178 

155.2 (C=O), 152.5 (isoxazole C-3). 135.6 (benzyl C-2/6), 132.5 (benzyl C-1), 131.1 (benzyl C-4), 1179 

129.3 (benzyl C-3/5), 108.8 (isoxazole C-4), 35.1 (benzylic CH2); m/z ES+ Found MH+ 386. 9534, 1180 

C13H8Cl2N4O2S2 requires 386.9538 MH+ 1181 

 1182 

QUANTIFICATION AND STATISTICAL ANALYSIS 1183 

 1184 

Averaged data are shown as mean ± standard error of the mean (s.e.m.) or standard deviation (s.d.), 1185 

as specified in the figure legends. Data were produced in pairs and analysed statistically with 1186 

Student’s t-test or in groups and analysed by one-way ANOVA using OriginR2018 software 1187 

(OriginLab Corporation, USA).  Statistically significant difference is indicated by *P<0.05. n.s., 1188 

indicates not significantly different. “n” is used to denote the number of independent data points from 1189 

independent patch-clamp or Ca2+ recordings. Representative traces contained “N” technical 1190 

replicates from a single experiment. For patch-clamp studies, data were analysed using pClamp 1191 

version 10.6 (Molecular Devices, USA) and OriginR2018 software packages. 1192 

 1193 
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Horseradish peroxidase donkey anti-mouse secondary 
antibody 

Jackson 
ImmunoResearch 

RRID: AB_2340770 

Horseradish peroxidase donkey anti-rabbit secondary 
antibody 

Jackson 
ImmunoResearch 

RRID: AB_10015282 

 

Horseradish peroxidase donkey anti-rat secondary 
antibody 

Jackson 
ImmunoResearch 

RRID: AB_2340638 

 

anti-HA (3F10) Roche  Cat#12158167001;  
RRID: AB_390915 
 

anti-β-actin Santa Cruz Cat#sc-47778; 
RRID: AB_626632 
 

Chemicals, peptides, and recombinant proteins 

KC156 University of Leeds Chemical structure is 
in SI Figure S4 

Yoda1 Tocris Cat#5586 

Dooku1 (KC41) University of Leeds Chemical structure is 
in SI Figure S4 

KC124 University of Leeds Chemical structure is 
in SI Figure S4 

KC146 University of Leeds Chemical structure is 
in SI Figure S4 

KC183 University of Leeds Chemical structure is 
in SI Figure S4 

CHR-1741-077 University of Leeds Chemical structure is 
in SI Figure S4 

CHR-1871-005 University of Leeds Chemical structure is 
in SI Figure S4 

Yoda2b (CHR-1871-032) University of Leeds Chemical structure is 
in Figure 3j 

Lipofectamine 2000 Invitrogen Cat#11668019 

Opti-MEM Gibco Cat#31985062 

Zeocin InvivoGen Cat#Ant-zn-5b 

Dulbecco’s Modified Eagle’s medium Gibco Cat#31966-047 

10% heat-inactivated foetal calf serum Sigma-Aldrich Cat#F9665 

Penicillin Streptomycin Sigma-Aldrich Cat#P0781-100ml 

Trizma base Sigma-Aldrich Cat#T6066 

Sodium Chloride ThermoFisher Cat#S7653-250g 

EGTA Sigma-Aldrich Cat#E4378-100g 

EDTA Sigma-Aldrich Cat#E9884-100g 

Nonidet P40 substitute ThermoFisher Cat#J19628.K2 

Protease inhibitor cocktail Sigma-Aldrich Cat#P8340 

Potassium Chloride Sigma-Aldrich Cat#P9333-500g 

CaCl2 Honeywell Cat#21114-1L 

MgCl2 Honeywell Cat# 63020-1L 

Glucose Sigma-Aldrich Cat#G7528-250g 

NaOH ThermoFisher Cat#S/4845/60 

HEPES Sigma-Aldrich Cat#H4034-1kg 

PrimeSTAR HS DNA Polymerase Takara Bio Cat#R010A 

Key resource table



Pluronic acid (Pluronic F-127) Sigma-Aldrich Cat#P2443-250G 

SuperSignal™ West Femto Maximum Sensitivity 
Substrate 

ThermoFisher Cat#34095 

Molecular Probes™ Fura-2 AM 
 

Invitrogen Cat#F1201 

DMSO Honeywell Cat#D5879-100ML 

Deposited data 

Refseq database of UCSC 62 NCBI https://www.ncbi.nlm
.nih.gov/refseq/ 

Protein Data Bank (PDB:6B3R) RCSB https://www.rcsb.org/
structure/6B3R  

Experimental models: Cell lines 

T-REx-293 cell line 
The cell line was not independently validated by our 
laboratory 

