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Abstract  32 

PIEZO channels are critical cellular sensors of mechanical forces. Despite their large size, 33 

ubiquitous expression, and irreplaceable roles in an ever-growing list of physiological processes, 34 

few bona fide PIEZO channel binding partners have emerged. Here we identify MyoD family 35 

inhibitor proteins (MDFIC and MDFI), as a novel family of PIEZO1/2 interacting partners. 36 

These transcriptional regulators, bind to PIEZO1/2 channels potently regulating channel 37 

inactivation. Using single-particle cryo-electron microscopy we map the interaction site in 38 

MDFIC to a lipidated, C-terminal helix that inserts laterally into the PIEZO1 pore module. This 39 

novel family of PIEZO interacting proteins fit all the criteria for auxiliary subunits, explain the 40 

vastly different gating kinetics of endogenous PIEZO channels observed in many cell types and 41 

illuminate new mechanisms underlying human lymphatic vascular disease.  42 

 43 

Main 44 

Mechanical forces govern life forms at every level of complexity. To decode mechanical cues 45 

cells are endowed with a palette of molecular force sensors. Among these sensors, ion channels 46 

form a structurally diverse superfamily involved in a wide array of physiological processes (1). 47 

In particular, PIEZO channels (2) have emerged as force sensors critical in determining how 48 

cells sense their physical environment (3). 49 

PIEZO channels assemble as trimers, where the arms of individual monomers extend out 50 

laterally in the membrane from a central ion conducting pore module (4-6). This molecular 51 

assembly possesses all the structural requirements for mechanosensitivity (7, 8). However, 52 

PIEZO channels can display non-uniform sub-cellular localization (9-12) and exhibit different 53 

gating kinetics (principally slower inactivation (2, 13-18)) in many cell types when compared 54 

to heterologous expression systems. These observations could have many molecular 55 

explanations; differences in lipid composition (17, 19), curvature dependent sorting (9, 12), or 56 

protein-protein interactions. Many ion channels interact with auxiliary subunits (20, 21) to 57 

modify their cellular location and gating properties. Despite significant effort, no bona fide 58 

families of PIEZO channel binding partners have emerged.   59 

Here, using affinity capture mass spectrometry (AC-MS), we identify a new family of 60 

PIEZO channel interacting molecules, namely the MyoD family inhibitor proteins MDFIC and 61 

MDFI. We map out the functional consequences of this interaction for PIEZO1/2 and provide the 62 

structural basis of the interaction using single-particle cryo-electron microscopy (cryo-EM). Our 63 

structural and functional data not only reveal a novel auxiliary subunit of PIEZO channels but 64 

may reveal a putative conserved binding site for other membrane associated proteins that 65 

modulate PIEZO channel function. As MDFIC and PIEZO1 are linked to lymphatic vascular 66 

disease these findings may also uncover novel disease mechanisms and enable the development 67 

of new PIEZO-targeted therapeutic modalities.  68 

 69 
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Novel PIEZO channel binding proteins  70 

To identify new binding partners for PIEZO channels we utilized two complementary AC-71 

MS strategies in conjunction with two CRISPR/cas9 edited PIEZO1 human dermal fibroblast 72 

(hDF) lines (Fig. 1A-F; fig. S1). We utilized fibroblasts as PIEZO1 expressed in fibroblasts 73 

from numerous tissue origins exhibit slower inactivation kinetics (16, 18, 22). Our pipeline 74 

consisted of three comparator groups; 1) hDF with PIEZO1 ablated using CRISPR/cas9 75 

compared to wild-type cells where PIEZO1 was enriched through a conventional anti-PIEZO1 76 

antibody strategy, 2) hDF with a HaloTag knocked in to the endogenous PIEZO1 loci (P1-Halo) 77 

where PIEZO1 was enriched using HaloTrap resin, and 3) primary human cardiac fibroblasts 78 

(hCF) where PIEZO1 was enriched through a conventional anti-PIEZO1 antibody strategy. We 79 

then stringently analyzed the resulting mass spectrometry data to identify PIEZO1 interacting 80 

proteins present in all 3 groups that did not present in any of their respective negative controls. 81 

Using these criteria only two proteins were identified, the first of which was PIEZO1 (Fig. 1E). 82 

This provided strong validation for both affinity capture strategies. The second was the sparsely 83 

studied transcriptional regulator MDFIC (MyoD family inhibitor domain containing protein 84 

(23, 24)). Mass spectrometry provided 39 ± 14 % coverage of MDFIC averaged over the 3 85 

groups (Fig. 1F).   86 

First, using RNA expression data we identified many cell types, in addition to fibroblasts, 87 

that co-express PIEZO channels and the MyoD family inhibitor proteins, MDFIC or MDFI (fig. 88 

S2A-B)(25). We then validated the interaction by expressing N-terminally HA-tagged MDFIC 89 

with PIEZO1 in HEK293T cells. We could reciprocally capture PIEZO1 with MDFIC and the 90 

complex was present under mechanical (shear stress) or chemical activation (10 µM Yoda-1(26)) 91 

of PIEZO1 (fig. S2C), indicating the stability of the interaction. We also confirmed PIEZO1 92 

interacted with the closely related MDFI (27) (fig. S2D). We next confirmed that MDFIC 93 

selectively interacted with PIEZO1/2 channels using native gels, identifying MDFIC at the size 94 

of the respective PIEZO1/2 trimers but not in oligomeric complexes of TRPM4 or TREK-1 (fig. 95 

S2E). In doing so we noticed that co-expression with PIEZO1 enhanced the protein levels of 96 

both MDFIC and MDFI (>3-4 fold; fig. S2C-E). To probe the specificity of this effect we co-97 

expressed MDFIC with PIEZO1 and PIEZO2 and compared the MDFIC levels when expressed 98 

alongside other ion channels. Co-expression of MDFIC with GFP alone, TRPM4, TRPV4 or 99 

TREK-1 did not have the same influence (fig. S3A-B). Treating cells expressing MDFIC only 100 

or MDFIC and PIEZO1 with cycloheximide illustrated that this increase in MDFIC protein 101 

level was due to decreased MDFIC turnover, meaning the complex is stabilizing MDFIC 102 

(supplementary text and fig. S3C-D).   103 
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 104 

Figure 1 Affinity capture mass spectrometry (AC-MS) identifies a new family of PIEZO 105 

channel binding partners.  106 

Groups for AC-MS consisted of; (A) wild-type (WT) and PIEZO1 knockout (KO) human dermal 107 

fibroblasts (hDF; n=2), (B) WT and PIEZO1-HaloTag (P1-Halo) knockin hDF (n=2), (C) 108 

primary human cardiac fibroblasts (hCF; n=2). (D) Affinity captured protein lysates were run 109 

on SDS-Page gels and sectioned into quadrants (red dashed lines). Each quadrant was 110 

subjected to in-gel protein digestion followed by peptide extraction and liquid chromatography 111 

(LC) followed by mass spectrometry (MS). (E) Venn diagram illustrating proteins identified in 112 

each experimental group that had ≥2 unique peptides which were absent from negative control 113 

replicates. (F) Two proteins were identified in all positive control replicates, PIEZO1 and 114 

MyoD Family Inhibitor domain Containing protein, MDFIC. Alignment of unique MDFIC 115 

peptides identified by MS. 116 

 117 

MDFIC binds the PIEZO1 pore module  118 

To provide molecular detail of the interaction we co-expressed mouse PIEZO1 with N-119 

terminally FLAG-tagged mouse MDFIC and purified the complex using FLAG resin. Using 120 

single-particle cryo-EM, we determined the structure of the PIEZO1-MDFIC complex at an 121 

overall resolution of 3.66 Å (Fig. 2A-B; fig. S4). We resolved the C-terminal 21 amino acids 122 

of MDFIC (Fig. 2A-D) while the N-terminal portion displayed little or no density, presumably 123 

due to local dynamics. The resolved region of MDFIC (residues 225-246) consists of an 124 

amphipathic helix that sits parallel to the membrane at the membrane interface (Fig. 2C). This 125 

helix inserts laterally into the PIEZO1 pore module, nestling between the anchor domain and 126 

the outer helix of PIEZO1 (Fig. 2C-D) making significant contacts with His2116, Phe2010, and 127 
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Gln2123 from the α1 helix of the anchor domain, Val2187, Met2191, and Leu2195 from the 128 

outer helix and Phe2484 and Phe2485 at the base of the inner helix that lines the PIEZO1 pore 129 