Invitrogen Cat#R71007 

HEK-T-Rex mPiezo1 (stable cell line) This paper N/A 

HEK-T-Rex mPiezo1 (with HA tag) (stable cell line) This paper N/A 

HEK-T-Rex mPiezo1 I2286T (stable cell line) This paper N/A 

HEK-T-Rex mPiezo1 R2351Q (stable cell line) This paper N/A 

HEK-T-Rex mPiezo1 G1994D (stable cell line) This paper N/A 

HEK-T-Rex mPiezo1 E824V (stable cell line) This paper N/A 

HEK-T-Rex hPiezo1 (transiently expressed) This paper N/A 

HEK-T-Rex hPiezo (with HA tag) (transiently expressed) This paper N/A 

HEK-T-Rex hPiezo1 E829V (transiently expressed) This paper N/A 

HEK-T-Rex hPiezo1 G1978D (transiently expressed) This paper N/A 

HEK-T-Rex hPiezo1 R2335Q (transiently expressed) This paper N/A 

HEK-T-Rex hPiezo1 I2270T (transiently expressed) This paper N/A 

Oligonucleotides 

hPiezo1-HA hPiezo forward primer 
GGTCTACCTGCTCTTCCTGCTG   

This paper N/A 

hPiezo1-HA reverse primer incorporating a ‘ASA’ linker 
and the HA sequence 
CCCATACGATGTTCCAGATTACGCTTAGGCGACTCT
AGATCATAATCAGCCATACC  

This paper N/A 

hPiezo1-HA vector (pcDNA™4/TO) forward primer 
CCCATACGATGTTCCAGATTACGCTTAGGCGACTCT
AGATCATAATCAGCCATACC   

This paper N/A 

hPiezo1-HA reverse primer 
CAGCAGGAAGAGCAGGTAGACC 

This paper N/A 

mPiezo1-HA Overlapping mPIEZO1 forward primer 
GTAACAACTCCGCCCCATTG  

This paper N/A 

mPiezo1-HA reverse primers 
CTAAGCGTAATCTGGAACATCGTATGGGTACTCCCT
CTCACGT 

This paper N/A 

mPiezo1-HA vector (pcDNA™4/TO) forward primer 
CATACGATGTTCCAGATTACGCTTAGCCGCTGATCA
GCCTCG  

This paper N/A 

mPiezo1-HA vector (pcDNA™4/TO) reverse primer 
CAATGGGGCGGAGTTGTTAC 

This paper N/A 

Recombinant DNA 

Invitrogen V102020 pcDNA™4/TO Mammalian 
Expression Vector 

fisher scientific Cat#V102020 

pcDNA4/TO-mPIEZO1 constructs This paper  

Human PIEZO1_AcGFP University of Leeds  



pcDNA3_mouse PIEZO1_IRES_GFP Ardem Patapoutian 
laboratory 
 

Addgene Plasmid 
#80925 
 

Primer sequences to generate Piezo1 variants: see SI 
Table S2 

This paper  

Software and algorithms 

pClamp (v10.6) software Molecular Devices, 
USA 

https://moldevkb.blo
b.core.windows.net/k
b01/software/cns/pcl
amp/10/pCLAMP_10
_6_2.exe 

MODELER (v9.19) Salilab https://salilab.org/mo
deller/9.19/release.ht
ml 

PyMOL Schrödinger https://www.pymol.or
g/ 

OriginR2018 software OriginLab Corporation, 
USA 

https://www.originlab
.com/index.aspx?go
=Support&pid=3301 

REVEL  https://sites.google.c
om/site/revelgenomi
cs/ 

AlphaMissense  https://github.com/go
ogle-
deepmind/alphamiss
ense 

CADD v1.7  https://cadd.gs.washi
ngton.edu/ 

SpliceAI  https://github.com/Ill
umina/SpliceAI 

GnomAD v4  https://gnomad.broa
dinstitute.org/ 

Clinvar  https://www.ncbi.nlm
.nih.gov/clinvar/ 
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