(Fig. 2E). The amphipathic helix of MDFIC consists of a sequence of five cysteines that point 130 

towards the bilayer interior (Fig. 2E-F) and a sequence of four negatively charged residues that 131 

point towards the solvent, forming salt bridges with multiple lysine residues (Fig. 2F-G). The 132 

MDFIC C-terminus penetrates far enough that it comes close to the cytoplasmic constriction 133 

formed by Met2493/Phe2494 (Fig. 2H) and residues critical for voltage-dependent inactivation 134 

(Lys2479/Arg2482)(28, 29). Despite its central location MDFIC binding did not noticeably 135 

influence the closed structure of the PIEZO1 pore module (fig. S4I).  136 

 137 

 138 

Figure 2 Structural elucidation of the PIEZO1-MDFIC complex. 139 

(A-B) Cryo-EM density maps of the mouse PIEZO1-MDFIC complex at 3.66 Å nominal 140 

resolution viewed from the top (A) and side (B) with the resolved MDFIC region coloured green. 141 

(C) The distal C-terminal of MDFIC resides parallel to the bilayer between the anchor domain 142 

(α1- α3) and the outer helix (OH). The cytoplasmic constriction residues Met2493 and Phe2494 143 

are shown in cyan. (D) The C-terminal region of MDFIC protrudes deep into the pore module 144 

of PIEZO1 approaching the inner helix (IH). (E-G) The interactions between PIEZO1 and 145 

MDFIC shown in membrane facing view (E), lateral view (F) and cytoplasmic facing view (G-146 

H). Variants linked to lymphatic malformations (mPIEZO1 V2187 and mMDFIC F245) are 147 

labelled bold. 148 

 149 

As both PIEZO1 and MDFIC are essential for lymphatic development in mice and humans 150 

(24, 30, 31) we investigated, using the ClinVar database, whether any disease-causing mutations 151 

were located within this binding interface. We found a mutation in both PIEZO1 (Fig. 2E,G; 152 

human V2171F) and MDFIC (Fig. 2E,H; human F244L) associated with human lymphatic 153 

disease.  154 

 155 
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MDFIC and MDFI regulate PIEZO gating  156 

Given the location of MDFIC binding we next tested whether human MDFIC and MDFI 157 

modified human PIEZO1 (hPIEZO1) gating. MDFIC and MDFI expressed alone did not 158 

generate stretch activated currents (fig. S5A-D). Compared with hPIEZO1 alone, co-expression 159 

with MDFIC or MDFI resulted in a mild right-shift in the pressure response curve, a marked 160 

increase in the peak stretch-evoked currents, a significant slowing of channel inactivation and 161 

continued channel gating even after the pressure was released (Fig. 3A-H; fig. S5). We 162 

quantified the latter of these effects using the current remaining 1 second post application of 163 

stretch (Ipost). MDFIC did not influence PIEZO1 protein levels but did increase PIEZO1 single 164 

channel conductance (supplemental text and fig. S6). Thus, the increase in stretch-activated 165 

currents in the presence of MDFIC is likely driven by changes in conductance and its strong 166 

effect on inactivation. The slow ‘closure’ after pressure release (signified by increased Ipost) was 167 

more pronounced at hyperpolarizing voltages suggesting an effect on the structural transition 168 

governing voltage-dependent inactivation (28, 29) (fig. S7A-B). Consistent with this the 169 

channel could be rapidly closed by flipping the voltage to depolarizing potentials (fig. S7C-D). 170 

We identified slower inactivation in both cell-attached and whole-cell modes (fig. S8). 171 

Importantly, MDFIC expression did not influence the function of mechanosensitive 172 

TREK-1 channels ruling out non-specific effects (fig. S9). Given the C-terminus of MDFIC is 173 

resolved in the structure and is highly homologous in MDFI (whereas the N-termini of MDFIC 174 

and MDFI bear little resemblance and have no known function) we asked whether the MyoD 175 

inhibitor domain of MDFIC (amino acid 165-246 - C-81) expressed alone could modify 176 

PIEZO1 function. Indeed, despite being unstable this domain reduces channel inactivation (Fig. 177 

3D,G). Moreover, the C-81 protein could bind to PIEZO1 with its levels being dramatically 178 

increased by PIEZO1 co-expression (fig. S10A-C). Conversely, truncation of the C-terminal 179 

20 residues (ΔC20) prevented MDFIC from regulating PIEZO1 gating (Fig. 3E-G). This 180 

truncation reduced the interaction with PIEZO1, and its protein levels were not significantly 181 

increased by PIEZO1 (fig. S10C-E). Thus, the observed increase in MDFIC levels was 182 

dependent on the direct PIEZO1-MDFIC interaction and MDFIC’s distal C-terminus strongly 183 

influences its stability.  184 
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 185 

Figure 3 MyoD family inhibitor proteins regulate PIEZO1 and PIEZO2 channel gating.  186 

(A to E) Representative cell-attached (c/a) patch-clamp recordings from hPIEZO1 control and 187 

in the presence of hMDFIC, hMDFI, the conserved C-terminus of MDFIC (hMDFIC C-81) and 188 

with MDFIC lacking its C-terminal 20 amino acids (hMDFIC ΔC20) at a holding potential of 189 

-65mV. (F to H) Quantification of peak currents per patch, % current remaining and normalized 190 

current 1 second after pressure was released (Normalized Ipost) for replicates of cell-attached 191 

recordings shown in A-E. (I to L) Representative cell-attached recordings from human PIEZO2 192 

(PIEZO2) control and in the presence of hMDFIC and hMDFI and quantification of replicates. 193 

(M to O) Representative cell-attached (c/a) patch-clamp recordings from mouse cardiac 194 

fibroblasts isolated at E16.5 from WT, heterozygous and homozygous MdficM131fs* mice. (P to R) 195 

Quantification of peak current per patch, % current remaining and normalized Ipost for 196 
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replicates of cell-attached recordings shown in m-o (All data displayed as mean ± SEM or as 197 

maximum to minimum box and whiskers plot; p-values determined using one-way ANOVA and 198 

Tukey’s multiple comparison). 199 

 200 

Given the homology of PIEZO1 and PIEZO2 in this region we additionally showed that 201 

the same regulation occurs for both human PIEZO2 and mouse PIEZO orthologues (Fig. 3I-L; 202 

fig. S11). Moreover, the expression of MDFIC and MDFI correlated with the native inactivating 203 

phenotype of PIEZO1 in multiple human and mouse cell types (fig. S12). However, we wanted 204 

to know if the loss of MDFIC could modify the kinetics of native PIEZO1 currents. To answer 205 

this, we utilized a mouse model of a recurrent MDFIC variant found in patients with the 206 

complex lymphatic anomaly known as central conducting lymphatic anomaly (24). This 207 

truncating variant lacks the complete conserved C-terminal region but retains the N-terminal 208 

region (24). Assessment of PIEZO1 activity in embryonic cardiac fibroblasts isolated from 209 

E16.5 wild-type (WT/WT), heterozygous (WT/M131fs*) and homozygous mice 210 

(M131fs*/M131fs*), revealed that fibroblasts from mice harboring C-terminally truncated 211 

MDFIC had PIEZO1 currents which were smaller and inactivated more rapidly (Fig. 3M-R). 212 

This effect on inactivation was phenocopied by knocking down MDFIC using siRNA 213 

(supplemental text and fig. S13). 214 

 215 

PIEZO1 regulation requires MDFIC lipidation  216 

Cryo-EM maps of MDFIC revealed extra densities on Cys233, 237, 240, 241 and 244 (Fig. 217 

4A). Given this helix is situated at the membrane interface and contains motifs for cysteine 218 

lipidation (32) we hypothesized these extra densities resulted from lipidation, the covalent 219 

addition of acyl chains to amino acids (33). A second cryo-EM complex of the MDFIC mutant 220 

Cys240Ala at 3.59 Å selectively removed extra density from Cys240 consistent with post 221 

translational modification (fig. S14). Acyl biotin exchange confirmed that MDFIC was 222 

palmitoylated (Fig. 4B). Using mass tagging with PEGylated maleimide (increases mass per 223 

palmitoylated site) we show there are at least 3 sites for lipidation on MDFIC (Fig. 4C), that 224 

two are in the distal C-terminus (supplemental text and fig. S15) and that like most lipidated 225 

proteins MDFIC associates with the plasma membrane (Fig. 4D).  226 
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 227 

Figure 4 C-terminal lipidation of MDFIC underlies regulation of PIEZO1 channel gating.  228 

(A) Cryo-EM density map showing extension of density on cysteine residues within the C-229 

terminus of MDFIC. (B) Representative immunoblot (IB) using Avidin (top) or anti-HA (bottom) 230 

from acyl biotin exchange showing lysate +/- hydroxylamine (HAM). Blots show a band at the 231 

correct size for HA-MDFIC but the biotinylated MDFIC can only be seen in the HAM treated 232 

group indicating palmitoylated-MDFIC (palm-MDFIC). (C) Mass-tagging of MDFIC using 233 

mPEGylated maleimide reveals at least 3 palmitoylation sites labelled 1-3 (* represents non-234 

specific band in all groups). (D) Membrane localized HA-MDFIC in HEK293T cells, membrane 235 

delineated using wheatgerm agglutinin (WGA). (E) Representative cell-attached recordings of 236 

hPIEZO1 in the presence of wild-type MDFIC and mutation of the 5 C-terminal cysteine 237 

residues to either alanine (5C-A) or serine (5C-S) abolishes the regulatory effects of MDFIC.  238 

(F-H) Quantification of peak currents per patch, % current remaining and normalized Ipost for 239 

replicate recordings of panel E. (I) All-atom molecular dynamic simulations of the mPIEZO1 240 

pore module in complex with unmodified (green), 5C-S mutant (purple) and lipidated MDFIC 241 

(pink) C-termini. (J-K) The lipidated MDFIC acyl chains interact selectively with inner helix 242 

residues critical for PIEZO1 channel inactivation. (p-value determined using one-way ANOVA 243 

and Tukey’s multiple comparison).  244 

 245 
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To check if MDFIC lipidation was functionally relevant we mutated all five C-terminal 246 

cysteines to alanine or serine. Expression of MDFIC with Cys233/237/240/241/244Ala (5C-A) 247 

or Cys233/237/240/241/244Ser (5C-S) did bind to PIEZO1 but neither mutant influenced 248 

PIEZO1 activity suggesting that the lipidation of the MDFIC C-terminus is critical for PIEZO1 249 

regulation (Fig. 4F-H; fig. S15C).  250 

To probe the role of lipidation we utilized all-atom molecular dynamics simulations of the 251 

PIEZO1 pore module (1956-2547) in complex with the MDFIC C-terminus (Fig. 4I-K; fig. 252 

S16). Simulations consisted of 3 MDFIC monomers; one unmodified, one lipidated at all 5 253 

cysteine residues in the helix and one where each cysteine was mutated to serine (Fig 4I). All 254 

variations of the MDFIC C-terminus remained stably bound (fig. S16A-B). Overlay of a 255 

snapshot from simulations shows the acyl chains coincide with the additional MDFIC cryo-EM 256 

densities (fig. S16C). We compared all interactions occurring in either unmodified or lipidated 257 

monomers to those in the 5C-S mutant that we know binds but does not modulate function (Fig 258 

4J; fig. S16). Interactions between the unmodified and 5C-S MDFIC were indistinguishable, 259 

supporting the importance of MDFIC lipidation in modulating PIEZO1 function. In contrast, 260 

the lipidated MDFIC had multiple unique interactions with inner helix residues (Fig 4J-K; fig. 261 

S16D-E). Some of these residues within the inner helix are critical for inactivation including 262 

Leu2475 (34) making this the likely pathway for functional modification. Given MDFIC would 263 

need to stay bound throughout the PIEZO1 conformational cycle we also examined if MDFIC 264 

could bind to the flattened state of PIEZO1 (35). When MDFIC is aligned to the same pocket 265 

simulations show it interacts with the inner helix and remains stably bound (fig. S16F-H). 266 

 267 

Discussion  268 

PIEZO channels act as critical transducers of physical forces. In many primary cell types they 269 

show non-uniform subcellular localization (9-11) and gating kinetics that look dissimilar to 270 

heterologously expressed channels (e.g. slower inactivation (13, 16)). This includes currents 271 

reported in the original PIEZO channel discovery article from C2C12 cells that slowly 272 

inactivated (2). Several possible explanations for this behavior have been posited. In endothelial 273 

cells, the lipid ceramide has been proposed as a potent regulator of inactivation (17). In fact, 274 

various different lipid types can regulate PIEZO channel gating (19, 36) and may even provide 275 

a mechanism to treat PIEZO-related pathologies (37). In other ion channel families, gating 276 

regulators also take the form of auxiliary subunits (20). Using affinity capture mass 277 

spectrometry we identified a new family of PIEZO channel binding partners, the MyoD family 278 

inhibitor proteins MDFI and MDFIC. These proteins bind to the PIEZO1 pore module via their 279 

conserved C-terminus, regulating channel inactivation. MyoD family inhibitor domain proteins 280 

fit all the criteria for auxiliary subunits; 1) they are non-pore-forming subunits, 2) they have a 281 

direct and stable interaction with a pore-forming subunit, 3) they modulate channel properties 282 

in heterologous systems, 4) they regulate channel activity at endogenous levels in native cells 283 
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(21). This regulation of PIEZO channel inactivation critically involves palmitoylation of the C-284 

terminal of MDFIC. As palmitoylation is a reversible lipid addition (33) this adds the intriguing 285 

potential for dynamic spatio-temporal regulation of PIEZO inactivation by MDFIC. While our 286 

‘fibroblast-centric’ screen identified few other PIEZO channel binding partner candidates, we 287 

speculate the binding region of MDFIC could form a conserved binding site for other membrane 288 

associated PIEZO regulators. In support of this, the PIEZO1 lysine residues that form salt 289 

bridges with MDFIC have been proposed to interact with other proteins (38). While PIEZO1 290 

channels can function as independent mechanosensors in simplified systems ample evidence 291 

suggests that PIEZOs, particularly PIEZO2, may receive force through molecular tethers (39). 292 

Given the location of binding it remains possible that MDFIC could act as a tethering molecule.  293 

An important question is how ubiquitous is this regulatory mechanism? MDFIC and 294 

MDFI are absent from many cell types with rapidly inactivating PIEZO1 channels including 295 

LNCaP (15) and N2A (2) but are expressed in others including fibroblasts (16, 18, 22) and 296 

endothelial cells that exhibit slowly inactivating PIEZO1 currents (13-15, 18). Indeed, we 297 

isolated cardiac fibroblasts from mice harbouring a truncated MDFIC lacking its C-terminus 298 

(24) where PIEZO1 exhibited faster inactivation than WT fibroblasts. Thus, MDFIC/MDFI 299 

mediated regulation of PIEZO channels could be widely utilized. The similar lymphatic 300 

phenotypes associated with loss of function of MDFIC (24) and PIEZO1 (30, 31) means this 301 

mechanism may unearth new molecular aspects associated with lymphatic vascular disease. 302 

Furthermore, both MDFIC and MDFI bind to transcription factors (24, 40) (including GATA2 303 

a master regulator of lymphatic valve development (41)). Whether PIEZO1/2 influence this 304 

aspect of their function is unknown but may set the stage towards the unveiling of a direct 305 

mechano-signaling pathway via PIEZOs to transcription, through GATA2 or other transcription 306 

factors. 307 

In summary we describe the discovery of a new family of PIEZO channel binding proteins 308 

and report, to our knowledge, the first structural complex of PIEZO1 with any binding partner. 309 

We propose that this family of molecules, which according to all criteria seem to act as cell-310 

type specific auxiliary subunits of PIEZO channels, provides a new frontier in mechanobiology.   311 
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